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1. Non-technical summary 

The development of marker assisted selection (MAS), its application using genomic breeding values or 

other means and selection using gene expression profiling are rapidly developing areas, and significant 

technological and methodological advances have been made in recent years. There is potential that 

these techniques could greatly speed the genetic progress in selective breeding programs and provide 

faster access and more benefit than conventional selective breeding techniques. But before embarking 

on research in this area, aquaculture industries need answers to a number of questions. What basic 

resources are available or needed for each species before research to find markers or to apply MAS, 

genomic estimated breeding values or gene expression profiles can be carried out? What are the likely 

cost-benefits for use of these technologies? Which traits would be best targeted when using these 

technologies? When should research be undertaken or what developments might trigger research in this 

area for each species? What has been the measured impact of the application of these technologies on 

other industries? This project relates to the research strategies developed by the CRC from projects that 

have scoped selective breeding for abalone (Haliotis rubra and H. laevigata), Yellowtail Kingfish (Seriola 

lalandi) and Barramundi (Lates calcarifer). It also relates to the R&D strategies developed by many of the 

other aquaculture sectors in the CRC, eg. Pacific oyster and Sydney rock oyster (Crassostrea gigas and 

Saccostrea glomerata), Atlantic salmon (Salmo salar), black tiger prawn (Penaeus monodon),  etc., which 

have included in the past, or currently include, projects to develop or apply marker assisted selection. 

To answer these questions for the Seafood industries participating in the Australian Seafood CRC, this 

report  

• Draws together an overview of trait priorities identified by these industries,  

• Undertakes a literature review to determine the current state of knowledge and resources 

available for marker assisted selection,  

• Explores which factors are likely to affect the success of the development and application of 

marker assisted selection,  

• Estimates some of the costs and likely benefits involved in developing and from applying marker 

assisted selection,  

• Provides an overview of current methods suggested for optimizing the discovery and application 

of markers, and,  

• Reviews cases where the impact from the application of marker assisted selection has been 

demonstrated. 

The report has identified: 

1. Basic resources that are available or needed for each species before research to find markers or 

to apply these technologies can be carried out.  

Because of the advances in technology, it is now relatively inexpensive to develop a very large set 

(10’s of thousands) of useful (polymorphic- having multiple alleles within a population) tests. This 

large number of polymorphic tests can be quickly developed and families of animals efficiently 

genotyped to enable fine scale mapping and the identification of potentially useful marker tests for 

genes affecting economically important traits. These resources are currently only available for 

Atlantic salmon (S. salar), but initiatives are underway to develop resources for black tiger prawn (P. 

monodon) and are being planned for abalone (Haliotis sp.) and Pacific oyster (C. gigas).  
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Other important resources that are needed are trait data, pedigree data and DNA collected from 

individuals in large families (eg. several families each consisting of a few hundred full-siblings and 

parents). Ideally the families should be part of an existing selective breeding program so that any 

discoveries are directly applicable to the breeding population. Selective breeding programs are 

underway in Australia for S. salar, C. gigas, S. glomerata, H. rubra and H. laevigata, P. monodon and 

F. merguiensis. Relevant measurements and samples would need to be taken. A database containing 

this data and pedigree data with reference to stored samples would be needed. 

Marker assisted selection also needs to be applied in an optimum way for the species and traits in 

question so that the benefit-cost ratio from the application of marker assisted selection is maximized. 

Some simulation is needed to predict how to apply marker information in an optimum way. This has 

been done for H. rubra and H. laevigata, and for some traits for S. salar. 

All other software needed to develop resources, detect and apply MAS is freely available or can be 

purchased. 

2. Likely cost-benefits for the development and application of these technologies and traits that 

would be best targeted using the technologies. 

For traits like disease resistance, meat quality or feed conversion efficiency, for which improvement 

could have a highly beneficial economic impact in each aquaculture sector, and which are all difficult 

or inefficient to improve using selective breeding without MAS, the benefit-cost ratio for the 

development and application of MAS technologies is likely to be high. The benefit-cost ratio will be 

specific to the species, trait, set of markers and approach used. The highest benefits would come 

from application of MAS to the Atlantic salmon and prawn industries. The benefit derived depends 

on a number of factors including the value of the industry in Australia and generation interval of the 

species for marker assisted selection. 

3. When research should be undertaken and developments that might trigger research in this area 

for each species.  

A major prerequisite for the use of MAS is the existence of a selective breeding program for the 

species concerned in Australia. Also, the families developed for selective breeding would be the best 

resource to use for developing MAS technology. It therefore would be sensible to delay the 

development of MAS for some species (yellow tail kingfish, Barramundi and some prawn species) 

until selective breeding programs are established. The development of selective breeding programs 

is therefore one trigger point for beginning to develop MAS. 

Although polymorphic tests are available for most of the species included in this study, the only 

comprehensive single nucleotide polymorphism resource that is available is for S. salar. Recent 

technology developments have lead to efficient means to characterise and screen the genome using 

tens-of-thousands of these types of polymorphisms. This has meant that we can quickly and 

efficiently identify some very useful markers. The development and availability of single nucleotide 

polymorphism-chips (SNP-chips) for the species other than S. salar, will be another important trigger 

point for beginning to develop MAS. It would be beneficial if Australian researchers participated in 

the development these SNP-chips (contributing DNA from our populations and contributing to the 

design of the SNP-chip). So another important trigger for beginning research might be the initiation 

of the development of these resources by researchers overseas. 
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Finally, MAS will be most beneficial for traits that are of high economic importance to our industries 

and traits that are otherwise difficult or slow to improve using selective breeding without markers or 

other means. Therefore, it is recommended that marker research only be undertaken for traits that 

meet these criteria (eg. disease resistance, meat quality or feed conversion efficiency traits). For 

disease resistance, we need an effective way of being able to measure an individual’s level of 

resistance before we can find markers. Another trigger to the development of MAS might therefore 

be the characterization of disease causing organisms affecting production, and the development of 

mechanisms for their propagation and for controlled experimental challenge tests. A final trigger for 

the development of MAS might be the development of a significant market driven meat quality issue 

(an issue that cannot be easily or adequately addressed by manipulating nutrition, processing or 

grow-out environments). 

4. Measured impact of the application of these technologies on other industries. 

There is very little published work demonstrating the impact of the application of these technologies 

to other aquaculture or livestock industries. This is partly because, 1) there has been little application 

in the past, 2) it is difficult to get existing breeding companies to compare or benchmark the results 

of their breeding work, and 3) because there has not been enough time for the most recent 

developments in technology to be applied to aquaculture breeding programs and the impact of this 

application to be evaluated. However, two recent demonstrations exist. 

The same marker for infectious pancreatic necrosis resistance in S. salar has been discovered and is 

being applied to selective breeding programs in Norway (Aquagen) and the United Kingdom 

(Landcatch Natural Selection). This marker has a very large effect on resistance to this disease with 

Aquagen reporting that animals that are homozygous QQ for the marker have a survival rate of 0.87 

while qq homozygotes have survival rates of 0.51 under challenge tests. Aquagen have also shown 

that selection for IPN resistance by challenge testing has lead to a change in the frequency of the 

high resistance allele from 0.3 in 2005 to 0.5 in 2008.   

Application of the use of “genomic estimated breeding values” to dairy cattle selective breeding 

programs in Australia, New Zealand and the United States have been shown to be 2-20% more 

reliable than parental average breeding values, and has allowed companies to market bull teams 

based on genomic estimated breeding values at 2 years of age, a strategy which doubles the rate of 

genetic improvement in milk composition. 

In summary, recent developments in sequencing and genotyping technology, and in methods for the 

analysis of this information, have made it possible to more efficiently develop and apply MAS to benefit 

the participating industries in the Australian Seafood CRC. However, there are a number of important 

resources that need to be developed before this can be done, and we need to target traits and species 

where the potential benefit-cost ratio from MAS is greatest. There are few reports demonstrating the 

impact of the application of MAS. However, the new technologies should lead to much higher benefits 

than were possible before, breeding companies have sometimes been reluctant to divulge precisely 

what they do, and only a few marker discoveries are likely to have been effectively adopted by breeding 

companies around the world. 
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3. Background 

Both a strain’s performance in the face of disease, and its product eating quality, have large economic 

effects on aquaculture industries worldwide. Genetic variation for disease resistance and meat quality 

traits have been found, but such traits are often complex to understand and measure. Furthermore, 

these traits are costly to evaluate and slow to improve using traditional methods of selective breeding. A 

major limitation is the inability to directly test highly valuable potential broodstock.  

  

Aquaculture researchers are therefore looking to develop and apply technologies such as marker 

assisted selection that have been useful for livestock and plant breeding.  

 

3.1 What is a marker?  

Markers are tests revealing variation in the sequence of DNA (ie. polymorphisms) that differ between 

individuals in a population and whose inheritance is associated with the inheritance of a trait of interest.  

3.2 How are markers detected? 

To find markers associated with traits of interest we need to look at the inheritance of many hundreds, 

if not thousands, of different polymorphisms (eg. single nucleotide polymorphisms or microsatellites, 

Fig. 1) spread throughout the genome and look for association (linkage with) genes affecting the trait of 

interest. We are then able to identify a region of chromosome containing loci affecting the trait 

(quantitative trait loci otherwise known as QTL) and markers, which when inherited lead to either a 

higher or lower trait value (Fig. 2). 

3.3 Genetics of the trait 

Most of the important economic traits (eg. growth rate, disease resistance, feed conversion efficiency, 

meat quality) are what are known as “quantitative” traits. That is, these traits vary in a continuous 

manner and are thought to be affected by many different genes of small and large effect. It has been 

shown that these types of traits are affected by a few genes which have a large effect on the trait, and 

by many genes with small effects on the trait (Hayes and Goddard, 2001). These types of traits have 

often been described as being controlled by a complex cascade or network of interacting genes. Key or 

major rate limiting steps in the gene pathways affecting the trait are controlled by genes that have a 

large effect on the trait. 

There are some important traits (eg. the control of sexual maturation or reproduction) that are 

controlled by a few genes with major effects. An example is the gene KiSS-1 and its receptor GPR54 

which have been shown to have a major role in controlling the development of the reproduction system 

in mice (eg. Funes et al., 2003) and has now been extensively characterised in teleost fish (Elizur, 2009) 

with GPR54 highly expressed in early pubertal development (eg. Nocillado et al., 2007). For such genes, 

that have been shown to have a large effect on similar traits in other species, the homologous gene in 

fish may play a similar role. In these instances it may be possible to use the product of the gene to affect 

the trait or to use the gene as a marker that explains a large proportion of the effect on the trait. But 

this report will focus on the most economically important traits in fish, most of which are probably 

influenced by many genes, and the benefits and costs associated with developing and applying marker 

tests for such traits. 
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Fig. 1. Variation (polymorphism) in the sequence of DNA occurs between different individuals in a 

population, resulting in single nucleotide polymorphisms (SNPs) and differences in the number of 

repeated sequence in a stretch of tandemly repeated DNA (microsatellite locus). The regulation of how 

particular genes in the body are expressed (transcribed and translated into protein) under different 

states also differs between individuals. Gene expression can be measured for thousands of genes spotted 

on a glass slide (a microarray).  
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Fig. 2. Chromosome regions containing genes affecting the trait can

and looking for an association between the marker allele inherited from the parent and the inheritance 

of the trait. 

 

3.4 Gene expression 

Another type of variant that is only beginning to be used as a tool for marker assisted

expression analysis (Fig. 1). When a gene is “expressed” it is translated and transcribed into RNA and 

protein (amino acids). We can measure the amount of RNA that is produced by the gene in a given 

tissue at a given time (the genes expr

expression levels under two different states, can be measured on a single glass 

microarray, Fig. 1). For instance, we might see which genes are turned on or off after infection

with a bacteria, and see across a number of animals a pattern

expression profile, that is correlated with disease resistance or susceptibility (Fig. 3).
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Chromosome regions containing genes affecting the trait can be detected by genotyping progeny 

and looking for an association between the marker allele inherited from the parent and the inheritance 

Another type of variant that is only beginning to be used as a tool for marker assisted selection is gene 

When a gene is “expressed” it is translated and transcribed into RNA and 

protein (amino acids). We can measure the amount of RNA that is produced by the gene in a given 

tissue at a given time (the genes expression level). Many thousands of genes, and their relative 

expression levels under two different states, can be measured on a single glass microscope 

Fig. 1). For instance, we might see which genes are turned on or off after infection

with a bacteria, and see across a number of animals a pattern of expression changes, or 

expression profile, that is correlated with disease resistance or susceptibility (Fig. 3).
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Fig. 3. Gene expression profiles may be associated with 

form of marker assisted selection. 

