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Abstract 
 

 

The mud crab (Scylla spp.) aquaculture industry has expanded rapidly in recent years 

in many countries in the Indo - West Pacific (IWP) region as an alternative to marine 

shrimp culture because of significant disease outbreaks and associated failures of 

many shrimp culture industries in the region. Currently, practices used to produce and 

manage breeding crabs in hatcheries may compromise levels of genetic diversity, 

ultimately compromising growth rates, disease resistance and stock productivity. 

Therefore, to avoid “genetic pollution” and its harmful effects and to promote further 

development of mud crab aquaculture and fisheries in a sustainable way, a greater 

understanding of the genetic attributes of wild and cultured mud crab stocks is 

required. Application of these results can provide benefits for managing wild and 

cultured Asian mud crab populations for multiple purposes including for commercial 

production, recreation and conservation and to increase profitability and sustainability 

of newly emerging crab culture industries. 

 

Phylogeographic patterns and the genetic structure of Asian mud crab populations 

across the IWP were assessed to determine if they were concordant with those of 

other widespread taxa possessing pelagic larvae of relatively long duration. A 597 bp 

fragment of the mitochondrial DNA COI gene was amplified and screened for 

variation in a total of 297 individuals of S. paramamosain from six sampling sites 

across the species’ natural geographical distribution in the IWP and 36 unique 

haplotypes were identified. Haplotype diversities per site ranged from 0.516 to 0.879. 

Nucleotide diversity estimates among haplotypes were 0.11% – 0.48%. Maximum 

divergence observed among S. paramamosain samples was 1.533% and samples 

formed essentially a single monophyletic group as no obvious clades were related to 

geographical location of sites. A weak positive relationship was observed however, 

between genetic distance and geographical distance among sites. 

 

Microsatellite markers were then used to assess contemporary gene flow and 

population structure in Asian mud crab populations sampled across their natural 

distribution in the IWP. Eight microsatellite loci were screened in sampled S. 
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paramamosain populations and all showed high allelic diversity at all loci in sampled 

populations. In total, 344 individuals were analysed, and 304 microsatellite alleles 

were found across the 8 loci. The mean number of alleles per locus at each site ranged 

from 20.75 to 28.25. Mean allelic richness per site varied from 17.2 to 18.9. All sites 

showed high levels of heterozygosity as average expected heterozygosities for all loci 

ranged from 0.917 – 0.953 while mean observed heterozygosity ranged from 0.916 – 

0.959. Allele diversities were similar at all sites and across all loci. The results did not 

show any evidence for major differences in allele frequencies among sites and 

patterns of allele frequencies were very similar in all populations across all loci. 

Estimates of population differentiation (FST) were relatively low and most probably 

largely reflect intra – individual variation for very highly variable loci. Results from 

nDNA analysis showed evidence for only very limited population genetic structure 

among sampled S. paramamosain, and a positive and significant association for 

genetic and geographical distance among sample sites. 

 

Microsatellite markers were then employed to determine if adequate levels of genetic 

diversity has been captured in crab hatcheries for the breeding cycle. The results 

showed that all microsatellite loci were polymorphic in hatchery samples. Culture 

populations were in general, highly genetically depauperate, compared with 

comparable wild populations, with only 3 to 8 alleles recorded for the same loci set 

per population. In contrast, very high numbers of alleles per locus were found in 

reference wild S. paramamosain populations, which ranged from 18 to 46 alleles per 

locus per population. In general, this translates into a 3 to 10 fold decline in mean 

allelic richness per locus in all culture stocks compared with wild reference 

counterparts. Furthermore, most loci in all cultured S. paramamosain samples showed 

departures from HWE equilibrium. Allele frequencies were very different in culture 

samples from that present in comparable wild reference samples and this in particular, 

was reflected in a large decline in allele diversity per locus. The pattern observed was 

best explained by significant impacts of breeding practices employed in hatcheries 

rather than natural differentiation among wild populations used as the source of brood 

stock. 

 

Recognition of current problems and management strategies for the species both for 

the medium and long-term development of the new culture industry are discussed. 
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The priority research to be undertaken over the medium term for S. paramamosain 

should be to close the life cycle fully to allow individuals to be bred on demand and 

their offspring equalised to control broodstock reproductive contributions. 

Establishing a broodstock register and pedigree mating system will be required before 

any selection program is implemented. This will ensure that sufficient genetic 

variation will be available to allow genetic gains to be sustainably achieved in a future 

stock improvement program.  

 

A fundamental starting point to improve hatchery practices will be to encourage 

farmers and hatchery managers to spawn more females in their hatcheries as it will 

increase background genetic diversity in culture stocks. Combining crablet cohorts 

from multiple hatcheries into a single cohort for supply to farmers or rotation of 

breeding females regularly in hatcheries will help to address immediate genetic 

diversity problems in culture stocks. Application of these results can provide benefits 

for managing wild and cultured Asian mud crab populations more efficiently. Over 

the long-term, application of data on genetic diversity in wild and cultured stocks of 

Asian mud crab will contribute to development of sustainable and productive culture 

industries in Vietnam and other countries in the IWP and can contribute towards 

conservation of wild genetic resources. 
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CHAPTER 1: GENERAL INTRODUCTION 
 

1.1. General background 

Sustainable use of fisheries has received worldwide attention recently because 

demand for fish resources has increased rapidly as a result of human population 

expansion and an increase in per capita consumption of seafood. Most fisheries 

have been unsustainable for centuries (Goni, 1998; Jackson et al., 2001; Pauly et 

al., 2002), but the number of exploited fish populations has continued to increase 

due to worldwide industrialisation of fisheries (FAO, 2004) and as a consequence 

fisheries biomass has declined 80% over 15 years (Myers & Worm, 2003). 

Negative effects associated with overfishing, particularly loss of productivity, 

reductions in levels of genetic diversity (Perez-Losada et al., 2007), declining 

adaptive capacity and potential extinctions are major environmental problems 

affecting the world’s ocean resources. Recent data from Food and Agriculture 

Organization (FAO) (FAO, 2007a) have shown that, over the last twenty years, 

global production from fisheries has doubled, reaching 158 million metric tons. 

Wild fisheries as a consequence have plateaued or are in a decreasing trend with 

most fish stocks at or beyond the limits of sustainable fishing. Furthermore, 

species diversity is threatened (Suvapepun, 1991) as trophic cascades are initiated 

(Coleman & Williams, 2002), and habitats are destroyed. Thus, effective fisheries 

management needs to be developed for long term conservation and persistence of 

sustainable wild fish resources. 

 

The capacity of aquatic environments to supply fish for humans is limited in terms 

of available wild stocks as there are approximately 1 billion people that rely on 

fish as their primary source of animal protein. Considered a good replacement for 

terrestrial animal protein, and associated with increasing world human population 

growth, requirements for fish products have grown quickly. Development of 

aquaculture is therefore considered a priority to serve this need as well as to reduce 

pressure on oceanic ecosystems. Data from FAO (2007b) show that recent annual 

production from aquaculture has reached 63 million metric tons, valued at US$ 

78.4 billion worldwide, and production from Asian countries accounts for more 

than 90 % of global supply from aquaculture. 
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Although aquaculture is generally considered a good solution to the problems of 

overexploitation and biodiversity loss facing oceanic resources, there are also 

concerns about the destruction that results from displacement or modification of 

coastal ecosystems to accommodate farming activities. Serious problems have 

been evident in most southeast Asian countries over the last two decades; 

including the use of trash fish for feeding; the release of excess nutrients and use 

of antibiotics; translocation of stocks among regions; declines in genetic diversity 

(Evans et al., 2004a; Yokota et al., 2003); and escapes from culture to the wild 

(Youngson et al., 2001).  

 

To ensure long-term ecologically sustainable development of aquaculture, good 

policies need to be formulated. As a crucial contributor to long term aquaculture 

development, applied genetics has an important role to play. Specific areas of 

research interest include; genetic differentiation, selection, inbreeding, parentage 

assignment, strain identification and biodiversity assessment. For example, 

identification of strains and/or species will be required for better management of 

many cultured and wild stocks (Begg et al., 1999; Liu & Cordes, 2004) as 

determination of species/strains based solely on morphological characteristics of a 

specific stock can be problematical, e.g. tilapia (Bardakci & Skibinski, 1994), mud 

crabs (Keenan et al., 1998), red drum, red snapper and cobia (Renshaw et al., 

2006). Furthermore, correct identification of pathogens (Benzie, 1998; Jorgensen 

& Sterud, 2006; Montes et al., 2003), and parasites (Criscione et al., 2005) will be 

necessary for prevention and treatment of diseases in aquaculture. The 

performance of offspring is often strongly correlated with that of their parents, 

therefore, understanding parentage and kinship can help in identification of good 

strains/families with high yield traits in aquaculture, for disease resistance and 

maintenance of highly diverse populations, e.g. in China for shrimp populations 

(Dong et al., 2006). Genetic improvement of aquaculture species will help to 

increase production efficiency as well as to maintain diversity in aquatic organisms 

at part of a sustainable environmental approach.      

 

To date, literally hundreds of aquatic species have been developed in culture. Most 

species can be propagated artificially and females can often produce more than 
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hundreds of thousands of juveniles each cycle because most aquatic species 

possess high fecundity. For example, a single black tiger shrimp female can 

produce more than 1 million juveniles each reproductive cycle and females can 

also spawn up to 6-7 times over a 2-3 month period under hatchery conditions in 

Vietnam (personal observation). While this potentially provides exceptional 

output, genetic diversity needs to be monitored to avoid negative effects of 

inbreeding. Good management based on monitoring genetic diversity, assessing 

relative levels of, and individual reproductive contributions by broodstock can 

optimise diversity and enhance the outcomes of stock improvement programs.   

 

Many natural aquatic populations have been overexploited and they are unlikely to 

recover without assistance, thus restocking and stock enhancement programs offer 

good solutions for replenishing natural resources. Potential negative effects from 

this approach however, have to be avoided by understanding the natural extent of 

biological interactions among wild populations and stock structure of any target 

species. Genetic monitoring programs can be used to measure impacts and 

outcomes of restocking and stock enhancement (Ward, 2006).  

 

Aligned with the growth of aquaculture in general, mud crab culture has expanded 

rapidly in recent times. Culture of Asian mud crab, Scylla paramamosain has 

developed strongly in many East Asian countries including China, Vietnam, 

Indonesia, Malaysia, the Philippines, and Thailand. Because of serious disease 

problems associated with marine shrimp culture (Leung et al., 2000), mud crabs 

have become a species of high appeal for culture in many coastal areas, as mud 

crabs are generally more tolerant of environmental change and diseases and can 

display relatively fast growth rates. Recently, successful artificial production of 

crablets in hatcheries (domestication) has promoted the culture of this species in 

many regions in Asia. 

 

To date, little attention has been paid however, to stock management practices for 

mud crab species. Berried females are generally collected from local wild areas 

without regard for quality or are simply sourced from culture ponds. Juveniles are 

also transported among areas without consideration and may escape to the wild. 
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Therefore, wild genetic resources may be impacted by culture stocks causing 

reductions in genetic diversity and even result in negative effects of inbreeding. To 

avoid “genetic pollution” and its harmful effects and to promote further 

development of mud crab aquaculture and fisheries, a greater understanding of the 

genetic attributes of wild and cultured mud crab stocks will be required. Results 

from the current study will provide a better understanding of the natural genetic 

characteristics of wild and cultured stocks of the common species of mud crab in 

Southeast Asia. 

 

1.2. Stock identification and genetic divergence 

1.2.1. Stock identification 

Population patterns and the phylogeographic approach 

Much of the observed patterns of diversity in living organisms can be explained by 

biogeographical principles. Broad disciplines within science (e.g. evolution, 

systematics, ecology, geology, etc.) are used to interpret biogeographical patterns 

that result from an interaction between evolution and plate tectonics and landscape 

changes (e.g. eustasy). These patterns emerge over millions of years and determine 

which organisms may rise to prominence and those that progress to extinction. 

Evidence from biogeographical studies suggest that climate change and alterations 

in sea levels over the last two million years have played an important role in 

determining the current distribution patterns of many living organisms (Imron et 

al., 2007; Reid et al., 2006) 

 

Phylogeography is the “field of study concerned with the principles and processes 

governing the geographical distributions of genealogical lineages, especially those 

within and among closely related species” (Avise, 2000). This discipline has 

become a major focus in contemporary ecology and documents the spatial 

distribution of organisms and infers likely mechanisms for any patterns observed 

(Avise, 2000). These patterns can be classified into five categories, resulting from 

extrinsic and intrinsic factors (e.g. gene flow and barriers to dispersal) (Avise, 

2000). They can be large genetic gaps; caused by long term isolation and/or 

intermediate genotype extinctions; or derived from secondary admixture and/or 

intrinsic barriers to gene flow (sympatric populations). Alternative patterns, that 
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are not characterised by large genetic gaps, can result from geographical isolation 

but not long term zoogeographical barriers to dispersal (allopatric populations), or 

can result from extensive gene flow without long term barriers, or can result from 

intermediate gene flow among varied geographical distributions but no long term 

barriers to dispersal (Avise, 2000).    

 

As phylogeographic studies have increased and genetic marker technologies have 

improved, many studies have detected correlations or concordance of geographical 

patterns of variation in genotypes, or their genealogies, with environmental 

parameters (Kidd & Ritchie, 2006). One extension of this approach, where 

comparisons of phylogeographic patterns in multiple co-distributed taxonomic 

groups are employed (referred to as “comparative phylogeography”) has revealed 

previously unrecognised biogeographical patterns, and has shown the important 

role that vicariance has played in the historical development of some modern 

biotic assemblages (Arbogast & Kenagy, 2001). Comparative phylogeography not 

only shares a common conceptual framework with historical biogeography (Zink, 

1996) but can also shed light on biogeographical questions at smaller spatial and 

temporal scales (Avise, 2000). Without a quantitative analytical framework 

however, phylogeography can remain a largely descriptive science, therefore, it is 

necessary to use both phylogeny and geography to explain the diverse aspects of 

phylogeographic concordance (Humphries, 2000).  

 

Population genetic analyses can reveal historical population demography while 

ecological surveys or physical tagging provide only contemporary population 

estimation at an ecological time scale (Slatkin, 1994). Based on coalescence 

theory, historical population dynamics can be inferred directly (Rogers, 1995). 

Genetic markers (e.g. mtDNA) have been used to assess population demography in 

many studies including for; swimming crab Callinectes bellicosus (Pfeiler et al., 

2005), European anchovy (Grant, 2005), Japanese sea bass and spotted sea bass 

(Liu et al., 2006). Understanding the historical patterns of populations can assist 

with developing better management and conservation practices for fisheries 

(Chistiakov et al., 2006). 
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Inferences about historical scenarios from phylogeographical spatial information 

has been developed using spatial evolutionary analytical approaches. These 

techniques are now used routinely in phylogenetics and population genetics and 

are referred to as the “coalescent approach” (Hey & Machado, 2003; Rosenberg & 

Nordborg, 2002). Phylogenetic population genetic approaches look for congruent 

spatial and phylogenetic patterns from comparisons between external information 

and graphical representations that are calculated from observed data such as 

graphical phylogeographic trees, networks or clade relationships (Hewitt, 1999; 

Taberlet et al., 1998). In contrast, in the coalescent approach, hypothetical 

evolutionary scenarios including hypotheses about past population division, 

demography or migration are developed as structures from external data. 

Therefore, a wide range of data and information types such as environmental 

variation and landscape structure data, DNA sequences, derived trees and network 

graphical representation are required for the coalescent approach (Kidd & Ritchie, 

2006). 

 

Markers used for stock identification 

Mitochondrial DNA 

The small, double-stranded circular DNA molecule (approximately 18,000 bp.) 

contained in mitochondria has been charaterised as an “extreme example of 

genetic economy” (Attardi, 1985). This is because, unlike nDNA, there is an 

absence of introns within the coding genes, and a lack of repetitive DNA and 

spacer sequences between genes. Divergence of mtDNA from taxa that shared a 

common ancestor occurs at a rate of approximately 1.4 – 2.2% per million years 

for crustacean species ((Schubart et al., 1998; Knowlton and Weigt, 1998) and 

remains linear for 8-10 million years (Moritz et al., 1987) although mitochondrial 

gene content and gene order can be conserved over longer evolutionary time 

frames in some taxa. 

 

Different regions of mtDNA evolve at different evolutionary rates; therefore they 

can be used to address evolutionary questions at different temporal scales. For 

example, intra-specific population structure can be inferred from high-resolution 

analysis of exceptionally rapid evolving portions of the Control Region or D-loop. 
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For inter-specific or higher level comparisons, more-slowly evolving protein 

coding genes like Cytochrome oxidase (CO) and Cytochrome b (CytB) can be 

analysed. To date, many population structure and historical biogeographical 

studies have been completed on a diverse array of species using mtDNA markers 

(e.g. Avise, 2000; Bernatchez & Wilson, 1998; de Bruyn, 2004; Gopurenko et al., 

1999; Kirkendale & Meyer, 2004; Mcmillen-Jackson, 2003; Shi et al., 2002; 

Taylor & Hellberg, 2006). The basic idea for this type of study is that, if 

individuals belong to the same reproductive population, their mtDNA molecules 

will co-evolve (mitotype) and hence will be closely related (Sinclair et al., 1999). 

Thus, substantial differences in mitotype distribution among populations are 

evidence that these samples may belong to independent populations characterised 

by a certain degree of genetic isolation. As mtDNA has an effective population 

size four times smaller than that of the nuclear genome (Birky et al., 1989), 

because of maternal inheritance and a haploid nature, mtDNA has become a very 

effective marker for assessment of intra-specific variation and genealogy. These 

characteristics of mtDNA also amplify divergence via genetic drift and the rate at 

which populations approach genetic equilibrium (Birky et al., 1989; Hare, 2001) 

and  so can provide a strong signal for identifying recent patterns of gene flow 

(Moritz et al., 1987). Furthermore, population trends can be determined by 

exploring the evolutionary relationships among mtDNA haplotypes and inferring 

their population history (Rogers, 1995; Slatkin & Hudson, 1991). 

 

Nuclear DNA 

Nuclear DNA in eukaryotes consists of over 1 billion base pairs, thus it can 

provide a large number of diagnostic markers for exploring genetic variation in 

populations. Informative single nucleotide polymorphisms (SNPs: base 

substitutions or additions/deletions) occur quite frequently, approximately 0.1% or 

higher across the genome (Ladiges et al., 2004). Most nDNA is non-coding; with 

only a small proportion (2-5%) of the nuclear genome composed of genes that 

encode functional loci. This characteristic results in mutations accumulating very 

rapidly in much of the nDNA. Given these characteristics, fast-evolving nuclear 

loci provide good markers for genetic diversity studies, especially for examining 

intraspecific variation among natural populations. 
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Microsatellites, or simple sequence repeats (SSRs), are considered to be 

selectively neutral markers (Toth et al., 2000). Repetitive DNA sequences 

generally exhibit high levels of allelic diversity and high heterozygosity.  

