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1. Abstract 

Pacific white shrimp, Litopenaeus vannamei, is the most economically important 

shrimp species cultured worldwide, constituting 60% of global shrimp production.  L. 

vannamei has been selectively bred for commercially valuable traits such as high growth 

rate, survival rate, hatchery rate, and disease resistance.  However, selectively bred 

shrimp populations are susceptible to inbreeding, resulting in reduction in phenotypic 

performance.  To mitigate the problems of inbreeding depression, it is necessary to 

establish and maintain reliable shrimp pedigree for the proper management of broodstock 

in selective breeding programs.  Microsatellite DNA markers have been indicated as the 

most effective genetic tool for paternity assignment in shrimp, as physical tagging and 

internal markers are impractical.  Characteristics that contribute to microsatellite’s 

effectiveness in paternity determination include its high variability and heritability, co-

dominant alleles, its ubiquitous presence in the genome, and ease of genotyping.  The 

main objective of this research is to determine the paternity of 9 families of shrimp 

progeny using 7 species-specific microsatellite DNA markers, Pvan 0013, Pvan 1003, 

Pvan 1758, Pvan 1815, M1, TUGAPv 7-9.115, and TUGAPv 7-9.132.  These 

microsatellites were amplified via multiplex PCR and were genotyped using an 

automated DNA sequencer.  The raw genotyping results were analyzed and scored using 

the GeneMarker software.  Allelic frequencies, computed simulations and paternity 

analysis were done using CERVUS.  All but one microsatellite marker M1 were highly 

polymorphic with Polymorphic Information Content (PIC) and expected heterozygosities 

above 0.5, and consist of more than 4 alleles.  Computer simulations suggested that 

assignment success rate is highly dependent on the number of loci, with assignment 
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success of 99% when 7 loci were used in combination.  However, the assignment success 

rate for the actual paternity analysis was only 90%, as a result of genotyping errors and 

the presence of null alleles. 
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2. Literature Review 

2.1. Introduction to Litopenaeus vannamei 

2.1.1. Characteristics of the Species 

 Litopenaeus vannamei, also known as the Pacific White shrimp, is a marine 

shrimp species that is native to the Pacific coast of Mexico, and Central and South 

America (Rosenberry, 2002).  L. vannamei live in tropical and sub-tropical marine 

habitats with water temperatures maintained above 20°C throughout the year.  They are 

marine and coastal crustaceans, as the adult shrimp inhabit the open ocean at depths up to 

70m, while the postlarvae migrate inshore to grow into juveniles in coastal estuaries 

(Chim, Brun, & Moullac, n.d.).   

Penaeid shrimp are distinguished by their 3 distinct body segments: the head 

(acron), thorax (period) and abdomen (pleon).  The thorax has 6 pairs of pereiopods, 

which are the walking legs that are also used for gathering food.  The abdomen bears 5 

pairs of pleopods, which are primarily the swimming legs that are also used for brooding 

eggs.  The female L. vannamei has an open thelycum on the base of the 5
th
 pereiopod.  

The thelycum is where the male deposits its spermatozoa-containing spermatophore 

during mating (Chim et al., n.d.).  P. vannamei can grow to a relatively large size of 23 

centimeters, making it a good candidate for aquaculture production.  The females are 

typically faster growing and thus are bigger than the males (FAO, 2013).   

2.1.2. Taxonomic Classification 

According to Boone (1931), the Pacific White shrimp is classified as below:  

Kingdom : Animalia 

  Phylum : Arthropoda 

Subphylum : Crustacea 
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  Class : Malacostraca 

    Subclass : Eumalacostraca 

      Superorder : Eucarida 

        Order : Decapoda 

          Suborder : Dendrobranchiata 

            Superfamily : Penaeoidae 

      Family : Penaeidae 

        Genus : Litopenaeus 

          Species : vannamei 

 

2.2. Aquaculture of L. vannamei 

 As the shrimp fishery is approaching its maximum sustainable yield, there is an 

increasing demand for shrimp farming, otherwise known as aquaculture, to increase 

shrimp production to feed the burgeoning global population.  Commercial aquaculture of 

Litopenaeus vannamei started in South and Central America in the 1980s, and the 

subsequent development of intensive breeding and rearing techniques led to its culture in 

the United States and Hawaii (Briggs et al., 2005).  Since its introduction to North 

America, L. vannamei has steadily gained popularity for commercial production, and it 

remains the major shrimp species cultured in the Western hemisphere (Briggs et al., 

2005).  Hawaii pioneered the development of shrimp selective breeding techniques with 

the generation of SPF (specific pathogen free) and SPR (specific pathogen resistant) 

strains of L. vannamei (Rönnbäck, 2001; Briggs et al., 2005; Wyban, 2007).  The 

development of these disease resistant shrimp led to a significant increase in shrimp 

production and further increased the popularity of L. vannamei aquaculture.  
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2.2.1. Advantages of the Species 

 There are many factors that contribute to the inclination to culture Litopenaeus 

vannamei over other commercially important shrimp species namely Litopenaeus 

monodon, Fenneropenaeus chinensis and Litopenaeus stylirostris.  In intensive culture 

systems, L. vannamei has the potential to grow as fast as its competing species 

Litopenaeus monodon, at a high rate of 3 g/week to reach a marketable size of 20 g 

(Briggs et al., 2005).  Upon reaching 20 g, L. vannamei’s growth rate will reach a plateau 

with a slower growth rate of 1 g/week.  Due to this decreasing growth efficiency, this 

species is usually cultured to a maximum size of 20 g in commercial productions (Briggs 

et al., 2005).  In addition to its high growth rate, L. vannamei are better candidates for 

high intensity culture, with high stocking density of 150 postlarvae/m³.  In closed 

recirculating systems, the stocking density for this species can go up to 400 

postlarvae/m³.  L. monodon and L. stylirostris cannot be cultured under such a high 

stocking density because they are more aggressive and requires more protein in their diets 

and better water quality than L. vannamei.  Subsequently, the super intensive culture of 

L.vannamei increases production efficiency by increasing the total shrimp production per 

unit area (Rönnbäck, 2001; Briggs et al., 2005).    

 Furthermore, the ability of L. vannamei to tolerate a wider range of salinities and 

temperatures makes them more favorable to be cultured on inland sites even during 

colder seasons.  Though the optimum salinity for the culture of this species is 35 ppt, L. 

vannamei can tolerate salinities from 0.5 to 45ppt.  As they can grow well in low 

salinities, they are easily cultivated in inland farming sites that utilize predominantly 

freshwater.  Also, this species is very suitable to be cultured in tropical and subtropical 
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waters as they grow well in temperatures ranging from 23°C to 30°C.  And, their ability 

to tolerate very low temperatures down to 15°C allows them to be reared during colder 

seasons while other species showed reduced production efficiency.  Thus, shrimp farmers 

can potentially increase the number of harvests per annum with L. vannamei (Wyban & 

Sweeny, 1991; Briggs et al., 2005).   

 The ease of breeding and domestication is another reason L. vannamei becomes a 

preferred species for commercial culture, especially in the Western hemisphere 

(Rönnbäck, 2001).  As mentioned previously, L. vannamei has open thelycum, which 

enable them to be spawned and mated easily in captivity.  This ease of breeding 

facilitates the closing of their life cycle for domestication and genetic improvements via 

selective breeding.  As a result, SPF (specific pathogen free) and SPR (specific pathogen 

resistant) lines are already developed, thus reducing the dependency on wild broodstock 

with increased risk of diseases (Briggs et al., 2005). 

 Lastly, the 30% dietary protein requirement for L. vannamei is significantly lower 

than L. monodon’s protein requirement of 45%, thereby reducing the feed costs and thus 

the overall production costs (Rönnbäck, 2001; Briggs et al., 2005).  Moreover, L. 

vannamei are more efficient in utilizing nutrients from its environment in ponds.  The 

feed conversion ratio (FCR) for L. vannamei is 1.2, which is lower than the FCR of L. 

monodon at 1.6.  In other words, L. vannamei is more efficient in converting feed into 

sellable muscle mass, therefore requiring less feed to achieve the same amount of muscle 

gain as its competing species (Briggs et al., 2005).  Additionally, L. vannamei is more 

marketable because they tend to grow at a more uniform rate. Subsequently, farmers will 
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yield more uniform shrimp products in terms of size and quality at harvest (Rönnbäck, 

2001).  

 

2.3. Selective Breeding 

Historically, shrimp farmers have been using captured wild broodstock and 

postlarvae for the extensive pond culture of Litopenaeus vannamei (FAO, 2013; Argue et 

al., 2002).  Most farmers in developing countries, such as Asia, are still relying on wild-

caught broodstock that are spawned in captivity for the postlarvae seeds.  The problems 

with the use of wild broodstock for shrimp aquaculture include the depletion of shrimp 

fisheries, by-catch problems, and most importantly, the spread of diseases.  The use of 

wild broodstock in breeding programs is problematic as these broodstock might carry 

virulent pathogens that can either spread throughout the shrimp breeding facility or the 

whole shrimp farming region (Argue et al., 2002; Moss et al., 2012).  The diseases 

carried by the wild broodstock were passed down to their postlarvae offspring in 

hatcheries.  These diseases were then transferred to ponds where the postlarvae were 

stocked.  As a result, the global shrimp aquaculture industry has been plagued with 

diseases such as Taura syndrome virus (TSV) and White spot syndrome virus (WSSV), 

causing significant reduction in production efficiencies and massive economic loss to 

shrimp farmers.  Furthermore, broodstock captured from the ocean are not suited to be 

raised in intensive farming systems employed in most farms. 

The most significant disadvantage of using wild broodstock is that farmers will 

not be able to benefit from the improved production efficiency as a result of 

domestication and selective breeding.  Domestication is the selection of shrimp that are 
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able to easily adapt to the artificial aquaculture environment.  While selective breeding is 

the process of selecting genetically superior shrimp families based on their phenotypic 

performance, so as to mate them to improve economically important traits.  Domesticated 

shrimp are usually selected for improved growth rate, survival rate, increased disease 

resistance and fecundity (Argue et al., 2002; Wyban, 2007; Moss et al., 2012).  