 

3.5 Resources need to find markers

To find linked polymorphic markers for genes affecting the trait

developed (such as polymorphic loci, families 

species grown in Australia these resources are either fully developed, partially developed or non

existent. The value of disease resistance or meat quality differs between sectors, and sometimes 

between different markets within sectors. The industries in Australia also vary in production value and 

maturity and so the benefits that could be potentially realised from the use of marker assisted selection 

can be small, growing or large.  

  

3.6 New technologies 

Hetzel and Davis (2000) reviewed the integration of molecular

approaches for genetic improvement of aquaculture species. Since then advances in technology have 

dramatically improved the power of experiments to detect markers, the applicability of marker 

information and the costs of genome scans and marker assisted selection itself. A number of new 

technologies and methodologies have recently become available. Marker assisted selection (MAS), 

genomic breeding values (GEBVs) and selection using gene expression profiling (GEPS) are so

variations that have recently arisen.  There are now some good examples of the actual application of 

these technologies and the measured impact on different industries. There are also some new resources 

that are now available (eg. salmonid SNP
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effectiveness of the application of MAS or GEBV’s. 

  

3.7 Target audience and scope of report 

This project was developed out of needs that arose during the development of several of the Seafood 

CRC's selective breeding scoping initiatives and through the Seafood CRC theme business plan for 

"Breeding and Profit". This is a rapidly developing highly technical area. The industries are unsure about 

what benefits have been derived for other industries, basic resources that are needed and that are 

available for each species, when would be an appropriate time to invest, how much would MAS cost to 

develop and implement and what would be the likely benefits from MAS. This project therefore relates 

to existing breeding programs for Pacific oyster, Sydney rock oyster, prawns and Atlantic Salmon, to 

developing breeding programs for abalone and to potential new breeding programs for Barramundi and 

Yellowtail Kingfish. 

 

The intention of the report is to present a concise benefit-cost analysis for the use of marker assisted 

selection for the industries participating in the Australian Seafood CRC. Although the focus is very much 

on “marker assisted selection” technologies, the report does also briefly describe some other “marker-

like” technologies that have recently emerged (eg. gene expression profiling). The report will also be 

useful as background information for consideration by the Aquaculture Innovation Research Hub project 

in the Seafood CRC. 
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4. Need 

The development of marker assisted selection, its application using genomic breeding values, or other 

means, and selection using gene expression profiling are rapidly developing areas, and significant 

technological and methodological advances have been made in recent years. There is potential that 

these techniques could greatly speed the genetic progress in selective breeding programs and provide 

faster access and more benefit than conventional selective breeding techniques. But before embarking 

on research in this area, aquaculture industries need answers to a number of questions. What basic 

resources are available or needed for each species before research to find markers or to apply these 

technologies can be carried out? What are the likely cost-benefits for the development and application 

of these technologies? Which traits would be best targeted using the technologies? When should 

research be undertaken or what developments might trigger research in this area for each species? 

What has been the measured impact of the application of these technologies on other industries? This 

project relates to the research strategies developed by the CRC from projects that have scoped selective 

breeding for abalone, Yellowtail Kingfish and Barramundi. It also relates to the R&D strategies developed 

by many of the aquaculture sectors in the CRC (eg. abalone, oyster, Atlantic salmon, prawn etc.) which 

have included in the past, or currently include, projects to develop markers or apply marker assisted 

selection. 

5. Objectives 

To provide a concise report that focuses on the relevance and benefit cost analysis of marker assisted 

selection (in its broader context) for the Abalone, Barramundi, Prawn, Tuna, Yellowtail Kingfish, 

Mulloway, Oyster and Salmon aquaculture industries. 
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6. Methods 

6.1 Traits to target for MAS 

Trait prioritisation exercises were already undertaken for many of the industries involved in the seafood 

CRC prior to this project. When trait prioritisation was unknown or unsure, a simple exercise was carried 

out over the phone or by email with representatives of the industry organisation. To assess a traits 

priority the following factors were considered: 

i. the genetic effect on important traits (heritability) 

ii. the economic effect of the trait on the industry 

iii. practicality of measuring or selecting for improvement of the trait. Do individuals need to be 

stressed, killed or put at risk to measure the trait? Does measurement of the trait affect the 

speed of genetic improvement that can be achieved (for this or other traits)?  

iv. demonstrability of the trait. How apparent will it be that the trait has been improved? 

v. expense to measure the trait (either directly or indirectly without the use of markers) 

vi. correlations with other traits 

vii. what research has already been done on the trait 

  

6.2 Resources needed and current status of development 

A literature/internet review was carried out to determine the state of knowledge and resources. From 

this the resources needed to be developed for each species and industry in order to be able to discover 

markers and perform marker assisted selection were determined. This included resources such as 

microsatellite loci, single nucleotide polymorphisms (SNPs), SNP genotyping platforms (eg. SNP-chips), 

EST sequence or other resources for SNP discovery, linkage mapping families, linkage disequilibrium 

mapping pedigrees, test systems, tested animals, DNA samples, databases etc. 

  

6.3 Likelihood of success or failure 

A literature review was undertaken to review the development of new technologies and the progress in 

the application of MAS to genetic improvement for agriculture and aquaculture industries. 

  

6.4 Costs of MAS 

Companies and institutes were contacted and an estimate of the costs involved were determined. Note 

costs are changing rapidly (for the most part downwards). Costs were broken down into those 

associated with 

i. development of polymorphic loci 

ii. development of genotyping platforms 

iii. development and collection of data from family material 

iv. genome scan (genotyping costs) 

v. analysis 

vi. validation 

vii. ongoing testing for marker assisted selection 

  

6.5 Benefits from MAS  

Estimates of the current and future industry production value were sourced from industry associations 
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participating in the CRC. From what was known/estimated about the heritability of the traits, an 

estimate of the genetic progress likely to be achieved with and without marker information was made 

for each species. This information was combined with that collected in point 1 above, and used to 

estimate the benefit likely to accrue both with and without the use of marker information. 

  

6.6 Application of MAS 

The literature review carried out to investigate point 6.3 was also used to describe alternative means 

that have been proposed/trialed for the application of MAS. 
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7. Results/Discussion 

 

7.1 Strengths, weaknesses, opportunities, threats and risks to selective breeding using marker 

assisted selection 

An overview of the strengths, weaknesses opportunities and threats to selective breeding entities from 

using marker assisted selection is shown in Table 1. This is a general overview and species specific cases 

will be discussed later in the report. From this analysis, threats and risks have been analysed further in 

Table 2. Major issues exist with the cost of quantitative trait loci (QTL) marker discovery, costs of 

application of MAS, lack of basic resources needed to discover markers, lack of breeding programs into 

which  MAS could be implemented and misinformation/hype over the benefits from the use of marker 

information. Suggestions for managing these threats and risks are given (Table 2).  

Major researchable constraints to the application of MAS are shown in Table 3. Wikipedia definitions of 

the terms used can be found by clicking on the hyperlinks in the document. Major restraints were 

associated with the development of resources (which are poorly developed for most aquaculture 

species), undertaking experiments to find and develop markers, research to determine how to apply 

marker information in the most efficient way possible and validation of the benefit from MAS (which has 

been poorly addressed in the past). 
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Table 1. General strengths weaknesses, opportunities and threats identified for marker assisted selection.  

Strengths 

• Industry perceptions (leading edge) 

• Potential advantage over  competitors 

• Allows selection of best individuals (valuable potential 

broodstock cannot be directly tested for many traits eg. 

disease resistance or meat quality) 

• Allows early selection before trait manifests 

• Allows parentage to be determined (inbreeding avoidance) 

• Potential economic benefits for growers 

• Potential stimulus for expansion of industry 

• Potential stimulus for new entrants to industry 

• Helps meet increased demand for seafood and reduced 

volume of supply from wild fishery  

• Future product allows farms to produce more from use of 

same resources 

• Genetic improvement and benefits compound with each 

generation of selection 

• Many good researchers with experience in development of 

markers and MAS in Australia 

Weaknesses 

• Mis-information and hype over potential for MAS 

• Expense to discover marker tests 

• Expense to apply marker assisted selection 

• Lack of available resources for discovery of marker tests 

• Lack of breeding programs into which marker assisted 

selection can be incorporated 

• Lack of basic genetic information (heritability of traits, 

correlations between traits) affects rate of genetic 

improvement 

• Size and limits (eg. regulations) on growth of industry and 

consequent restricted flow of benefits 

• Price farmers are willing to pay for genetically improved 

stock 

• Above points limit possible revenue stream and reduces 

attractiveness to investors 
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Opportunities 

• Increase rate of improvement of disease resistance and 

meat quality traits 

• Break up association between negatively correlated 

traits (eg. improved growth rate with reduced disease 

resistance?) 

• Gene expression profiles allow early detection of 

environmental or nutritional stresses 

• Selective DNA pooling might be more efficient 

(microsatellite and SNP genome scans) 

• Combine research efforts (eg larger, fewer projects for 

QTL detection and for development of marker 

resources) 

• Combine genotyping/sequencing efforts to get a better 

service price (eg. join international sequencing 

consortiums) 

• Share genetic expertise across livestock and 

aquaculture industries (eg. national association) 

• New or niche markets (?) 

Threats 

• High AUS$ continues or value of aquaculture products slump 

• Marker information is false or inefficiently applied so that genetic 

improvement is poor and reputation of marker research is affected 

• Other countries develop technologies and restrict use by Australian 

industry (patent, in-house secret). 
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Table 2. General risk analysis for selective breeding using marker assisted selection.  

 

Threat/Risk  Management  

Expense to discover marker tests 

Expense to apply marker assisted selection 

Lack of available resources for discovery of marker 

tests 

→→→→Lack “power” to develop marker tests  

Initiate or join in large collaborative international efforts 

where appropriate 

Use latest technology and pick best service provider  

Size and limits (eg. regulations) on growth of 

industry and consequent restricted flow of benefits 

Price farmers are willing to pay for genetically 

improved stock 

High AUS$ continues or value of product slumps  

Accept risk? As improvement is made to the stock that is 

grown the industry will become more resilient to this risk.  

Lack of breeding programs into which marker 

assisted selection can be incorporated 

Lack of basic genetic information (heritability of 

traits, correlations between traits) affects rate of 

genetic improvement  

Invest in development of basic selective breeding 

programs first or in overcoming reproductive or other 

barriers preventing family production  

Mis-information and hype over potential for MAS 

Marker information is false or inefficiently applied 

so that genetic improvement is poor, $’s wasted 

and reputation of marker research is affected  

Control expectations. Make industry aware of findings of 

this meta-analysis. Apply rigorous scientific scrutiny over 

marker proposals.  

Other countries develop technologies and restrict 

use by Australian industry (patent, in-house secret)  

Stay ahead, collaborate, stay informed of developments 

(optimised methods, research, protection)  
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Table 3. Key research needed in developing selective breeding using marker assisted selection. Costs are ball park estimates based on the budgets 

for recent projects.   

Constraint/opportunity Research/development needed Cost of research Notes 

1. Development of tests for 

polymorphisms 

 

1. Participation or access to ultra-high throughput 

sequence initiatives  

2. Discovery of SNPs 

3. Discovery of microsatellites 

$30,000 To find QTL densely spaced markers are needed. 

SNPs are the cheapest, most reliable and most 

automated for high throughput genotyping. 

Budget for transcriptome sequence to identify 100s 

of thousands of SNPs and some microsatellites (as 

per boxed example) 

2. Development of family 

resources for genome scan 

Breed , tag (DNA fingerprint) and grow  

Measure trait(s) 

Take DNA samples 

Take RNA samples (if gene expression profiling) 

$100,000 To find QTL, family resources are needed. The fish 

need to be well identified (so that parentage is 

certain).  Appropriate measurements and samples 

need to be taken. 