Microsatellites are common and evenly distributed across the genome and occur 

inside gene coding regions, within introns (Liu & Cordes, 2004; Liu et al., 2001), 

but also occur frequently in non-coding regions in eukaryotic organisms (Metzgar 

et al., 2000). High variability, and abundance, neutrality, co-dominance and the 

ability to score alleles at microsatellite loci unambiguously, make them very useful 

for population genetic studies. A wide range of applications have been developed 

for microsatellites in evolutionary biology, population genetics and ecological 

studies of fish (Beckmann & Soller, 1990; Estoup & Angers, 1998). Microsatellite 

genotyping has also been found to be an efficient tool for genetic structure studies 

(Wright & Bentzen, 1995) and for pedigree tracing of hatchery populations in a 

variety of organisms (Goldstein & Schlotterer, 1999).  

 

Genetic variation at microsatellite loci generally results from polymerase slippage 

during DNA replication, resulting in different numbers of repeat units (Tautz, 

1989). Microsatellites also have high mutation rates, up to 2% per generation 

(Crawford & Cuthbertson, 1996; Ellegren, 2000; Weber & Wong, 1993). Because 

of rapid allelic turnover, microsatellite loci are susceptible to changes in allelic 

frequency governed by stochastic and demographic processes within populations 

over short evolutionary time frames (Gopurenko, 2002). 

 

1.2.2. Genetic divergence in nature 

Population subdivision and gene flow 

Allele frequencies in populations result from an equilibrium between gene flow, 

genetic drift and natural selection (Hellberg et al., 2002; Kordos & Burton, 1993; 

Perrin et al., 2004; Reichow & Smith, 2001; Wenburg et al., 1998; Wlasiuk et al., 

2003). The speed that populations approach this equilibrium will depend on 

effective population size (Ne) and migration rate (Crow & Aoki, 1984). In parallel, 

geographical isolation can lead populations to diverge from each other because 

while mating may be random within subpopulations, limited mating may occur 
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among them. Geographical distance among populations is often significantly 

correlated with the amount of genetic differentiation that evolves among 

populations (Muniz-Salazar et al., 2005). Genetic differentiation will evolve as a 

result of independent mutations arising within populations (O'Reilly et al., 2004) 

and their increase or decrease via natural selection (Pogson & Fevolden, 2003), 

and/or genetic drift that act independently at different sites. In contrast, when 

populations are connected by gene flow, divergence will slow down as effective 

dispersal will connect populations. Gene flow tends to prevent population sub-

structuring by adding new genes to receiving populations, increasing 

heterozygosity and homogenizing gene frequencies among populations linked by 

effective dispersal.  

 

Dispersal strongly influences the level of genetic differentiation that will develop 

among populations (Hartl & Clark, 1989) therefore, genetic markers can provide 

powerful tools for estimating the extent of independence of intraspecific 

populations (Hellberg et al., 2002). Extent of population subdivision and gene 

flow among populations from different geographical locations can be estimated 

from differences in allelic frequency using inbreeding (F) statistics (Wright, 1931, 

1943). This approach does not include evolutionary genealogical information 

however, illustrated in the form of an estimated haplotype or gene tree as in many 

modern genetic surveys (Templeton, 1998). Temporal information is also not used 

in traditional F statistical approaches to analyse genetic variation, but can be 

included in statistical procedures using haplotype trees (Hudson et al., 1992; 

Slatkin, 1993; Templeton et al., 1995). Procedures that calculate haplotype trees 

from restriction site or DNA sequence data allow the interpretation of the spatial 

distribution of current allelic variation over evolutionary time as well as in 

geographical space (Templeton, 1998). Recent methods of phylogeographical 

inference, i.e. nested clade analysis, allow restricted gene flow from historical 

events such as fragmentation or range expansions to be distinguished without the 

assumptions of non drift-mutation equilibrium being violated or that require large 

sample sizes (Templeton et al., 1995). 
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Genetic drift 

By definition, genetic drift results from random variation in allele frequencies 

from one generation to the next by sampling error of gametes among generations. 

It results from stochastic events during and after reproduction and factors such as 

unequal offspring numbers from individual females or from a sudden crash in 

population numbers (Reyment, 1997), outbreak of  diseases causing population 

size fluctuations (Cassens et al., 2005), and/or biased sex ratio of breeders in 

populations (Yokota et al., 2003).  

 

The importance of genetic drift is thought to be only limited in large populations 

because any local effect will be buffered by effects elsewhere across the species’ 

distribution. The larger the breeding cohort the smaller, in theory, will be the 

intensity of genetic drift as well as the time required for one allele to be lost from 

that population (Feral, 2002; Hellberg et al., 2002; Ohta, 1992). In any generation, 

genetic drift may increase or decrease an individual allele’s frequency and reduce 

genetic variation (e.g. lower heterozygosity or cause loss of alleles). Furthermore, 

genetic drift will cause populations to diverge as allele frequencies in different 

populations vary over time, leading  to isolated populations becoming genetically 

differentiated, particularly in small populations (Templeton et al., 2001). By 

chance, even advantageous mutations can be lost and deleterious mutations can 

accumulate, if this happens then long term adaptive potential may be 

compromised. 

 

The opposing forces of gene flow and genetic drift are believed to have a major 

impact on evolution at neutral loci whereas the influence of selection is generally 

locus specific (Lewontin & Krakauer, 1973). Assuming these forces are in 

balance, then levels of migration can be estimated from allelic frequencies 

(Fauvelot & Planes, 2002). Over large geographical distances, the numbers of 

migrants exchanged are often low, and so  populations are more often influenced 

by local genetic drift effects (Crow & Aoki, 1984). 
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Inbreeding and non random mating 

Homozygosity of a population can increase because of mating between related 

individuals even though  allele frequencies may not be affected (Edmands, 2007). 

As a consequence, identical deleterious recessive alleles at individual loci are 

likely to accumulate, potentially leading to morphological or developmental 

defects, or a reduction in important quantitative traits. If this happens, the 

population may experience inbreeding depression. 

 

Limited dispersal potential or species-specific behavioural traits are often the 

causal factors for non-random mating. High variances in family sizes and an 

unbalanced male to female ratio at spawning were found to be the primary factors 

affecting effective population size in gilthead sea bream (Cameron Brown et al., 

2005). Inbreeding depression results from a decrease in fitness as deleterious 

effects from recessive alleles are expressed more frequently. Investigations of this 

issue are complicated however, because there are many factors which can 

influence the risk of inbreeding depression occurring. These may include 

taxonomic factors, the characters examined, levels of divergence among 

hybridising populations, mating history, and environmental factors (Edmands, 

2007). Under stressful environmental conditions, deleterious effects of inbreeding 

are thought to increase as higher inbreeding depression has been observed in wild 

populations compared with captive populations in several species (Crnokrak & 

Roff, 1999). 

  

1.3. Population genetics in aquaculture and fisheries 

1.3.1. Genetic variation in the wild 

Patterns of marine biodiversity can be elucidated using the framework of 

phylogeography (Dawson, 2005) as the vast size of oceans and the relatively small 

size of most marine populations can lead propagules to settle far away from their 

natal origin (Hellberg et al., 2002). Thus, population genetic studies have been 

undertaken on many marine species including; Arctic charr (Wilson et al., 1996), 

mud crab Scylla serrata (Gopurenko et al., 1999), trumpetfish (Bowen et al., 

2001), sea urchin (Iuri et al., 2007; Lessios et al., 2001), spotted sand bass 

(Stepien et al., 2001), grouper (Craig et al., 2006), snails (Reid et al., 2006). 
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Phylogeographical patterns in aquatic species are usually shaped both by historical 

events and/or contemporary processes (Imron et al., 2007). Commonly reported 

historical events, for example, population expansion associated with sea level 

fluctuations during the Pleistocene resulted in habitat change and strongly 

influenced the distributions of many marine organisms. Many studies on marine 

species, e.g., coconut crab (Lavery et al., 1996), swimming crab (Pfeiler et al., 

2005), crimson snapper (Zhang et al., 2006), inter-tidal snails (Hurtado et al., 

2007), Indo-Pacific tasselfish (Chenoweth & Hughes, 2003) sea cucumber 

(Uthicke & Benzie, 2003), Japanese sea bass and spotted sea bass (Liu et al., 

2006), and European anchovy (Grant, 2005) have revealed that population 

distributions were affected significantly by climate change  during the Pleistocene 

period.  

 

Climate and tectonic changes have also resulted in the use of alternative habitat by 

many marine species following geographical isolation leading to strong population 

structure. The coral reef fish Nano vlamingii exhibits this pattern (Klanten et al., 

2007). Connections between populations appear to have been disrupted not only 

by movements of continental plates during the Miocene but also by hydrological 

discontinuities involved with glacial cycles during the Pleistocene (Feral, 2002). 

During this period, high fluctuations in sea levels, especially in the western Pacific 

region of the Indo-Australia Archipelago (Benzie, 1999; Lambeck & Chappell, 

2001), have resulted in both genetic isolation and emergence of new species 

(Benzie, 1999). Vicariant events have been reported to be strong forces that can 

affect the genetic divergence of many marine species (Bernardi et al., 2003; 

Gopurenko & Hughes, 2002; Gopurenko et al., 1999; Hickerson & Cunningham, 

2005).  

 

Contemporary patterns of genetic structure in marine species can also be 

influenced by oceanographic factors and life history traits that restrict gene flow 

among populations (Imron et al., 2007). Genetic structure in marine species is 

often strongly associated with effective gene flow (Leis, 1991) and can be 

impacted significantly by length of pelagic larval stage (Bernardi et al., 2001; 

Chenoweth & Hughes, 1997; Dudgeon et al., 2000; Graves, 1998; Kim et al., 
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2003; Silberman et al., 1994). Many mechanisms influence larval dispersal 

capacity including; ocean temperature gradients (Wares et al., 2001), 

oceanographic circulation patterns (Mc.Conaugha, 1992), larval behaviour 

(Raimondi & Keough, 1990), predators and nutrition. As a consequence, species 

with long-lived pelagically-dispersed larvae do not always exhibit a homogenous 

population structure. In some marine species with high dispersal capacity however, 

population structure can be homogeneous. For example, in the swimming crab 

Callinectes, a high level of intraspecific gene flow has been found (Pfeiler et al., 

2005) resulting in allelic homogeneity among populations over vast ocean 

distances (Mcmillen-Jackson et al., 1994). On the other hand, in some pelagic 

crustaceans and snapper, genetic subdivision was found to exist at very small 

spatial scales (Ovenden et al., 2004), and with different breeding units present in 

the same geographical region (Zane et al., 2000). 

 

A general perception that there are no barriers to gene flow in the marine 

environment (Graves, 1998) has led to the widely held view that dispersal capacity 

is often large (Bernardi, 2000) and spatial variation among populations is less than 

is present commonly in terrestrial and freshwater environments (Graves, 1998). 

This will tend to produce high genetic homogeneity among most populations of  

marine species as, theoretically, population divergence by genetic drift would not 

occur as long as even rare gene flow occurs (Wright, 1931). General studies have 

sought evidence to confirm this assumption including; studies on European shore 

crab (Carlton & Cohen, 2003), Atlantic cod (Pogson et al., 2001), and some sessile 

marine invertebrates (Dias et al., 2006), a coral species (Magalon et al., 2005), reef 

fishes (Lessios & Robertson, 2006; Muss et al., 2001), gastropods (Kano & Kase, 

2004), and California squid (Reichow & Smith, 2001). Limited connectivity 

among marine populations has been observed for some taxa however, including; 

groupers (Craig et al., 2006), green crabs (Roman & Palumbi, 2004), jellyfish 

(Dawson, 2005), marine invertebrates (Sotka, 2005), some vagile fishes (Chow et 

al., 2000; Ovenden et al., 2004), starfish (Williams & Benzie, 1998), and a 

vetigastropod (Imron et al., 2007).  
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Over very large distances, gene flow is often inversely correlated with 

geographical distance, however, at small spatial scales, there are several intrinsic 

and extrinsic factors that can produce population structure (Mariani et al., 2002). 

For most marine species, isolation by distance is one of the main factors that can 

contribute to population structure (Lavery et al., 1995; O'Reilly et al., 2004; 

Richards et al., 2007).  

 

Together with isolation by distance and genetic drift, homing behavior has been 

found to influence genetic divergence in some marine species (Beheregaray & 

Sunnucks, 2001). Biological characteristics have also been found to have an effect 

on the level of genetic differentiation among populations, as can be seen from 

studies on herring (Jorgensen et al., 2005), turbot (Nielsen et al., 2004), and in 

European anchovy populations (Grant, 2005). These populations showed 

significant divergence even though they have very large census population sizes 

and there is an apparent lack of any perceivable barriers to natural gene flow. 

 

Gene flow in marine species can also be influenced by currents and water depth 

which may be considered as hydrodynamic and hydrographic barriers (Hohenlohe, 

2004; Roman & Palumbi, 2004; Ruzzante et al., 1998; Shaw et al., 1999; Williams 

& Benzie, 1998). On the other hand, gene flow may also be facilitated by 

prevailing ocean currents, as has been reported in spiny lobster populations 

(Silberman et al., 1994) and in gastropod stocks as a result of their planktonic 

larval phase (Kano & Kase, 2004).  

 

Estuarine environments can in some cases play an important role in shaping the 

genetic structure of some marine species because they can restrict gene flow, 

leading populations to be exposed to different regimes of selection, resulting in 

physiological adaptations compared with their wholly marine counterparts (Bilton 

et al., 2002). In these kinds of ecosystems, gene flow may occur among estuaries, 

but decrease with geographical distance among estuaries (Gold et al., 2001). In 

many marine species, estuarine or inshore coastal environments are required for 

reproduction or to complete the life cycle ( e.g. the swimming crab Callinectes 

(Weber & Levy, 2000)). Panmixia is prevented among subpopulations of these 



15 
 

species because of low adult migration, specific habitat requirements for 

reproduction, juvenile nurseries and/or recruitment factors (Weber & Levy, 2000). 

A study of freshwater Japanese mitten crabs (Eriocheir japonica) showed strong 

population structure (Yamasaki et al., 2006), with genetically distinct groups 

resulting from the isolation of populations on different islands and restriction of 

gene flow among island populations. 

 

Genetic structure is not only shaped by spatial factors but can also be influenced 

by temporal factors. This has been found in some coral reef fish species in the 

Indo-Pacific Ocean (Klanten et al., 2007) and in swimming crabs as a consequence 

of seasonal spawning abundances or effects of local patterns of coastal currents 

(Kordos & Burton, 1993). Heterogeneity at microgeographical spatial scales 

caused by selection on larvae or a limited number of successful breeders are also 

important temporal factors that can affect recruitment; and therefore, the relative 

fecundity of different species can increase this temporal effect. Though oyster and 

barnacle populations are usually wide spread and possess planktonic larvae, 

significant microgeographic heterogeneities in gene frequencies have been 

reported across the population ranges of some species. This may be a consequence 

of small effective population sizes compared with total adult census (Hedgecock, 

1994). Thus fine-scale genetic heterogeneity has been observed frequently in many 

marine species (Gilbert-Horvath et al., 2006), including; herring (Jorgensen et al., 

2005), white sea bream (Lenfant & Planes, 2002), Atlantic benthopelagic fish 

(Aboim et al., 2005), and kelp rockfish populations (Gilbert-Horvath et al., 2006). 

          

Demographic expansions of populations following bottlenecks can also lead 

populations to diverge and even to speciate, and this has been reported for 

snapping shrimp (Mathews, 2006), and the deep sea fish, Helicolenus dactyopterus 

(Aboim et al., 2005). 

 

1.3.2. Relevance of wild population structure to aquaculture 

Gene flow that result from escape or release by cultured aquatic stocks to the wild 

occurs frequently around the world (Youngson et al., 2001). Use of non-native 

broodstocks in aquaculture can also increase the risk of damaging the genetic 
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integrity of local wild gene pools adjacent to culture sites (Perez-Enriquez et al., 

2001; Yokota et al., 2003; Youngson et al., 2001). Therefore, aquaculture 

strategies should consider carefully any translocation of breeders among regions.  

 

Wild stocks of some common species used in aquaculture in Europe including 

Atlantic salmon (Vasemagi, 2004; Youngson et al., 2001), and sea bass have been 

affected significantly by introgression of hatchery genes even leading to 

homozygosity in the case of sea bream (Youngson et al., 2001). Interestingly, wild 

populations of tiger shrimp in Thailand have revealed strong patterns of 

geographical variation and no evidence that escape from aquaculture has altered 

wild stock genetic diversity patterns (Benzie, 2000).  

 

High rates of gene flow from culture to wild stocks can also influence adaptive 

traits, in some cases reducing fitness of local wild populations (Hansen et al., 

2007; Utter, 2004). Escapes from salmon aquaculture are believed to have 

supplemented wild stocks in some instances (Stephens & Cooper, 2004). In the 

case of Atlantic salmon, hatchery fish have a reduced ability to recognise optimal 

wild spawning sites on return from the sea and so population fitness may decline 

as hatchery-reared fish numbers in the wild increase. Transportation of juveniles or 

broodstocks among regions also potentially increases gene flow and may strongly 

change local population structure, as has been seen in sea scallops (Kenchington et 

al., 2006). 

 

Selection of aquaculture broodstocks followed by founder effects and genetic drift 

have altered genetic variation in some domesticated strains and allowed them to 

diverge from wild populations (Bouza et al., 1997; Skaala et al., 2005). The type 

of marker for detection of such genetic effects is an important consideration. While 

a mtDNA study on gilthead sea bream populations (Alarcon et al., 2004) did not 

show any significant difference between wild and cultured populations, results of 

microsatellite studies showed high divergence among  cultured populations caused 

by genetic drift. 

 



17 
 

Polymorphic SSR loci are considered a marker of choice for many applications in 

aquaculture (Liu & Cordes, 2004). Application of pedigree determination has been 

carried out for many economically valuable stocks including; American lobster 

(Gosselin et al., 2005), Atlantic salmon (King et al., 2001), blue gill sunfish, red 

sea bream, turbot, Chinook salmon, European sea bass and gilthead sea bream (see 

review by Chistiakov et al., 2006 and references herein). Microsatellite marker 

analysis has also been used to select the most genetically distinct breeders in 

Arctic charr populations to minimise inbreeding risks (Ditlecadet et al., 2006). 

 

Replenishment of brood stocks using individuals from within the same farm 

populations can strongly influence effective population size (Ne). An Ne of 14-18 

was found to produce an inbreeding rate of around 2.7-3.5% per generation in 

gilthead sea bream in the Mediterranean region (Cameron Brown et al., 2005). 

Therefore, the use of microsatellites to assess the breadth of the genetic base of 

domesticated stocks at the start of a selective breeding program can be a valuable 

approach (Goyard et al., 2003). When genetic differentiation among populations 

has been characterised, culture stocks with broad genetic variation can be 

developed using well-designed mating plans (Kang et al., 2006). 