Breeding programs in Hawaii pioneered the development of specific pathogen-

free (SPF) L. vannamei which are free of specifically-listed pathogens such as Taura 

syndrome virus, White spot syndrome virus, Yellow head virus, and Infectious 

myonecrosis virus (Moss et al., 2012; Argue et al., 2002).  This specific list of pathogens 

is comprised of viruses that are known, detectable and can cause significant crop loss to 

the shrimp aquaculture industry.  The SPF shrimp line is produced by selecting shrimp 

that are less susceptible to these specific pathogens and mate them over many 

generations.  As a result, high health (HH) postlarvae free of the specific diseases are 

produced, subsequently minimize crop loss to the diseases and improve overall farm 

productivity.  The use of high quality domesticated and genetically improved L. 

vannamei has led to dramatic increase in global shrimp production, and thus improved 

production capacities of farms and increased profitability to farmers.  As the global 

shrimp aquaculture industry matures, there has been an increasing shift from the 

utilization of wild broodstock to high quality selectively bred broodstock in hatcheries.   

 

2.4. Pedigree Establishment and Maintenance 

However, one of the main problems associated with selective breeding programs 

is inbreeding.  In most commercial hatcheries, selectively bred shrimp broodstock 
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originate from a narrow genetic base (Newkirk, 1978; Moss et al., 2005).  Due to the 

species’ high fecundity, only few broodstock are needed to produce huge amount of 

postlarvae to make up the next generation.  Also, it is highly likely that selective breeding 

will drive the selection of only a few top performing animals from few shrimp families 

for mating.  These factors lead to genetic bottlenecks causing the selectively bred shrimp 

to be susceptible to inbreeding (Newkirk, 1978; Cruz et al., 2004; Moss et al., 2005; 

Moss et al., 2008).  Inbreeding is defined as the mating of related individuals which 

increases homozygosity.  Inbreeding will increase the risk of inbreeding depression, 

which is the reduction in phenotypic performance in the offspring produced from inbred 

matings.  A research conducted by Oceanic Institute illustrated that a 10% increase in 

inbreeding caused a 12.3% reduction in hatch rate, 11% reduction in hatchery survival 

and 3.6% reduction in growth rate (Moss et al., 2008).  Mostly importantly, the increased 

level of inbreeding led to a significant decline in the survival rate of shrimp infected with 

White spot syndrome virus, with a 38.7% reduction compared to non-inbreds (Moss et 

al., 2008).  A study done by Donato (2005) also demonstrated similar results, concluding 

that inbreeding negatively impacts commercially valuable traits in shrimp.  The reduction 

in shrimp performance as a result of inbreeding depression will significantly reduce the 

farm’s production and profitability.  In the end, the initial purpose of genetic 

improvement via selective breeding will be negated.  

In order to mitigate inbreeding problems in genetically enhanced shrimp 

population, it is necessary for breeders to establish and also maintain reliable pedigree 

information to properly manage their broodstock (Arnaud et al., 1998; Jerry et al., 2004; 

Donato et al., 2005; Moss et al., 2005; Moss et al., 2008).  Only with accurate pedigree 
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records, breeders are able to distinguish individuals of different families, and 

subsequently mate the unrelated individuals to ensure sufficient genetic diversity in the 

hatchery population (Cruz et al., 2004; Dong et al., 2006).  It is imperative to maintain 

this genetic diversity over many generations, so that the animal’s potential for genetic 

improvement can be maximized.  Therefore, an effective breeding program requires 

complete and accurate pedigree records especially for their broodstock population.  Thus, 

yield loss caused by the deleterious effects of accumulated inbreeding can be minimized.  

In addition, the pedigree information can also be used to design beneficial crosses to 

maximize the genetic selection intensity of heritable traits.  This is because breeders will 

be able to identify superior shrimp lines, and then mate them for maximum genetic gains 

or improvements (Moss et al., 2008). 
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2.5. Parentage Assignment for Pedigree Establishment 

 Parentage assignment for the establishment of pedigrees in shrimp breeding 

programs is the determination of the parent-offspring relationships.  Depending on the 

structure of the breeding system and the availability of existing pedigree data, parentage 

assignment can either be the identification of the mother, or the father, or both parents of 

the offspring.  In the case of my research, parentage assignment is the determination of 

the father of the offspring.  My research specimens were shrimp postlarvae provided by 

Oceanic Institute, with each family generated from the mating of a female broodstock 

with 1 out of 44 male broodstock.  Although each female broodstock was stocked 

together with 44 male broodstock in the spawning tank, usually only one dominant male 

would successfully fertilize the eggs.  The male’s dominance will determine his chances 

of mating with the female.  Therefore, for my experiment, the paternity of the offspring is 

unknown.   

 

2.6. Methods of Parentage Analysis 

There are many methods of kinship determination which include external 

identification tags, internal markers and molecular genetic markers.  External 

identification tags are routinely used in fish and mollusk to distinguish individuals from 

different families (Jerry et al., 2004; Dong et al., 2006; Jerry et al., 2006).  However, the 

use of physical tags is not suitable for shrimp because shrimp shed their exoskeletons to 

grow and they are highly fecund (Jerry et al., 2004).  Furthermore, physical tagging is 

laborious and requires a lot of space.  This is because breeders would have to grow the 

different families of postlarvae in separate tanks before they are big enough to be 
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physically tagged (Arnaud et al., 1998; Jerry et al., 2004; Dong et al., 2006).  Also, 

breeders will not be able to grow the postlarvae from different families together prior to 

tagging.  Internal markers, such as elastomer dyes and passive transponders are another 

method that can be used for animal identification.  However, inserting these colored tags 

will make the shrimp product not sellable (Jerry et al., 2001; Jerry et al., 2004).   

Therefore, genetic markers have become a more practical and effective method of 

paternity determination by verifying pedigrees of shrimp lines at the molecular level 

(Arnaud et al., 1998; Moore et al., 1999; Jerry et al., 2004; Jerry et al., 2006; Dong et al., 

2006).  The use of genetic markers allows different families of shrimp to be communally 

reared instead of being raised in separate tanks (Dong et al., 2006).  Thus, allowing them 

to be raised under similar environmental conditions, so that the progeny’s performance of 

valuable traits can be more accurately accessed to determine the genetic value of the 

broodstock.  Subsequently, breeders are able to select shrimp lines with superior genetics 

based on their phenotypic performance to maximize genetic enhancement and selection 

intensity (Jerry et al., 2001; Jerry et al., 2004; Dong et al., 2006).   

 

2.7. Molecular Genetic Markers 

Genetic variation describes the naturally-occurring genetic differences among 

individuals within a population or a species (Muir & Aggrey, 2003).  Genetic variations 

arise from mutations that occur as a result of normal cellular functions or environmental 

effects.  A mutation is also known as polymorphism, which is defined as any alterations 

in the DNA sequence in the genome.  Examples of DNA mutations include single 

nucleotide substitution of a gene, insertions or deletions of nucleotide sequences of 
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various lengths within a gene locus, inversion of DNA fragments, and rearrangements of 

DNA fragments around a gene (Muir & Aggrey, 2003; Liu & Cordes, 2004).  DNA-

based genetic markers have been developed in aquaculture species to assess the genetic 

variations that are heritable and easily distinguishable at the molecular level for the 

purpose of determining genetic relatedness between individuals.  Examples of molecular 

markers developed include microsatellites, allozymes, mitochondrial DNA, restriction 

fragment length polymorphism (RFLP), randomly amplified polymorphic DNA (RAPD), 

amplified fragment length polymorphism (AFLP), single nucleotide polymorphism 

(SNP), and expressed sequence tags (EST) (Wilson & Ferguson, 2002; Liu & Cordes, 

2004).  Allozymes and mitochondrial DNA markers used to be popular methods used in 

aquaculture genetics researches.  However, there has been a shift towards using more 

recently developed marker types such as RFLP, RAPD, AFLP, SNP, EST, and especially 

microsatellite markers.   

The quality of a genetic marker can be measured by its level of heterozygosity (H) 

in the population of interest and its polymorphic information content (PIC) (Muir & 

Aggrey, 2003).  Heterozygosity of a locus is defined as the probability that an individual 

has more than one allele at that locus (Terwilliger et al., 1992).  A locus is described as 

polymorphic when there is more than one allele present, and the frequency of one of the 

alleles is at least 1% in the population.  A genetic marker is considered highly 

polymorphic when it has more than 50% of heterozygosity.  For parental assignment, 

highly polymorphic markers have high discrimination power, and thus are better markers 

than those with low polymorphism.  Polymorphic information content (PIC) is the 

measure of the usefulness of genetic markers in detecting polymorphisms within a 
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population (Botstein et al., 1980).  The PIC value of a marker is determined by two 

factors; the number of detectable alleles at a particular locus, and the distribution of their 

frequencies.  PIC value can be calculated with the formula of 1 minus the sum of square 

of all allele frequencies.  For example, the PIC of a microsatellite marker with 2 alleles of 

0.5 frequency each, can be computed as 1 – [(0.5)² + (0.5)²] = 0.5.  The greater the number 

of alleles, the greater the PIC value of a genetic marker.  When given the same number of 

alleles, the PIC value will be greater when the distribution of allelic frequencies is more 

even.  When choosing genetic markers for paternity determination, the higher the PIC 

value the more useful the marker will be.   

The isolation and characterization of powerful genetic markers combined with the 

development of reliable mathematical models for parentage calculations, allow genetic 

relatedness and kindship among individuals to be determined for the establishment of 

pedigrees.  Besides parentage assessment, genetic markers can also be used to assess 

genetic variability among individuals of the same population, as well as to assess genetic 

drifts among different populations of shrimp (Wilson & Ferguson, 2002, Liu & Cordes, 

2004).   