3. Develop genotyping or 

expression testing platform 

Design and produce SNP chip. 

Design and produce microarray 

Cost included in 

step 4 

An inexpensive, high throughput, accurate and 

automated genotyping platform is essential 

4. Undertake genome scan Various methods exploiting LD, LDLA or LA 
 

$350,000 

(comprehensive) 

Cost of genotyping families for the SNP markers 

developed and analysis to find QTL. Budget for a 

comprehensive scan for immediate fine scale 

mapping of QTL (as per boxed example).  

5. Develop panel for MAS Design a set of tests and develop a simple/cost 

effective way to genotype animals 

$10,000 Need inexpensive and accurate ways to sample 

and test animals. 

6. How to benefit most from 

implementation of marker 

assisted selection 

Simulation studies, benefit-cost analysis, 

additional gain from use of MAS? 

Test new methods and use with selective 

breeding 

Weighting of marker/QTL information in EBV 

$25,000 In order to maximize benefits from MAS it is 

necessary to know how they would most 

effectively be implemented into the selective 

breeding program 

7. Validate and demonstrate 

utility of MAS 

Apply selection with and without MAS 

Test genetic response with and without MAS 

$50,000 Few published validations of the use of MAS. Need 

to test how well MAS performs and whether it 

meets expectations and predictions (covers cost of 

implementing MAS, measurement and evaluation 

of impact) 
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7.2 Traits to target for MAS 

In general, similar prioritization considerations hold across all the species. These general considerations 

and some exceptions peculiar to particular species and industries are highlighted in Table 4. In deciding 

on traits that we should focus on in a breeding program, it is important to consider economic impact, 

genetic parameters and implications on the potential for genetic improvement (trait of focus and 

correlated traits), the practicality of measurement and selection, demonstrability (affecting uptake by 

growers) and the amount of research needed  (could the trait be selected now).  Most selective 

breeding programs start very simply (focusing on one or two important traits). Additional traits can be 

added later as the program develops and some traits, such as meat quality traits, can be monitored to 

check that no deleterious correlated side effects are encountered.  

 

The development and use of MAS is one way to tackle the traits highlighted in Table 4 that are: 

1. Of high economic importance 

2. Low heritability 

3. Show unfavourable correlations with other traits 

4. Difficult, expensive or impractical to directly measure or otherwise manipulate 

  

In general, the choice of traits for selective breeding is influenced by the economic benefit likely to be 

derived from genetic improvement and ability to demonstrate improvement in the trait to growers 

(salability). There are three other important factors to consider. The trait should be practical to 

measure, have high potential for genetic improvement (ie. high heritability and show favourable 

correlations with other traits of importance) and require little research. If a trait scores well with regard 

to these considerations, then the trait should be simple, practical and effective to select in the absence 

of markers. If a trait is of high economic importance and highly demonstrable, but difficult to measure 

and select, lowly heritable, negatively correlated with improvement of other important traits and/or 

requires substantial research to be able to measure and select for it in an accurate way, there may be 

some benefit in considering research for the development of MAS. 

 

Simulation models have been used to predict which traits and conditions would be the best targeted for 

marker assisted selection (eg. Hayes et al., 2007a; Sonesson, 2007). Simulation models predict that the 

efficiency of MAS over more traditional approaches for selective breeding should be greater under the 

circumstances shown in Table 4. 

  



  P a g e  | 25 

 

Benefit-cost analysis of marker assisted selection in Australian aquaculture species 

 

Table 4. Traits and species that would benefit most from MAS. 

Consideration  Type of trait advantaged  

Unable to pick the best individuals within families without MAS  Disease resistance, meat quality, feed 

conversion efficiency  

Measurement of trait when selected is poorly correlated with 

trait at harvest  

Eg. Abalone growth rate at harvest  

Unable to “break up” negative correlation between traits without 

MAS  

Eg. Prawn growth rate and resistance to 

WSSV  

Low heritability  Disease resistance, meat quality  

Few breeding candidates available  Eg. Barramundi  

Uneven male to female mating ratio  Eg. Kingfish & Barramundi  

QTL explains a lot of variation for trait  Eg. Some disease resistance QTL  

  

Other factors affecting benefit from MAS   

Multiple markers linked to QTL  Eg 4 instead of 2 or 1  

Frequency of positive QTL allele   
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7.3 Resources needed and current status of development 

 

There are several necessary steps that need to be taken to develop a system for marker assisted 

selection (steps 6B to 10B describe the steps for developing gene expression profile assays (see 

overview in section 3.4): 

  
Step 1. Develop DNA or cDNA libraries for the 

species (or maybe for a closely related species) 

Needs to be made in such a way 

that genetic variation between 

different individuals in a 

population (polymorphism) can be 

identified (eg. pool DNA from a 

number of different animals) 

Step 2. Sequence expressed genes (RNA or cDNA) 

or genomic DNA 

Step 3. Search sequences for genetic variation (single nucleotide 

polymorphisms, microsatellites etc) and annotate sequence 

Step 4. Create tools for studying genetic variation 

(genotyping) or gene expression 

Assay types: PCR, DNA 

microarrays, SNP chips, etc. 

Step 5. Validate tools 

Real polymorphism, Hardy-

Weinberg equilibrium 

proportions , microarray 

hybridization conditions etc. 

Step 6A. Develop mapping 

populations (families) 

Step 7A. Collect DNA and trait data 

Step 8A. Genotype Step 8B. Microarray hybridisations 

Step 6B. Induce differential gene 

expression in experimental animals 

Step 7B. Collect RNA and trait data 

Step 9A. Analyse (LA, LD, LDLA) to 

find quantitative trait loci (QTL) 

Step 9B. Analyse (gene expression 

profiles) 

Step 10A. Develop panel for 

marker assisted selection 

Step 10B. Develop assays for gene 

expression profile selection 

Step 11. Develop/refine methods for use of technology with selective breeding 

Step 12. Validate and demonstrate utility 
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7.3.1 Development of DNA or cDNA libraries (Step 1) 

DNA or cDNA libraries can be quickly and cheaply produced (eg. a biotech company may take around 1 

month to make a normalized and/or subtracted library at a cost of <$10,000). Many services producing 

libraries are available, or the library might be made by a research provider in Australia. 

Box 1. mRNA/cDNA protocol  

Illumina has their own protocol for this, however it does not include normalisation 

http://www.illumina.com/pages.ilmn?ID=291 

A common problem appears to be getting too much ribosomal RNA sequence, however it appears that 

mRNA prep using oligo-dT-25 DynaBeads is an excellent solution. It is possible to purchase the mRNA-

seq kit from Illumina themselves (they use the Dynabeads kit apparently). There is a thread on 

seqanswers with a brief discussion about this 

http://seqanswers.com/forums/showthread.php?t=1026&highlight=ribosomal 

7.3.2 Sequence of expressed genes or genomic DNA (Step 2) 

New ultra high throughput and inexpensive methods are available. There are few research providers or 

companies with the latest ultra high throughput technology, and the technology is changing at an 

astonishing rate. It is common now to pay for a company or specialist group to provide the sequencing 

service. In Australia the Australian Genome Research Facility (AGRF) and AgGenomics are examples of 

service providers. There are also some excellent service providers in Asia (eg. Genotypic in Bangalore 

India). Examples of the latest technology include SNP discovery using the Illumina Genome Analyser 

(Solexa, see box below). For some species there are already good DNA/cDNA library resources and many 

hundreds of thousands of expressed sequence tags that are freely available (eg. Atlantic salmon, Table 5 

& Appendix 3). But for most species in aquaculture, there has been no single coordinated effort to 

develop these resources. It would best if the sequencing effort was part of an international collaboration 

(ie. competitors could duplicate this effort easily in any case, and costs can be shared). 

Box 2. Overview of example of one of the latest strategies for SNP discovery (Matvienko et al., 2008).  

 

1. RNA is purified and rRNA is removed leaving mRNA (eg. dynabead preparation) 

2. cDNA library preparation (eg. Clontech SMART kit) 

3. Library normalization to reduce representation of highly abundant transcripts (eg. Evrogen trimmer 

kit) 

4. Illumina Genome Analyser (Solexa) paired end sequencing (“massively parallel sequencing-by-

synthesis” approach) 

 

The above process could be completed in one week for around AU$ 20- 30,000 and would result in 

around 105 million reads or around 15 billion bases of sequence. Assuming 50,000 transcribed genes, 

average size 1kb (50MB = 1X coverage), the latest generation Solexa would yield approximately 200X 

coverage from a single flow cell (billions of bases of high quality sequence per run). This deep coverage 

should allow easy discrimination of true SNPs from sequencing errors, and should yield hundreds of 

thousands of SNPs .  
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Box 3. 

Commercial software for handling EST data  

Eg. SeqMan Pro by LaserGene–A complete package with Sequencing Manager, Sequence Assembly, 

Contig Management, and SNP Discovery 

 

Open source software for handling EST data 

http://estpiper.cgb.indiana.edu/ ESTpiper (Tang et al., 2009) 

http://www.ebi.ac.uk/~guy/estate/ various 

http://seqanswers.com/forums/showthread.php?t=43 various 

http://www.ebi.ac.uk/~zerbino/velvet/  Velvet is a de novo genomic assembler specially designed for 

short read sequencing technologies, such as Solexa or 454. Need about 20-25X coverage and paired 

reads. Developed by Daniel Zerbino and Ewan Birney at the European Bioinformatics Institute (EMBL-

EBI). 

 

Knowing the genes, annotation and comparative mapping 

An advantage with sequencing expressed genes for SNP or microsatellite discovery is that you also 

obtain some information about the type/function of the gene in which the SNP or microsatellite lies. 

Microsatellites or SNPs in ESTs also provide an opportunity to assemble comparative maps across 

species. For instance Rexroad et al (2005) has proposed using expressed sequence tags containing 

microsatellites to compare rainbow trout with salmon genomes. 

7.3.3 Search sequence for genetic variation (Step 3) 

Box 4. Methods and software for SNP detection  

Numerous software and methodology is now available.  Here are a few examples: 

Deco-tiling (Garvin and Gharrett, 2007) 

PreAssemble (Adzhubei et al., 2006) 

SNP detection exploiting multiple sources of redundancy (Hayes et al., 2007c) 

Single nucleotide discovery in duplicated genomes (Ryynanen and Primmer, 2006) 

Targetted locus approach to find SNPs (Sprowles et al., 2006) 

SNPIDENTIFIER software (Gorbach et al., 2009) 

 

 

Box 5. SNP discovery analysis pipelines for handling multiple open source software options  

Despite the attractiveness of an integrated software package for SNP discovery, the cost of purchasing 

such a package is large (eg.  10,000 euros). Open source programs are a better option. Using larger 

sequence lengths, Ben Hayes developed an analysis pipeline linking the Phred, Phrap and PolyBayes 

programs. With the smaller sequence lengths for the ultra-high throughput sequencing, this pipeline is 

being updated to replace Phred, Phrap and PolyBayes programs with: 

• Velvet: For de novo assembly. http://www.ebi.ac.uk/~zerbino/velvet/ 

• Gigabayes (new generation of PolyBayes): Short read SNP detection software. 

http://bioinformatics.bc.edu/marthlab/GigaBayes 

• Eagleview: Sequence and SNP viewing program. http://bioinformatics.bc.edu/marthlab/EagleView 
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7.3.4 Creation of tools for studying genetic variation (Step 4) 

Again this is a rapidly developing field of technology. The technology chosen depends on  

1. Type and number of markers (eg. SNPs),  

2. number of samples (eg. individuals in families) and  

3. cost.  

 

The latest trend is to develop and use SNPs for QTL detection. This is because  

1. It is becoming much cheaper to genotype individuals  using SNPs 

2. Little manual checking is required (save time and labour costs) 

3. Extremely high throughput is available 

4. There are many more SNP markers in the genome than microsatellites, giving denser coverage 

and greater power of detection 

 

The technology platforms now being used for thorough genome scans (eg. those aiming to genotype 

1,000-10,000 SNPs over 1,000-10,000 samples in an aquaculture species) are those supplied by Illumina 

(Golden Gate or Custom Pannels) or Affymetrix (10K or custom SNPs). Affymetrix now only create 

custom SNP-chips for species where a very high overall production of chips is likely to be required (eg. 

human or model species chips).   