 

Broad applications of microsatellites have been reported for a number of species 

used in aquaculture, notably for genetic diversity estimation, inbreeding 

estimation, parentage assignment, and strain and hybrid identification in a diverse 

range of species including; guppy (Shikano & Taniguchi, 2002); Pacific blue 

shrimp (Goyard et al., 2003); Atlantic halibut (Jackson et al., 2003); Kuruma 

shrimp (Jerry et al., 2004) olive flounder (Kang et al., 2006);  red drum, red 

snapper, cobia (Renshaw et al., 2006); Senegal sole (Castro et al., 2006); Chinese 

shrimp (Dong et al., 2006); black tiger shrimp (Jerry et al., 2006); barramundi 

(Frost et al., 2006); and blackspot seabream (Lemos et al., 2006).  

 

1.4. Focus species of the current study: the Asian mud crab, Scylla 

paramamosain 

1.4.1 Species identification 
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The taxonomy of the mud crab genus, Scylla has been confused in the past 

(Keenan et al., 1998). Four cryptic species were identified from the syntype 

specimens of Portunus tranquebaricus Fabricius 1798 (Keenan et al., 1998). 

Several taxonomic studies have been completed by Estampador (1949), 

Stephenson and Campbell (1960), Holthius (1978). but revisions have still not 

resolved many of the taxonomic issues concerning this group (see review by 

Keenan et al., 1998). Uncertainty with the systematics of the genus has as a 

consequence, impeded development of mud crab aquaculture and management of 

wild fisheries because field identification is difficult. Genetic approaches have 

been applied to the problem including; allozyme electrophoresis and mtDNA 

sequencing of cytochrome oxidase I and 16S rRNA genes of a large number of 

specimens to allow unambiguous identification of species in the Scylla genus 

(Keenan et al., 1998). More recently, the application of PCR-restriction fragment 

length polymorphism (RFLP’s) using 16S rRNA and the first internal transcribed 

spacer (ITS-1) has been completed to identify the four Scylla species at early larval 

and juvenile stages (Imai et al., 2004). 

 

1.4.2 Population ecology 

Habitat and distribution 

S. paramamosain has a broad natural geographical range and is distributed along 

the continental coast of South East Asia from the South China Sea to the Java Sea 

(Keenan et al., 1998). S. paramamosain is the most common species in the Scylla 

genus in China (Ma et al., 2006), in the north of Japan (Imai et al., 2004; Kitakado 

et al., 2006; Obata et al., 2006; Walton et al., 2006a) and in Vietnam (Christensen 

et al., 2004; Macintosh et al., 2002; Walton et al., 2006a; Walton et al., 2006b). 

Preferred habitats include; mud flat sediments, mangrove forests and coral reefs in 

intertidal and subtidal zones across the Indo-Pacific region (Keenan et al., 1998) 

(Figure 1.1). 
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Figure 1.1. Geographical distribution map of S. paramamosain, illustrating by 

blue spots.  

 

Life cycle 

The life cycles of the four species within the Scylla genus are similar (Moser et al., 

2005) and consist of a typical multiphase developmental system as is present in 

many other marine decapods. There are however, apparent differences among 

Scylla species in the major stages of morphology, physiology and behaviour. 

Gravid females migrate offshore where salinity is higher and stable for spawning 

(Hyland et al., 1984). Newly hatched mud crabs go through 5 zoea stages and a 

megalopa stage before molting to crablets. The different larval stages spend 

around a month to complete their metamorphosis and then settle to nursery 

habitats as early instars or juveniles (Moser et al., 2005). Mangrove fringe habitats 

are quite important for recruitment of the early stages of S. paramamosain. At 
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larger sizes, individuals prefer sub-tidal zones but move further and deeper into the 

mangroves to feed during flood tides (Walton et al., 2006b).  

 

Ecological requirements 

Ecological requirements and population dynamics of the genus Scylla and 

particularly S. paramamosain are not well known (Le Vay et al., 2007b). Some 

studies have been conducted however, on resource abundance, recruitment and 

distribution of Scylla sp. in certain areas such as in mangrove ecosystems in 

Thailand (Moser et al., 2005), in replanted mangrove forests in the Philippines 

(Walton et al., 2006a), and in the Mekong Delta, Vietnam (Le Vay et al., 2001). 

There have also been studies on the effects of temperature and salinity on 

individual survival and growth (Ruscoe et al., 2004a). 

 

Natural recruitment of S. paramamosain occurs year round with a significant peak 

at the beginning of the dry season (Le Vay et al., 2001). Size of females at 

maturity varies around  80mm carapace width in Vietnam (personal observation), 

but can be larger (>100mm) in Thailand (Overton & Macintosh, 2002). 

 

As mud crabs are highly tolerant of changes in salinity, they can survive several 

months in freshwater and then reach recruitment peak when salinity reaches 

around 5-7ppt (Walton et al., 2006b). Further support for their euryhalinity was 

recognised in a study of osmotic preferences of S. paramamosain (Chung & Lin, 

2006). This study found that the posterior gills of mud crabs have an important 

role in sea water dilution and Na, K-ATPase activity increases as a consequence. 

Therefore, mud crabs can actively regulate osmotic pressure of their hemolymph. 

 

Mud crab culture and reproduction 

Several studies have been conducted on artificial reproduction, nutrition and 

general aquaculture of different species in the genus Scylla (Catacutan, 2002; 

Christensen et al., 2004; Djunaidah et al., 2003; Hamasaki, 2003; Holme et al., 

2006; Rabbani & Zeng, 2005; Rodriguez et al., 2003; Ruscoe et al., 2004b; Sheen, 

2000; Sheen & Wu, 1999; Suprayudi et al., 2004; Trino et al., 1999; Trino & 

Rodriguez, 2002; Zhu et al., 2006). In Vietnam, several kinds of culture system 
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have been developed for S. paramamosain including; mud crab fattening, soft shell 

production, and grow-out from juveniles in extensive or semi-intensive ponds 

(personal observation). Individuals can reach maturity within 5.5 months with an 

average increase in internal carapace width of around 2.0cm per month (Walton et 

al., 2006b). 

 

1.4.3. Genetics of S. paramamosain 

Genetic studies of S. paramamosain populations are very limited. A few studies 

have attempted to resolve systematic problems (e.g. studies by Keenan et al. 

(1998), Imai et al. (2004)), since Scylla species are very similar in morphology and 

share common habitats. Allozyme electrophoresis has also been used to assess 

biochemical genetic variation within the genus and among intra-specific 

populations of certain species. Polymorphic loci were found and provided reliable 

species-specific markers for identification of Scylla species (Sugama & Hutapea, 

1997). 

 

Several studies have addressed the phylogeographical history and wild population 

genetic structure of S. serrata, the sister species of S. paramamosain, and also 

examined variation in mtDNA markers (Fratini & Vannini, 2002; Gopurenko & 

Hughes, 2002; Gopurenko et al., 1999). Despite having high dispersal potential, 

significant differentiation was evident among geographically-close populations. 

Following this, five microsatellite loci were developed for S. serrata and have also 

been applied to assess polymorphism in other Scylla species (Gopurenko et al., 

2002).  

 

Microsatellite and mtDNA markers have also been used to examine population 

processes in S. serrata. Low levels of genetic differentiation were evident among 

populations in south-west Australian estuaries compared with levels in north-

western Australian populations which suggested that these populations may have 

only newly colonised this region from the north (Gopurenko et al., 2003). This 

phenomenon was suggested to be common for many marine species that have high 

dispersal capacity in the region (Gopurenko et al., 2003).  
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RFLP variation in the D-loop was used to estimate the contribution that stocked 

hatchery raised mud crab juveniles make to commercial wild catches in Japan 

(Obata et al., 2006). Wild stock enhancement programs for this species have been 

conducted because of the commercial importance of S. paramamosain and due to 

local reductions in wild stock abundance in Japanese coastal waters (Obata et al., 

2006). The effectiveness of this restocking programme was not measured however, 

because of uncertainty about the mixing rates of released stocks and wild stocks. 

Together with mtDNA markers, microsatellite markers were developed and basic 

genetic variation parameters were examined in Urado Bay populations of S. 

paramamosain in Japan	  (Takano et al., 2005) including number of alleles per locus 

ranging from 24 to 44 and expected heterozygosity across loci ranging from 0.900 

to 0.999. 

 

Hybridisation between species of Scylla has also been examined in wild mud crab 

populations in Japan using the ITS-1 and 16S rRNA region of mtDNA makers 

(Imai & Takeda, 2005). This showed that hybrid offspring between female S. 

olivacea and male S. serrata were present naturally in the wild.  

 

1.4.4. Current status of the mud crab (S. paramamosain) industry in Vietnam 

Mud crab fisheries 

Fishing pressure on mud crabs has recently increased dramatically (Le Vay, 2001) 

as artisanal fisheries of Scylla spp. provide important sources of income for many 

coastal communities in the Indo-Pacific region (Trino et al., 1999), especially in 

Vietnam (personal observation). Different sizes of captured mud crabs may be 

used for different purposes, including; crablets and juveniles for pond culture, and 

intermediate sizes for soft shell and/or fattening, and adults for immediate 

consumption including mature females (Le Vay et al., 2001).  

 

Mud crab landings in the Mekong Delta in southern Vietnam occur year round but 

usually reach a peak in the dry season (approximately 900 kg in May – see Figure 

1.2). This was considered to be the result of increased fishing effort at this time, 

but not from an increase in recruitment, as catch per unit effort (CPUE) ranged 

between 1.6 and 3.1kg person-1 (Le Vay et al., 2001).  
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Several kinds of fishing methods have been used in the wild mud crab fishery in 

Vietnam including; scoop net, torch fishery, fyke net, hook fishery, and gill net 

(Walton et al., 2006b - see Figure 1.2). Mud crabs from very small sizes (<0.9cm 

carapace length) can be collected from tidal pools/ mangrove fringes and larger 

sizes (>12cm carapace length) from subtidal zones can be collected using a variety 

of methods (Walton et al., 2006b).  

 

Data from the Vietnam Fisheries Ministry (2005) showed that production of mud 

crabs had reached 6,000 metric tons, and was valued at US$ 25 million. This 

figure only represents export activity, and does not include crabs produced for 

domestic consumption. 

 
Figure 1.2. Total landing of mud crabs, predominantly S. paramamosain, in the 

intertidal hand – fishery in the Mekong Delta during 1997. Source: Le Vay et al. 

(2001) 

 

Reproduction 

Over the past decade, limited supply of wild-caught mud crab juveniles for culture 

grow-out has become a major constraint on developing aquaculture for this species 

(Trino et al., 1999). Recently, due to success with developing artificial 

reproduction methods for this species, culture has expanded in Vietnam. The 

reproduction techniques developed for S. paramamosain have been transferred to 

farmers and are subject to ongoing improvement. To date, there are more than 50 
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major crab hatcheries which can produce a large quantity of crablets (up to 2 

million juveniles/hatchery/year) across Vietnam (survey data unpublished from 

Research Institute for Aquaculture No3). 

 

Quality of crablets, however, has not been considered. Farmers simply try to 

produce as many juvenile crabs at the lowest cost. To do this, broodstocks are 

collected from local sites without any consideration about their origins or 

diversity. Antibiotics have also been used widely to increase larval survival. These 

activities may impact on the quality of future stocks. Furthermore, depending on 

requirements of juveniles for aquaculture and their price, juvenile S.  

paramamosain can be transported and sold far away from their original natural 

sources. This can result in mixture and reduce potentially the quality of local wild 

mud crab populations. 

 

Grow-out 

Aquaculture of mud crab has been conducted for the past 30 years across Asia 

(Trino et al., 1999). Different systems have been applied for mud crab culture 

including; pond culture, wooden enclosures or pen culture, bamboo cages, 

incorporation with mangrove forests, and individuals cultured in large baskets 

(Danielle & Keenan, 1999). As soft shell crabs are worth more (up to ten times 

compared with that of small hard shell mud crab), they are usually kept in hapas or 

baskets after harvest for a specified time to reach moulting stage (Danielle & 

Keenan, 1999). Female crabs can also be cultured for maturation of their ovaries as 

ovigerous females produce higher prices. 

 

Depending on crab size at stocking, and optimal stocking rate, mud crabs can grow 

up to 400g in 3-5 months (Trino et al., 1999). Culture of mud crab in ponds 

usually produces high profit, moreover, for long-term commercial and 

environmental benefits, the integration of crab aquaculture with mangrove 

silviculture can provide an excellent combined economic and conservation 

outcome (Keenan, 1999b - see Table 1.1).  
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Table 1.1. Summary of production parameters for crab production methods in 

Mekong Delta, Vietnam. Source: Keenan (1999) 

Location – Species Mangrove pond  - S. paramamosain 

Size of pond (m2) 

Stocking rate/m2 

Size of seed (g) 

Sex 

Food items 

Cover 

Rearing period 

Survival 

Production (kg)/stocked weight (kg) 

100000 

0.05 

10–100 

Mixed 

Natural production 

Mangroves 

90–120 days 

50%–60% 

20.9 

 

 
Figure 1.3. Growth data for three feed treatments: crustaceans, trash fish and no 

feeding. Ponds are 40m x 12.5m x 0.8m, stocking density at 0.5crab m-2. Source : 

Christensen et al. (2004). 

 

In 2003, the area used for crustacean culture in Vietnam was approximately 

600,000 ha (data from Vietnamese Fisheries Ministry, 2003), with the dominant 

commodity being shrimp. The species produced in aquaculture are changing 

considerably however, as a result of disease problems and environmental 

degradation, and this trend promises to promote rapid expansion of the mud crab 

culture industry in the future.  
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These data suggest that there is a high potential for expansion of mud crab farming 

and fisheries in Vietnam. For further development of the S. paramamosain fishery, 

not only will catch size, sex, and season of catching need to be regulated, but stock 

identification will also be required to allow suitable management approaches to be 

applied to specific populations. As natural resources are decreasing, stock 

enhancement should be conducted by releasing hatchery-produced juveniles to the 

wild. Application of a population genetic approach can help to improve the 

efficiency of these activities resulting in increases in wild stock numbers and 

improved natural population recruitment (Le Vay, 2001).  

  

Information on the taxonomy and natural stock structure can help identify 

significant factors that contribute to maintenance of wild stocks, and hence 

indicate the appropriate scale for management implementation across the region. 

Molecular marker studies provide a powerful technique for assessing the past and 

present demographics of natural populations and can also be used to characterise 

the effects that domestication may have on the level of genetic diversity in species 

developed for aquaculture. 

 

Given that mud crab aquaculture has a bright future in Vietnam; genetic 

management needs to be applied to develop a commercial breeding program to 

protect genetic diversity, to reduce inbreeding effects, and to exploit good traits for 

growth, meat quality, and disease resistance. The proposed study will be a first 

step in the sustainable development of mud crab aquaculture in Vietnam based on 

genetic management.  

   

1.5. Aims 

Long-term management of aquaculture production, fisheries and conservation of 

mud crab species may be compromised without an adequate understanding of the 

scale at which genetic diversity is structured in wild stocks. Information on the 

levels of genetic variability within and among wild and cultured populations may 

help avoid potential detrimental effects of inbreeding, genetic changes among 

generations and impacts of escapes of culture stock on wild populations. In 

addition, ecological or economically important traits in cultured stocks can be 
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improved based on developing a better understanding of, and strategic exploitation 

of, genetic variation in wild populations. 

 

Highly dispersive larval stages of lengthy duration in mud crabs and the capacity 

for migration for reproduction may be sufficient to maintain genetic homogeneity 

at large spatial scales in wild populations of Asian mud crabs as in many other 

widespread marine taxa. The current study will test this hypothesis as genetic 

structure (mtDNA and nDNA) will be assessed in Indo-West Pacific (IWP) wild S. 

paramamosain populations. Genetic analysis of this species can help to reveal 

their biogeographical history and relative modern population connectivity. 

Because S. paramamosain’s distribution in the IWP and its life cycle are typical of 

many marine organisms, the mechanisms that play a role in the evolution and 

ecology of S. paramamosain can be also considered as a model for testing 

hypotheses about the population genetics of other important coastal marine 

species. Interpretation of DNA sequences can clarify the patterns of evolutionary 

history of populations and the genealogical relationships among individuals. 

Therefore, the biogeographical history of S. paramamosain will be inferred from 

historical vs. modern patterns of gene flow related to past climatic and sea level 

changes in South East Asia. 

 

Hatcheries producing S. paramamosain crablets for culture have been operating in 

Vietnam for a number of years. No studies have been conducted however, on the 

efficiency at which current breeding practices capture underlying genetic diversity 

in broodstock. Many studies of hatchery broodstock in recent times have shown 

that species-specific life history traits and mating systems can result in specific 

individuals used in breeding programs providing unrepresentative outcomes in 

terms of surviving juvenile genotypic diversity (e.g. in Pacific abalone (Park et al., 

2006), Pacific oysters (Evans et al., 2004b), Atlantic salmon (Kallio-Nyberg & 

Koljonen, 1997), rainbow trout (Kause et al., 2005)) thus leading to rapid 

inbreeding and associated loss of culture productivity. The impact of current 

hatchery protocols on inbreeding levels have not been assessed for S. 

paramamosain and little is known about the levels of genetic diversity in crablets 

provided to the culture industry. 
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The investigation of genetic diversity in hatchery and wild stocks of S. 

paramamosain in Vietnam will allow a reassessment of the current status of 

cultured mud crab populations in Vietnam. MtDNA and microsatellite loci will be 

used to infer the genealogical relationships among samples and hence to assess the 

genetic structure of these populations. Results will not only inform the population 

genetic management of mud crabs in Vietnam, but also highlight the potential 

effects of aquaculture activities on wild stocks of mud crab such as may result 

from gene flow following escape, translocation or inbreeding.  
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CHAPTER 2: METHODOLOGY 

 
 

2.1. Sampling 

Samples of S. paramamosain were collected from a number of geographically 

distant sites across the Indo - West Pacific. Choice of sampling sites was based on 

availability and relative densities of the target species S. paramamosain and access 

to potential sampling areas.  

 

External morphological characteristics of the four described mud crab species 

within the genus Scylla are quite similar (Figure 2.1); therefore; live mud crab 

samples were required for species identification. Identification was based on a 

revision of the genus by Keenan et al. (1998). 

 
Figure 2.1. Photographs of the four described species of the genus Scylla; S. 

paramamosain, S. serrata, S. tranquebarica and S. olivacea (Keenan et al., 1998). 

 

Of the four species in the genus Scylla, S. serrata is considered to be the most 

widespread. S. serrata is distributed widely in tropical and subtropical areas in the 
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Pacific and Indian oceans; from where the species can be found in Japan, across 

the Indo – West Pacific region, to Australia, New Zealand; and from South Africa 

to Tahiti (Fratini & Vannini, 2002; Keenan et al., 1998). S. serrata is associated 

with mangrove forests where the salinity is as high as natural oceanic salinity 

(Keenan et al., 1998). S. tranquebarica and S. olivacea have more restricted 

distributions and can be found in the South China Sea and Indian Ocean in 

addition to some specific locations across the Indo – West Pacific region. S. 

tranquebarica and S. olivacea are co-distributed and found in similar mangrove 

forest habitats and coastal areas at lower salinities than S. paramamosain (Keenan 

et al., 1998; Moser et al., 2002; Walton et al., 2006a). The study species, S. 

paramamosain, is restricted to tropical and subtropical areas, where they are found 

in estuarine and mangrove forest areas with shallow subtidal flats from the China 

Sea to the Indo – West Pacific (Keenan et al., 1998; Macintosh et al., 2002; Obata 

et al., 2006). 