 

2.8. Microsatellites as Markers of Choice 

2.8.1. Definition and Characteristics 

Microsatellite DNA markers, also known as simple sequence repeats (SSRs), are 

short tandemly repeated DNA sequences with repeating units of 1 to 6 nucleotides (Tautz 

& Renz, 1984).  “CACACACACACACACA” is an example of a microsatellite segment 

with 8 CA nucleotide repeats.  Microsatellites are ubiquitously found in the genome of all 
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prokaryotes and eukaryotes (Tóth et al., 2000; Selkoe & Toonen, 2006).  They tend to 

occur in the non-coding region of the genome, therefore does not alter gene functions.  

Microsatellites are inherited in a Mendelian manner and are expressed co-dominantly 

(Liu & Cordes, 2004).  All diploid organisms will inherit one microsatellite allele from 

each parent.  Due to the co-dominance characteristic of microsatellites, both the 

maternally-inherited and paternally-inherited alleles can be equally expressed. 

The flanking regions of a microsatellite locus are the segments of DNA that 

surround the microsatellite locus at both the 5’ and 3’ end (Selkoe & Toonen, 2006).  The 

flanking regions are highly conserved among individuals of the same species, and 

sometimes among individuals of different species.  The flanking sequences can therefore 

be used to identify a particular microsatellite locus or marker.  For the isolation of a 

specific microsatellite marker via Polymerase Chain Reaction (PCR), a set of primers 

should be designed to complimentarily bind to the flanking regions (Selkoe & Toonen, 

2006).   

Microsatellites are a type of genetic polymorphism that is based on the variation 

in the number of nucleotide repeating units, generating multiple alleles of different sizes 

at a particular locus (Muir & Aggrey, 2003; Liu & Cordes, 2004).  Microsatellite alleles 

are therefore defined as the different variants of a microsatellite at a given locus.  For 

example, there might be 17 CA repeats on one allele, 25 CA repeats on another allele, 

and 30 CA repeats on the last allele.  Homozygous alleles are alleles that contain the 

same number of repeats, while heterozygous alleles have different number of repeats.  

The highly polymorphic nature of microsatellites is due to their high mutation rates per 

generation, ranging from 10
-2

 to 10
-6

 mutations per locus per generation (Crawford & 
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Cuthbertson, 1996).  Polymerase slippage during DNA replication is said to be the 

primary cause of microsatellite mutations (Ellegren, 2000).  During replication of the 

microsatellite region, the DNA strands may be displaced and then realigned incorrectly, 

causing insertion or deletion of a number of repeating units.  These mutational changes 

generate high variability in the number of repeating units which results in a large number 

of alleles at each microsatellite locus in a population.  The resulting alleles of differing 

size or length can then be easily genotyped via high resolution polyacrylamide gel 

electrophoresis, to determine genetic relatedness among individuals.  It is this high allelic 

diversity that gives microsatellites the highest PIC values among all DNA markers, 

therefore microsatellites have become the most popular genetic marker used for many 

genetic investigations, particularly for parentage assignment and determination (Liu & 

Cordes, 2004, Selkoe & Toonen, 2006). 

 

2.8.2. Why Microsatellites? 

Of all the types of genetic markers, microsatellite DNA markers have been 

indicated as the best genetic tool for molecular pedigree analysis, as it provides the best 

results for parentage identification in shrimp (Moore et al., 1999; Wilson & Ferguson, 

2002; Jerry et al., 2004; Liu & Cordes, 2004; Dong et al., 2006; Jia et al., 2006; Wang et 

al., 2006).  The most significant advantages of microsatellites over other genetic markers 

are their high polymorphism combined with their codominant expression.  The genetic 

variation of microsatellites is very high among individuals of the same shrimp species 

compared to the low polymorphism of other genetic markers (Wilson & Ferguson, 2002; 

Liu & Cordes, 2004).  Microsatellites are the most polymorphic genetic marker due to the 
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large number of alleles and the high levels of detectable polymorphism, generating 

unique genotypes for each individual examined.  Other attributes that qualify 

microsatellites as the most useful genetic marker to trace pedigree include their locus 

specificity, Mendelian inheritance, even and abundant distribution throughout the nuclear 

genome, and ease of genotyping (Liu & Cordes, 2004; Watson et al., 2007).   

 

2.8.3. Microsatellite Genotyping 

Microsatellite genotyping is the measurement of microsatellite sizes for allele 

scoring, so that the microsatellite alleles of the offspring in question can be matched to 

the true parent for a successful parentage assignment (Dracopoli et al., 1995).  To obtain 

microsatellite genotypes, microsatellites have to be amplified via PCR, either in a 

singleplex or multiplex system.  The detection of microsatellite PCR products via a laser 

detection system of the DNA sequencer requires one of the microsatellite primers to be 

fluorescently-labelled (Schuelke, 2000).  Microsatellites are typically amplified with 5’ 

fluorescently-labeled forward primers and unlabelled reverse primers (Haker, 2001; 

Guichoux et al., 2011).  Microsatellites with overlapping allele size ranges should be 

labeled with different fluorescent dyes, such as 6-carboxy-fluorescine (FAM), 

hexachloro-6-carboxy-fluorescine (HEX), 6-carboxy-X-rhodamine (ROX), or 

tetrachloro-6-carboxy-fluorescine (TET), in order to distinguish the different loci 

(Schuelke, 2000).  PCR amplification will produce microsatellite allelic products that 

vary in size depending on the number of repeat units.   
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Microsatellite Separation and Sizing 

There are two methods of separating the resulting microsatellite amplicons by 

size, through either slab gel electrophoresis or high throughput automated capillary 

electrophoresis (Wenz et al., 1998).  These two methods can be complimentarily 

employed for more precise microsatellite sizing and allelic scoring.  Polyacrylamide gel 

electrophoresis was formerly used to separate and size microsatellite amplicons until 

capillary electrophoresis is developed (Wenz et al., 1998).  The main disadvantage of 

polyacrylamide gel electrophoresis is the requirement for manual gel preparation and 

sample loading.  On the other hand, capillary electrophoresis is fully automated and its 

efficiency in dissipating heat allows for a rapid analysis.  Most importantly, multiple 

microsatellite loci can be simultaneously sized in one injection (Guichoux et al., 2011).  

With suitable fluorescent labeling, the different microsatellite amplicons in a multiplex 

reaction can be distinguished by color and size.  In my study, 6-FAM and HEX 

fluorescent labels were applied to the forward primers of microsatellites with overlapping 

expected allele sizes.  Next, the dye-labeled microsatellite amplicons are identified by the 

laser-induced fluorescent detection system in the capillary electrophoresis unit, as with 

the ABI 377 DNA sequencer used in this study.   

Allele Calling and Binning 

Upon collection of raw microsatellite genotyping data, the alleles of each 

microsatellite loci are sized in two distinct steps, allele calling and allele binning (Ghosh 

et al., 1997; Idury & Cardon, 1997; Guichoux et al., 2011; Haker, 2001).  Allele calling is 

the identification of peaks corresponding to the alleles in order to determine the allele 

size, and the alleles are measured with decimal numbers.  Allele calling can be performed 
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using a wide array of genetic software that use a series of external or internal size 

standards to aid allele sizing, such as GeneMarker used in this study.  These commercial 

software allow users to correct for common genotyping problems such as plus-A 

amplification, stutter peaks, saturated peaks, and excessive baseline noise, for a more 

accurate analysis.  However, these software are not foolproof and require labor intensive 

manual editing (Ghosh et al., 1997; Guichoux et al., 2011).   

Plus-A amplification (Brownstein et al., 1996) and stutter bands formation 

(O’Reilly & Wright, 1995) are two well-characterized artifacts of PCR amplification 

commonly observed in microsatellite analysis.  Plus-A modifications are non-template 

additions of an extra nucleotide by Taq polymerase at the 3’ end of the amplified 

microsatellite sequences, causing the true allele peaks to split into two peaks with 1 bp 

difference (Brownstein et al., 1996; Breen et al., 1999).  Stutter bands are observed as 

multiple artifact peaks that precede the true allele peaks as a result of strand slippage 

during DNA polymerase synthesis (O’Reilly & Wright, 1995; Jones et al., 1997).  Stutter 

peaks are typically at least 1 repeat unit less than the true allele peaks.  The number of 

stutter peaks and the corresponding peak intensities vary across microsatellite loci, with 

some loci having very few stuttering, while others might show more than 2 stutter peaks 

(Dewoody et al., 2006).  Therefore, manual editing to correct misidentified alleles is 

required for accurate scoring of true alleles.   

Next, allele size binning is the assignment of each allele of a microsatellite locus 

to a discrete “bin” integer label or allele category (Ghosh et al., 1997; Amos et al., 2007).  

A bin integer label is the mean allelic size rounded off to the nearest whole number for a 

particular allele category (Ghosh et al., 1997).  The comparative study conducted by 
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Weeks et al. (2002) concluded that allele scoring discrepancies are due to different 

binning decisions that place the same allele in different bins.  Binning is the most critical 

step in microsatellite genotyping because the estimates of allele sizes do not exactly 

match the genetically expected sizes, especially when sample size is large (Idury & 

Cardon, 1997).  The estimated allele sizes tend to cluster around the expected allele size, 

forming allele groupings.  Estimates of allele size calling may differ from actual 

amplified size by more or less than the size of a microsatellite repeat unit (Amos et al., 

2007).  Plus-A amplification, incorrect allele calling, non-specific primer sequences, and 

gel-to-gel variability are possible causes that contribute to the variability in allele size 

estimates, which complicate the subsequent microsatellite analysis.  Normalization of 

allele sizes with allelic ladders is necessary for the correct assignment of sized alleles to 

their respective bins (Morin et al., 2010).  In this study, an automated binning module 

was used and the binned data was manually checked to minimize genotyping errors.   
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2.8.4. Microsatellite-based Parentage Assignment 

Exclusion 

 Exclusion is the most primitive and simplest method of molecular parentage 

assignment.  The exclusion technique applies the rules of Mendelian inheritance to 

eliminate candidate mother or father whose genotype is not compatible with the genotype 

of the offspring (Wilson & Ferguson, 2002; Jones & Ardren, 2003).  Theoretically 

speaking, exclusion can be effectively used for microsatellite-based paternity 

determination.  Given that microsatellites are inherited in a Mendelian fashion and are co-

dominantly expressed, each parent and the offspring must share at least 1 same sized 

allele at any locus.  An example would be an offspring with a paternally inherited allele 

of 16 repeats, and maternally inherited allele of 20 repeats at a microsatellite locus.  