 

The latest high throughput SNP genome scan technologies (eg. using llumina SNP chips) are capable of 

genotyping 10’s of thousands of single nucleotide polymorphisms throughout the genome cheaply and 

quickly (see boxed example below). Like the sequencing and SNP detection it would be best if the 

creation of SNP genotyping tools was part of an international consortium. The cost of producing SNP 

chips is highly dependent on the number of print runs (ie. number of users, number of animals to be 

genotyped). Also, by including samples from the population you intend to genotype, and by influencing 

which SNPs are printed on the SNP-chip, you can greatly affect the value of the SNP-chip for your 

intended purpose. 

 

For instance, SNP chips are available for Atlantic salmon through such an international consortium (led 

by Norway). CSIRO is currently evaluating the use of these SNP chips for its research with Atlantic 

salmon. CSIRO have found that only around 3,000 of the 15,000 salmon SNPs are polymorphic in the 

Australian population of Atlantic salmon (Nick Elliot pers. com.). This is likely to mainly be due to 

selection bias with polymorphism tending to be highest in the population which you are using to search 

for the SNP (as is the case for polymorphism detection in microsatellite loci, Ellegren et al., 1997). The 

salmon SNPs were developed using sequence from Canada and Norway. Use of the SNP-chips so far 

have revealed that more than 5,800 of the SNPs are polymorphic in some selectively bred Norwegian 

Atlantic salmon populations.  

 

The new sequencing technologies allow the samples that are sequenced to be tagged or separated, so 

that SNPs that are polymorphic within multiple populations could now be identified and printed on the 

chips.  SNP chips may also soon be available for Penaeus monodon (Norwegian-Indian collaborative 

project underway), for Crassostrea gigas (Chinese initiative to begin in 2009) and for Haliotis sp. 

(discussions to be had at the International Society for Genetics in Aquaculture Conference in Bangkok 

June 2009). If Australia wishes to make use of these resources, and to make the resources valuable for 

detecting markers in our populations of animals, we need to contribute, collaborate and become part 

of these initiatives. 
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After the genome scan has been performed, and has identified some markers associated with genes 

affecting traits of importance, a different type of technology can be used to genotype animals for 

routine marker assisted selection. In performing marker assisted selection, less than 100 markers over 

more than 1000 samples might be used. The options for routine MAS testing include technologies such 

as Pyrosequencing, Luminex, TaqMan or SNPlex.  

 

Box 6. Example of a genome scan allowing immediate fine-scale mapping of the QTL  

An Illumina SNP-chip (Infinium iSelect SNP-chip) is developed for the species with up to 60,000 SNPs.  

This gives a SNP density of approximately 1 SNP every 15kb, capturing linkage disequilibrium and 

enabling immediate fine scale mapping of QTL. 1000 animals (50 families each with 20 individuals) are 

tested and sampled for the genome scan. Selective genotyping is performed (best 20% of animals and 

worst 20% of animals for a trait such as disease resistance (time until death with challenge). That is 500 

animals are tested for the 60,000 SNPs. The cost of the genotyping are decreasing rapidly, but last year 

the costs for this genome scan (excluding DNA extractions) would have been somewhere between 

$350,000-$400,000 (ie. around 1 cent per genotype). 

 

This Illumina technology is well described by (Fan and al., 2003) and by the University of California Davis 

Genome Centre at 

http://www.genomecenter.ucdavis.edu/dna_technologies/illumina.html 

 

7.3.5 Development of mapping population resources (Step 6) and collection of trait data and DNA (Step 

7) 

To find markers you need to collect data and DNA from large families. This is best done by using the 

same families, data and DNA that are collected to establish a selective breeding program for the species. 

Normally, several full-sibling families each consisting of a few hundred siblings and their parents are 

used. Data should be carefully collected and stored in a database. See sections 7.4.4 and 7.4.5 for 

further discussion. 
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Table 5. Summary of state of resources for species cultured in Australia (and related species for comparison where useful) . Colours highlight large 

scale SNP developments under discussion (yellow), underway (red) or completed (green). 

Species  Microsats  SNP s  EST s  Linkage 

map  

Reported QTL discovery or expression profile difference  

Haliotis rubra  ≈≈≈≈ 150    Yes  Growth rate  

Haliotis laevigata  ≈≈≈≈90      

Haliotis midae   ≈≈≈≈20  ≈≈≈≈110    

Haliotis discus  ≈≈≈≈180  ≈≈≈≈12. New SNP 

development? 

≈≈≈≈841  Yes  Growth related traits, stress tolerance  

Haliotis asinina    ≈≈≈≈232    

Crassostrea gigas  ≈≈≈≈150  ≈≈≈≈290. New SNP 

development? 

≈≈≈≈30,000  Yes  Summer mortality (gene expression)  

Crassostrea virginica  ≈80  ≈6,500  ≈15,000  Yes  Disease resistance (Dermo/summer mortality-resistance)  

Penaeus monodon  >1,000  Under develpmnt  ≈40,000  Yes  WSSV resistance  

Litpenaeus vannamei  ≈500  ≈500-1000. New 

SNP development? 

≈180,000  Yes  Genes whose expression is modulated by taura syndrome 

virus  

Penaeus japonicas (kuruma)  ≈20   ≈4,000  AFLP  Weight and length AFLP  

Fenneropenaeus chinensis & 

merguiensis  

≈2000   ≈10,443  Yes  WSSV  resistance  

Seriola lalandi  ≈250    Yes   

Salmo salar  ≈2000  ≈3,000  500,000  Yes  

138 mic  

304 snp  

473aflp  

Infectious salmon anaemia, infectious pancreatic necrosis 

,body weight condition factor, age of sexual maturation, 

gyrodactylus., salmon lice resistance.  

Onchorynchus mykiss  Lots of resources  

Lates calcarifer  ≈350   8,655 Yes  Growth related traits  
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7.4 Likelihood of success or failure 

The likelihood of the success or failure of MAS is going to depend on the particulars of the trait, the 

power of the QTL scan, the genetic variation explained by the QTL linked to the markers, the frequency 

of the QTL alleles in the population and many of the other factors already discussed in the sections 

above. A summary of these factors is shown in Table 6.  

 

Table 6. Factors likely to contribute to the success or failure of the use of MAS 

Consideration  Detail  

Species and its genome  Duplication, linkage disequilibrium, ability to produce 

pedigreed families  

Technology used & resources available Coverage, scoring accuracy  

Genetic basis for trait  Number of genes explaining trait, size of effect of gene 

variant on trait  

Accuracy of information recorded and samples 

collected  

Pedigree relationships, trait performance, sample 

collection and processing  

Experimental design and method of analysis  Multistage design, cost, power to detect real effects  

Validation  Ensure association is real. Large scale independent 

data sets for replication. Meta-analysis. Winners curse!  

Effective means of implementation  Ongoing breeding program, genomic EBV’s, 

predictions from simulation  

  
 

 

7.4.1 Influence of the species and the composition of it’s genome 

The extent of linkage disequilibrium, and differences in recombination rates between different genomes 

can have a large effect on the power to detect quantitative trait loci and on the effect of MAS. For 

instance, Atlantic salmon have been found to have the largest difference in recombination rate between 

male and female gametes of any vertebrate species (Moen et al., 2004a). However, this difference can 

be exploited to improve the likelihood of finding QTL and to speed MAS and its application to genetic 

improvement in this species. For instance, an initial genome scan using a few markers per linkage group 

and analyzing segregation from male parents could be used to give a quick and efficient indication of the 

linkage groups containing QTL (Moen et al., 2004a). Simulation can be used to determine how to best 

exploit these situations, as has been done for Atlantic salmon (Hayes et al., 2006). 

 

Duplication of the Atlantic salmon and rainbow trout genome also affects the likelihood of success or 

failure for finding QTL. For rainbow trout 11 homeologous duplicated regions (linkage groups) have been 

detected (Guyomard et al., 2006). Gene orders are conserved between the duplicated groups and each 

duplicated group is located on a single chromosome arm. After a major duplication event, the duplicated 
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genes tend to gradually diverge. Polymorphism in such regions may become fixed over time and result in 

two diverging gene functions. When such polymorphism is detected, all individuals in the population 

may appear as heterozygous for the polymorphism. Such polymorphisms do not segregate in meiosis 

and are not useful for mapping purposes. The effects of duplication can also reduce the success of 

finding polymorphism that differs between different individuals. So although genome duplication could 

be an important source of polymorphism that contributes to trait effects and changing functional roles 

of different genes (eg. Myostatin and gene duplication in teleosts, Østbye et al., 2007), it tends to make 

the identification of markers more difficult and costly.  

7.4.2 Technology used and resources available 

The marker density and marker type used to scan the genome for QTL has a large influence on the 

likelihood of success or failure. Marker density affects the likelihood of detecting QTL, and once 

detected, affects the ability and accuracy of MAS. This is because the denser the set of markers that is 

used, the higher the chance that a marker will occur in close proximity to the QTL. The size and structure 

of the families used for mapping the trait also affects the chances of success of detecting QTL affecting 

the trait.  

 

Human disease research is driving the development of new genotyping technologies and techniques, 

and has opened up new possibilities for the creation of marker resources. For example, Affymetrix and 

Illumina produce human SNP chips with 500 thousand or 1.1 million SNP tests respectively. A 500K SNP 

chip was recently used to screen pooled human DNA samples to detect several loci associated with 

general cognitive ability (Butcher et al., 2008). Each of the SNPs accounted for less than 0.4% of the 

variance for this trait, but predictions of the trait value made using the combined 6 SNP set correlated 

0.11 (P<0.00000003) with the actual measured trait value. Similarly a 100K SNP set was used to detect 

several genes for reading disability and ability using pooled DNA from a sample of over 5,000 children 

(Meaburn et al., 2008). These same technology platforms are now being used for genotyping some fish 

species. 

 

A “complete genome sequence” for the species or related species can also help, particularly when it 

comes to doing finer mapping or identifying which genes lay in a particular chromosome region. Fully 

sequenced commercial fish species include Sparus aurata, Dicentrarchus labrax and Oreochromis spp. 

Genome information is being linked together using comparative genomics across model and non-model 

teleost species (Sarropoulou et al., 2008). Other complete genome sequences also underway include the 

Atlantic salmon genome and the Atlantic cod genome (both due for completion later this year). 

 

Knowledge about key genes involved in particular processes, such as disease resistance, and the study of 

genetic variation in these genes can also influence the likelihood of success or failure. For instance, the 

major histocompatibility complex (MHC) has been found to be associated with disease resistance in 

Atlantic salmon (Bridle et al., 2006; Chen et al., 2004; Grimholt et al., 2003; Johnson et al., 2008; 

Jørgensen et al., 2007a; Jørgensen et al., 2006; Jørgensen et al., 2007b; Kjøglum et al., 2005; Kjøglum et 

al., 2006; Lukacs et al., 2007; Mjaaland et al., 2005; Morrison et al., 2006; Ozaki et al., 2007). 

 

7.4.3 Genetic basis for trait 

Heritability. The higher the traits heritability, the greater the likelihood that you will find a QTL affecting 

the trait. As mentioned before though, if the heritability is low, MAS may be advantaged over 
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conventional selective breeding.  

 

Size of QTL effect. Also, the more genetic variation your set of markers is able to explain for the trait, the 

more useful those markers are likely to be for MAS and the higher the likelihood of success. The amount 

of genetic variation the markers can explain depends on, 1) the size of the effect on the trait of the 

genes linked to the markers, and, 2) the proximity of the markers to the genes (extent of recombination 

between the marker and gene). 

 

Frequency of favourable/unfavourable alleles. If there is a mutation that has a strong effect, but it is 

found in very few individuals in the population, then you either need luck and a large number of families 

to find it, or you need to choose families you suspect are segregating for the allele or the trait 

 

7.4.4 Accuracy of information recorded and samples collected 

If accurate records are not maintained, or if errors are made (swapped identifications etc), the ability to 

find useful markers will be compromised. Where manual entry of data occurs, mistakes will always be 

made. There are many tools available now for automating the collection and entry of data (eg weight, 

length, pit tag identification, colour, fat etc). It is also important to have a reliable database system for 

keeping track of the data, organizing data for analysis, detecting errors etc. 