 

The preferred habitat for S. paramamosain includes mangrove forests and 

associated estuarine environments. S. paramamosain normally hides in shelters or 

burrows in muddy substrates during the day and then moves out at night to feed; as 

a result most collections for the current study were conducted at night. A variety of 

catching methods were employed here including traps, gill-nets, drag-nets and 

catching individuals by hand. Wild mud crab (S. paramamosain) tissues were 

taken from claws or swimming legs separately and samples preserved in 70% 

ethanol at collection time. Samples were later frozen at -80oC after return to the 

Molecular Ecology Laboratory, Queensland University of Technology prior to 

genetic analysis. All samples were obtained during the period from 2006 – 2008. 

 

For the aquaculture component of the study, crablets were collected from a number 

of different hatcheries in Vietnam and screened for their levels of genetic diversity. 

Small specimens (<5mm) were stored whole, while larger individuals were 

subjected to the same protocol as used for collection of wild samples. 

 

 

 



31 
 

2.2. Laboratory methods 

2.2.1. DNA extraction 

Two methods were used to extract DNA from mud crab tissues. Protocols used 

were based on the size of tissue specimens and whole individuals collected. 

  

a. Extraction method for large tissue samples 

Total DNA was extracted from muscle tissue using a salt extraction procedure 

(Miller et al., 1988). Approximately, 100 mg of muscle tissue was digested with 

500 µl of extraction buffer (50mM Tris, 20mM EDTA and 2% SDS) and 10 µl of 

20 mg/ml Proteinase K and samples incubated overnight at 37oC. When tissue 

samples were fully digested, tubes were chilled on ice for 10 minutes followed by 

addition of 250 µl of saturated NaCl solution. Tubes were then mixed carefully 

and centrifuged at 8000rpm for 15 minutes. 500 µl of clear supernatant was then 

collected into a clean tube and 1mL of 100% Ethanol was added to precipitate 

DNA. DNA from each sample was collected by spinning at 11000rpm for 15 

minutes and the supernatant removed. DNA pellets were rinsed by adding 500 µl 

of 70% ethanol, followed by a spin at 11000rpm for 5 minutes. The ethanol was 

then discarded and the pellets dried in a heating block at 55oC or at room 

temperature. 100 µl - 200 µl of sterile water was added and, dried DNA pellets 

were resuspended and stored at −20oC. 

 

b. Extraction method for small tissue samples 

For small individuals, total genomic DNA was extracted from the whole individual 

using a Chelex protocol (Walsh et al., 1991). A small amount of tissue sample was 

taken (approximately 5-10mg) and then tissue ground in a buffer containing 100µl 

of 10% chelex solution (10g chelex in 90ml TE) and 10µl of Proteinase K 

(20mg/ml). Samples were incubated in a water bath at 55oC for three hours or until 

tissue samples had dissolved. Following incubation, tubes were heated at 95oC – 

100oC for 15 minutes and then centrifuged at 13000rpm for 5 minutes; supernatant 

containing DNA was collected into a new tube and stored at -20oC. 

 

The concentration of extracted DNA samples was examined using agarose gel 

electrophoresis. Approximately 5 µl of DNA template of each sample was loaded 
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with 5 µl of Bromophenol Blue solution into a 1.6% agarose gel and the gel run 

for 30 minutes at 100V (Bio-Rad Minisub) in 1xTBE running buffer. The gel was 

stained in a solution containing 100µg/ml Ethidium Bromide and DNA visualised 

under a ultra-violet light source. A ladder (5 µl of 30% Lambda BSTE II 

restriction phage) was loaded as a reference marker. 

  

2.2.2. PCR amplification of mtDNA and nuclear DNA products  

Approximately 600 bp of the mtDNA Cytochrome oxidase subunit I coding gene 

(COI) was targeted for this study using universal primers developed by Folmer et 

al  (1994): LCO 1490 (5’-GGTCAACAAATCATAAAGATATTGG-3’) and HCO 

2198: (5’- AACTTCAGGGTGACCAAAAAATCA-3’) and samples amplified 

with the polymerase chain reaction (PCR). PCR was carried out in a total volume 

of 25 µl containing 1 µl of total template DNA, 1 unit of Taq DNA polymerase, 

0.125 mM dNTPs, 10x reaction buffer containing 2.5mM MgCl2. Negative 

controls (samples lacking DNA template) were run on each gel to test for foreign 

DNA contamination. Reactions were conducted using 30 cycles of a three stage 

temperature profile except for the initial denaturing step. The protocol included a 

denaturation step at 94°C for 3 minutes, and a final extension step at 72°C for 7 

minutes. Cycles consisted of a 30 second denaturing stage at 94°C, a 30 second 

annealing at 50°C and an extension step at 72°C for 30 seconds. Quality of PCR 

products was checked using the same protocol as described above. 

 

2.2.3. Temperature gradient gel electrophoresis of mtDNA (TGGE) 

Temperature gradient gel electrophoresis (TGGE) is as an efficient technique for 

screening a large number of samples and is capable of detecting single base pair 

mutations among samples (Lessa & Applebaum, 1993). The method is based on 

the principle that wild type and mutant DNAs will migrate at different speeds in a 

denaturing gradient gel because they possess different melting temperatures and 

partially melted DNA migrates more slowly. At a critical range of temperatures, 

helical unwinding of DNA duplex occurs and results in band migration slowing 

down. This conformation can be compared with a completely double-stranded 

DNA fragment (Wartell et al., 1990). 
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The combination of wild type and mutant type PCR products during the process of 

denaturing and renaturing will form heteroduplexes (artificial hybrid duplexes). As 

their base pair mismatches lower the melting profile of the fragment, it reduces 

their thermal stability compared with the original homoduplexes. Consequently, 

electrophoretic migration rates of heteroduplexes in a temperature gradient gel are 

often retarded compared with that of homoduplexes in the same gel. As a 

consequence of difference in mobility, thermal phenotypes of samples can be 

scored for both homoduplex and heteroduplex bands. PCR product variants can be 

enhanced by heteroduplexing each sample to a single reference wild sample 

(Campbell et al., 1995). 

 

Melting properties of heteroduplex DNA fragments are influenced by the presence 

of a reversible domain within the length of a DNA fragment that is related to the 

capacity for detecting melting property differentiation using TGGE of each 

fragment.  To estimate the thermal melting properties of a target DNA fragment, 

perpendicular TGGE can be used.  A total volume of 200µl consisting of 500ng of 

PCR product, 20 µl of 10x ME buffer dye and autoclaved distilled water was 

loaded into a spanning well in a 5% polyacrylamide gel (21.6g urea, 7.5ml of 

30:05 acrylamide:bis, 2.25 ml of 40% glycerol, 0.9ml 50xME buffer, 75 µl 

TEMED, 136µl 10% APS, 16.7ml distilled water). Electrophoresis was carried out 

at 300V in a Diagen TGGE system with external variable temperature water baths 

linked to maintain a specified temperature gradient. A uniform temperature of 

20oC was set for the first 30 minutes during electrophoresis to allow migration of 

samples away from the origin. This was followed by 60 minutes of electrophoresis 

with a temperature gradient set from 20oC – 60oC. After electrophoresis, the melt 

curve was visualised using standard silver staining technique. The gel was soaked 

two times in 0.5% acetic acid and 10% ethanol, each for three minutes. This step is 

to fix DNA within the gel. The DNA was then stained for 10 minutes in a 0.1% 

AgNO3 followed by a quick wash in distilled water to remove any excess stain. A 

solution of 1.5% NaOH, 0.01% NaBH4 and 0.015% formaldehyde was used to 

develop the stain. This step was undertaken for ~ 20 minutes or until stained DNA 

was visualized. This was then followed by 15 to 20 minutes of soaking in a 0.75% 

Na2CO3 solution to fix the developed stain. 
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Optimal temperature gradient and run time for parallel TGGE were estimated from 

the perpendicular gel that details the melting profile of a target DNA (Figure 2.2). 

Figure 2.2 shows that melting occurred within the range of 30-40oC for the 

fragment employed in the current study. In this temperature range, DNA fragments 

migrated more slowly than in the cooler area of the gel due to the helical 

unwinding of heteroduplexes. The temperature where DNA helices are halfway 

unwound was approximately 37oC and the migration rate of the DNA fragment 

prior to helical unwinding was approximately 2cm/hour. Therefore, optimum 

parallel TGGE gels were set for a run time of 3 hours 15 minutes at 300V in a 

temperature range from 18oC - 45oC. 

 

 
Figure 2.2. Perpendicular TGGE gel of mud crab mtDNA COI fragments. 

 

Variant haplotypes in a TGGE gel can be detected more easily by combining with 

a reference sample fragment in a heteroduplex. Different heteroduplex references 

were trialled to identify the one best suited for detecting all mutations among the 

sampled individuals. To this end, DNA from a single S. tranquebarica individual 

was used as an out-group in all heteroduplex analyses. 

  

Homoduplex/heteroduplex DNA complexes were produced prior to parallel TGGE 

running. 8µl of combined PCR products from each sample and the reference S. 

tranquebarica individual with 4µl of 8M urea, 1.6 µl of 10x ME buffer and dye 

and combined samples were placed in a PCR tube into a thermolcycler for running 
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at 94oC for 10 minutes for the denaturation period. This was followed by 20 

minutes at 20oC for renaturation, allowing the formation of homo/heteroduplex 

DNA complexes between the reference and sample DNA’s. Complexes were then 

loaded into a parallel TGGE gel rig and samples electrophoresed under the 

optimised conditions. This was followed by staining and scoring. Individuals were 

scored based on fragment relative mobility (Figure 2.3) and homo/heteroduplex 

phenotype variation was identified. Samples showing different phenotypes 

identified from TGGE were taken for sequencing. 

 

Figure 2.3. Heteroduplex TGGE gel of S. paramamosain. Unique alleles 

detected are indicated by letters (a to f). 

      

2.2.4. Sequencing 

Nucleotide differences between each unique TGGE phenotype were identified by 

sequencing in the 5’-3’ direction and some random representatives were also 

sequenced in the 3’- 5’ direction to confirm sequence identity. Prior to sequencing 

on an ABI 377 automated sequencer (conducted by Science Faculty, Griffith 

University), PCR products were purified using an “UltraCleanTM PCR Clean-upTM 

Kit” (MO BIO). 20µl of PCR product from each sample was mixed with 100 µl of 

SpinBind and samples pipetted into a spin filter unit then spun for 30 seconds at 
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13000rpm. Following this, the supernatant was discarded from the tube and 300 µl 

of SpinClean buffer was added to the spin filters and samples centrifuged again 

under the same conditions to wash away unwanted contaminants. To remove the 

last traces of unwanted contaminants including ethanol, a second spin was 

employed and then the spin filters were transferred to collection tubes and 50 µl of 

elution buffer (10mM Tris) was added and samples spun for 60 seconds at 

13000rpm to collect purified PCR products. Purified PCR products were used in 

sequencing reactions following the Applied Biosystems BigDye Terminator v3.1 

Cycle Sequencing Kit protocol (BDT v3.1 Sequencing). The reaction solution 

consisted of 1 µl purified PCR product, 1 µl of a primer (3.2 pMol), 1 µl of 

bigdye, 3.5 µl of 5x sequencing buffer and 13.5 µl distilled water. The 

thermocycle profile employed was 25 cycles of 10 seconds at 95oC, 5 seconds at 

50oC, 4 minutes at 60oC. Reaction products were precipitated using an 

ethanol/EDTA precipitation procedure (BDT v3.1 Sequencing). To each sample, 5 

µl of 125 mM EDTA and 60 µl of 100% ethanol was added and the samples gently 

vortexed before incubating them at room temperature for 15 minutes. This was 

followed by a spin in a microcentrifuge at 14000rpm for 20 minutes.  Supernatants 

were then removed carefully before 60 µl of 70% Ethanol was added to each tube. 

Samples were then spun again at 14000rpm for 15 minutes and fluid aspirated 

from the supernatants following which pellets were dried at room temperature or 

on a heating block at 55oC. Samples were protected from the light while drying 

before being labelled and sent for sequencing. 

 

Sequencing results were aligned and checked for mutations and their concordance 

checked by comparing samples sequenced in both directions. Samples with 

ambiguous sequences were resubmitted for sequencing. 

 

2.2.5. Screening for microsatellite variation 

Ten microsatellite primer sets including five developed by Gopurenko (2002) for 

S. serrata and five developed by Takano (2005) for S. paramamosain were trialled 

and 8 primer pairs were optimised for use in the current study (Table 1). PCR 

reactions contained 50ng of template DNA; 0.25mM of dNTPs; 0.2 units of Taq 

DNA polymerase, 1 µl of each primer (10mM) and distilled water up to 25 µl total 
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reaction volume.  The temperature profile employed for PCR reactions was 7 

cycles of denaturation for 1 minute at 94°C, annealing for 30 seconds at the 

appropriate temperature for each primer set (Table 2.1) and extension for 30 

seconds at 72°C with a final extension step at 72°C for 7 minutes. This was 

followed by 30 cycles of 30 second denaturation at 94°C, 30 second annealing as 

shown in Table 2.1, 30 second extension at 72°C and a final extension for 7 

minutes at 72°C. Reaction products were mixed with loading dye (10mg of 

bromophenol blue, 5ml of formamide mixed into 45ml of distilled water) at the 

ratio 1:1 and denatured at 94°C for 3 minutes following which they were chilled 

on ice for 3 minutes prior to loading on to 5% denaturing acrylamide gel for 

electrophoresis using a GelScan 2000 (CORBETT RESEARCH). A TAMRA size 

standard (ABI) was used as a fragment size reference on each gel. Product sizes 

(detected bands) were scored using ONE-Dscan (Scanalytics) software. 

 

Table 2.1. Details of the mud crab microsatellites used. Optimal PCR 

annealing temperatures (Ta) are indicated for each locus. The total number of 

alleles identified at each locus in 9 sampled locations (N=529) are indicated in the 

table.    

Locus Primer bind 5’-3’ Repeat 

motif 

Ta       

( oC) 

Allele size 

range (bp) 

Allele 

number 

Reference 

GenBank 

Mco86 GATATAAAGCCGGGAACA (GA)42 52.5 161-243 40 AB206570 

Mco77 TTGTTTCGCG AGGTAGAG (CA)27 55 70-202 61 AB206572 

Mco67 GTGCTGTGCC TTGTAGTC (CA)24 53 156-216 26 AB206571 

Mco44 TGATGAACAC AGGCATTC (CA)12 58.5 187-285 38 AB206573 

Ss-403 GACAAAGGAGCACTCAGCCAC (CT)24 55 110-182 34 AF 508132 

Ss-112 TCATTCTCAGTACCTTTAATC (GA)37 45 89-171 37 AF508133 

Ss-103 GTTATATAAGAAATAATGTCC (GA)36 45 85-187 43 AF 508134 

Ss-101 ATTCAACACGCGCGCGTACGC (AG)36 55 113-205 42 AF 508135 
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2.3. Data analysis 

2.3.1. Population diversity 

mtDNA COI sequences were aligned using ClustalX as implemented in BioEdit 

v7.0.1 (Hall, 1999) and sequences checked manually for any misalignments. 

Molecular diversity indices for mtDNA including number of haplotypes, number 

of polymorphic sites, transition and transversion ratios were computed in 

ARLEQUIN v.2.0 (Schneider et al., 2000). Estimation of haplotype diversity (h), 

nucleotide diversity, mean number of pairwise differences (k) among haplotypes 

and populations and their corresponding variances were obtained following Nei 

(1987), and Nei and Tajima (1981) as implemented in the statistical package 

ARLEQUIN version 2.0 (Schneider et al., 2000). 

  

GENEPOP v3.4 (Raymond & Rousset, 1995) software was used to calculate 

diversity indices for microsatellite data. Values of observed and expected 

heterozygosity in sampled populations were computed by direct count and Nei’s 

unbiased estimate (Nei, 1978), respectively. Linkage disequilibrium and Hardy – 

Weinberg equilibrium (HWE) were also tested using GENEPOP software. 

Inbreeding co-efficients (Fis) were calculated as significant departures from 

expected homozygosity levels. Linkage disequilibrium and HWE probability were 

calculated using an Exact test based on a Markov chain method implemented in 

GENEPOP. Maximum default values for de-memorization, batch, and iteration 

numbers were used in exact tests. 

  

2.3.2. Population genetic differentiation and population structure estimates 

Genetic differentiation among sampled populations was estimated using F-

statistics (Weir & Cockerham, 1984) as implemented in FSTAT v.2.9.3 (Goudet, 

1995) and ARLEQUIN (Schneider et al., 2000). Pairwise ФST values among sites 

were computed and tested for significance using 10,000 random replicates and 

standard Bonferroni corrections for multiple tests. A Mantel test implemented in 

GENEPOP v3.4 (Raymond & Rousset, 1995) was used to test for isolation by 

distance (IBD) based on comparisons of pairwise genetic distances among 

populations, FST estimates and geographical distances (km) among sites. 

ARLEQUIN software (Schneider et al., 2000) was used to analyse the distribution 
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of genetic variation at different geographical scales using Molecular Analysis of 

Variance (AMOVA). TCS software 1.2.1 (Clement et al., 2000) was employed to 

construct a haplotype network based on a statistical parsimony algorithm 

(Templeton et al., 1992). In order to test for variation in population differentiation 

patterns caused by selection of the mutation model, R-statistics (Slatkin, 1995) 

were employed and calculated using RST – CALC software v.2.2  (Goodman, 

1997). As loci may have a higher propensity for allelic homoplasy if evolving in a 

stepwise mode rather than via random size shifts in allelic length, the RST approach 

can offer higher accuracy for estimating extent of differentiation among 

populations where mutations have accumulated in a stepwise manner. Random 

permutations (10,000 replicates) were used to estimate significant fixation indices 

among paired loci applying Bonferroni correction for multiple tests (Rice, 1989). 

Exact tests implemented in GENEPOP were used to examine significant 

departures from allelic homogeneity based on single locus pairwise comparisons at 

microsatellite loci. 

  

All variable sites among the mtDNA COI sequences in sampled individuals were 

aligned using BioEdit v5.0.9 (Hall, 1999) and identified using  MEGA (Kumar et 

al., 2001). Following this, the ratio between silent and amino acid changing 

(functional) mutations was assessed to evaluate the propensity for protein coding 

mtDNA genes to mutate. Haplotype phylogenetic relationships were estimated 

using the Neighbour-Joining (NJ) method (Saitou & Nei, 1987) constructed in 

MEGA (Kumar et al., 2001). The model test program (Posada & Crandall, 1998) 

was also used to calculate maximum likelihood estimates and their hierarchies for 

construction of a NJ tree implemented in PAUP v.4.0 (Swofford, 1998). Bootstrap 

replicate numbers indicate support values for the tree obtained (Felsenstein, 1985). 