Therefore, any candidate parents whose alleles do not match the offspring’s can then be 

excluded.   

Though the exclusion method seemed to be appealing at first, there are several 

drawbacks that cause it to be impractical to be used for most cases of parentage 

assignments.  To effectively exclude all but one parent pair using the exclusion approach, 

a complete sample of all possible parents of each offspring must be present (Jones & 

Ardren, 2003).  In addition, exclusion approach is only useful if highly polymorphic 

genetic markers are available, and if the pool of candidate parents is small.  As the 

number of potential parents increase, larger number of microsatellite loci is required to 

determine the single non-excluded parental pair that can be assigned to the offspring.  

Under strict exclusion criteria, a single genotype mismatch is enough to exclude a 

candidate parent from the pool.  Thus, if genotyping errors, null alleles and mutations are 
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present, false positive exclusion results might be generated, and the actual parent pair 

cannot be determined (Jones & Ardren, 2003).  To solve these genotyping problems, 

many genetic programs that employ the exclusion method allow users to determine the 

number of mismatches necessary to render the exclusion of candidate parent valid.   

Exclusion probabilities for the microsatellite markers used in parentage studies 

should be reported (Jones et al., 2010).  Exclusion probabilities calculate the probability 

that an unrelated candidate parent will be excluded from the parentage analysis at a 

particular microsatellite locus, thus is a comparative measure of the informativeness or 

polymorphism of markers in question.  However, exclusion probabilities do not represent 

the expected power of the microsatellites in assigning correct parentage (Jones et al., 

2010).  In my study, exclusion probabilities of all the microsatellites loci are calculated 

based on two circumstances; when the genotype of one parent known, or no parents 

known.  In addition, other statistics including number of alleles, allelic heterozygosities 

and PIC are also reported.   

 

Likelihood-based Categorical Allocation 

 In cases where complete exclusion cannot be achieved, and the single true parent 

or parent pair cannot be determined from the pool of multiple non-excluded candidate 

parents, likelihood-based parentage identification would provide a better approach.  

Likelihood approach uses statistical calculations to distinguish between non-excluded 

candidate parents to find the most likely parent or parent pair (Meagher & Thompson, 

1986).  To identify the most likely true parent, likelihood method uses two sources of 

data about the candidate parent that the exclusion method lacks.  First, the frequency of 
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offspring allele or alleles that could have been inherited from the candidate parent is 

determined.  Second, the allelic homozygosity or heterozygosity of the candidate parents 

is determined.  Likelihood scores can be calculated by comparing the genotypes of the 

offspring with the known parent and the candidate parents (Marshall et al., 1998; Jones & 

Arden, 2003).  Offspring are then assigned to their true parent or parent pairs based on 

the likelihood scores. 

One such likelihood-based technique is categorical allocation which assigns the 

offspring to the single most likely parent from a pool of non-excluded candidates.  This 

method requires the calculation of likelihood ratio logarithm, known as LOD scores.  

Likelihood ratio is the probability of the candidate parent being the true parent rather than 

not; and is calculated by dividing the likelihood that the candidate parent is the true 

parent by the likelihood that the two are not related.  The larger the likelihood ratio, the 

more probable the candidate parent is the true parent.  Therefore, the offspring will be 

assigned to the candidate parent with the highest LOD score (Meagher & Thompson, 

1986; Marshall et al., 1998; Wilson & Ferguson, 2002; Jones & Ardren, 2003). 

 

2.8.5. Pitfalls of Microsatellites 

 Despite their many advantages, there are several drawbacks to the use of 

microsatellites in assigning parentage leading to data analysis complications and potential 

reduction in assignment success.  However, all molecular genetic markers have their own 

disadvantages, and the usefulness of microsatellites in studying parentage and kinship 

outweighs their weaknesses.  Fortunately, with careful selection of microsatellite 
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markers/loci and a good sampling design, most of the pitfalls of this molecular technique 

can be overcome for a successful parentage analysis.   

Presence of Null Alleles 

 Microsatellite null alleles are any alleles at a microsatellite locus that are 

consistently unable to be amplified to detectable levels via PCR (O’Connell & Wright, 

1997; Dakin & Avise, 2004).  Null alleles were first recognized and reported by Callen et 

al. (1993), and more reports of increasing number of null alleles have been made since.  

Null alleles are generally generated as a result of point mutations at the microsatellite 

flanking regions, also known as the primer binding sites (O’Connell & Wright, 1997; 

Callen et al., 1993; Dakin & Avise, 2004).  As a result, the primers cannot effectively 

bind to the flanking regions, thus failing to amplify the microsatellite loci.  Other 

potential causes for the occurrence of null alleles include poor DNA preparation leading 

to inconsistency in DNA quality and low template quantity.   

 The frequent occurrence of null alleles is a concern because it can negatively 

affect the accuracy of parentage assignment by causing the true parent to be falsely 

excluded.  False exclusion of the true parent or parents can happen when the offspring 

and the candidate parents in question are heterozygous for a null allele, but are wrongly 

scored as non-null homozygotes (Jones & Ardren, 2003; Dakin & Avise, 2004; Selkoe & 

Toonen, 2006).  For example, an offspring with A/null genotype will be scored as 

homozygote with A/A genotype, and might seem genetically incompatible with a 

candidate parent with B/null genotype (scored as homozygote B/B).  As a result, this 

candidate parent will be falsely excluded from the parentage analysis, when in actuality 
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this offspring could have inherited the null allele from this candidate parent and could be 

the progeny of this candidate.   

 Fortunately, null alleles can be easily detected when the sampled population is 

deficient in heterozygotes and has significantly deviated from the Hardy-Weinberg 

equilibrium (HWE) (O’Connell & Wright, 1997; Callen et al., 1993; Jones & Ardren, 

2003; Dakin & Avise, 2004).  This is because individuals with heterozygous genotype 

containing a null allele and a visible allele are scored as homozygotes for the visible 

allele, thus generating an excessive number of homozygotes which do not conform to the 

HWE expectations.  An easier way of detecting null alleles with certainty is when the 

genotype of an apparently homozygous offspring fails to match with its known parent’s, 

which also happens to be a homozygote (Jones & Ardren, 2003; Dakin & Avise, 2004).  

Genetic software like CERVUS can be used to calculate frequencies of null alleles at 

each microsatellite locus, and any loci with null allele frequencies exceeding +0.05 

should be excluded from the parentage analysis (Jones & Ardren, 2003). 

 

Genotyping Errors and Mutations 

Besides null alleles, genotyping errors and mutations are other major causes of 

genotype mismatches between offspring and their putative parent or parents in parentage 

studies.  Inaccurate allele typing occurs when a genotype is misread, fails to amplify or 

produces false results (Jones et al., 2010).  One of the main causes of genotyping errors is 

stuttering bands, resulting in excess numbers of homozygotes (O’Connell & Wright, 

1997).  On the other hand, mutations are accidental biological changes in the alleles 

inherited by the offspring causing them to differ from the parental alleles (Marshall et al., 
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1998; Hoffman & Amos, 2005).  Both genotyping errors and mutations should be taken 

into consideration when determining parentage because they can cause false exclusions 

of the progeny’s true biological parent.   

Fortunately, mutations rates of microsatellites are relatively low with only a few 

mutations for a data set with a few thousand genotypes (Ellegren, 2000).  Algorithm 

models were developed to accommodate genotyping errors and mutations for more 

accurate parentage assignment (Marshall et al., 1998; Jones & Ardren, 2003).  CERVUS, 

the computer program used in the present study, allows for genotyping errors and 

mutations in the data set with the assumption that the error replaces a single-locus 

genotype (Kalinowski et al., 2007).  CERVUS will calculate the rate of typing error and 

mutation in the data set, and will not exclude any mismatched candidate parents, instead 

will assign a lower LOD score to those that mismatched at many loci.  The advantage of 

this approach is that a biological parent that mismatches at one or two loci will stand a 

high chance of being assigned as the true parent.  However, a potential disadvantage is 

that a non-related parent that mismatches at a few loci may be falsely assigned as the true 

parent (Kalinowski et al., 2007).  Nevertheless, parentage analysis is more accurate when 

allowed for genotyping errors and mutations. 
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3. Thesis Objectives 

 The main objective of this thesis is to assign correct paternity to F1 progeny 

produced from 9 families of selectively bred shrimp with a confidence of 90%, using 

multiplexed microsatellite DNA markers.  Previous publications have indicated that 5 

microsatellite markers were adequate to successfully assign 90% or more progeny to their 

true parents, with 95% confidence (Jerry et. al, 2004; Dong et al., 2006).  Therefore, I 

chose 7 species-specific microsatellite markers (Pvan0013, Pvan1003, Pvan1758, 

Pvan1815, M1, TUGAPv 7-9.115, and TUGAPv 7-9.132) to determine the true sire from 

a pool of 44 candidate sires for 90 shrimp progeny with known dam genotype. 

 Other objectives of this study include to examine the degree of polymorphism as 

well as to evaluate the effectiveness of these microsatellite markers for paternity testing 

via allele frequency analysis.  In addition, we also wanted to determine the degree of 

genetic diversity between the population of shrimp used in the present paternity test and 

previously published populations.   