 

In some instances there is a need to develop techniques and technology in order to be able to simply 

measure the trait.  

Eg 1. Disease resistance. The most common way to measure disease resistance is by challenging animals 

to the disease and measuring either whether they die or how many days they survive over the course of 

the experiment. However, these experiments require a high degree of biosecurity and extensive tank 

infrastructure, etc to perform the tests. There are currently no suitable facilities available in Australia for 

performing such tests on the scale needed for a selective breeding program. Also, for each disease, 

research is needed to determine how to propagate the virulent strain of the disease in culture, the route 

of infection for the challenge test (which needs to mimic the natural route of infection as closely as 

possible) and the dose.  

Eg. 2 Measuring feed conversion efficiency for individual fish. There is currently no suitable (efficient)  

technology available for measuring feed conversion efficiency for large numbers of individual fish.  

 

Another issue is that there is often little correspondence between what is measured (eg. experimental 

challenge test where the route of infection might be by injection etc) and the actual desired trait (eg. 

survival to the actual disease outbreak in a sea cage where the route of infection might be by ingestion). 

Therefore when we select families that have a high probability of surviving the challenge test conditions, 

are they the same families that will have higher rates of survival to a disease outbreak at sea? At least 

with marker tests it should be possible to easily check whether the survivors at sea have the best marker 

conformation! 

7.4.5 Experimental design and method of analysis  

Critical factors in designing an experiment to give a high likelihood of finding useful markers are: 

 

Family structure. Need a number of full-(preferably) or half-sibling families. This is one of the most 

important factors influencing the power of QTL experiments and can be a major constraint for species in 

aquaculture. There are some practical and biological constraints to producing this resource for some 

species.  Some of the species do not have selective breeding programs underway, so families are not 
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available. Tagging is difficult for young fish and resources needed to separate families are costly (ie. it 

may be more efficient to use DNA pedigreeing in some instances). 

 

General design of experiment. Genome scans can be performed in stages in order to save some costs. 

For instance, the first stage might involve selective DNA pooling where  DNA from the best performers is 

pooled and compared to DNA from the worst performers. Selective DNA pooling is proving to be an 

efficient and effective way of detecting QTL with microsatellite (Baranski et al., 2007; Mariasegaram et 

al., 2007) and SNP genome scans (eg. Butcher et al., 2008; Meaburn et al., 2005; Meaburn et al., 2008). 

Selective DNA pooling could substantially reduce the genotyping costs. However, the same pools will not 

be effective for finding QTL for multiple traits. Ie. each pool is made of individuals that are extreme for a 

particular trait. As a second stage after selective DNA pooling, individuals might be genotyped to 

confirm any QTL associations that are detected (ie. genotyping all of the individuals with the few 

markers that are associated with QTL in stage 1). In this staged tpe of experimental design, genotyping 

costs can be saved. 

 

Computer simulation studies can be used to determine how the design of the experiment should be 

adjusted so that the power of the experiment to detect true markers for QTL can be improved  (Baro et 

al., 2001; Coppieters et al., 1999; Hayes et al., 2005b; Hayes et al., 2006). 

 

Error checking and analysis. Genotype data should be checked for the occurrence of scoring error, null 

alleles, non-Mendelian inheritance and other anomalies that might lead to false positive or negative 

effects, and the data set should be edited to remove these anomalies before analysis. There are 

numerous open source software packages available for detection of QTL. It is important to choose an 

analysis package that is suited to the design of the experiment undertaken. 

7.4.6 Effective means for implementing MAS  

Simulation and prediction of economic benefit from MAS  

Once markers associated with a trait are detected we need effective ways of integrating marker 

information into the selective breeding program. Because it is expensive and impractical to run replicate 

selective breeding programs to test different methods, computer simulation is an effective tool to 

develop or refine methods for application of MAS and other technologies with selective breeding. 

Simulation has been used to predict whether it would be beneficial to use gene expression profile 

information with selective breeding (Robinson and Hayes, 2008), in predicting the outcome of using 

walkback selection or marker assisted selection with optimum contribution selection (Sonesson, 2005; 

Villanueva et al., 2002), in predicting the outcome from the general implementation of discovered 

markers (Gomez-Raya and Klemetsdal, 1999; Hayes et al., 2007a), demonstrating the use of marker 

information for selection index prediction of genetic response and inbreeding (Dekkers, 2007) and in 

predicting the power of using many thousands of SNPs on a chip to estimate “genomic EBVs” (Bennewitz 

et al., 2009; Nielsen et al., 2009) (see boxed examples below). To maximize the likelihood of the 

successful implementation of MAS, simulation studies are important tools that should be used for 

determining how MAS should be integrated into the breeding program. 
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Box 7. Eg. Simulating the use of MAS for growth rate in abalone 

A simulation model assuming MAS using 5 marker genes explaining 50% of the genetic variance for 

growth rate in H. rubra abalone (as detected by Baranski et al., 2007) was used to predict the benefit-

cost ratio for the use of MAS under different circumstances (Hayes et al., 2007a). The study found that 

the lower accuracy of selecting breeding candidates on early growth rate rather than late growth rate 

was more than compensated by the ability to perform 2 rounds of selection instead of one when there 

were more than 5 progeny per family tested. The largest advantage from the use of marker assisted best 

linear unbiased prediction (MBLUP) over best linear unbiased prediction (BLUP) occurred when the 

genetic correlation between early growth and late growth rate was lowest. MBLUP was predicted to be 

generally more advantageous for disease resistance than for growth rate (although no markers are 

currently available for disease resistance in abalone). Selective genotyping reduced the extra response 

from MAS by 2% and gave a large reduction in the number and cost of genotyping. Profits were 

predicted to be maximized if 75 progeny per family are genotyped. At this point a balance was reached 

between the benefit from MAS relative to non-MAS and the increased cost of genotyping with higher 

numbers of progeny. 

 

Box 8. Eg. General comparison of MAS to non-MAS using simulation  

Sonesson (2007) has also compared within-family MAS to non-MAS for traits recorded on sibs of the 

breeding candidates (eg. disease resistance or meat quality traits). Sibs were tested for the trait and 

genotyped to establish genetic marker effects on the trait. Again, the use of MBLUP and BLUP breeding 

values were compared. All family members had identical BLUP breeding values in the non-MAS 

schemes, but MBLUP breeding values differed between family members making within-family selection 

possible for MBLUP. MAS gave up to twice the genetic gain of non-MAS. The efficiency of MAS was 

somewhat reduced with,  

• higher heritabilities 

• frequency of the positive allele <0.5 

• less candidates 

• more even male:female mating ratios (less half sib family relationships) 

• QTL explaining less of the total variation for the trait 

• Less markers linked to the QTL (eg. 2 instead of 4) 

Rates of inbreeding have also been predicted to be lower for MAS than non-MAS selection because 

fewer full-sibs would be selected by MAS (Sonesson, 2007). 

 

  

7.5 Benefit-cost ratio for MAS 

7.5.1 Examples from the literature 

Factors influencing the benefit-cost ratio for the development and use of MAS are shown in Table 7. 

Precise prediction of the benefit-cost ratio for all the different traits and species involved in the Seafood 

CRC is beyond the scope of this review, but some estimates of costs and industry parameters have been 

used in an effort to determine where the development and use of MAS might have a relatively high 

benefit-cost ratio (Table 8). 
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Table 7. Factors influencing the benefit-cost ratio for development and use of MAS 

Costs 

Develop breeding program. 

Find variation. 

Scan genome. 

Validate tests. 

Application of testing 

Benefits 

Economic benefit based on industry uptake & earnings, 

trait value, rate of improvement (generation interval, 

proportion of variation explained, practicalities etc). 

Profile of breeding company in face of competition.  

Stimulation to expand production. 

Potential cost offsets & alternative costs  

Government innovation research grants and 

bursaries. 

Collaborate in international effort. 

Alternatives to MAS might be inaccurate, low benefit, 

expensive, difficult and/or negatively affect image. 

Potential add-on benefits  

Export improved seedstock. 

Attract additional investors/partners. 

 

A ball park estimate of the benefits and costs that might be associated with the future development and 

use of marker assisted selection is presented in Table 8. Very few genetic resources have been 

developed for most of the species cultured by participants in the Seafood CRC (with the exception of 

Atlantic salmon). It was assumed that full funding would be required to cover all costs (ie. potential cost 

offsets due to the factors listed in Table 7 above, such as collaboration in an international effort to 

develop SNP-chips, have been ignored). Benefits from MAS are highly dependent on how much variation 

in the trait is explained by the set of markers, how the markers are incorporated into a selective 

breeding program, how the selective breeding program is run and the particular economics of the 

industry. The benefits presented in Table 8 are therefore only roughly indicative based on what has 

been predicted and realized for other species.   

 

Few studies have tried to predict the benefit-cost ratio from using marker assisted selection (Gomez-

Raya and Klemetsdal, 1999; Hayes et al., 2007a) or for selection using gene expression profiling 

(Robinson and Hayes, 2008). For abalone Hayes et al. (2007a) predicted that the benefit-cost ratio after 

1 generation of selective breeding using published markers to select for improved growth rate could be 

between 3:1 - 4:1. As a result of implementing MAS for improved growth rate the abalone industry 

could gain additional profit of around $ 0.785 million per year after year 4, but predicted benefit-cost 

ratios were similar with and without MAS for selection. It was also predicted in this study that use of 

marker assisted selection to improve disease resistance would give greater advantages than marker 

assisted selection for growth rate. Using gene expression profiles to select for improved disease 

resistance was predicted to result in benefit-cost ratios of less than 5:1 after 1 generation of selective 

breeding of Atlantic salmon in Norway (Robinson and Hayes, 2008). But benefits from selective breeding 

accumulate with every generation of selection. Salmon selective breeding programs using gene 

expression profiling could achieve 0.29 Euro added value per kg of fish produced after 10 generations 

compared to 0.23 Euro added value per kg of fish from selection based on challenge test data alone.  

 

In summary, from the cases that have been reported in the literature, the economic benefits predicted 

from using MAS or gene expression profiling are substantially higher than those predicted from using 

selection without MAS or gene expression profiling. It may therefore be more profitable to use MAS in 

some circumstances. However,  

1. none of these studies have considered the cost of developing marker technology,  
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2. because of the rapid technology advances made over the last year, it is likely that the markers or 

profiles that are developed in the future will be much more powerful than those that have been 

modeled so far, and  

3. both the cost of developing, and applying the technologies, are decreasing every year. 

 

7.5.2 Predicting the relative benefit-costs for species in the Australian Seafood CRC 

Hayes et al (2007a) have predicted that extra gains from MAS for growth rate in abalone could be of the 

order of 15% and that this could result in 3% additional income for the abalone industry above that 

expected from selective breeding without MAS. If we assume that 12% improvement per generation is 

possible for a trait like growth rate without MAS, then based on Hayes et al’s predictions, MAS might 

add an extra 1% improvement or more to the trait. Based on these figures an approximation of relative 

benefit possible accruing over 10 years from the application of MAS to the abalone, Barramundi, 

kingfish, oyster, salmon and prawn aquaculture industries was predicted (Table 8). The 10 year benefit 

was calculated assuming a lead time for the implementation of MAS of 3 years. The benefit from the 1% 

genetic improvement attributable to MAS on growth rate each generation was assumed to be captured 

as 1% improvement in the value of the production of the industry every year (using latest industry value 

estimates as a baseline) less some increased feed costs (the average price per kg of feed varies between 

industries, but for the calculation we assumed feed costs of $2.50/kg and feed conversion ratio of 2).  

 

The main factors affecting benefit from MAS would be the trait targeted for MAS, production volume of 

the industry, farm gate price per kg and generation interval for MAS. The main factors affecting cost are 

associated with the development of necessary genetic resources and ongoing sampling, testing and 

analysis needed to apply the MAS each generation.  The trait targeted for MAS is going to have a very 

large influence on the benefit. An approximation is made for growth rate (Table 8), but for traits like 

disease resistance the benefit will depend on the frequency of disease outbreaks, economic impact of 

outbreaks (deaths, reduced production), treatment costs etc. 
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Table 8. Approximation of additional costs and benefits that would be associated with the development and implementation of MAS for growth 

rate for industries participating in the Seafood CRC over 10 years (discount rate of zero assumed). 