 

AMOVA (Analysis of Molecular Variance) (Excoffier et al., 1992) was also used 

to test for the hierarchical distribution of genetic variation among populations as 

implemented in ARLEQUIN (Schneider et al., 2000). This is a method that 

partitions genetic data into related groups and computes genetic variation indices 

(Ф-statistics) based on the number of pairwise nucleotide differences among 

populations (Schneider et al., 2000).  
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2.3.3. Neutrality tests and demographic inferences 

Tajima’s D (Tajima, 1989) and Fu’s FS (Fu, 1997) were used to test for deviation 

from mutation-drift equilibrium in DnaSP v.4.50.3 (Rozas et al., 2003). 

Significance was assessed by generating random samples under the hypothesis of 

selective neutrality and population equilibrium. At equilibrium, the average 

number of pairwise nucleotide differences (π) observed and absolute number of 

segregating site (S) are approximately equal to theta (θ, calculated by 2Nµ) 

(Tajima, 1989). Because estimates of S are independent of segregating site 

frequency in a sample, changes in mutation – drift equilibrium will affect the 

magnitude of difference (D) between S and π. In general, an excess of low 

frequency mutations that have been derived recently will generate a negative D 

value, while an excess of intermediate frequency mutations that were derived in 

the past will generate a positive D value. Because of the relevance between the two 

variances of the equilibrium, any significant shift in the D value can provide 

evidence for population demographic change. Changes can be due to the effects of 

selection or related haplotypes that happen to be advantageous mutations 

(Maruyama & Birky, 1991), or can be the result of demographic expansion events 

and their consequences on populations that include founder or, bottleneck effects. 

This will generate a strong negative D value. Changes can also result from the 

effects of balancing selection on older haplotypes, or admixture of different 

populations. This later process normally generates a strong positive D value that 

results from a reduction in low frequency mutations. Significant shifts in the D 

value can be used to infer the effects of historical demographic changes because of 

the assumed neutrality of mtDNA. 

 

The data were tested against a neutral Wright-Fisher model using Fu’s FS (Fu, 

1997) to determine if a recent mutation excess could have resulted from population 

growth, the effects of natural selection or genetic hitchhiking. Fu’s FS statistic is 

considered more powerful for testing population equilibrium compared with 

Tajima’s D test because it possesses greater sensitivity for detection of new 

mutation excesses. This provides higher precision for rejecting neutrality that 

derives from an excessive number of rare substitutions. FS is useful therefore, for 
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testing departures from neutrality of populations that were affected by either 

selective sweeps or historical demographic expansions in the past (Schneider & 

Excoffier, 1999). In addition, population processes that affect patterns of genetic 

variation in the sample populations were assessed based on calculation of Fu & 

Li’s (1993) D* that compares difference between two estimates of θ where 

mutations on the external branches of the tree are considered. D* has more power 

for detecting effects of background selection, while FS is preferred for assessing 

population changes resulting from population expansion or genetic hitchhiking 

impacts (Fu, 1997). Examination of the two estimates in parallel can help to 

evaluate the relative importance of background selection compared with 

hitchhiking or population growth (Fu, 1997). A neutral model employing 1000 

coalescent simulations was used to estimate significant FS values, while critical 

values (Fu & Li, 1993) were used for significant D* estimation (significance if p < 

0.02 using non – normal distribution statistics). 

 

Demographic parameters and coalescence times of populations were examined 

using mismatch distributions calculated in ARLEQUIN v.3.0 (Excoffier et al., 

2005). In a recent population demographic expansion and range expansion, a 

mismatch distribution is usually unimodal (Excoffier, 2004; Ray et al., 2003; 

Slatkin & Hudson, 1991), therefore a model of sequence polymorphism under 

rapid population expansion can test for deviation from population size expansion.  

 

2.3.5. Population assignments 

A number of studies have shown that the population from which an individual has 

been derived can be identified through an examination of variation in 

microsatellite markers (e.g. Cornuet et al., 1999; Rannala & Mountain, 1997). 

Different approaches using molecular markers have been developed to assign 

individuals to populations from which they most likely have been derived (Banks 

& Eichert, 2000; Cornuet et al., 1996). In this study, multi-locus microsatellite 

genotypes of individual sampled crabs were used in assignment tests based on an 

exclusion – simulation method to compute a likelihood probability for each 

assigned individual (Cornuet et al., 1999) using GENECLASS v.2.0 software. For 

this method, probability estimates that an individual belongs to specific population 
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are obtained by simulating 10000 genotypes using sample allele frequencies from 

the population. Specifically, the assigned individual is removed from the dataset, 

and then allele frequencies of the remaining individuals are calculated and the 

likelihood of the target individual’s genotype belonging to each group is then 

calculated. A threshold P-value is used for exclusion of populations as the origin 

of specific individuals.  

 

2.3.6. Bottleneck tests 

BOTTLENECK v.1.2.02 software (Piry et al., 1999) was used to assess whether 

the patterns of genetic structure in the mud crab populations found in this study 

could be explained by reductions in effective population size. Following a 

population expansion from a founder or population genetic bottleneck event, 

populations commonly experience loss of allelic diversity at microsatellite loci and 

associated declines in levels of heterozygosity. At independent loci, the effect on 

heterozygosity in a population is generally less than the impact on reduction in 

allele diversity. In a population of constant size and at mutation – drift equilibrium, 

expected heterozygosity (HE) of observed alleles is not significantly different to 

the estimated equilibrium heterozygosity (Heq) of the observed alleles in a sample 

size of N (Cornuet & Luikart, 1996). Therefore, a comparison between the two 

values (HE and Heq) can be used to assess the status of the population. A 

significant excess of HE compared with Heq among loci in a population is 

indicative of the reduction in allele diversity and may have resulted from a recent 

bottleneck (Piry et al., 1999). Comparison of these indices can help provide 

evidence for recent reductions in population size due to bottleneck events as this 

difference will exist until a new mutation – drift equilibrium has been established. 

This process depends on effective population size and may last longer in a 

population with small Ne. 

   

A bottleneck test was implemented using allele frequencies to identify deviations 

from Hardy–Weinberg proportions prior to calculation of Heq and its distribution at 

each locus. This calculation is based on the assumptions of the two-phase model 

(TPM) of mutation–drift equilibrium and requires 1000 iterations as recommended 

by Piry et al, (1999). TPM parameters were set using one-step and multi-step 
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mutation models. Bottleneck was also used to assess heterozygote deficiencies or 

excesses across all loci for overall population significance, using a Wilcoxon Test. 
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CHAPTER 3: ANALYSIS OF HISTORICAL POPULATION 

CONNECTIVITY AND GENE FLOW IN WILD 

POPULATIONS OF THE ASIAN MUD CRAB  

(S. PARAMAMOSAIN) ACROSS THE IWP 
 

3.1. Introduction 

The geographical distributions and population genetic structures of many 

terrestrial and aquatic species have been shown to be influenced by climatic 

oscillations that occurred during the Pleistocene. Fluctuations in sea levels 

(eustasy) of up to 120-140m below present levels have occurred as a consequence 

of periodical glacial – interglacial cycles during this time (Bernardi et al., 2003; 

Gopurenko & Hughes, 2002; Gopurenko et al., 1999; Hickerson & Cunningham, 

2005; Lambeck et al., 2002) (Figure 3.1). Sea level fluctuations across this period 

were particularly intensive in the western Pacific region and had a major impact on 

the geographical configuration of the Indo-Australia Archipelago (Benzie, 1999; 

Lambeck & Chappell, 2001).  Natural population sizes of many marine species 

also fluctuated at various times during this period following cycles of contraction 

and expansion in the availability and extent of their preferred habitats. The same 

events produced significant changes in the distribution of terrestrial fauna and flora 

across the region (Avise, 2000) resulting in genetic isolation and the evolution of 

new species (Benzie, 1999). Changes in natural environments and natural barriers 

including physical, ecological or biological barriers to gene flow have not only 

shaped the population structure of many marine species, but also their life cycles, 

especially the extent of dispersal ranges of their larval stages and relative 

movement ability at later stages in the life cycle. These factors, both extrinsic and 

intrinsic to the organism, are known to be major contributors that determine 

population structure in wild populations (e.g. Kim et al., 2003; Mcmillen-Jackson 

et al., 1994; Ovenden et al., 2004). 

 

Eustatic events during the Pleistocene have periodically formed land barriers, 

and/or connected freshwater drainage flows especially across the Indo - Malay 

Archipelago (Voris, 2000, see Figure 3.1) and hence have influenced the genetic 
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structures of many species (e.g. Chenoweth et al., 1998; Imron et al., 2007; Pineira 

et al., 2008). Major river systems on the Sunda and Sahul shelves have, at certain 

times, formed a huge north running channel from the joining of many major rivers 

with extensive sedimentation resulting from silt erosion (Emery et al., 1972). 

Changes in river systems and their valley widths in the past (e.g. from 400 up to 

5400m width in the Sampit River (Wyrtki, 1961)), combined with associated 

salinity fluctuations have strongly influenced the population structures of certain 

aquatic species including; red spotted snapper (Chen et al., 2008), tasselfish 

(Chenoweth & Hughes, 2003), some snail species (Reid et al., 2006), mitten crab 

(Wang et al., 2008), starfish (Williams & Benzie, 1998), and an intertidal barnacle 

(York et al., 2008). Thus there is strong evidence that many species with very 

different ecological characteristics and life history traits have been affected by 

climate change in the Pleistocene.    

 

 
Figure 3.1. Map of depth contours at 40m and 100m below present sea level in the 

Indo - West Pacific region (Voris, 2000). 

 

The Asian mud crab (S. paramamosain) is distributed widely in areas of mud flat 

sediments and mangrove forests across coastal regions from the China Sea to the 

40m	   100m	  

Sampit	  River	  
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Java Sea (Imai et al., 2004; Kitakado et al., 2006; Obata et al., 2006; Walton et al., 

2006a). To a large extent, the natural distribution of S. paramamosain overlaps 

regions in the Indo - Pacific where the major impacts of glacial - interglacial 

cycles have significantly affected sea levels in the Pleistocene. 

 

Life history traits of a species including the length of planktonic larval duration, 

seasonal migration patterns and tolerance of specific environmental factors 

including salinity and pH are expected to play an important role in realised 

dispersal potential and gene flow among wild populations of a species (e.g. 

Bradbury et al., 2008). For example, limited or no population structure has been 

reported for some species with very long-lived planktonic larval stages including 

sea urchin (Uthicke & Benzie, 2003), hair crab (Azuma et al., 2008), spiny lobster 

(Garcia & Perez, 2008), snow crab (Puebla et al., 2008), and some other 

invertebrate species (Teske et al., 2007). The Asian mud crab (S. paramamosain) 

possesses life history traits that suggest that simple expectations based on theory 

about relative dispersal potential and realised gene flow may not necessarily be 

met. While the epibenthic adults are not strongly affected by water currents and 

juvenile crabs are almost certainly unaffected as they are found in coastal nursery 

areas and mangrove forests, pelagic larval stages may be more susceptible to 

changes in water currents and wind direction. Seasonal migration of S. 

paramamosain may also increase the extent of gene flow among wild populations. 

To date little is known of how these factors have influenced the evolution of 

diversity in this species. Therefore, in this chapter, patterns of genetic diversity in 

the mitochondrial DNA of sampled wild mud crab (S. paramamosain) populations 

were assessed to investigate the phylogeographic patterns of haplotype diversity 

across the Indo West Pacific (IWP) region to determine the role that historical 

processes may have had on shaping wild population structure. 

  

Phylogeographic patterns and the genetic structure of Asian mud crab populations 

in the region were assessed to determine if they were concordant with those of 

other widespread taxa possessing pelagic larvae of relatively long duration in the 

IWP. Specific aims of this study were to:  
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-  1. Assess levels of genetic differentiation among S. paramamosain populations 

across the IWP;  

- 2. Investigate historical genetic structure and gene flow among S. paramamosain 

populations; 

- 3. Investigate the potential role that recent processes including ocean currents and 

specific life history traits may have had in shaping the modern population structure 

of S. paramamosain populations. 

 

3.2. Methods 

3.2. 1.  Sampling of wild populations  

A total of 297 wild mud crab (S. paramamosain) individuals were collected from 

six sites across the species’ natural geographical distribution in the IWP during 

2006 - 2008 (Figure 3.2). 

 

 
Figure 3.2.  Geographical distribution of sample sites. 

 

Sampling was undertaken in coastal brackish water and mangrove forest areas by 

hand and with fishing nets. Sampling sites were selected where S. paramamosain 

was common and in habitats where densities were relatively high. In addition, sites 
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for sampling were selected in an attempt to cover the full extent of the natural 

distribution at a regular spatial interval. This sampling design allowed a 

comparison of spatial population structure both within and among grouped 

populations based on geographical scale and regions potentially isolated during sea 

level perturbation periods during the Pleistocene glacial – interglacial cycles. 

 

3.2.2. DNA methods 

Total genomic DNA was isolated from muscle tissues and a fragment of the 

mtDNA COI gene was amplified using HCO and LCO primers, as described 

earlier. Haplotype diversity per site was initially screened with temperature 

gradient gel electrophoresis (TGGE) as detailed in section 2.2.3. This step was 

employed to identify those individuals that shared identical TGGE phenotypes at a 

single site, so that only individuals carrying unique phenotypes required 

sequencing. This step also allows the relative frequency of each unique haplotype 

at a site to be estimated. All unique haplotypes were sequenced using the BigDye 

Terminator Cycle Sequencing Kit procedure as described in section 2.2.4. 

 

3.2.3. Data analysis 

Diversity and divergence estimates 

Standard genetic diversity indices were calculated in ARLEQUIN v.2.0. 

Haplotype diversity (h) was calculated to compare mtDNA diversity among 

sampled locations. Nucleotide diversity (π) (Nei, 1987) was estimated both within 

and between sample sites to allow comparisons of these statistics at a number of 

spatial scales. Statistical significance of pairwise differentiation based on 

haplotype frequencies was estimated using an Exact test based on 10,000 

randomizations. Correlation between nucleotide diversity and geographical scale 

was also tested with regression analysis. Correction for simultaneous multiple 

comparisons based on a sequential Bonferroni method (Rice, 1989) was 

undertaken. Population structure was investigated further by estimating ФST 

statistics with statistical significance determined using permutation analysis 

(Excoffier et al., 1992)    
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Phylogenetic comparisons among Scylla species 

Phylogenetic relationships among Scylla spp were examined by constructing a 

neighbour joining tree (Saitou & Nei, 1987) of three reference haplotypes from the 

three congeneric species in the genus Scylla (S. serrata, S. tranquebarica, and S. 

olivacea) and all S. paramamosain haplotypes identified in the current study. In 

this construction, proportion of base pair substitutions among haplotypes was used 

for distance estimates and bootstrap values were calculated based on 10,000 

replicates. Distance estimates for NJ tree construction were computed using 

MEGA software (Kumar et al., 2001). Sites with missing data or gaps in COI were 

removed from the analysis as the analysis requires pairwise comparisons. 

 

Population structure analysis of wild S. paramamosain populations 

Hierarchical analysis of molecular variance (AMOVA) was used to investigate the 

degree of population subdivision among sampled S. paramamosain populations. 

AMOVA was conducted at different spatial scales including considering each site 

separately, comparing sites north and south in the distribution currently divided by 

an area of deep sea and a narrow continental shelf in central Vietnam, and 

grouping by geographical distance where samples from Cangio, Thailand and 

Malaysia were considered as a single group.  Pairwise ФST comparisons were 

analysed at the P < 0.05 level of significance and Bonferroni corrections based on 

10,000 permutations were applied to the data matrix. Number of estimated 

migrants (Nm) and genetic distance among sampled populations were also 

estimated. The correlation of pairwise nucleotide divergence and FST/(1-FST) 

among pairs of populations over geographical distance was also computed using a 

Mantel test (Mantel, 1967).    

 

Genealogical relationships among all unique haplotypes of S. paramamosain were 

estimated by building a parsimony network. Mismatch distributions were used to 

test the demographic history of the sampled populations. In this analysis, pairwise 

differences among sampled populations were examined for demographic signals 

produced by populations experiencing growth. Populations that have experienced 

an expansion will show a unimodal distribution of genetic polymorphism (Rogers 
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& Harpending, 1992), while if a population has been under long and stable 

demographic equilibrium conditions, it will normally show a chaotic or ragged 

mismatch distribution (Rogers & Harpending, 1992). The Tajima D (Tajima, 

1989) and Fu and Li D* (Fu & Li, 1993), and Fu’s FS (Fu, 1997) tests were also 

computed for the data to test for deviation from neutral molecular evolution.  

    

3.3. Results 

3.3.1. Genetic diversity in sampled wild S. paramamosain populations  

A 597bp fragment of the mtDNA COI gene was amplified and screened for 

variation in a total of 297 individuals of S. paramamosain from six sampling sites. 

Overall, 36 unique haplotypes were identified among the samples consisting of 35 

polymorphic sites including 14 parsimony informative sites (position 20, 185, 218, 

227, 235, 242, 263, 278, 287, 331, 335, 344, 365 and 464), while other sites 

showed singleton mutations (Table 3.1). Table 3.1 presents a consensus of each 

unique sequence identified compared with a single reference haplotype (H1).  

 

The number of unique haplotypes, polymorphic sites, nucleotide diversity, and 

haplotype diversity per sampled site are shown in Table 3.2. Haplotype diversities 

per site ranged from 0.516 at Ningbo to 0.879 at Cangio and the mean estimate 

(0.874) across all sites was relatively high. In contrast, nucleotide diversity 

estimates among haplotypes were low (0.11% – 0.48%). The Cangio site contained 

the highest unique haplotype number (18), polymorphic site number (21), 

haplotype diversity estimate (0.879 ±0.021) and highest value of nucleotide 

diversity (0.45%) among sampled sites (Table 3.2). Haplotype diversity and 

nucleotide diversity estimates were lowest at the Ningbo site (China) with 

estimates of 0.516 and 0.1% respectively (Table 3.2). Similar estimates were 

observed for Surat Thani, Cahaya Bulan, and Java (ranging from 0.794 – 0.807 for 

haplotype diversity and from 0.30% - 0.48% for nucleotide diversity) and 

considerably lower haplotype and nucleotide diversity (h = 0.617 and π = 0.28% 

respectively) were found in samples at Haiphong (north Vietnam). 
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Table 3.1. Variable sites among the 36 unique haplotypes identified from S. 

paramamosain samples. Parsimony informative sites are indicated in bold.  

 Variable sites 

Haplotypes      1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 4 5 5 5 5 

 2 3 5 0 2 2 8 8 9 9 9 1 1 1 2 3 3 4 6 6 7 7 8 9 3 3 4 6 8 9 6 4 6 8 9 

 0 2 8 1 2 5 2 5 1 4 7 2 5 8 7 3 5 2 3 8 5 8 7 6 1 5 4 5 9 2 4 1 3 1 3 

H1 G T G A T G A A A A G A T G T G C C T G A G A G G C G A G A G G T T T 

H2 . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . 

H3 . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . A . . . . 

H4 . . . . . . . . . . A . . . . . . T . . . . . . . . . . . . A . . . . 

H5 . . . . . . . . . G . . . . . . . T . . . . . . . . . . . . . A . . . 