I chose to study L. vannamei because it has been the leading shrimp species 

cultured worldwide since 1990 (Briggs et al., 2004).  L. vannamei represents 57% of the 

total global shrimp production, with a massive production of 4 million tons (Briggs et al., 

2004).  Therefore, this species is economically significant on a global scale.  Thus, it is 

imperative to develop a panel of effective microsatellite DNA markers that can be 

collectively used in commercial shrimp hatchery operations for parentage assignment to 

determine pedigree of the selectively bred shrimp.  Subsequently, commercial hatchery 

managers and shrimp breeders can use the pedigree records to optimize selective 
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breeding of shrimp for commercial traits, as well as to avoid inbreeding losses for 

maximum productivity and profitability.  
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4. Experimental Design and Methods 

4.1. Sample Size Determination 

From the data of previous literature (Wang et al., 2006), the standard deviation of the 

experiment can be calculated as follow: 

     Given that: 

a) Assignment success of the progeny to their true mother = 88% 

r = 88 progeny out of n = 100 

r/n = 0.88 or 88% correct assignment 

 

Therefore,  

Variance, s² = _r /n (1- r/n)_ 

            n 

          = _(0.88 x 0.12)_ 

            100 

          =  0.001056 

Standard Deviation, s = 0.0325 

Confidence Interval    = 0.88 ± 1.96 x 0.0325  

   = 0.88 ± 0.0637 

   = (0.82, 0.94)  

b) Assignment success of the progeny to their true father = 78% 

r = 78 progeny out of n = 100 

r/n = 0.78 or 78% correct assignment 

 

Therefore,  
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Variance, s² = _r /n (1- r/n)_ 

            n 

          = _(0.78 x 0.22)_ 

            100 

          =  0.001716 

Standard Deviation, s = 0.04142 

Confidence Interval = 0.78 ± 1.96 x 0.04142  

   = 0.78 ± 0.08119 

   = (0.70, 0.86)  

 

Next, sample size of the experiment is estimated as follow: 

 If the estimation of Proportion (p) = 0.80 or 80% correct parentage assignment 

 Variance = p(1-p)/n  

      = (0.8)(0.2)/n 

      = 0.16/n 

  

 Using the data from previous literature: 

The variance are 0.001056 (assignment to true mother) and 0.001716 (assignment 

to true father). 

Hence, sample size (n) can be calculated as follow: 

n = 0.16/ 0.001056 

   = 151.5 shrimp progeny 

n = 0.16/ 0.001716 

   = 93.2 shrimp progeny 
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In theory, my sample size (n) should be in the range of 93 to 152 shrimp progeny.  In this 

study, 90 shrimp progeny were sampled from 9 shrimp families (10 progeny sampled per 

family).   

 

4.2. Computer Simulation Analyses 

The parentage analysis simulation study was done using CERVUS 3.0 

(Kalinowski et al., 2007).  The first objective of this study was to estimate the number of 

microsatellite loci/ markers required for correct parentage assignment to a theoretical 

breeding population of shrimp with 90% confidence.  The second objective was to 

estimate the critical values of LOD scores (likelihood ratios), and to determine the 

confidence level for parentage assignments when the analysis is done using real data.  

Critical LOD values were used to distinguish true parents from unrelated candidate 

parents with a pre-determined level of confidence (i.e. 90%).  Critical LOD values can be 

estimated by comparing the distribution of LOD scores between true parents and 

unrelated candidate parents that are assigned as the most likely parents.  Thereafter, when 

parentage assignment is done with real data, any most likely candidate parents with LOD 

scores exceeding the critical LOD scores can be assigned as the true parents, with the pre-

determined level of confidence (ie: 90%). 

To conduct the parentage assignment simulation, hypothetical parental and 

offspring genotypes were generated based on the allele frequency information of the 7 

microsatellite markers that would be used in the actual parentage assignment (Cruz et al., 

2002; Garcia & Alcivar-Warren, 2007).  Parental genotypes were generated with the 
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assumptions that they conform to Hardy-Weinberg expectations, and that the 

microsatellite loci are not linked.  The hypothetical parental genotypes created represent a 

pool of potential breeding animals, from which a pair of candidate sire and dam were 

randomly selected and designated as the parents of a family group.  The offspring 

genotypes for each family group were subsequently created from the parental genotypes 

assuming no transmission errors and mutations between parents and their respective 

offspring.  The parameters set for the simulation were as follow: 300 simulated offspring, 

50 candidate fathers, with confidence level of 80% and 90%. 

 

4.3. Paternity Assignment with Known Maternal Parental Information 

 To examine the usefulness and reliability of the microsatellite markers in 

assigning parentage to Litopenaeus vannamei shrimp progeny in a commercial breeding 

program, as well as to validate the theoretical expectations of the simulation analysis, 

shrimp progeny produced from controlled mating done by Oceanic Institute were used as 

experimental objects.  90 shrimp progeny from 9 families were sampled, with their 

maternal parents known.  The different families of F1 shrimp were generated from the 

mating of a dam with 1 out of 44 possible sires.  This breeding design was planned and 

decided by Oceanic Institute.  A total of 9 maternal parents, 44 paternal parents and 90 

shrimp postlarvae were sampled and used in the genotyping experiment. 

   

4.4. DNA Extraction 

All the shrimp samples, including the female and male broodstock as well as the 

F1 postlarvae, were stored in absolute ethanol at -20°C until DNA extraction.  The total 
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genomic DNA were digested overnight using Proteinase K, and then extracted with the 

standard phenol/chloroform method (refer Appendix 1).   

 

4.5. Microsatellite Amplification and Genotyping 

All the broodstock and progeny were genotyped at 7 microsatellite loci: 

Pvan0013, Pvan1003, Pvan1758, Pvan1815, M1, TUGAPv 7-9.115 and TUGAPv 7-9.132 

(Jia et al., 2006; Garcia & Alcivar-Warren, 2007).  These 7 microsatellite loci were 

simultaneously amplified from total genomic DNA via multiplex PCR.  The 7 sets of 

forward and reverse primers were labeled with fluorescent dyes (FAM and HEX) for ease 

of detection.  These primers were obtained from Applied Biosystem UK (refer Appendix 

2).  DNA amplification was carried out in a reaction volume of 25 µL, containing 2 µM 

of each forward and reverse primers, approximately 100 ng of DNA template, and 2x 

MagniTaq multiplex PCR master mix (Affymetrix).  The optimum annealing 

temperatures for the 7 sets of primers are shown in Appendix 2.  GeneAmp PCR system 

9700 thermocycler (Applied Biosystems) was used to run the multiplex PCR assay.  The 

PCR conditions were as follow: 5 min initial denaturation at 95°C, followed by 35 cycles 

of 15 sec denaturation at 95°C, 1 min annealing at 60°C, 2 min extension at 68°C, and 10 

min final extension at 68°C.  The resulting PCR products were separated on 2% agarose 

gels stained with ethydium bromide, and visualized in a Dark Reader transilluminator.  

The remaining PCR products were diluted 1:10 with distilled water and were sent for 

genotyping.  Genotyping runs were done on an ABI 3130xl DNA Analyzer using ROX 

400HD Size Standard to size the microsatellite fragments.   
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4.6. Paternity Analysis 

The raw genotyping data obtained were analyzed and the alleles were manually 

scored at the 7 microsatellite loci using GeneMarker software (Softgenetics).  Likelihood-

based CERVUS 3.0 (Kalinowski et al., 2007) was used to calculate allelic frequencies at 

each locus, as well as to estimate heterozygosity, polymorphic information content (PIC) 

of the microsatellites, presence of null alleles and to test for Hardy-Weinberg 

equilibrium.  Other statistics calculated by CERVUS 3.0 include the probability of two 

unrelated individuals displaying the same genotype, and the paternity exclusion 

probability (the power at which the wrongly-assigned parent is excluded from the 

analysis).  Based on these information, CERVUS 3.0 was used to assign the most likely 

male parent (highest LOD score) to each progeny, with genotyping error rate of 1% and 

confidence level of 90%.  The power of paternity assignment is higher with known 

maternal genotype, as mismatches due to typing error can be evaluated to ensure that the 

progeny is indeed assigned to the true father.   
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5. Results 

5.1. Allele frequency analysis 

 Summary statistics for the 7 microsatellite markers used in the computer 

simulation and the actual paternity analysis are given in Table 1.  The purpose of the 

allele frequency analysis was to evaluate the usefulness of the 7 microsatellites for 

paternity testing.  All the microsatellite markers except M1 are highly polymorphic, with 

more than 4 alleles and polymorphic information content (PIC) of more than 0.5.  

Additionally, the expected heterozygosities of these microsatellite markers are also above 

0.5.  Among all the microsatellites, Pvan 1758 is the most highly polymorphic marker 

having the highest PIC value of 0.814, highest expected heterozygosity of 0.840, and the 

most number of alleles (k =7).  On the other hand, M1 is the least informative marker 

with the least number of alleles (k =2), lowest PIC value of 0.374, and lowest expected 

heterozygosity of 0.5.  Exclusion probabilities are the probabilities of excluding a non-

parent from the paternity analysis.  The power of exclusion per locus was not high when 

the microsatellites were individually evaluated, ranged from 0.186 to 0.665 when the 

genotype of one parent is known (Excl 1), and ranged from 0.123 to 0.493 when the 

genotypes of both parents are unknown (Excl 2).  However, when all the 7 microsatellites 

were evaluated together, the combined exclusion probabilities increased to 0.974 for Excl 

1, and 0.874 for Excl 2.  This suggests that these 7 microsatellite markers are appropriate 

to be used for parentage determination.  There are no significant deviations from Hardy-

Weinberg expectations across loci.  The null allele frequencies across loci were also low 

(less than +0.05) and thus are negligible.  The negative values for null allele frequencies 
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indicated an excess of observed heterozygous genotypes that deviated from statistical 

expectations. 

 

Table 1.  

Allele frequency summary statistics for 143 P. vannamei shrimp genotyped at 7 

microsatellite loci.  Number of alleles (k), number of individuals genotyped (N), observed 

heterozygosities H(Obs), expected heterozygosities H(Exp), polymorphic information 

content (PIC), exclusion probabilities when the genotype of one parent is known (Excl 1), 

or no parents known (Excl 2), significance of Hardy-Weinberg deviation (HW), null 

allele frequency F (null).  