Species Steps needed 

(from table 5) 

Costs of 

development 

(from table 3) 

Accumulated 

cost of 

implementation 

Total 

accumulated 

cost 

Approximate 

accumulated benefit 

(MAS over no MAS) 

Recommendation 

Abalone i, ii, iii, iv, v, vii $0.54 million $0.15 million $0.69 million $2.4 million Develop selective breeding programs. 

Become minor participant in developing SNP 

resources.  

Barramu

ndi 

i, ii, iii, iv, v, vi, 

vii 

$0.57 million $0.1 million $0.67 million $1.1 million Develop selective breeding program 

Kingfish i, ii, iii, iv, v, vi, 

vii 

$0.57 million $0.2 million $0.77 million $3.2 million Develop selective breeding program 

Oyster i, ii, iii, iv, v, vi, 

vii 

$0.57million $0.2 million $0.77 million $2.3 million Become minor participant in developing SNP 

resource (C. gigas). 

Salmon iv, v, vii $0.41 million $0.15 million $0.56 million $11.5 million Undertake marker development, especially 

for AGD resistance or meat quality traits. 

Prawn  i, ii, iii, iv, v, vi, 

vii 

$0.57 million $0.35 million $0.92 million $6.7 million Become minor participant in developing SNP 

resource (P. monodon). Develop selective 

breeding programs. 

Steps considered above: 

i. development of tests for polymorphism (preferably SNPs) 

ii. development of family material and collection of data/samples 

iii. development of genotyping platforms (preferably SNP-chips) 

iv. genome scan (comprehensive scale for immediate fine scale mapping, may necessitate research to develop methodology to measure 

trait eg. experimental challenge tests for disease resistance) 

v. develop panel for MAS 

vi. determine how to benefit most from the use of MAS 

vii. validation and demonstration of utility (includes cost of implementing MAS) 

 

Salmon and prawn are likely to accrue the largest benefits over 10 years because these are relatively larger industries and, in the case of prawn, 

the generation interval for MAS is potentially short. 
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7.5.3 Side benefits from MAS 

Traceability 

There are a few other benefits that can be derived from the use of marker assisted selection at little 

additional cost. Traceability is an important issue in all food industries now and strict rules are enforced 

by the European Union and other trading partners with Australia so that disease or contaminants can be 

traced back and so that product can be efficiently recalled from the market. It is also important 

sometimes to verify that labels accurately reflect what is being sold (eg. to test claims over the source of 

product). DNA samples can be taken and tested from product at virtually any point in the production 

chain. The same resources as are used to detect markers and perform marker assisted selection (SNP or 

microsatellite loci) could be used  to ensure traceability (Hayes et al., 2005a).  

Pedigree records 

Accurate pedigree records are of great importance for making genetic improvement in any selective 

breeding program. Blocks of linked SNPs can be used as highly polymorphic genetic markers for 

parentage analysis in much the same way as microsatellite loci (Jones et al., 2009). Problems could be 

traced all the way back to the source family generated within the selective breeding program. 

Substituted imported product could be detected. 

Restricting inbreeding 

Markers can also be used to help optimize the genetic gain in the selective breeding program while 

restricting the rate of inbreeding (eg. Villanueva et al., 2004). 

 

  

7.6 Application, demonstration and validation of MAS 

7.6.1 Validation 

Use of new SNP-chip genotyping platforms in human genome scans are now revealing a number of 

promising associations between variants and human traits. However, for clinical use, and for 

incorporation and demonstration of utility with selective breeding, such associations need to be 

thoroughly validated (see Ioannidis et al., 2009 for a review of this subject). Here in this report I only 

consider the use of marker assisted selection. Identifying the causative genes and mutations affecting 

quantitative traits requires a good deal of extra research and costs. 

For gene expression information in particular, experiments typically collect expression information for 

many thousands of genes using a very small number of samples for comparison. This is mainly due to 

the high costs of microarray hybridization. This small number of samples results in a very high likelihood 

of detecting false positive effects. The validation of this type of data is best done with cross validation 

utilizing different subsets of animals (eg. Robinson et al., 2008). 

For validating genome wide associations, large scale exact replication is necessary. There are a number 

of ways this can be achieved in practice. One way is to begin a “single-blind” trial where the researcher 

predicts the trait value or breeding value using the marker information, and the correlation between the 

predicted and actual phenotype is then tested. This trial must be done using a completely independent 

data set to that which was used to detect the marker associations in the first place. Alternatively, half 

the data could be set aside and used to perform the genome scan and find marker associations, and the 

other half used to validate the associations that are found. Another way to achieve validation is to swap 

or merge data with researchers conducting similar experiments on the same or a related species 
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overseas (eg. this might be possible for some salmon, prawn, oyster, kingfish, Barramundi genome 

scans). The ability to do this depends on whether the data is compatible and can be merged. Finally, 

multistage genome scan design, such as those using an initial stage in which selective DNA pools are 

genotyped first to detect associations (eg. Baranski et al., 2008; Mariasegaram et al., 2002), followed by 

individual genotyping of additional animals for validation, should also be considered. This approach has 

been shown to be cost effective for microsatellite genome scans and is now being trialed for SNP 

genome scans in salmon as well (using SNP-chips, CIGENE Norway). 

Meta-analysis of data from multiple studies is another way of providing validation (eg. MacLeod et al., 

2003). For instance, there have been many studies that have looked for associations with disease 

resistance in salmonids (eg. Gilbey et al., 2006; Houston et al., 2008; Houston et al., 2006; Johnson et al., 

2008; Jorgensen et al., 2008; Khoo et al., 2004; Moen et al., 2004b; Moen et al., 2007; Salte et al., 1993). 

A meta-analysis could be performed to see if particular chromosomal regions contain markers with 

consistent associations with disease resistance traits. If enough information was available from such a 

meta-analysis it might be possible to stage the genome scan to target regions were associations are 

consistently found first. Such an approach has been clarify where genes affecting milk composition traits 

might be found in the dairy cattle genome (MacLeod et al., 2003). 

Some validation of QTL effects has been carried out for Atlantic salmon disease resistance QTL. A QTL 

for infectious salmon anaemia (ISA) has been validated (confirmed in a larger new dataset from the 

same population and a more precise chromosome location determined) (Moen et al., 2007). This QTL 

has been shown to explain 6%-9% of the phenotypic variation for resistance to the disease. Because the 

heritability of ISA resistance is moderate (0.19) this QTL explains approximately 32-47% of the additive 

genetic variance for the trait. The markers were found not to be in population wide association to ISA 

resistance, so fine mapping would be needed to identify markers in linkage disequilibrium.  

 

Independent validation of a QTL affecting infectious pancreatic necrosis in Atlantic salmon has come 

from two independent and coincidental genome scans for QTL affecting the disease 

(http://www.aquagen.no/filestore/QTL-presentation.pdf and Houston et al., 2008) 

 

7.6.2 Application and demonstration 

There is little information about the application, realized genetic response or realized economic benefit 

from the use of marker assisted selection in aquaculture species. This could be for three reasons, 

1. There may have been little impact or failed examples from the application of MAS. These 

failures are unlikely to have been reported. 

2. Breeding companies using MAS might see it as too risky to compare their results with competing 

companies that don’t use MAS, and may wish to maintain details about the use of MAS as an in-

house secret. The use of new technologies can provide a modern and progressive image for a 

breeding company. Some may wish to appear to be quick to adopt new technologies, but may 

actually not use the technologies at all. These companies may benefit greatly from the publicity 

and image associated with the technologies, while spending little on implementation. 

3. There may be few markers of any great value discovered using the technologies developed until 

recently, little adoption by breeding companies or validation by researchers, and only the most 

recent discoveries are now just beginning to be incorporated into MAS schemes. 

 

Markers for a single gene affecting infectious pancreatic necrosis (IPN) resistance are now being 
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used by Aquagen in Norway for selection of Atlantic salmon (http://www.aquagen.no/filestore/QTL-

presentation.pdf). The markers explain 80% of the genetic variation in IPN resistance and have the 

same effect on the resistance of fry as post-smolt. A population level association has been detected 

(ie. so that the same association and linkage phase with the marker exists across all the families 

used by Aquagen). Aquagen have found that animals that are homozygous QQ for the marker have a 

survival rate of 0.87 while qq homozygotes have survival rates of 0.51. They have also shown that 

selection for IPN resistance by challenge testing has led to a change in the frequency of the high 

resistance allele from 0.3 in 2005 to 0.5 in 2008. Benefits from the use of this set of markers are, 

• Improved accuracy of selection (in combination with phenotypic measurements) 

• Possibility for within family selection 

• Reduced challenge testing (ie. use marker as a substitute) to improve animal welfare image and 

reduce costs 

• Selection of animals for the production line as well as the selection line (reduced incidence of 

disease) 

 

There are some good recent examples of the application and demonstration of MAS for livestock 

selective breeding. Genomic EBVs are now commonly used for selection of dairy cattle (Hayes et al., 

manuscript). A genomic EBV is calculated as the sum of the effects of dense genetic markers, or 

haplotypes of the markers, across the entire genome. Genomic EBV’s potentially capture all the QTL that 

contribute to variation in a trait. When used for dairy cattle selection in the USA, New Zealand and 

Australia, the reliabilities achieved have been 2-20% greater than those of parental average breeding 

values (the current criteria used to select bull calves for progeny test teams) (Hayes et al., manuscript). 

This means that breeding companies can market bull teams based on GEBVs at 2 years of age, a strategy 

that would double the rate of genetic gain in milk composition.  

 

The use of genomic EBVs with selective breeding in aquaculture has high potential when dense genetic 

markers (eg. SNP-chip resources) are available. The first of these resources for an aquaculture species 

(Atlantic salmon) only became available last year. Plans for the development of a number of new SNP-

chip resources in prawn, oyster and abalone are only now being formulated.  

 

7.6.3 Influence on future strategies 

It will be several years before the impact from the application of these latest technological 

developments (ultra-high thoughput sequencing and genotyping, improved analysis capacity, new ways 

of utilizing genomic information etc) can be evaluated and demonstrated. But there is no doubt that 

over the last year there have been very significant developments that should result in much more 

effective and applicable tools for marker assisted selection, and that it will be several years before the 

impact of these developments can be demonstrated (in terms of improved genetic response and 

economic benefit). There are strong indications that the use of these technologies will provide strong 

benefits for disease resistance, product quality and production efficiency. If the aquaculture industries in 

Australia choose to sit on the sidelines for too long our competitors in Asia and elsewhere could be 

reaping the benefits from these new technologies before we even get started. If our competitors are 

able to obtain a significant head-start (eg. 1-2 generations of implementation of MAS), and given the 

nature of the step-wise improvement from selective breeding, it would be very difficult for the 

Australian industries to ever catch up. Therefore we need to at least stay in touch with the latest 

developments and to be smart about the areas we choose to invest our limited project money into.  
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8. Benefits and adoption 

In this section I am refering to the benefits and adoption of this report for the Australian Seafood 

Indstries, not to the benefits from the use of MAS per se.   

The industries that would benefit would be abalone, Barramundi, prawns, tuna, Yellowtail Kingfish, 

mulloway, oyster and salmon aquaculture. All sectors of these industries would benefit, but the main 

benefit would be to growers, hatcheries and breeding organisations. 

  

The benefit of this project will be that each sector will gain an understanding of: 

  

1) Traits that would most benefit from the use of marker assisted selection. 

2) The current status of development of genetic resources (polymorphic loci, tested/pedigreed 

families etc) and what additional resources would be needed before research to discover 

markers for the species could be undertaken 

3) Past examples of success and failure in the application of marker assisted selection. 

4) Costs involved to develop necessary resources, discover markers and undertake ongoing testing 

for marker assisted selection. 

5) Benefits likely to accrue from the use of marker assisted selection and how this would compare 

to other means of selection for the traits of interest. 