H6 . . . . . . . . . . . . . . . . T T . . . . . . . . . . . . . . . . . 

H7 . . . . . . . . . . . . . . . . . T . . . . . . A . . . . . . . . . . 

H8 . . A . . . . . . . . . . . . . . T . . . . . A A . . . . . . . . . . 

H9 . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . 

H10 . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . . . . 

H11 . . . . . . . G . . . . . . . . . . . . . . . . . . A . . . . . . . . 

H12 A . . . . . . G . . . . . . . . . . . . . . . . . . A . . . . . . . . 

H13 A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

H14 A . . G . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . . 

H15 . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . 

H16 . . . . C . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . 

H17 . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . 

H18 . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . 

H19 . . . . . . T . . . . . A A . . . . . . . . . . . . . . . . . . . . . 

H20 . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . 

H21 . . . . . . . . . . . . . . C . . . . . . . G . . . . . . . . . . . . 

H22 . . . . . A . . . . . . . . C . . . . . . . G . . . . . . . . . . . . 

H23 . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . 

H24 . . . . . . . . . . . . . . . . . T . . . . . . . T . . . . . . . . . 

H25 . . . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . 

H26 . . . . . . . . . . . . . . . . . . . . . . . . . . . G . . . . . . . 

H27 . . . . . . . . . . . . . . C . . . . . . . . . . . . G . . . . . . . 

H28 . . . . . . . . . . . . . . C . . . C . . . . . . . . G . . . . . . . 

H29 . . . . . . . . . . . . . . C . . . C . . . . . . T . G . . . . . . . 

H30 . . . . . . . . . . . . . . C . . . C . . T . . . . . G . . . . . . . 

H31 . . . . . . . . . . . . . . C . . . C . . . . . . . . G . . . . . C . 

H32 . . . . . . . . . . . G . . C . . . C . . . . . . . . G . . . . . . C 

H33 . . . . . . . . . . . . . . C . T . C . . . . . . . . G . . . . . . . 

H34 . . . . . . . . . . . . . . C T T . C . . . . . . . . G . . . . . . . 

H35 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . 

H36 . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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Table 3.2. Sample location, sample sizes (N) and genetic variation indices for each 

site. T: sampling date, Hob: number of haplotype observed per site, S: number of 

polymorphic sites, H: haplotype diversity, and π: nucleotide diversity. Standard 

deviation indicated in brackets.   

Location Site Code N T Hob S H π 

Ningbo 

(China) 

1 NB 67 04/08 7 6 0.516 

(0.004) 

0.0011 

(0.0002) 

Haiphong 

(North 

Vietnam) 

2 HP 55 03/07 11 14 0.617 

(0.075) 

0.0028 

(0.0005) 

Cangio 

(South 

Vietnam) 

3 CG 72 03/07 18 21 0.879 

(0.021) 

0.0045 

(0.0003) 

Surathani 

(Thailand) 

4 ST 68 07/07 10 11 0.807 

(0.030) 

0.0041 

(0.0003) 

Cahaya 

Bulan  

(Malaysia) 

5 CB 14 05/07 6 7 0.802 

(0.090) 

0.0030 

(0.0007) 

Java 

(Indonesia) 

6 JV 23 11/07 7 9 0.794 

(0.048) 

0.0048 

(0.0003) 

Total   299  36 35 0.874 

(0.014) 

0.0038 

(0.00018) 

 

 

The complete haplotype frequency data for each site are available in Appendix 1 

and presented graphically in Figure 3.3. Of the 36 unique haplotypes identified, the 

most common haplotype (H1, ~30%) was present at five of the six sampled sites 

and was only absent in the Java sample. Haplotype 28 (mean frequency 6.3%) was 

also shared at five locations but was absent from Cahaya Bulan.  Haplotypes 2 and 
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9 were found only in the four southern populations, while eight haplotypes were 

shared at two to three sites and 24 “rare” haplotypes were found only at single sites 

(Appendix 1 and Figure 3.3). No unique haplotypes were found in the Java 

population and unique haplotypes were at highest frequency in the Haiphong and 

Cangio sites (Haplotypes 10 and 9, respectively) in Vietnam (Figure 3.4). 

 

 

 
 

Figure 3.3. Haplotype frequencies among sampled populations. 
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Figure 3.4. Number of unique haplotypes and nucleotide diversity for each of the 

six sites.  

 

3.3.2. NJ Tree and Minimum spanning network 

A neighbour – joining tree of all haplotypes identified was constructed in MEGA. 

Results showed very low bootstrap values among nodes and no obvious clades 

related to geographical location of sites, suggesting that sampled sites formed 

essentially a single monophyletic group (see Figure 3.5). 

  

The 36 unique S. paramamosain haplotypes identified here were used to construct 

a parsimony tree in TCS v.2.0 (Figure 3.6). The resolved network and the 

phylogenetic relationships among haplotypes form a star-like pattern. The tree 

showed a central haplotype (H1) connected to a large number of unique low 

frequency haplotypes connected in general by single base pair differences. The 

central haplotype (H1) was also the most common haplotype in the majority of 

sampled sites (the exception being Java). In the NJ tree, Haplotypes H2 – H8 and 

H28 – H34 each formed separate groups, however, these apparent haplotype 

groups were still very closely related to all other haplotypes, and were distributed 

widely over most sampled sites. In general therefore, the topology of the resolved 

tree did not show any obvious pattern of phylogeographic structure. 
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Figure 3.5. Unrooted NJ tree of haplotype relationships among Scylla species 

based on proportion of nucleotide differences. The right chart shows numbers of 

haplotype and different site of haplotypes were presented with different colour.  

 

 

(H15)	  



56 
 

 

 

  - : missing haplotype   

Figure 3.6. Network of phylogenetic relationships among sampled S. 

paramamosain haplotypes. 

 

3.3.3. Phylogenetic comparisons among Scylla species 

NJ analysis of the mtDNA haplotypes of S. paramamosain relative to other Scylla 

species is presented in Figure 3.4. Results show that all S. paramamosain 

haplotypes formed a single monophyletic group. The tree did not show any 

evidence for clear discrete groupings among the samples for S. paramamosain. 



57 
 

Most bootstrap values were low, indicating the difficulty in resolving discrete 

groups among S. paramamosain haplotypes. 

  

Analyses of nucleotide differences and percentage divergence among Scylla 

species ranged from 7.512% (among S. tranquebarica and S. olivacea) to 9.853% 

(among S. paramamosain and S. olivacea) (Table 3.3). This contrasts strongly with 

the maximum divergence observed among S. paramamosain samples (1.533% was 

the highest number of 9 nucleotide differences found among haplotype 8 and 

haplotype 32, 34 – Figure 3.6). 

      

Table 3.3. Percentage sequence divergence among the four Scylla species.  

 

Species 

 

S. 

paramamosain 

(Haplotype 8)  

S. 

paramamosain 

(Haplotype 32) 

S. 

serrata 

S. 

tranquebarica 

S. 

olivacea 

S. 

paramamosain                             

(Haplotype 32) 

 

1.533 

    

S. serrata 8.162 9.135    

S. tranquebarica 8.181 9.147 8.316   

S. olivacea 9.288 9.853 8.835 7.512 0 

 

3.3.4. Tests of neutrality and population expansion 

The null hypothesis for Tajima’s test is that populations are evolving neutrally, 

where population allelic variation is assumed not to be influenced by evolutionary 

fitness (Tajima, 1989). This test measures the disparity between the number of 

segregating sites present and pairwise genetic distance estimates. The results of 

Tajima’s D, Fu and Li’s D*, Fu and Li’s F*, and Fu’s FS are shown in Table 3.4. 

Tajima’s D estimates ranged from positive values (0.586 for the Java population to 

0.186 for the Surat Thani population) to negative values (lowest value of – 1.329 

for the Haiphong population). All values were however, not significantly different 

from zero at all sites and when sites were combined. Fu and Li’s D* and Fu and 
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Li’s F* also showed non-significant values, suggesting that a model of neutral 

molecular evolution best explained the observed patterns of variation (Table 3.4). 

Estimates for combined sites however, showed significant values for Fu and Li’s 

F* (P<0.05), suggesting some potential for background selection having affected 

the populations at the largest geographical scale. Table 3.4 also show results for 

Fu’s FS statistic, a statistic that is considered more powerful for investigating 

population expansion events as it is more sensitive to the presence of unique 

haplotypes. Fu’s FS showed non-significant values at the Surat Thani, Cahaya 

Bulan, and Java sites but significant values for the Ningbo and Haiphong sites, and 

highly significant values at Cangio and also when all sites were combined (Table 

3.4). 

    

Table 3.4. Neutrality Test estimation of mtDNA COI. *: significant difference (P 

< 0.05), **: highly significant difference (P < 0.01). 

Test NB HP CG ST CB JV Total 

Tajima’s D -1.109 -1.329 -1.270 0.186 -0.706 0.586 -1.612 

Fu and Li’s D* -1.557 -0.429 -1.683 -0.418 0.208 -0.782 -2.157 

Fu and Li’s F* -1.660 -0.870 -1.827 -0.250 -0.039 -0.443 -2.320* 

Fu’s FS -3.040* -3.396* -6.530** -0.551 -1.282 0.179 -24.23** 

 

Mismatch distributions were estimated for each of the six sites and are presented in 

Table 3.5 and in Figure 3.7, respectively. Most sites showed a unimodal 

distribution except for the Java site (Figure 3.7), suggesting evidence for a 

population that has expanded recently. Values for raggedness statistics were very 

low and ranged from 0.035 to 0.116. Mismatch distributions measure the 

smoothness of pairwise comparisons of haplotype frequencies in samples and 

allow us to distinguish simulated data from expanded and stationary populations. 

The relatively low values observed for S. paramamosain populations suggest that 

most populations showed evidence for recent, small population expansions. 

Goodness-of-fit between the theoretical and the observed patterns of mismatch 

distribution indicate the phase of a population, and were tested using the statistics 

of Schneider and Excoffier (1999). Results are presented in Table 3.5. Most of the 



59 
 

values of SSD (sum of square distribution) were relatively low, and ranged from 

0.004 (Ningbo and Cahaya Bulan sites) to 0.06 (Java site). The only exception was 

that of the Haiphong site (0.470).  SSD P-values were all non-significant (Table 

3.5), except for Cangio with PSSD < 0.05 and a highly significant result for the 

Haiphong site with PSSD < 0.01. Because significant values of SSD suggest a 

stationary population, non - significant SSD statistics also support the hypothesis 

that most populations have expanded in the recent past. 

 

 
Figure 3.7. Observed frequency distribution (bars) and expected distribution for 

the number of pairwise differences for each site. 
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Table 3.5.  Mismatch distribution parameters for each site. 

Regions τ θ0 θ1 SSD (PSSD) Raggedness (Prg) 

Ningbo 0.7344 0.000 99999.000 0.0037 (0.333) 0.105 (0.308) 

Haiphong 0.0000 0.000 99999.000 0.4751 (0.001) 0.103 (1.000) 

Cangio 3.0059 0.000 33.555 0.0212 (0.045) 0.073 (0.020) 

Surat Thani 3.3047 0.000 8.233 0.0311 (0.091) 0.095 (0.076) 

Cahaya Bulan 2.0391 0.011 10.240 0.0036 (0.842) 0.035 (0.929) 

Java 5.8633 0.000 5.425 0.0622 (0.125) 0.116 (0.234) 

Total 2.4912 0.002 33342.575 0.0995 (0.239) 0.088 (0.428) 

 

 

3.3.5. Inferred population structure of the S. paramamosain populations 

 

Pairwise comparisons of haplotype frequencies among S. paramamosain 

populations based on 10,000 Markov Chain permutations showed significant 

differences among sites (P < 0.05 - Table 3.6). Sources of differences among sites 

were analysed further using AMOVA. This analysis of all haplotypes observed in 

the six S. paramamosain populations sampled here showed that 79.63% of the 

variation was present within sites while only 20.37% was present among sites 

(Table 3.7). The mean fixation index (ФST) was 0.204 among sites and was 

significantly different from zero.  
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Table 3.6. Comparison of haplotype frequency differences for mtDNA COI 

sequences between pairs of sites using Exact test probabilities of non-

differentiation based on 10,000 Markov permutation steps. 

Pairwise differentiation comparison 

 Ningbo Haiphong Cangio Surat Thani Cahaya Bulan 

Haiphong P < 0.0001     

Cangio P < 0.0001 P < 0.0001    

Surat Thani P < 0.0001 P < 0.0001 P < 0.0001   

Cahaya Bulan P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001  

Java P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001    P = 0.0027 

 

Table 3.7. Analysis of molecular variance (AMOVA) of mtCOI sequences.  

Source of 

variation 

df Sum of 

squares 

Variation 

components 

Percentage 

of variation 

FST (P-value) 

Among sites 5 23.865 0.093  20.37 0.204  

(P < 0.001) 

Within sites 291 105.838 0.364  79.63  

Total  296 129.703 0.4567   

Significant differences among sites were also evident in the results of pairwise ФST 

estimates (Table 3.8). Pairwise ФST estimates ranged from 0.0506 (between 

Ningbo and Haiphong sites) to 0.4144 (between Ningbo and Cangio sites) and all 

values were significantly different from zero (P < 0.05). 
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Table 3.8. Population pairwise ФST estimates based on 10,000 permutations 

(lower matrix) and migration (M) rate estimates (upper matrix).  

Pairwise population comparison 

Location 

 

Ningbo 

 

Haiphong 

 

Cangio 

 

Surat 

Thani 

Cahaya 

Bulan 

Java 

 

Ningbo  4.70 1.85 0.92 0.35 0.39 

Haiphong 0.0506*  2.62 1.23 0.70 0.68 

Cangio 0.1190** 0.0872**  2.69 2.27 0.92 

Surat Thani 0.2145** 0.1692** 0.0851**  2.20 1.01 

Cahaya Bulan 0.4144** 0.2620** 0.0991* 0.1022*  0.66 

Java 0.3929** 0.2698** 0.2133** 0.1988** 0.2745*  

        *: P < 0.01, **: P < 0.001 

ФST estimates were calculated by distance method and M were estimated from the 

expression; M = 1/4(1/ФST-1).  

 

Estimated numbers of migrants moving between discrete sites are shown in Table 

3.8. The results suggest that gene flow occurred among sites, with values of M 

ranging from 0.66 – 4.7 individuals per generation.    

 

A test for isolation by distance using IBD software (Jensen et al., 2005) showed a 

positive relationship between genetic distance and geographical distance among 

sites (r = 0.7685, P < 0.05 – Figure 3.8). 
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Figure 3.8. Relationship between pairwise genetic distance and geographical 

distance (km) among sites. 

 

3.4. Discussion 

Sites where S. paramamosain populations were sampled for the study were chosen 

based on areas where S. paramamosain are known to be common across the Indo–

West Pacific region (Keenan et al., 1998; Ma et al., 2006; Walton et al., 2006b). 

Sampling sites were close to major river catchments in the region including the 

Changjiang River (Ningbo, China), Red, and Mekong Rivers (Vietnam), Tapi 

River (Surat Thani, Thailand), Kelantan River (Cahaya Bulan, Kota Bharu, 

Malaysia), and the Babon River (Java, Indonesia). These areas are all major wild 

crab fishery grounds where wild populations are known to spawn and where 

juveniles have abundant available nursery habitats. The sample design allowed 

assessment of how genetic diversity was partitioned across the major areas where 

wild stocks still occur in abundance naturally and from where juveniles are 

commonly sourced for local culture industries. 

 

Km	  
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Analysis of sampled wild S. paramamosain across the IWP based on the mtDNA 

COI fragment screened here did not show any significant historical isolation 

resulting in monophyletic clades but there was evidence for population expansion 

and limited gene flow resulting in isolation by distance. S. paramamosain is 

distributed widely in habitats including mangrove forests, estuarine and coastal 

areas (Keenan et al., 1998) and along coasts from the China sea to the Indonesian 

Archipelago (Christensen et al., 2004; Imal et al., 2004; Kitakado et al., 2006; Ma 

et al., 2006; Macintosh et al., 2002; Obata et al., 2006; Walton et al., 2006a; 

Walton et al., 2006b). The life cycle of S. paramamosain is characterised by high 

individual movement and inshore spawning, and a pelagic larval dispersal phase 

that lasts approximately one month. Ecological studies suggest that adult mud 

crabs normally follow tidal cycles for feeding and combined natural life history 

traits of the species suggest that individuals can move widely at either the larval or 

adult phase suggesting extensive potential for broad exchange of genetic 

information.  

 

Recognition of high dispersal capacity in marine species has traditionally been 

viewed as producing a pattern of limited genetic differentiation across expansive 

geographical distributions as gene flow can be extensive across a species’ range in 

ocean currents (Jackson, 1986). In theory, these attributes should lead to low, or a 

lack of, genetic differentiation among natural populations. In contrast, a variety of 

patterns of population structure have been identified however, in species with long 

lived larval dispersal phases in marine species across the IWP. In some instances 

even cryptic taxa have been identified, among otherwise widespread species 

(Bickford et al., 2007; Knowlton, 2000; Palumbi, 1994; Pfenninger & Schwenk, 

2007) even though major physical barriers to effective dispersal were apparently 

absent. Significant genetic differentiation among populations has been reported for 

certain marine species in several taxa characterised by possessing a relatively long 

larval dispersal phase, in particular, some finfish species (Hedgecock, 1994), and a 

mud crab species closely related to the target species here (Gopurenko et al., 

1999). In fact, genetic subdivision has been reported in some otherwise 

continuously distributed species even at microgeographical spatial scales (e.g. 

Chen et al., 2008; Hedgecock, 1994), or populations were structured broadly 
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across the region (e.g. starfish, Williams & Benzie, 1997). In contrast, lack of 

genetic structure has been also found for several taxa including European shore 

crab (Carlton & Cohen, 2003), Atlantic cod (Pogson et al., 2001), and some sessile 

marine invertebrates (Dias et al., 2006), a coral species, Pocillopora meandrina 

(Magalon et al., 2005), reef fishes (Lessios & Robertson, 2006; Muss et al., 2001), 

gastropods (Kano & Kase, 2004) and other marine crab species (Cassone & 

Boulding, 2006; Merkouris et al., 1998; Richard, 1985). Only very limited 

population structure was the pattern observed in the current study for Asian mud 

crab across the natural geographical distribution. The limited amount of genetic 

differentiation that was observed here among sampled sites probably simply 

reflects large geographical distances between some individual sites as a positive 

correlation was detected between levels of genetic differentiation and geographical 

distance, and isolation by distance is a major factor that can contribute to 

population structuring of species, even species with long-lived marine pelagic 

larval phases (Lavery et al., 1995; O'Reilly et al.,2004; Richards et al., 2007). This 

effect was reflected in genetic differentiation among sampled sites largely that 

resulted from presence at some sites of a limited number of singleton mutations or 

private alleles.  