Locus k N H(Obs) H(Exp) PIC Excl 1 Excl 2 HW Null 

Frequency 

Pvan0013 7 129 0.822 0.808 0.774 0.603 0.425 *** -0.015 

Pvan1003 4 130 0.604 0.526 0.545 0.258 0.136 NS -0.075 

Pvan1758 7 116 0.513 0.840 0.814 0.665 0.493 *** +0.026 

Pvan1815 7 129 0.326 0.541 0.501 0.317 0.158 *** +0.029 

M1 2 131 0.330 0.500 0.374 0.186 0.123 ** +0.024 

TUGAPv 

7-9.115 

5 127 0.976 0.633 0.559 0.360 0.214 *** -0.236 

TUGAPv 

7-9.132 

6 128 0.655 0.514 0.542 0.260 0.134 ** -0.148 

Average 5.4   0.621 0.557 0.378 0.274   

Combined      0.974 0.874   

HW = Significance of Hardy-Weinberg deviations 

NS = not significant, * = significant at 5%, ** = significant at 1%, *** = significant at 

0.1% 

 

5.2. Allele frequencies comparison with previously published populations 

 The genetic diversity comparison between Litopenaeus vannamei population used 

in this paternity analysis (denoted as population A) and two previously published Cuban 

populations (denoted as population B and C) are given in Table 2.  The 3 microsatellite 

loci examined were Pvan1758, Pvan1815, and M1; because the allelic frequency data for 

the other 4 loci were not published for these Cuban populations. 
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Table 2.  

Genetic variability between the L. vannamei population used in this study, with 2 

hatchery populations from Cuba (Tamayo, 2006).  Population A = Hawaii, Population B 

= first stock from Cuba, Population C = second stock from Cuba. 

 

Populatio

ns 

 Microsatellite Locus  

Mean Pvan1758 Pvan1815 M1 

A Sample size (n) 

No. of effective alleles  

(ke) 

H(Obs) 

H(Exp) 

HW 

116 

7 

0.513 

0.840 

*** 

129 

7 

0.326 

0.541 

*** 

131 

2 

0.330 

0.500 

** 

125.3 

5.3 

0.390 

0.627 

 

B Sample size (n) 

No. of effective alleles 

(ke) 

H(Obs) 

H(Exp) 

HW 

46 

9 

0.565 

0.747 

NS 

71 

8 

0.564 

0.568 

* 

67 

5 

0.418 

0.765 

NS 

61.3 

7.3 

0.516 

0.693 

 

C Sample size (n) 

No. of effective alleles 

(ke) 

H(Obs) 

H(Exp) 

HW 

47 

7 

0.851 

0.749 

*** 

72 

4 

0.347 

0.509 

** 

67 

6 

0.687 

0.731 

NS 

62 

5.7 

0.628 

0.663 
 

 

 

 To statistically determine the degree of genetic differentiation between population 

A and the Cuban populations B and C, pairwise FST values between the population pairs 

have to be calculated.  The pairwise FST values can be calculated using software such as 

GENEPOP, however the input data required is the raw microsatellite genotype data of all 

the populations to be compared.  Unfortunately, the genotyping data of the Cuban 

populations were not published, thus pairwise FST values cannot be determined.  Instead, 

we examined the allelic frequencies differences between Population A and the Cuban 

populations (Figure 1).  The allelic frequency distribution of Population A was clearly 

different from the other two Cuban populations.  Pvan1758 and Pvan1815 both showed 

the highest number of alleles (k = 14) across populations, while M1 has only 8 alleles.  
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The table beneath the histogram represents the respective allelic frequencies for each 

allele across the three populations.  Common alleles are alleles with the highest frequency 

in a particular population, while exclusive alleles are alleles that are not present in other 

populations.  At locus Pvan1758, the most common allele for population A is 174bp with 

a frequency of 0.24, and it is also the exclusive allele for this population.  The common 

alleles for population B and C are 213bp and 191bp respectively.  At this locus, 4 out of 7 

alleles in population A are exclusive alleles, suggesting that population A is genetically 

different from population B and C.  In addition, the range of allele sizes for population A 

barely overlaps with the Cuban populations.   

 Similar to locus Pvan1758, locus Pvan1815 showed that majority of the 

population A alleles are exclusive, with 5 exclusive alleles from a total of 7 alleles.  And, 

its common allele 129bp is also an exclusive allele.  On the other hand, population B and 

C shared the same exclusive allele 134bp.  When locus M1 is examined, both the alleles 

for population A are exclusive alleles, with 244bp being the most common allele.  The 

most common allele for population B is 179bp, which is also the second most common 

allele for population C.  While 181bp is the most common allele for population C, and the 

second most common allele for population B.  This suggested that population B and C 

might be closely related, and both are genetically distant from population A.  The obvious 

allelic frequencies differences between population A and the two Cuban populations at 

the three loci, suggested that the former is most probably genetically different from the 

latter. 
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Figure 1. Histogram of allele frequencies for locus Pvan1758.   

X-axis = allele size (base pairs), Y-axis = allelic frequencies. 

 

 

Figure 2. Histogram of allele frequencies for locus Pvan1815. 

 

 

  

174 183 185 187 189 191 193 199 201 207 211 213 219 249 

Population A 0.24 0.06 0.16 0.20 0.10 0.09 0.16               

Population B       0.14   0.11 0.10 0.05 0.10 0.02   0.46 0.01 0.01 

Population C       0.10   0.38 0.14   0.07   0.02 0.28     

0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

F
re

q
u

en
ci

es
 

Population A 

Population B 

Population C 

112 120 123 124 125 126 127 128 129 130 131 132 134 136 

Population A     0.01 0.03 0.01 0.1 0.2   0.64 0.01         

Population B 0.04 0.02       0.06   0.06   0.03   0.01 0.63 0.16 

Population C           0.07       0.02     0.65 0.27 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

F
re

q
u

en
ci

es
 

Population A 

Population B 

Population C 

Allele Size (bp) 

Allele Size (bp) 



43 
 

Figure 3. Histogram of allele frequencies for locus M1. 
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5.3. Computer simulations 

 Computer simulated paternity analysis demonstrated that paternity assignment is 

highly dependent on the number of microsatellite loci used.  As shown in Table 2 (Excl 

1), at least 5 loci are required to assign 92% of the progeny to their true father, and 

allocation success increased to 99% when 7 loci were used.  The simulation also 

illustrated that the percentage of cumulative paternity assignment rate is significantly 

higher when the dam’s genotype is known, at 99% when 7 loci were used, compared to 

87% of assignment success when dam is unknown (Table 3 & Figure 4). 

Table 3.  

Hypothetical cumulative assignment success (%) of P. vannamei shrimp progeny to 

correct sire, calculated over 7 microsatellite loci, with and without known dam genotype.  

 

With Known Dam Without Known Dam 

Number of Loci Cumulative Paternity 

Assignment Success 

(%) 

Number of Loci Cumulative Paternity 

Assignment Success 

(%) 

1 26 1 13 

2 53 2 32 

3 62 3 40 

4 74 4 50 

5 92 5 75 

6 95 6 78 

7 99 7 87 

 



45 
 

 

Figure 4. Cumulative paternity assignment success (%) over 7 microsatellite loci. 
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proportion of individuals typed per locus exceeded 80%, indicating the suitability of 

these markers for paternity analysis (Table 4).  The allelic frequency distribution for each 

microsatellite locus is given in Figure 5, and the most common allele per locus is marked 

by an asterisk. 

Table 4.  

Microsatellite 

Markers 

Expected Allele 

Size Range (bp) 

Observed Allele 

Size Range (bp) 

Proportion of 

Individuals Typed  

Pvan 0013 282 – 284  272 – 281 0.86 

Pvan 1003 145 – 149  145 – 151  0.87 

Pvan 1758 163 – 189  174 – 193  0.73 

Pvan 1815 126 – 141 123 – 131 0.86 

M1 191 – 213  244 – 246 0.88 

TUGAPv 7-9.115 178 161 – 174 0.84 

TUGAPv 7-9.132 137 128 – 174 0.85 

 

Figure 5. Histograms of allelic frequencies at each microsatellite locus of Litopenaeus 

vannamei. 
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were correctly assigned to 1 out of the 44 possible sires, while the paternity of the 

remaining 9 offspring was ambiguous.  For these 9 offspring, there were no significant 

differences between the LOD scores of the most likely, second-most likely and third-

most likely sires.  In theory, all the offspring from a family should be fathered by the 

same male broodstock, and thus are expected to be assigned to one sire.  However, the 

parentage analysis demonstrated that not all offspring from the same family were 

assigned to the same sire (Table 5).  Several factors that caused the paternal assignment 

discrepancies include the inheritance of null alleles, scoring errors that arise from the 

presence of stuttering bands, allele calling or binning mistakes, multiple loci that were 

not typed, and the occurrence of vertically transmitted mutations.  The final paternity 

assignment for each family group was manually decided by evaluating their genotypes, 

with the assignment of the true sire to each family group determined based on the 

majority assignment by CERVUS (Table 5).  For example, the true sire manually 

assigned to the offspring in Family 1 was Sire 224, because 80% of the offspring was 

assigned to Sire 224 by CERVUS.   

Table 5.  Paternity assignment with known maternal genotype. 