6) Knowledge of alternative means by which marker assisted selection would be applied to genetic 

improvement. 

  

By gaining an understanding of these points above, each industry would benefit immediately by being 

able to prioritise and plan the timing and budget for research, and, if appropriate to their sector, by 

taking advantage of the latest developments in this area. The ultimate benefit to each industry will be 

that the industry organisations and selective breeding companies will be able to make informed 

decisions that maximise the benefit-costs that are derived from genetic improvement. 

 

9. Further development 

To realize additional benefits from genetic improvement using marker assisted selection each industry 

would need to make a substantial investment and commitment to establish research projects. Section 

11 (Conclusion) summarises under what circumstances we would be likely to receive a high benefit-cost 

ratio and what are the most important trigger points for industries participating in the Australian 

Seafood CRC embarking on the development and application of marker assisted selection.  

9.1 What are the big opportunities for the partners in the Australian Seafood CRC? 

There may be an opportunity for the Seafood CRC to collaborate (by contributing some funding and 

DNA) to international efforts that are beginning for the development of SNP-chip resources. For 

instance, talks have been held about the joint development of genomic resources for P. monodon. A 

joint Norwegian-Indian P. monodon SNP-chip initiative is already underway. Chinese groups are looking 

to begin the genome sequence for C. gigas. Involvement in these initiatives allows us to influence the 

development of these new resources. By contributing DNA, the polymorphisms that are found and 
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included on the SNP chip will be more likely to be of use for Australian researchers in the future. The 

costs can be shared between the different countries involved in producing the resource. 

There is also an opporunity to undertake a more coordinated world wide effort for genomics research. 

This type of approach could open up funding opportunities through International Linkage type grants. A 

colaborative approach would also allow the sharing of resources, data and skills, so that better value for 

research dollars could be achieved. For example, a joint project on the genomics disease resistance 

against external parasites such as amoebic gill disease (Australia), sea lice and gyrodactylus (Norway) in 

Atlantic salmon might identify common QTL or gene pathways.  

There may be an opportunity to use genomics to help with early identification of problems in production 

that might arise further down the value chain. Again this is an area where we would benefit from 

international colaborations. Nofima last year completed a project characterising the gene expression 

response to vegetable matter in feeds and changes in feed rations. In France a similar study has been 

completed this year (Panserat et al.). Some of these nutritional responses have been shown to be linked 

closely to stress response, disease resistance and fillet quality. Monitoring using genomics in the “whole 

of chain” could be a way of providing an “early warning” so that management practices can be adjusted 

to meet the needs further down the value chain. 

9.2 Offset of costs 

Many of the costs that are highlighted in this report could be offset by government grants, industry 

levies, FRDC, research institute contributions and the Seafood CRC. The CRC will give priority to research 

that aims to alleviate constraints affecting a number of its partner industries. Unfortunately, the 

resources required for MAS are species specific and it is therefore difficult to envisage how resources 

could be developed as part of a larger research project across two or more different sectors. However it 

might be possible to come up with common solutions for common problems in applying the use of MAS 

across the different sectors.  

The implementation of MAS requires that a breeding program is underway. If our breeding programs are 

profitable and competitive entities then it is likely that they themselves will look invest in research 

projects that will give them an advantage in the market place (such as the development of MAS for 

some traits). This is what has happened in Norway and the United Kingdom. 

 

10. Planned outcomes 

The principal outcome from this scoping study will be an Australian aquaculture industry timing and 

targeting its research effort in order to utilize the worlds latest advances in technology and available 

resources to give advantages in terms of a higher rate of genetic improvement, reduced rate of 

inbreeding, improved disease resistance, improved efficiency and improved profitability. The outputs of 

this project can be used to make informed decisions on how to proceed with the development of MAS in 

order to get the best value for our aquaculture industries in Australia.  

 

11. Conclusion 

This analysis was undertaken in order to answer a number of questions posed by the Seafood industries 

participating in the Australian Seafood CRC regarding the development and use of marker assisted 
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selection technologies. The technologies, methods and consequent power and potential impact of 

marker assisted selection are rapidly evolving on the back of developments made in human medicine 

and genetics. Over the last two years some major initiatives to develop resources that will be of use for 

the development of marker assisted selection for seafood species have been underway. The conclusions 

from this study are: 

1. Basic resources that are available or needed for each species before research to find markers or 

to apply these technologies can be carried out.  

Because of the advances in technology, it is now relatively inexpensive to develop a very large set of 

polymorphic tests (10’s of thousands). This large number of polymorphic tests can be quickly 

developed and families of animals efficiently genotyped to enable fine scale mapping and the 

identification of potentially useful marker tests for genes affecting economically important traits. 

These resources are currently only available for Atlantic salmon (S. salar), but initiatives are 

underway to develop resources for black tiger prawn (P. monodon) and are being planned for 

abalone (Haliotis sp.) and Pacific oyster (C. gigas).  

Another important resource that is needed is trait data, pedigree data and DNA collected from 

individuals in large families (eg. several families each consisting of a few hundred full-siblings and 

parents). Ideally the families should be part of an existing selective breeding program so that any 

discoveries are directly applicable to the breeding population. Selective breeding programs are 

underway in Australia for S. salar, C. gigas, S. glomerata, H. rubra and H. laevigata and P. monodon. 

Relevant measurements and samples would need to be taken. A database containing this data and 

pedigree data with reference to stored samples would be needed. 

Marker assisted selection also needs to be applied in an optimum way for the species and traits in 

question so that the benefit-cost ratio from the application of marker assisted selection is maximized. 

Some simulation is needed to predict how to apply marker information in an optimum way. This has 

been done for H. rubra and H. laevigata, and for some traits for S. salar. 

All other software needed to develop resources, detect and apply MAS is freely available or can be 

purchased. 

2. Likely cost-benefits for the development and application of these technologies and traits that 

would be best targeted using the technologies. 

For traits like disease resistance, meat quality or feed conversion efficiency, for which improvement 

could have a highly beneficial economic impact in each aquaculture sector, and which are all difficult 

or inefficient to improve using selective breeding without MAS, the benefit-cost ratio for the 

development and application of MAS technologies is likely to be high. The benefit-cost ratio will be 

specific to the species, trait, set of markers and approach used. The highest benefits would come 

from application of MAS to the Atlantic salmon and prawn industries. The benefit derived depends 

on a number of factors including the value of the industry in Australia and generation interval of the 

species for marker assisted selection. 

3. When research should be undertaken and developments that might trigger research in this area 

for each species.  
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A major prerequisite for the use of MAS is the existence of a selective breeding program for the 

species concerned in Australia. Also, the families developed for selective breeding would be the best 

resource to use for developing MAS technology. It therefore would be sensible to delay the 

development of MAS for some species (yellow tail kingfish, Barramundi and some prawn species) 

until selective breeding programs are established. The development of selective breeding programs 

is therefore one trigger point for beginning to develop MAS. 

Although polymorphic tests are available for most of the species included in this study, the only 

comprehensive single nucleotide polymorphism resource that is available is for S. salar. Recent 

technology developments have lead to efficient means to characterise and screen the genome using 

tens-of-thousands of these types of polymorphisms. This has meant that we can quickly and 

efficiently identify some very useful markers. The development and availability of single nucleotide 

polymorphism-chips (SNP-chips) for the species other than S. salar, will be another important trigger 

point for beginning to develop MAS. It would be beneficial if Australian researchers participated in 

the development these SNP-chips (contributing DNA from our populations and contributing to the 

design of the SNP-chip). So another important trigger for beginning research might be the initiation 

of the development of these resources by researchers overseas. 

Finally, MAS will be most beneficial for traits that are of high economic importance to our industries 

and traits that are otherwise difficult or slow to improve using selective breeding without markers or 

other means. Therefore, it is recommended that marker research only be undertaken for traits that 

meet these criteria (eg. disease resistance, meat quality or feed conversion efficiency traits). For 

disease resistance, we need an effective way of being able to measure an individual’s level of 

resistance before we can find markers. Another trigger to the development of MAS might therefore 

be the characterization of disease causing organisms affecting production, and the development of 

mechanisms for their propagation and for controlled experimental challenge tests. A final trigger for 

the development of MAS might be the development of a significant market driven meat quality issue 

(an issue that cannot be easily or adequately addressed by manipulating nutrition, processing or 

grow-out environments). 

4. Measured impact of the application of these technologies on other industries. 

There is very little published work demonstrating the impact of the application of these technologies 

to other aquaculture or livestock industries. This is partly because, 1) there has been little application 

in the past, 2) it is difficult to get existing breeding companies to compare or benchmark the results 

of their breeding work, and 3) because there has not been enough time for the most recent 

developments in technology to be applied to aquaculture breeding programs and the impact of this 

application to be evaluated. However, two recent demonstrations exist. 

The same marker for infectious pancreatic necrosis resistance in S. salar has been discovered and is 

being applied to selective breeding programs in Norway (Aquagen) and the United Kingdom 

(Landcatch Natural Selection). This marker has a very large effect on resistance to this disease with 

Aquagen reporting that animals that are homozygous QQ for the marker have a survival rate of 0.87 

while qq homozygotes have survival rates of 0.51. Aquagen have also shown that selection for IPN 

resistance by challenge testing has lead to a change in the frequency of the high resistance allele 

from 0.3 in 2005 to 0.5 in 2008.   

Application of the use of “genomic estimated breeding values” to dairy cattle selective breeding 

programs in Australia, New Zealand and the United States have been shown to be 2-20% more 
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reliable than parental average breeding values, and has allowed companies to market bull teams 

based on genomic estimated breeding values at 2 years of age, a strategy which doubles the rate of 

genetic improvement in milk composition. 
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15. Appendix 3. Detailed literature search highlighting available resources of use for developing MAS 

State of microsatellite, SNP and EST development/usage (does not account for reports of microsatellite loci or SNP reported in a few or single 

loci). Reports of large scale SNP discovery/usage in the Web of Knowledge Database and those in the NCBI database at 11 March 2009 were 

captured, but many SNPs reported were unconfirmed (ie. may be sequencing or computational errors, not real SNPs) and some reports may 

have been missed. 

Species Microsatellite number 

and reference 

SNP number and 

reference 

EST number/BAC library 

and reference 

Linkage map Reported QTL discovery 

Haliotis rubra  126 (Baranski et al., 2006b) 

24 (Evans et al., 2000; Evans et 

al., 2001; Huang and Hanna, 

1998) 

  Microsatellite linkage map 

(Baranski et al., 2006a) 

Growth rate (Baranski et al., 2007; 

Baranski et al., 2008) 

Haliotis 

laevigata 

89 H. rubra markers cross 

amplify (Baranski et al., 2006b) 

3 H. rubra markers cross 

amplify (Evans et al., 2001) 

    

Haliotis 

midae 

 20 (Bester et al., 2008) 110 (Bester et al., 2008)   

Haliotis 

discus 

75 (Sekino et al., 2006) 12 (Qi et al., 2008) 841 (Munasinghe et al., 2006) 180 microsatellites (Sekino and 

Hara, 2007) 

Female 119 and male 94 

polymorphic microsatellite RAPD 

and AFLP markers (Liu et al., 2006) 

Growth related traits (Liu et al., 2007) 

Stress tolerance and heat shock protein 

(Hsp70) expression (Cheng et al., 2006) 

Haliotis 

asinina 

  232 (Jackson and Degnan, 2006)   

Crassostrea 

gigas 

147 identified 16 developed 

from ESTs (Yu and Li, 2008) 

10 from ESTs (Yu and Li, 2007) 

17 (Wang et al., 2008c) 

290 (Sauvage et al., 2007) 30,000 NCBI (13/3/2009) 

9,000 unigenes (Fleury et al., 2009) 

4,300 ESTs at www.marine 

genomics.org. 