 

The topology of the NJ tree generated for S. paramamosain here was shallow and 

did not show any apparent spatial pattern of variation but was related to the 

geographical locations of the sample sites suggesting isolation by distance and 

ongoing gene flow among sites across the sampled region. The network (Figure 

3.6) produced a collection of very closely related haplotypes that in general, 

showed a pattern that suggests a recent population expansion (‘star – like’ pattern) 

for S. paramamosain across the Indo – West Pacific. This pattern closely reflects 

results reported for a number of other co-distributed marine crab species in the 

same region (Gopurenko et al., 1999; Lavery et al., 1996), and other marine 

crustaceans in general, found in the IWP (e.g. Li et al., 2009). In general, the 

pattern reflects the expectation of most marine species with an extended larval 

dispersal phase, large population size and large natural geographical distributions, 

where any genetic differentiation detected is likely to be limited and commonly 

reflects isolation by distance. 
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Across the geographical range of S. paramamosain, a single common haplotype 

was shared among the majority of sampled sites indicating a high degree of, at 

least, historical gene flow. Some differences in haplotype frequencies and 

differences in the dominant haplotypes present at individual sites were observed, 

most likely representing a pattern of isolation-by-distance. High dispersal capacity 

most probably results from the presence of planktonic larvae and the fact that adult 

Asian mud crabs apparently move around widely during their individual lifetimes. 

Mean haplotype diversity in the S. paramamosain populations sampled here 

approached 87%. This is a comparable level with that reported for other 

widespread IWP marine species including coconut crab (Lavery et al., 1996), sea 

cucumber (Uthicke & Benzie, 2003),  and some red snapper species (Salini et al., 

2006). High diversity commonly indicates historically large population sizes. 

Relatively high haplotype diversity combined with a limited number of dominant 

haplotypes and a large number of closely related rarer haplotypes are common 

patterns observed when there has been a recent population expansion in a species. 

This model of haplotype relationship has also been found in other crustacean 

species including crabs (Lavery et al., 1996), lobster (Diniz et al., 2005; Palero et 

al., 2008; Tolley et al., 2005), and swimming crab (Xu et al., 2009). Star-like 

haplotype relationships often result from recent population expansions (Slatkin & 

Hudson, 1991) and a number of other marine species have experienced similar 

apparent demographic expansions across the same geographical region. This 

suggests that common environmental factors or geomorphological events are likely 

to have influenced this repeated pattern among species that share common natural 

environments.  

 

The high number of private alleles within sampled populations also suggests an 

extremely large female effective population size (Lewontin, 1974). The close 

genetic relationships found among haplotypes (only a few bp differences) and high 

haplotype diversity likely results from recent diversification, indicating that 

evolutionary time apparently has not been sufficient for evolution of significant 

nucleotide differences among populations. Therefore, a high level of haplotype 

diversity and low number of nucleotide differences among haplotypes is generally 
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considered to be evidence for recent population expansion (Graves, 1998; Rogers, 

1995).  

 

The late Pleistocene was a time when regional climates are known to have 

fluctuated significantly (e.g. Benzie, 1999; Lambeck & Chappell, 2001) and 

glacial – interglacial cycles drastically altered the relative connectivity and 

availability of preferred habitat for many marine inshore species across the IWP 

region, as a result of repeated large changes in sea level over relatively short 

evolutionary time frames in areas of shallow seas. Thus, the Pleistocene glaciation 

period has been suggested to have shaped the modern population structure of many 

marine taxa at this time (Hewitt, 1999; Hurtado et al., 2007; Imron et al., 2007; 

Jacobs et al., 2004). While changing shoreline distributions would have altered the 

relative connectivity of marine – inshore habitats available to S. paramamosain 

and other co-distributed species, results here suggest that the magnitude of the 

changes were probably insufficient to cause S. paramamosain populations to 

diverge significantly and apparently did not isolate local populations of S. 

paramamosain to any significant degree across the region. Thus, there is no 

evidence for extensive population differentiation in modern S. paramamosain 

populations. The lack of distinct geographical patterns of haplotypes among 

sampled sites indicates that substantial gene flow was probably ongoing and was 

sufficient to overcome any potential for genetic differentiation by genetic drift 

alone (see Slatkin, 1985). Genetic homogeneity has also been reported for some 

other marine crab species distributed across the west coast of North America 

(Cassone & Boulding, 2006; Merkouris et al., 1998; Richard, 1985). Over 

extensive and continuous geographical scales, similar patterns of low genetic 

differentiation among populations with broad geographical distribution patterns 

have been reported in many marine invertebrates possessing high larval dispersal 

potential (review in Avise, 1994). 

 

Analysis of pairwise F – statistics did however, reveal some significant 

differentiation among widely separated S. paramamosain populations suggesting 

that large geographical distance can reduce direct gene exchange among some 

sites. AMOVA analysis showed however, that most variation (79.63% - Table 3.7) 
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was present within populations rather than among them. The significant 

differences observed most probably resulted from the patterns of distribution of 

rare mtDNA alleles indicating some limited restriction on gene flow among 

populations affected by extensive geographical distances across the sampled 

distribution. Furthermore, low levels of nucleotide diversity found in all sampled 

populations may suggest a recent common ancestral lineage for the species that 

has remained largely undifferentiated.      

 

Generally, any observed genetic differentiation among sites was correlated with 

geographical distance (Figure 3.8). Population differentiation was limited 

however, and can mostly be attributed to presence of rare private alleles consisting 

of single base pair mutations (Table 3.1), but otherwise relatively low pairwise 

ФST values (from 0.0506 – 0.4144). Taken together, evidence from the mtDNA 

analysis suggests that while historical factors (e.g. eustasy) have probably had 

some influence on patterns of genetic diversity in S. paramamosain in the IWP, 

essentially populations show only weak structure across the region and modern 

populations of S. paramamosain can be considered on this basis to constitute a 

single management unit. 

 

Since mtDNA however, is inherited as a single haploid locus from the maternal 

parent, it can only provide a partial view of the totality of factors that can produce 

population structure in a species. To address this issue, if we combine multi-locus 

studies of fast – evolving nuclear markers (e.g. microsatellites) with data on 

mtDNA variation this can provide a more comprehensive understanding of the 

population genetic structure of modern wild S. paramamosain populations across 

the IWP. 
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CHAPTER 4: ANALYSIS OF CONTEMPORARY GENE FLOW 

IN WILD POPULATIONS OF ASIAN MUD CRAB (S. 

PARAMAMOSAIN) ACROSS THE IWP 

 

 
4.1. Introduction  

A diverse range of factors can influence the natural distribution and population 

structure of marine invertebrate species in natural habitats otherwise considered 

largely homogenous. Factors both intrinsic to the organism (life history traits such 

as presence and duration of a pelagic larval phase) and extrinsic factors that create 

barriers to gene flow including oceanographic factors (currents, salinity, 

temperature) or habitat limitations (Grosberg & Cunningham, 2001) influence 

population structure. In general however, aquatic species with a long pelagic larval 

phase duration are often considered to be panmictic or to show very limited 

population structure, in the marine environment (e.g. Cassista & Hart, 2007; Kim 

et al., 2003; Mcmillenjackson et al., 1994). Significant population structure has 

been found however, in some groups that possess relatively long - lived planktonic 

larval stages, creating genetic population subdivision and even discrete breeding 

units (Dias et al., 2006; Marko et al., 2007; Ovenden et al., 2004; Zane et al., 

2000). Thus, simple generalisations about panmixia based on recognition that a 

particular species has a relatively long – lived pelagic larval phase in marine 

species can often be misleading. The “null” hypothesis of panmixus needs to be 

tested directly for such species before inferences are used for management, 

conservation or for applied reasons. 

The Asian mud crab (S. paramamosain) has a number of life history traits (LHT’s) 

that suggest that this species is likely to be genetically homogenous over large 

spatial scales. These LHT’s include high dispersal ability; high tolerance to 

important external environmental factors including temperature and especially 

salinity; a relatively long lived dispersal phase as larvae and tolerance of a wide 

diversity of microhabitat factors. Moreover, the species natural distribution is 

confined to the IWP, where populations are currently exposed to few apparent 
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physical barriers to dispersal. This hypothesis leads to an expectation that gene 

flow will be extensive among natural sites where the species occurs. Extrinsic 

factors including water currents, water temperature regimes, etc, however, can 

confound these expectations (e.g. Barber et al., 2002a; Ruzzante et al., 1997), so 

expectations need to be tested directly. 

Microsatellite loci are distributed abundantly across the genome in natural 

populations of most animal species. They are also considered to; evolve neutrally, 

to possess high allelic variation and to show co-dominant inheritance patterns 

(Goldstein & Schlotterer, 1999), and so they have been applied widely to studies 

that document patterns of variation and population structure in many aquatic 

species. In particular, they have been used in fisheries and aquaculture to address 

diverse purposes (e.g. Chistiakov et al., 2006; Liu & Cordes, 2004) including; for 

kinship and population studies (Addison & Hart, 2004; An et al., 2008; Li et al., 

2008), for comparing levels of genetic diversity between wild and cultured stocks 

(Benzie, 2000; Evans et al., 2004a), and for constructing genetic linkage maps for 

use in selective breeding or for determining fitness traits in culture (Alcivar-

Warren et al., 2007; Garcia & Alcivar, 2007; Wang et al., 2007a). While results of 

the mtDNA analysis of genetic diversity in wild populations of S. paramamosain 

in the current study showed that there was only limited evidence for population 

structure present in the sampled S. paramamosain populations, the possibility 

always exists that real population structure can be masked (e.g. if dispersal is sex 

biased) and this can lead to inappropriate inference being made. To address this 

issue; microsatellite markers were used here to assess contemporary gene flow and 

population structure in Asian mud crab populations sampled across their natural 

distribution in the IWP. Results from assessments of multiple, hypervariable 

nuclear DNA loci were compared with results already obtained for mtDNA COI in 

the same sampled populations. In combination, results from mtDNA and nuclear 

DNA markers can define the scale (if any) at which wild S. paramamosain 

populations across the IWP show population structure. 
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4.2. Methodology 

4.2.1. Sampling 

The same set of samples used to assess mtDNA variation in S. paramamosain 

populations was also screened here for microsatellite variation (see section 3.2.1). 

4.2.2. Microsatellite genotyping 

Eight sets of microsatellite primers developed by Gopurenko et al. (2002) for a 

closely – related mud crab species, Scylla serrata, and primers developed in Japan 

for S. paramamosain by Takano et al. (2005) were screened as described earlier. 

PCR conditions, microsatellite running and allele scoring procedures have also 

been described earlier (Chapter 2). 

4.2. 3. Statistical analysis of microsatellite variation 

Genotypic linkage disequilibrium between pairs of loci, allele number per locus, 

levels of heterozygosity per locus within sample locations (observed and expected 

heterozygosity), and departures from HWE were analysed using appropriate 

genetic software as described earlier (section 2.3). Allelic richness, a measure that 

is independent of sample size, allele number, F statistics and R statistics that 

represent estimates of genetic differentiation among sample population pairs were 

analysed as per details presented earlier.   

4.2.4. Assessment of population structure based on nDNA comparison 

Raw microsatellite allele frequency data for all sampled populations are provided 

in Appendix 2. Estimates of population structure based on multi – locus 

microsatellite data relating to geographical scale of sampling were tested using 

AMOVA  (Schneider et al., 2000). Variation at three hierarchical levels was tested 

and included; within individuals, among sites and within sites. 

 Genetic relationships among sites were estimated based on a pairwise DA distance 

matrix calculated in DISPAN (Ota, 1993). Allele frequencies were used as input 

data for the calculations. DA distance has been suggested to be independent of 

mutation model (Nei, 1987) and has been widely used to characterise tree topology 

with microsatellite data (Takezaki & Nei, 1996). The DA distance matrix generated 
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in DISPAN was also used to construct a NJ dendogram of relationships among 

sites based on 1000 replicates with bootstrapping. 

Bottleneck software was used to test for evidence for recent declines in effective 

population size and/or loss of allelic diversity at microsatellite loci for each site. 

Under recent changes in effective population size following bottleneck or founder 

events, allelic diversity in theory will decline faster than will heterozygosity (Piry 

et al., 1999). In general, we expect equal proportions of heterozygote excess and 

heterozygote deficit at a locus in a population at mutation – drift equilibrium, 

hence, a significant number of loci with heterozygote excess suggests that the 

population has experienced a recent population bottleneck. A sign test 

(standardized differences test)  (Cornuet & Luikart, 1996) was used to test for 

significance with the Bottleneck results.  

Assignment testing was undertaken using GENECLASS software based on multi – 

locus comparisons. Genetic assignment tests were based on an exclusion – 

simulation method to calculate the likelihood probability that an individual 

belongs to a particular sample/site (Cornuet et al., 1999). The method calculates 

the frequency of all alleles in sampled groups without the assigned individual and 

then computes the likelihood of the removed individual genotype belonging to 

each group. Reliability of assignment tests using multi – independent 

microsatellite loci may be correlated with level of population structure present and 

absence of an allele in a nominated group will result in a null probability of multi – 

locus assignment to that group (Cornuet et al., 1999).      

4.3. Results 

4.3.1. Genetic diversity in mud crab population in IWP 

Eight microsatellite loci were screened in the S. paramamosain populations and all 

showed high allelic diversity across the sampled loci. All microsatellite loci were 

polymorphic in all sites. In total, 344 individuals were analysed, and 304 alleles 

were found across the 8 loci. MCO77 was the most polymorphic microsatellite 

locus with 58 alleles, while MCO67 was least variable with only 26 alleles. The 

mean number of alleles per locus at each site ranged from 20.75 in the Cahaya 
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Bulan site to 28.25 in the Surat Thani site. Mean allelic richness per site varied 

from 17.2 in the Haiphong site to 18.9 in the Java site (Table 4.1). 

Null allele assessment was undertaken using MICROCHECKER software (Van 

Oosterhout et al., 2004). Results did not show any evidence for null alleles being 

present at any sampled locus, for all sites. Tests of Hardy – Weinberg equilibrium 

showed deviations from HWE at two loci in four sites (Table 4.1). Locus Ss-112 

showed highly significant deviations from HWE at 3 sites Ningbo, Haiphong and 

Cangio (P < 0.001). Highly significant variation from HWE was also recorded at 

locus MCO77 at the Surat Thani site (P < 0.001, Table 4.1). All significant P-

values were due to an excess of heterozygotes as indicated by the negative FIS 

values shown in Table 4.1, except for a single significant positive FIS P-value at 

locus Ss-112 in the Ningbo site where a significant homozygote excess was 

observed. Given the large number of alleles identified in the study, it was not 

surprising that most of the observed deviations from HW equilibrium detected here 

were heterozygote excesses. The sample sizes used here were probably not 

sufficiently large to detect all homozygotes that would be present in the total 

population. 

All sites showed high variation in terms of levels of heterozygosity. Average 

expected heterozygosities for all loci ranged from 0.917 – 0.953 at sampled sites, 

while mean observed heterozygosity was very similar to expected heterozygosity 

estimates and ranged from 0.916 – 0.959 (Table 4.1). 

Allele diversities were quite similar at most sites and across all loci. Tests for 

presence of private alleles at individual loci showed that the number of private 

alleles was highest at the Cangio site (10 alleles) and lowest in the Java site (2 

alleles). Number of private alleles at the remaining four sites varied from 6 to 8 

alleles per site (Table 4.2). 
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Table 4.1. Genetic variability of the eight microsatellite loci at the six sites. 

Significant PHW in bold after Bonferroni correction at P <0.001. 

Locus Para- Population  

 meter Ningbo Haiphong Cangio Surat 

Thani 

Cahaya 

Bulan 

Java Average 

MCO86 n 66 61 72 72 27 41  

 A 31 33 29 29 21 31  

 Ar 19.435 20.244 18.590 18.983 18.218 21.463 19.764 

 He 0.955 0.957 0.949 0.954 0.955 0.966 0.956 

 Ho 0.985 0.967 1.000 0.972 1.000 0.976 0.983 

 FIS -0.032 -0.011 -0.054 -0.019 -0.01 -0.048  

 PHW 0.914 0.316 0.222 0.921 0.540 0.240 0.526 

MCO77 n 69 62 72 72 24 37  

 A 45 43 43 46 28 28  

 Ar 24.818 24.279 23.424 23.959 23.549 20.633 23.966 

 He 0.977 0.975 0.973 0.973 0.972 0.962 0.972 

 Ho 1.000 1.000 0.972 0.986 1.000 0.919 0.980 

 FIS -0.024 -0.025 0 -0.014 0.045 -0.03  

 PHW 0.900 0.048 0.687 0.000 0.659 0.152 0.408 

MCO67 n 69 62 73 71 18 35  

 A 19 19 20 18 12 16  

 Ar 13.091 13.197 12.590 11.853 12.000 13.202 13.016 

 He 0.892 0.888 0.885 0.881 0.890 0.915 0.892 

 Ho 0.899 0.839 0.904 0.887 0.944 1.000 0.912 

 FIS -0.008 0.056 -0.021 -0.008 -0.095 -0.062  

 PHW 0.394 0.417 0.934 0.176 0.093 0.527 0.424 

MCO44 n 69 57 71 70 26 40  

 A 31 25 23 23 25 30  

 Ar 18.737 17.056 15.242 15.779 21.329 21.767 18.269 

 He 0.952 0.942 0.925 0.935 0.967 0.969 0.948 

 Ho 0.942 0.930 0.944 1.000 0.923 1.000 0.957 

 FIS 0.011 0.013 -0.02 -0.07 -0.033 0.046  

 PHW 0.738 0.227 0.105 0.271 0.141 0.595 0.346 

Ss-403 n 64 61 71 72 25 41  

 A 20 20 21 23 21 27  
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 Ar 12.894 11.652 13.945 13.916 18.051 19.687 15.286 

 He 0.818 0.746 0.903 0.899 0.948 0.958 0.879 

 Ho 0.813 0.803 0.930 0.944 0.920 0.902 0.885 

 FIS 0.007 -0.078 -0.03 -0.051 0.059 0.03  

 PHW 0.282 0.534 0.409 0.804 0.142 0.031 0.367 

Ss-112 n 68 61 71 72 24 39  

 A 25 21 27 29 19 21  

 Ar 17.389 14.891 17.696 18.997 17.006 16.639 17.695 

 He 0.950 0.931 0.948 0.956 0.947 0.942 0.946 

 Ho 0.912 1.000 0.972 0.972 1.000 0.949 0.968 

 FIS 0.041 -0.075 -0.026 -0.017 -0.007 -0.057  

 PHW 0.000 0.000 0.000 0.157 0.601 0.140 0.150 

Ss-103 n 68 61 72 72 22 40  

 A 27 27 28 29 17 24  

 Ar 16.622 18.033 19.433 18.112 15.930 18.561 18.780 

 He 0.940 0.948 0.959 0.949 0.942 0.957 0.949 

 Ho 0.853 0.918 0.958 0.986 0.955 0.950 0.937 

 FIS 0.093 0.032 0 -0.04 0.007 -0.014  

 PHW 0.084 0.319 0.326 0.228 0.013 0.095 0.177 

Ss-101 n 67 60 72 72 25 38  

 A 28 30 31 23 23 25  

 Ar 18.652 18.364 19.445 19.149 20.329 19.593 19.314 

 He 0.953 0.951 0.956 0.955 0.966 0.961 0.957 

 Ho 0.925 0.933 0.972 0.903 0.800 0.974 0.918 

 FIS 0.03 0.019 -0.018 0.055 -0.013 0.175  

 PHW 0.169 0.153 0.049 0.017 0.049 0.422 0.143 

Mean of A  28.25 27.25 27.75 27.5 20.75 25.25  

Mean of Ar 17.705 17.215 17.546 17.594 18.302 18.943 18.261 

Mean of He 0.929 0.917 0.937 0.937 0.948 0.953  

Mean of Ho 0.916 0.924 0.957 0.956 0.943 0.959  
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Table 4.2.  Number of private alleles at the eight microsatellite loci found in each 

of the six sites. 