Family Known Dam Offspring ID Paternity 

Assignment 

True Sire Unassigned 

Offspring ID 

1 A J21 

J22 
J23 

J24 

J25 
J26 

J27 

J28 

J29 
J30 

222 

224 
224 

222 

224 
224 

224 

224 

224 
224 

224 None 

2 B J31 

J32 
J33 

233 

233 
233 

233 J35 
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J34 

J35 
J36 

J37 

J38 

J39 
J40 

257 

0 
233 

233 

233 

233 
233 

3 C J41 

J42 

J43 
J44 

J45 

J46 
J47 

J48 

J49 
J50 

253 

213 

252 
248 

218 

213 
253 

253 

213 
252 

Cannot be 

determined 

None 

4 D J61 

J62 

J63 
J64 

J65 

J66 
J67 

J68 

J69 

J70 

211 

251 

251 
211 

251 

251 
251 

251 

251 

251 

251 None 

5 E J71 

J72 

J73 
J74 

J75 

J76 

J77 
J78 

J79 

J80 

240 

258 

258 
258 

258 

258 

258 
258 

244 

258 

258 None 

6 F J161 

J162 

J163 

J164 
J165 

J166 

J167 
J168 

J169 

J170 

224 

224 

226 

224 
224 

224 

224 
224 

252 

224 

224 None 

7 G J211 
J212 

J213 

211 
239 

239 

239 None 
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J214 

J215 
J216 

J217 

J218 

J219 
J220 

239 

239 
239 

239 

211 

239 
239 

8 H J221 

J222 

J223 
J224 

J225 

J226 
J227 

J228 

J229 
J230 

211 

258 

211 
211 

211 

211 
211 

211 

239 
211 

211 None 

9 I J281 

J282 

J283 
J284 

J285 

J286 
J287 

J288 

J289 

J290 

233 

233 

233 
233 

226 

233 
233 

233 

224 

233 

233 None 

 

To examine the allelic inheritance of the offspring, the genotypes for a subset of 

offspring from all the 9 families at the 7 microsatellite loci are given in Table 6.  For 

example, offspring J21 unlike the majority of its full siblings, was assigned to Sire 222 

instead of its true Sire 224 because of its homozygous 129/129 genotype at locus Pvan 

1815.  It might seem that each of the 129bp allele was inherited from the known dam and 

Sire 222, respectively.  However, it is most likely that offspring J21 might have inherited 

a null allele, and thus was scored as a homozygote at locus Pvan1815, resulting in a 

conflicting paternity assignment.  To overcome the uncertainty of paternity 

determination, this offspring could be re-genotyped at this particular locus, or more 

microsatellite loci should be used for a more accurate paternity analysis.  Therefore, it 
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can be concluded that the true sire for Family 1 is actually Sire 224.  In Family 2, J34 was 

the only offspring that was not assigned to Sire 233.  Though offspring J34 has genotypes 

almost identical to its full siblings, it was assigned to Sire 257 because it was not typed at 

loci Pvan0013 and M1 in which the two sires have differing genotypes.  If offspring J34 

was to have the same 277bp / 281bp genotype as its siblings at locus Pvan0013, Sire 257 

will be excluded as a parent because it carries non-matching 280bp / 280bp alleles.  In 

addition, J34 will not be assigned to Sire 257 if it was heterozygous at locus TUGAPv 7-

9.132 with alleles 136bp and 171bp.  Because of its homozygous 136bp / 136bp alleles, it 

seemed that each of the allele was inherited from the known dam and Sire 257.  Thus, 

Sire 233 can be unequivocally determined as the true sire for Family 2. 

The true sire for Family 3 cannot be determined with 90% confidence.  As 

illustrated in Table 6, the conflicting sires assigned to the offspring were 213, 218, 248, 

252, and 253.  Further scrutiny revealed that the two main reasons causing the 

inconsistencies in paternity assignment for Family 3 offspring stem from the 

mismatching alleles and the few number of loci typed for the known dam.  First, the 

known dam was genotyped at 4 out of 7 loci, thus reducing the accuracy of the paternity 

assignment.  Next, there were 3 cases of allelic mismatches between the known dam C 

and offspring J43, J44, and J45 at locus Pvan 1815.  The offspring with mismatches 

differ from the known dam by 2 or 3 nucleotides, suggesting that these offspring might 

have been mis-scored, or that a repeat shift as a result of maternally transmitted mutations 

might have occurred.  Because these offspring share a common allele of 126bp, 

suggesting that the most likely cause of the mismatches was due to scoring error.  In the 

case of Family 3, microsatellite marker M1 was not at all useful as it was not amplified in 
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the dam and all the offspring, and therefore should not be used for the paternity analysis 

of this shrimp population. 

80% of the offspring from Family 4 were assigned to true sire 251, while 

offspring J61 and J64 were assigned to conflicting sire 211.  Each of the homozygous 

alleles of offspring J64 at loci Pvan0013, Pvan1003, and M1 might seem to be inherited 

from the known dam D and sire 211.  However, it is most likely that J64 was scored as 

homozygous at these loci due to the presence of null alleles, thus generating such 

conflicting paternity assignment.  The paternity analysis results for Family 5 suggested 

that microsatellite-based parentage assignment might not be perfectly accurate and thus 

not highly reliable.  When the genotypes of the most likely and the second most likely 

candidate sires are similar and when their LOD scores are not significantly different, it is 

very difficult to determine which is in fact the true sire for Family 5.  
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Table 6. Microsatellite genotypes of known dams, assigned sires and a subset of 

offspring from each family at the 7 loci.  Microsatellite alleles highlighted in yellow 

represent alleles inherited from the sire, and alleles highlighted in pink are inherited from 

the dam. 

Family 1 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam A 277 / 281 147 / 149 185 / 185 129 / 129 246 / 246 161 / 170 136 / 171 
True Sire 224 279 / 281 147 / 147 187 / 187 127 / 127 244 / 244 161 / 170 136 / 171 

Offspring J22 277 / 281 147 / 149 185 / 187 127 / 129 244 / 246 161 / 170 136 / 171 

J23 279 / 281 147 / 149 185 / 187 127 / 129 244 / 246 161 / 170 136 / 136 

J25 279 / 281 147 / 149 - / -  127 / 129 244 / 246 161 / 170 136 / 136 

Conflicting 

Sire 

Assigned 

222 - / - 147 / 147 187 / 187 129 / 129 244 / 244 161 / 170 136 / 170 

Offspring 

 
J21 279 / 281 147 / 149 185 / 187 129 / 129 244 / 246 161 / 170 136 / 171 

 

Family 2 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam B 277 / 281 147 / 149 183 / 183 129 / 129 244 / 246 170 / 170 136 / 136 

True Sire 233 281 / 281 145 / 147  193 / 193  129 / 131  244 / 246 161 / 170 136 / 171  
Offspring J31 277 / 281 147 / 149 183 / 193 129 / 129 246 / 246 161 / 170 136 / 136 

J32 277 / 281 147 / 149 183 / 193 129 / 129 244 / 246 161 / 170 136 / 171 

J33 277 / 281 147 / 149 183 / 193  129 / 129 244 / 246 161 / 170 136 / 171 
Conflicting 

Sire 

Assigned 

257 280 / 280  147 / 147  193 / 193  129 / 129  244 / 244  161 / 170  136 / 136 

Offspring J34 - / - 147 / 149 183 / 193 129 / 129 - / - 161 / 170 136 / 136 
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Family 3 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam C 279 / 281  147 / 149 187 / 187 129 / 129  - / - - / - - / - 

True Sire - -  -   -   -   -  -  -   
Conflicting 

Sire Assigned 
253 277 / 281 147 / 147 187 / 189 124 / 124 244 / 244 161 / 170 136 / 136 

Offspring J41 279 / 281 147 / 149 187 / 189 124 / 129 - / - - / - - / - 

Conflicting 

Sire Assigned 
213 276 / 278 147 / 147 - / - - / - 244 / 244 161 / 170 136 / 136 

Offspring J42 278 / 281 147 / 149 187 / 189 127 / 129 - / - 161 / 170 136 / 171 

Conflicting 

Sire Assigned 
252 280 / 280 145 /147 189 / 189 127 / 129 246 / 246 161 / 170 136 / 136 

Offspring J43 278 / 281 145 / 147 187 / 189 123 / 126 - / - 161 / 170 136 / 171 

Conflicting 

Sire Assigned 
248 278 / 280 145 /147 185 / 187 127 / 129 244 / 246 161 / 170 136 / 171 

Offspring J44 278 / 281 145 / 147 - / - 123 / 126 - / - 161 / 170 136 / 171 

Conflicting 

Sire Assigned 
218 276 / 281 147 / 147 193 / 193 126 / 126 244 / 244 161 / 170 136 / 171 

Offspring J45 281 / 281 - / - - / - 127 / 126 - / - 161 / 170 136 / 136 

 

Family 4 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam D 278 / 278 147 / 149 191 / 193 127 / 129 246 / 246 - / - 136 / 136 
True Sire 251 276 / 280 145 / 147 - / - - / - 244 / 244 161 / 170 136 / 171 

Offspring J62 278 / 280 147 / 149 191 / 191 127 / 127 244 / 246 161 / 170 136 / 171 

J63 278 / 280 147 / 149 191 / 193 127 / 127 244 / 246 - / - - / - 

J65 278 / 280 147 / 149 191 / 191  127 / 127 - / - 161 / 170 136 / 171 
Conflicting 

Sire 

Assigned 

211 278 / 280 147 / 149 183 / 185 127 / 129 246 / 246 - / - - / - 

Offspring J64 278 / 278 149 / 149 191 / 193 127 / 127 246 / 246 161 / 170 136 / 171 
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Family 5 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam E 278 / 280 - / - 174 / 174 - / - 244 / 246 170 / 174 136 / 136 

True Sire 258 272 / 280 149 / 149 174 / 174 - / - 244 / 246 161 / 170 136 / 171 
Offspring J72 278 / 280 147 / 149 174 / 174 126 / 129 244 / 246 161 / 170 136 / 171 

J73 278 / 280 147 / 149 174 / 174 126 / 129 244 / 246 161 / 170 136 / 171 

J75 - / - 147 / 149 174 / 174  126 / 129 244 / 246 161 / 170 136 / 171 

Conflicting 

Sire 

Assigned 

240 280 / 280 147 / 147 174 / 174 129 / 129 246 / 246  165 / 174 136 / 136 

Offspring J71 278 / 280 147 / 149 174 / 174 129 / 129 244 / 246 165 / 174 136 / 136 

 

Family 6 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam F 279 / 281 149 / 149 187 / 189 129 / 129 - / - 161 / 170 136 / 171 
True Sire 224 279 / 281 147 / 147 187 / 187 127 / 127 244 / 246 161 / 170 136 / 171 