4053 (genbank ??, Yu and Li, 2008) 

5132 (genbank June 30 2007 Wang et 

al., 2008c) 

1,142  in 2003 and 1,260 in 2009 

(http://www.ifremer.fr/GigasBase 

Gueguen et al., 2003) 

 

88 microsatellite male and 86 

female map (Hubert and 

Hedgecock, 2004) 

119 AFLP female and 96 male map 

(Li and Guo, 2004) 

Summer mortality genes whose 

expression modulated in resistant vs 

suceptable animals (Fleury et al., 2009) 

Crassostrea 

virginica 

71 amplified from ESTs, 53 

polymorphic  (Wang and Guo, 

2007)  

35 from ESTs (Quilang et al., 

2007) 

18 (Reece et al., 2004) 

6,533 putative (Quilang et al., 

2007) 

15,000 NCBI (13/3/2009) 

5,542 (Quilang et al., 2007) 

998 embryo & hemocyte (Jenny et al., 

2002) 

114 AFLP, microsatellite and type I 

male and 84 female markers (Yu 

and Guo, 2003) 

12 disease resistance (Dermo/summer 

mortality-resistance) (Yu and Guo, 

2006) 
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Species Microsatellite number 

and reference 

SNP number and 

reference 

EST number/BAC library 

and reference 

Linkage map Reported QTL discovery 

Ostrea edulis    246 AFLPs and 20 microsatellites 

(Lallias et al., 2007a; Lallias et al., 

2007b) 

 

Penaeus 

monodon 

997 from 10,000 ESTs 

(Maneeruttanarungroj et al., 

2006) 

5 confirmed polymorphic from 

ESTs (Whankaew et al., 2008) 

Summarise 300 polymorphic in 

12 prawn species 

(http://www.prawn.ufscar.br 

de Freitas et al., 2007) 

 26,170 NCBI (13/3/2009) 

150,000 BACs (Saski et al., 2009) 

7,809 (genbank ?? Whankaew et al., 

2008) 

625 Lymphoid (Pongsomboon et al., 

2008) 

15,981 normal & WSSV infected (Leu 

et al., 2007) 

1,051 ovary (Preechaphol et al., 2007) 

10,100 in 2004 and 40,001 in 2009 

(http://pmonodon.biotec.or.th and 

Maneeruttanarungroj et al., 2006; 

Tassanakajon et al., 2006) 

? (Aoki et al., 2005) 

1,062 hemocytes (Supungul et al., 

2004) 

148 microsatellites & 134 AFLPs 

(You et al., 2009) 

144 new markers added including 

36 microsateelite containing 

ESTsAFLPs, SNPs etc 

(Maneeruttanarungroj et al., 2006) 

673 AFLP loci (Wilson et al., 2002) 

WSSV resistance (Kuntal Mukherjee, 

2009) 

Litpenaeus 

vannamei 

35 (Garcia and Alcivar-Warren, 

2007) 

10 from ESTs (Alcivar-Warren 

et al., 2007b) 

83 genomic and 17 from ESTs 

(Alcivar-Warren et al., 2007a) 

112 from ESTs (multiple 

species 69% cross amplify, 

Perez et al., 2005) 

136 with 93 polymorphic 

(Meehan et al., 2003) 

1,012 (Du et al., 2009)  

504, 44% confirmed (Gorbach 

et al., 2009) 

5 Hsp70 (Zeng et al., 2008) 

 

157000 NCBI (13/3/2009) 

150,000 BACs (Saski et al., 2009) 

176,000 ESTs at www.marine 

genomics.org. Prawn microarray 

available with nearly 22K prawn 

unigenes (in duplicate) along with 

suitable controls and landing lights 

(late Paul Gross). Control spots. 

Arrays available for purchase at 

https://earray.chem.agilent.com/earr

ay/PublishDesignLogin.do?eArrayActi 

on=showPreviewForLogin&publishde

signid=PD410656091. 

25,937 (genbank ??, Gorbach et al., 

2009) 

197 (Cesar et al., 2007; Cesar et al., 

2008) 

268 immune (Gross et al., 2001) 

151 various (Lehnert et al., 1999) 

Many immune system ESTs from 

subtractive hybridization (García et 

al., 2009; Zhao et al., 2007) 

224 (Alcivar-Warren et al., 2007b) 

 

108 AFLP primer pairs and 30 

microsatellites (2071 markers total) 

(Zhang et al., 2007) 

83 microsatellites, 17 ESTs and 

pentanucleotide repeats (Alcivar-

Warren et al., 2007a; Alcivar-

Warren et al., 2006) 

394 AFLP loci (Perez et al., 2004) 

Geneses whose expression is 

modulated by taura syndrome virus 

(Dhar et al., 2007) 
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Species Microsatellite number 

and reference 

SNP number and 

reference 

EST number/BAC library 

and reference 

Linkage map Reported QTL discovery 

Penaeus 

japonicas 

(kuruma) 

13 from ESTs (Zhao and Li, 

2007) 

 

 50,000 BACs (Koyama et al., 2009) 

3668 Genbank 2006 (Zhao and Li, 

2007) 

? (Aoki et al., 2005) 

635 normal and WSSV infected 

haemocytes (Rojtinnakorn et al., 

2002) 

Many immune system ESTs from 

subtractive hybridization (He et al., 

2004; He et al., 2005; Pan et al., 2005) 

401 AFLPs (Lyons et al., 2007) 

217 AFLP (Li et al., 2003) 

129 AFLP (Moore et al., 1999) 

 

 

Weight and length AFLP (Li et al., 

2006a; Lyons et al., 2007) 

Fenneropena

eus chinensis 

& 

merguiensis 

1714 identified ?? validated 

(Kong and Gao, 2005) 

229 from ESTs (Wang et al., 

2005) 

 11 merguiensis NCBI (13/3/2009) 

10,443 (Wang et al., 2005) 

(Monwadee Wonglapsuwan, 2009) 

44 microsatellites 460 RAPDs (Sun 

et al., 2008) 

532 AFLPs (Tian et al., 2008) 

472 AFLPs 197 marker male map 

and 194 marker female map (Li et 

al., 2006b) 

WSSV (Dong et al., 2008) 

      

Seriola 

lalandi 

217 identified and validated 

(Ohara et al., 2005) 

  217 microsatellites mapped (Ohara 

et al., 2005) 

 

Salmo salar 16 confirmed from ESTs 

(Tonteri et al., 2008) 

95 from ESTs (Vasemagi et al., 

2005) 

1975 identified from GRASP 

and 61 polymorphic ESTs (Ng 

et al., 2005) 

5 (Slettan et al., 1997) 

304 (Moen et al., 2008) 

129 (Boulding et al., 2008) 

2507 putative (Hayes et al., 

2007b) 

856 cross validated putative 

(Hayes et al., 2007c) 

494,561 NCBI (13/3/2009) 

17K microarray (Wynne et al., 2008) 

16K microarray (Taggart et al., 2008) 

4K immune (Tonteri et al., 2008) 

58K- 15 tissues (Adzhubei et al., 2007) 

00K Norwegian & Canadian (Hayes 

et al., 2007b) 

240K (Hayes et al., 2007c) 

300K ESTs with 16K on microarray 

(Schalburg et al., 2005) 

733 liver (Martin et al., 2002) 

300K ESTS in a database containing 

ESTs, assemblies, consensus 

sequences, open reading frames, 

gene predictions and putative 

annotation (Koop et al., 2008) 

cDNA microarray of 32,000 features 

was created (Koop et al., 2008) 

BAC library consisting of 300K highly 

redundant 187kb (average insert size) 

clones from the Norwegian 

aquaculture strain giving 18 fold 

coverage (Thorsen et al., 2005) 

EST derived SNP linkage map 

consisting of 138 microsatellite 

markers and 304 SNPs located 

within genes  (Moen et al., 2008) 

Microsatellite linkage map 

consisting of 54 microsatellites and 

473 amplified fragment length 

polymorphism (AFLP) markers  

(Moen et al., 2004a) 

50 microsatellites and 14 unlinked 

markers (Gilbey et al., 2004) 

5 microsatellites (Slettan et al., 

1997) 

 

Infectious salmon anaemia (Moen et al., 

2004b; Moen et al., 2007) and 

differential expression of 306 genes 

during infection of a macrophage-like 

Atlantic salmon kidney (ASK) cell line 

(Jorgensen et al., 2008; Schiotz et al., 

2008) 

Infectious pancreatic necrosis (Houston 

et al., 2008) 

Body weight condition factor and age of 

sexual maturation (Moghadam et al., 

2007) 

Gyrodactylus (Gilbey et al., 2006) 

Body weight and condition factor (Reid 

et al., 2005) 

Salmon lice resistance (Gharbi et al., 

2009) 

 

Salmo trutta    288 microsatellites, 13 allozymes 

(Gharbi et al., 2006) 
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Species Microsatellite number 

and reference 

SNP number and 

reference 

EST number/BAC library 

and reference 

Linkage map Reported QTL discovery 

Onchorynchu

s keta (chum 

salmon) 

 83 (Elfstrom et al., 2006; 

Elfstrom et al., 2007; Smith et 

al., 2005) 

   

Onchorynchu

s kisutch 

(coho) 

 39 (Smith et al., 2006)  148 AFLPs 133 microsatellite 

(McClelland and Naish, 2008) 

Colour traits (Araneda et al., 2005) 

char     Body weight condition factor and age of 

sexual maturation (Moghadam et al., 

2007; Reid et al., 2005) 

Growth rate (Tao and Boulding, 2003) 

 

Onchorynchu

s mykiss 

(rainbow 

trout) 

89 from ESTs (Rexroad et al., 

2005) 

97 microsatellites (Rexroad and 

Palti, 2003) 

 

 

30,000 putative (Castano et al., 

2009) 

90 (Castano et al., 2008) 

37K oligonucleotide microarray 

(Salem et al., 2008) 

MicroRNAs (Ramachandra et al., 

2008; Salem et al., 2009) 

And many more see PAG XVII 

conference 

 

191 microsatellites and (Sakamoto 

et al., 2000) 

1,124 microsatellites (Rexroad et 

al., 2008) 

30 ESTs (Rexroad et al., 2005) 

>900 microsatellites in double 

haploid gynogenetic lines 

(Guyomard et al., 2006) 

973 AFLPs, 226 microsatellites, 72 

VNTR, 38 SINE, 29 known genes, 12 

minisatellites, 5 RAPDS and 4 

allozymes mapped using 

androgenic double haploid progeny 

and clonal lines (Nichols et al., 

2003) 

Body weight condition factor and age of 

sexual maturation (Moghadam et al., 

2007; Reid et al., 2005) 

Early maturation/ 

spawning/smoltification time (Haidle et 

al., 2007; Haidle et al., 2008; Nichols et 

al., 2008; Nichols et al., 2007; Sakamoto 

et al., 1999) 

Infectious pancreatic necrosis (Ozaki et 

al., 2001; Ozakil et al., 2007) 

Thermo tolerance (Danzmann et al., 

1999; Perry et al., 2005) 

Infectious hematopoietic necrosis 

(Barroso et al., 2008; Khoo et al., 2004; 

Rodriguez et al., 2004) 

Bacterial cold water disease (Johnson et 

al., 2008; Vallejo et al., 2009) 

Cortisol levels (Drew et al., 2007) 

Embryonic development rate (Robison 

et al., 2001) 

 

 

 

Gadus 

(Atlantic cod) 

  1,361 ovary (Goetz et al., 2006)   
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Species Microsatellite number 

and reference 

SNP number and 

reference 

EST number/BAC library 

and reference 

Linkage map Reported QTL discovery 

Lates 

calcarifer 

240 (Wang et al., 2007) 

74 (Zhu et al., 2006) 

41 (Yue et al., 2009) 

 8,655 NCBI (13/3/2009) 240 microsatellites mapped (Wang 

et al., 2007) 

86 BAC library clones (out of 49,000 

clones) mapped to linkage map and 

additional 62 microsatellites (Wang 

et al., 2008b) 

50 microsatellites assigned to 

linkage groups (Zhu et al., 2006) 

Growth related traits (Wang et al., 

2006; Wang et al., 2008a) 

Growth traits and two parvalbumin 

genes (Xu et al., 2006) 

European sea 

bass 

  9,605 sequences yielding 3,075 

unique sequences from range of 

tissues from animals infected with V.  

anguillarum and Nodavirus 

(Sarropoulou et al., 2009) 

 (Chatziplis et al., 2007) 

106 differentially expressed genes 

common to infecton with V.  

anguillarum and Nodavirus 

(Sarropoulou et al., 2009) 

 

 