Offspring J161 279 / 281 147 / 149 187 / 189 127 / 129 244 / 246 - / - 136 / 171 

J162 279 / 281 147 / 149 187 / 189 127 / 129 246 / 246 161 / 170 136 / 171 

J165 279 / 281 147 / 149 187 / 189  127 / 129 246 / 246 161 / 170 136 / 171 

Conflicting 

Sire 

Assigned 

226 - / - 149 / 149 185 / 185  129 / 129 246 / 246 161 / 170 136 / 171 

Offspring J163 279 / 281 149 / 149 187 / 189 127 / 127 246 / 246 161 / 170 136 / 171 

 

Family 7 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam G 280 / 280 147 / 149 174 / 185 129 / 129 244 / 246 161 / 170 136 / 171 

True Sire 239 278 / 280 147 / 147 174 /174 129 / 129 246 / 246 161 / 170 136 / 162 
Offspring J212 278 / 280 149 / 151 174 / 185 129 / 129 244 / 246 161 / 170 136 / 162 

J213 278 / 280 147 / 149 174 / 174 129 / 129 246 / 246 161 / 170 136 / 136 

J214 278 / 280 149 / 151 185 / 185  129 / 129 246 / 246 161 / 170 136 / 171 
Conflicting 

Sire 

Assigned 

211 278 / 280 147 / 149 183 / 185 127 / 129 246 / 246 - / - - / - 

Offspring J211 278 / 280 147 / 149 185 / 185 129 / 129 246 / 246 161 / 170 136 / 162 
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Family 8 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam H 278 / 280 149 / 149 174 / 185 129 / 129 246 / 246 165 / 170 136 / 171 

True Sire 211 278 / 280 147 / 149 183 / 185 127 / 129 246 / 246 - / - - / - 
Offspring J221 278 / 280 147 / 149 185 / 185 127 / 129 246 / 246 165 / 174 136 / 174 

J223 278 / 280 147 / 149 174 / 185 127 / 129 246 / 246 165 / 174 136 / 174 

J225 278 / 280 - / - 174 / 185  129 / 129 246 / 246 165 / 174 136 / 174 

Conflicting 

Sire 

Assigned 

258 272 / 280 149 / 149 174 / 174 - / - 244 / 246 161 /170 136 / 171 

Offspring J222 - / - 147 / 149 174 / 174 127 / 129 246 / 246 165 / 174 136 / 174 

 

Family 9 
Animal 

ID 

Microsatellite Loci 

Pvan0013 Pvan1003 Pvan1758 Pvan1815 M1 
TUGAPv 

7-9.115 

TUGAPv 

7-9.132 

Known Dam I 279 / 281 147 / 149 187 / 193 129 / 131 246 / 246 161 / 170 136 / 171 
True Sire 233 281 / 281 145 / 147 193 / 193 129 / 131 244 / 246 161 / 170 136 / 162 

Offspring J281 279 / 281 147 / 149 187 / 193 129 / 129 246 / 246 161 / 170 136 / 162 

J282 279 / 281 147 / 149 187 / 187 129 / 129 246 / 246 - / - 136 / 136 

J283 279 / 281 147 / 149 187 / 193  129 / 129 246 / 246 161 / 170 136 / 171 

Conflicting 

Sire 

Assigned 

226 - / - 147 / 149 185 / 185 129 / 129 246 / 246  161 / 170 136 / 171 

Offspring J285 - / -  - / - - / - 129 / 129 246 / 246 161 / 170 136 / 171 
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6. Discussions 

 It is imperative to retain pedigree information of shrimp families over multiple 

generations when conducting a shrimp breeding program.  With accurate and reliable 

pedigree records, shrimp breeders would be able to design breeding programs that 

maximize genetic gains for commercially important traits such as growth, as well as to 

minimize the detrimental effects of accumulated inbreeding.   However, conventional 

methods such as physical tags and colored elastomer implants routinely used in several 

crustacean species are impractical for tagging shrimp, because shrimp grow by shedding 

their exoskeletons and are highly fecund.  Besides, these methods are labor and space 

intensive, and the dyes cause the shrimp products to be unsellable.  The use of molecular 

genetic markers as biological tags can potentially overcome the shortcomings of physical 

tags with their non-invasive and retrospective application, and this allows the growth 

phase of the animals to be evaluated.  Microsatellite markers have been indicated as the 

most effective genetic marker for paternity analysis due to its high polymorphism, co-

dominance inheritance, high heritability, locus specificity, even and abundant distribution 

throughout the genome, and ease of genotyping.  As shown in the present study, not only 

can microsatellite markers be used to assign parentage to shrimp progeny, they can also 

be used to determine genetic relatedness among populations.   

 The present study highlighted that microsatellite-based paternity assignment is not 

foolproof due to the presence of null alleles, stuttering bands that result in allele scoring 

errors, and vertically transmitted mutations.  Therefore, it is important to evaluate the 

performance of the microsatellite markers before using them for paternity testing.  7 

microsatellite markers isolated by Cruz et al. (2002) and Garcia & Alcivar-Warren (2007) 
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were evaluated in the present paternity study, and it was found that the paternity of 90% 

of the F1 offspring could be confidently determined when the 7 microsatellite loci were 

used in combined.  The actual assignment success rate was lower than the predicted 99% 

mainly due to the presence of null alleles and in part due to allelic dropout (non-scoreable 

alleles) caused by DNA degradation that resulted in no detectable amplification.  Ideally, 

microsatellite markers used for paternity determination should have high number of 

alleles that are evenly distributed, and it would be optimum if the alleles are heterozygous 

and distinctly different without null alleles.  Of all the microsatellite markers, M1 is the 

least suitable marker to be included in the paternity analysis as it contains only 2 alleles 

and thus is least informative.  Though the parentage assignment would be more accurate 

with higher number of microsatellite loci used, the use of too many loci in a multiplex 

PCR system will increase cross-dimerization of the different primers and will increase the 

cost.   
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7. Appendixes 

Appendix 1. DNA Extraction from Animal Tissue 

Proteinase K digestion  

–Proteinase K: 10 mg/ml in 10 mM Tis (pH 8.0) 

–Buffer (5 ml)  

250 l 10% SDS 

250 l 1M Tris, pH 8.0 

1 ml 0.5 M EDTA 

3.5 ml, dd H2O 

Add 500 l of buffer and 35 ul proteinase K to each tube with mouse tail tissue (50 mg-

100 mg) in 2 ml microcentrifuge tube.  

 

--------Over-night digestion at 50C -------- 

 

Phenol and chloroform DNA extraction 

Open all the tubes and add 250 l phenol and 250 l chloroform, close tubes and votex 

for 10 seconds. 

Spin at 14,000 rpm for 5 minutes 

- While spinning, label 1.5 ml tube with animal ID numbers.  

Carefully transfer the top phase (aqueous layer) without disturbing the lower protein layer 

to the newly labeled tubes. Normally, the volume is 450-500 l. 

Add 500 l of chloroform to each tube, close the tube and votex for 10 seconds.  

Close all the tubes and place them in centrifuge with the lid hinge pointing toward the 

center of the centrifuge, spin at highest speed for 2 minutes;    

- While spinning, label 1.5 ml tube with animal ID numbers.  

Transfer 400-450 l of the top phase to the new tubes, changing pipette tips for each tube 

and make sure that the tube numbers are correct. 

Add 45 l of 3.0 M sodium acetate, pH7.8 to each tube (10% of the volume for 

precipitation of DNA. 

Add 1 ml of 100% Ethanol to each tube, close it and votex for 10 seconds; centrifuge the 

tubes at top speed for 10 minutes, with hinge facing the outside of the centrifuge. 

Carefully remove the supernatant and dry the DNA pellets until they are clear, not white. 

 Add 50 l of 10 mM Tris, Ph 8.0 to each tube, Allow DNA to go into solution for at 

least 4 hrs at RT, or waterbath at 65C for 10 minutes. 

Votex DNA for 10 seconds before quantification. Depending upon the DNA yield, use 

100-200 X dilution to quantify DNA in a spectrophotometer. Make sure that the readings 

of absorbance (ABS) at least 1.5 to get accurate measurement. If ABS is less than 1.5, it 

means the DNA content it too low, the reading is not accurate. It is expected that DNA 

concentration is at 100 ug/ul with the ratio of ABS at 260nm /280 nm at 1.6 to 2. DNA is 

measured at 260 nm and protein is measured at 280 nm. The isolation is get pure DNA 

from DNA and protein mixed tissue.      

Write DNA concentration on the tube (g/l).    
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Appendix 2. Characteristics of primers that were used in this study 

Microsatellite 

markers 

Primer sequences 

Forward & Reverse (5’→3’) 

Annealing 

temperature 

for multiplex 

(°C) 

Expected 

number of 

alleles 

Estimated 

PCR product 

size range 

(bp) 

Pvan0013 F: TGC TCT GGT AAC 

GAC AAA CG 

 

R: AGA CCT GTG GCG 

AAG TGC 

58 2 282-284 

Pvan1003 F: ATA TTT CAT GCG TTC 

CGA GG 

 

R: GAC TAT CTC ACG 

CGC CTC TC 

58 3 145-149 

Pvan1758 F: TAT GCT CGT TCC CTT 

TGC TT 

 

R: TTG AAG GAA AAG 

TGT TGG GG 

58 14 163-189 

Pvan1815 F: GAT CAT TCG CCC CTC 

TTT TT 

 

R: HEX- ATC TAC GGT 

TCG AGA GCA GA 

58 12 126-141 

M1 F: GTG TGT TGC GGA 

ATC GAA 

 

R: FAM- CTA ACC CAA 

TAT CGA ATC 

58 6 191-213 

TUGAPv  

7-9.115 

F: ACGAGAATGCTGTCC 

GAAGT 

 

R: TGTGCACGTTTGTATC 

TGATTG 

58 4 178 

TUGAPv  

7-9.132 

F: TCGGTTAAATAATGTA 

TGGATATGT 

 

R: CATGATGCTAGTTTTG 

GAGGTG 

58 2 137 
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