Site  Locus 

 MCO86 MCO77 MCO67 MCO44 Ss-403 Ss-112 Ss-103 Ss-101 Total 

Ningbo 1 2   1   2 6 

Haiphong  3 1  2    6 

Cangio 1 1 1 1 1 2 1  8 

Surat Thani  4 1   3 3  10 

Cahaya 

Bulan 

1  2 1 4    8 

Java    1   1  2 

 

Allele frequencies in sampled S. paramamosain populations are presented as bar 

charts in Figure 4.1.  No obvious major differences in allele frequencies were 

evident among the sampled populations at least from simple observational 

assessment of the data. Patterns of allele frequencies were very similar in all 

populations across all loci.  

The BOTTLENECK program (Cornuet & Luikart, 1996) was used to test for 

evidence of past population decline in each of the sampled site under the 

assumption that all loci fitted a two phase model of mutation – drift equilibrium. 

The test determines if a significant number of loci within a population showed a 

heterozygosite excess. Following a population bottleneck, rare alleles in a 

population are usually quickly eliminated, but since contributions of rare alleles to 

expected heterozygosity (He) are limited, He value will tend to exceed the  

computed heterozygosity (Heq) from the allele number sampled, assuming 

mutation – drift equilibrium (Cornuet & Luikart, 1996). Analysis of potential 

population bottlenecks in the sampled populations did not show any significant 

heterozygosity excesses except for the Cahaya Bulan site, suggesting that this site 

may have experienced a recent population bottleneck. After Bonferroni correction 

at P < 0.001 however, this result was not significant (Table 4.3). 
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Figure 4.1. Allele frequencies at the eight microsatellite loci for the six sites. 
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Table 4.3.  Sign tests for heterozygosity deviations at eight microsatellite loci (two 

– phase model) based on 1000 replications and P < 0.05. 

Site    Locus     He/Hd P- 

Location MCO86 MCO77 MCO67 MCO44 Ss-403 Ss-112 Ss-103 Ss-101  overall 

Ningbo + + - - - + - + 4/4 0.354 

Haiphong - + - + - + + - 4/4 0.345 

Cangio - + - - - + + + 4/4 0.323 

Surat Thani + + - + - + - - 4/4 0.341 

Cahaya Bulan + + + + + + + + 8/0 0.020* 

Java + - - + + + - + 5/3 0.601 

+: the locus exhibits heterozygote excess, -: the locus exhibits heterozygote 

deficiency. He/Hd: the ratio of heterozygosity excess to heterozygosity deficiency. 

P: probability of heterozygosity excess. *: not significantly different after 

Bonferroni correction. 

4.3.2. Genetic differentiation among sampled sites 

Population structure was assessed among the sampled sites using both FST and RST 

estimators (Table 4.4). FST estimates were not significantly different for most loci 

except for locus Ss - 403 (FST = 0.004) while RST estimates were significant at 

three loci (MCO44, Ss – 403 and Ss – 103). RST estimates showed a similar pattern 

to FST, but in general estimates were higher except at locus MCO77 (RST = -

0.002). Mean estimates of FST and RST among sites were not significant. All FST 

estimates were relatively low and most probably largely reflect intra – individual 

variation for very highly variable loci. Therefore, significant results probably do 

not imply significant population structure, but reflect very high individual 

genotypic diversity within individual sample sites. 
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Table 4.4. Mean and per locus FST and RST values among all six sites. Significant 

values of FST and RST are presented in bold after Bonferroni correction. 

Locus FST (P values)                RST (P values)                                 

MCO86 0.00321 (P = 0.863) 0.01618 (P = 0.054) 

MCO77 0.00149 (P = 1.000) -0.00226 (P = 0.913) 

MCO67 0.00005 (P = 1.000) 0.00902 (P = 0.239) 

MCO44 0.00461 (P = 0.453) 0.13267 (P < 0.001) 

Ss – 403 0.04241 (P < 0.001) 0.06594 (P < 0.001) 

Ss – 112 0.00403 (P = 0.623) 0.04379 (P = 0.002) 

Ss – 103 0.00485 (P = 0.453) 0.07581 (P < 0.001) 

Ss – 101  0.00031 (P = 1.000) 0.00442 (P = 0.471) 

All loci 0.00744 (P = 0.001) 0.03772 (P = 0.0013) 

 

Pairwise FST estimates were significant however, among certain population pairs 

(Table 4.5). Pairwise FST estimates however, were generally quite low; and ranged 

from 0.0015 (between Cangio and Surat Thani sites) to 0.01286 (between 

Haiphong and Java sites). 

FST has traditionally been used to estimate population differentiation. This statistic 

can however, introduce bias with microsatellite loci because they characteristically 

possess very high mutation rates and allele sizes change in a stepwise fashion 

(Slatkin, 1995). Under a stepwise mutation process, allele size based measures of 

genetic differentiation (RST) may better reflect differentiation at microsatellite loci 

and therefore can provide better estimates of demographic parameters (Slatkin, 

1995). RST suffers however, from high sampling variance (Goldstein et al., 1995). 
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Estimates of pairwise RST in the sampled S. paramamosain were significantly 

different among the Ningbo, Haiphong, Cangio, Surat Thani sites and Cahaya 

Bulan, Java (Table 4.5). Pairwise RST like FST estimates however, were also quite 

low and ranged from -0.003 (among Haiphong and Cangio sites) to approximately 

0.066 – 0.096 (between Cahaya Bulan, Java sites in comparison with other sites). 

Table 4.5. Matrix of pairwise FST values (below diagonal) and RST values (above 

diagonal) among the six sites based on eight microsatellite loci. Significantly 

different estimates after Bonferroni correction are presented in bold. 

Location  Ningbo 

 

Haiphong 

 

Cangio 

 

Surat 

Thani 

Cahaya 

Bulan 

Java 

Ningbo 

 

-0.00051 

P =0.521 

0.00113 

P = 0.391 

0.00498 

P = 0.179 

0.08335 

P < 0.001 

0.07515 

P < 0.001 

Haiphong 0.00177 

P = 0.038  

-0.00307 

P = 0.771 

0.00295 

P = 0.267 

0.06648 

P < 0.001 

0.07128 

P < 0.001 

Cangio 0.00531 

P < 0.001 

0.00745 

P < 0.001  

0.00449 

P = 0.186 

0.08479 

P < 0.001 

0.08042 

P < 0.001 

Surat Thani 0.00751 

P < 0.001 

0.01242 

P < 0.001 

0.0015 

P = 0.026  

0.07419 

P < 0.001 

0.09643 

P < 0.001 

Cahaya Bulan -0.00098 

P = 0.625 

0.00379 

P = 0.016 

-0.00374 

P = 0.962 

-0.00398  

P = 0.985  

0.00148 

P = 0.554 

Java 0.00882 

P < 0.001 

0.01286 

P < 0.001 

0.00325 

P < 0.05 

0.00392 

P  <0.001 

-0.00266 

P = 0.735  
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A NJ phylogenetic dendogram was constructed from the DA distance matrix based 

on nDNA allele frequencies (Figure 4.2). Results show that the Ningbo and 

Haiphong sites formed a single cluster and Cangio and Surat Thani a second 

cluster, but bootstrap values for nodes were not high (54 and 62, respectively). So 

all sites in essence were closely related. Clusters evident in the tree do not imply 

significant differences among sampled populations as DA values between 

population pairs were all relatively low (Figure 4.3). 

 

Figure 4.2. Neighbour - Joining phylogenetic tree constructed using DA 

genetic distances among S. paramamosain from six sites based on 

microsatellite allelic variation at eight loci. Bootstrap values were generated 

with DISPAN software (values lower than 50 are not shown). 

 

Figure 4.3. Relationship between pairwise FST (left chart), genetic distance DA 

(right chart) and geographical distance (km) among sampled sites. 

Km	  
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DA genetic distance estimates among sites were also used to test for isolation by 

distance using IBD software (Jensen et al., 2005). Results showed a moderate 

regression result for genetic distance and geographical distance (r2 = 0.5976, 

Figure 4.3). Furthermore, estimates of pairwise FST were also used to test for 

correlation with geographical distance among sites. The r2 value was quite high 

(0.5827) and indicated a positive and significant effect between genetic distance 

and geographical distance among sample sites (P < 0.5). 

AMOVA was used to test whether genetic structure was evident within and among 

sampled sites. Estimates were based on variances from the gene frequency 

analyses and numbers of base-pair mutations among unique haplotypes (Excoffier 

et al., 1992). Results showed that up to 99.94% of variation detected was present 

within individuals (Table 4.6). Very high variation within S. paramamosain 

individuals and extremely low variation among sites (0.745%) indicates that 

population genetic structure was very limited among sampled S. paramamosain 

sites.   

Table 4.6. AMOVA analysis of sources of variation within and among individuals 

and sites. 

Source of variation Sum of squares Variance 

components 

Percentage of 

variation 

Among sites  33.90 0.0208 0.745 

Among individuals 

 within sites 

1219.29 -0.0259 -0.689 

Within individuals 1259.00 3.766 99.944 

Total 2512.19 3.767  

 

Low population differentiation was also evident from results of individual 

assignment tests (Table 4.7), because individuals were not often correctly assigned 

to sites which they had been sampled. In general, individuals belonging to the 
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Cahaya Bulan site clustered most strongly as only a single individual (3.7% of the 

individuals from the Cahaya Bulan site) was assigned to another site (Haiphong). 

This may have resulted however, from the relatively small sample size (27) 

available from the Cahaya Bulan site compared with other sites.  

Table 4.7.  Results of assignment test of S. paramamosain individuals based on 

eight microsatellite loci. 

Sites  Individuals classified to a sampled site (% of sampled size) 

 Ningbo Haiphong Cangio Surat 

Thani 

Cahaya 

Bulan 

Java 

Ningbo 78.26 5.80 8.70 4.35 2.90 0 

Haiphong 1.61 88.71 6.45 1.61 1.61 0 

Cangio 4.11 8.22 79.45 5.48 1.37 1.37 

Surat Thani 1.39 11.11 6.94 80.56 0 0 

Cahaya Bulan 0 3.70 0 0 96.30 0 

Java 4.88 9.76 4.88 2.44 4.88 73.17 

 

4.4. Discussion 

The general outcome of the analysis of genetic variation in sampled S. 

paramamosain populations based on nDNA variation showed that populations 

were only weakly structured across the geographical range of sites sampled here. 

The majority of variation at microsatellite loci was present within individuals at 

each site. Furthermore, heterozygosity levels were very high as was allelic 

diversity in all populations. Results were very similar to the pattern evident for 

mtDNA. Across the eight sampled loci, mean allelic richness approached 18.3 

alleles per locus, with mean allele number at 37 alleles per locus for all 344 

individuals. Values were comparable with results achieved in an earlier study by 

Gopurenko (2002) for the related species S. serrata, where 26 – 34 alleles were 

recorded at sampled loci in approximately 176 mud crab individuals; and results 
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from Takano’s work (2005) on S. paramamosain, where 24 – 44 alleles were 

found in samples of 61 – 119 individuals per site. 

The amount of genetic variation present in a population plays an important role in 

determining the potential for a population to adapt to environmental change. 

Results here for Asian mud crab populations showed relatively high levels of 

genetic variation within populations. Similar levels have been recorded previously 

in other crab species including Chinese mitten crab (Hanfling & Weetman, 2003; 

Zhu et al., 2003), horseshoe crab (King & Eackles, 2004), S. serrata (Gopurenko, 

2002), S. paramamosain in Japan (Takano et al., 2005), and coconut crab (Gan et 

al., 2008). 

Recent reductions in the effective population size of a population will produce 

correlated reductions in allele diversity and declines in heterozygosities at 

polymorphic loci. During this process, allelic diversity is likely to be affected more 

significantly than will heterozygosity (Hedgecock & Sly, 1990; Norris et al., 

1999). Consequently, a heterozygote excess can often be observed if a locus 

departs from a mutation – drift equilibrium model. In the current study, results of 

the bottleneck analysis did not show any evidence for significant heterozygote 

excess at any of the sites. In theory, the initial impact of a bottleneck event will be 

on allele number and allelic richness should decline independent of population 

size. In the current study, tests of allelic richness were not significantly different 

among sites. Thus results suggest no evidence for any Asian mud crab populations 

having experienced significant population bottlenecks in the recent past as may 

have occurred if Pleistocene climate change had affected connectivity among 

populations when falls in sea level isolated marine populations as a result of land 

barriers across the IWP. 

Pairwise FST estimates among populations showed a correlation with geographical 

distance among sites. Significant estimates were found among five sampled sites; 

1) Ningbo, Haiphong and 2) Cangio, Surat Thani and 3) Java. Interestingly; 

according to geographical distance, these populations can be divided into northern, 

central and southern populations across the sampled distribution of the species; 

and by differences in mean annual water temperature. The 3 groups essentially 
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belong to populations experiencing temperate, sub-tropical, and tropical waters. 

Therefore, any apparent significant differentiation among the sampled Asian mud 

crabs may be driven by geographical distance among sites and local adaptation to 

differences in mean water temperatures. Pairwise FST estimates between 

individuals at the Cahaya Bulan and other sites, however, were not significantly 

different. These results could be due to the smaller sample size (27) at this site or 

perhaps high levels of migration from adjacent populations. Generally, pairwise 

FST values suggest a weak isolation by distance model of genetic variation in S. 

paramamosain across the IWP. This model has been reported in several other 

marine species across the same region including; coconut crab (Lavery et al., 

1995), some coral reef fishes (Planes & Fauvelot, 2002), giant tiger prawn 

(Sugama et al., 2002), tassel fish (Chenoweth & Hughes, 2003), spotted sea bass 

(Liu et al., 2006), giant clam (Kochzius & Nuryanto, 2008), and Pacific lampreys 

(Lin et al., 2008). Isolation by distance of the sampled Asian mud crab sites was 

also supported indirectly by relationships among sites in the NJ tree, where 

samples from the Ningbo and Haiphong sites were closely related, while the 

Cangio and Surat Thani sites also clustered together, distinct from the remaining 

populations (Cahaya Bulan and Java). 

Pairwise RST, estimates based on allele sizes variation estimates of population 

differentiation showed significant differences among the Ningbo, Haiphong, 

Cangio, Surat Thani sites and Cahaya Bulan, Java sites. Again, differentiation was 

also linked with geographical distance.  

Significant population structure evolves when physical or temporal barriers 

develop that isolate populations leading to divergence as populations are impacted 

by different adaptive processes and genetic drift, independently (Loveless & 

Hamrick, 1984). Genetic variation within a species is necessary for any species to 

respond to environmental change (Ryman et al., 1995). In the current study, low 

genetic differentiation (mean FST = 0.005) among sampled sites indicates that the 

majority of microsatellite diversity present most probably results from historically 

large populations connected by ongoing restricted gene flow. Similar patterns have 

been reported in a number of marine fishes (Fauvelot et al., 2002), and crustacean 
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species; mud crab S. serrata (Gopurenko, 2002), horseshoe crab (King & Eackles, 

2004), and giant tiger prawn (Sugama et al., 2002). 

Comparison among genetic markers and applications 

Results from both mtDNA and nDNA comparisons showed high individual levels 

of genetic diversity and only limited evidence for any significant population 

structure among sites. Pairwise FST estimates were, in general, larger among sites 

for mtDNA than nDNA. All populations were different except for Cahaya Bulan 

based on mtDNA, while the estimates from nDNA did not show differences 

among Ningbo and Haiphong, Cangio and Surat Thani, and Cahaya Bulan sites 

with other S. paramamosain sampled sites. These differences can probably be best 

explained by the mode of inheritance of mtDNA. MtDNA is haploid and 

maternally inherited leading to greater effects of reduced effective population size 

and hence, mtDNA markers are more susceptible to the effects of genetic drift than 

nDNA (Birky et al., 1989). Thus higher estimates of population differentiation are 

likely with mtDNA compared with nDNA markers in the same populations. 

Most of the genetic differentiation found among sampled sites for Asian mud crab 

resulted from presence of unique genotypes within samples. Thus, the lower 

number of unique haplotypes in the Cahaya Bulan site compared with other sites 

may explain the lack of genetic differentiation of this site when compared with all 

others. Because sample numbers at this site were lower than any other site, rare 

unique alleles may exist there but had not been sampled. This effect would be 

more obvious in the microsatellite data where allele diversity was very high (mean 

of 25.2 – 28.2 alleles per locus at the Ningbo, Haiphong, Cangio, Surat Thani, and 

Java site compared with 20.7 alleles per locus at the Cahaya Bulan site, Table 4.1). 

Different factors can shape contemporary patterns of genetic structure in marine 

species including oceanographic factors and life history traits that restrict gene 

flow among populations (Imron et al., 2007). The levels of effective gene flow 

strongly influence the genetic structure of marine species (Leis, 1991) and can be 

impacted significantly by duration of pelagic larval stage (Bernardi et al., 2001; 

Chenoweth & Hughes, 1997; Dudgeon et al., 2000; Graves, 1998; Kim et al., 

2003; Silberman et al., 1994) because of the diverse processes that influence larval 
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dispersal capacity including; ocean temperature gradients (Wares et al., 2001), 

oceanographic circulation patterns (Mc.Conaugha, 1992) and larval behaviour 

patterns (Raimondi & Keough, 1990). From this point of view, surface currents in 

sampled sites could be a major factor that may have influenced patterns of genetic 

structure in Asian mud crab populations. Ocean currents are known to change in 

direction depending on season across the IWP. Figure 4.4 and 4.5 show modelling 

of modern current patterns at two times of the year (February and April) across the 

IWP. The main breeding season for S. paramamosain occurs from February to 

April, while recruitment, occurs year round (Le Vay, 2001). Planktonic larvae may 

follow sea currents southward early in the season (Figure 4.4), reducing gene flow 

between northern (Ningbo and Haiphong) and southern sites (Cangio, Surat Thani, 

Cahaya Bulan and Java) at this time, while later in the season, more exchange may 

occur between the two regions (Figure 4.5). In combination, seasonal changes in 

ocean current directions may facilitate overall gene flow among natural 

populations across the geographical distribution as each site can share its genetic 

resources with adjacent sites. This gene flow pattern may be a major factor that has 

shaped the modern population structure of S. paramamosain across the IWP. 

 

Figure 4.4. IWP surface currents in February (Wyrtki, 1961). 
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Figure 4.5. IWP surface currents in April (Wyrtki, 1961). 

 

Some limited genetic differentiation was evident among sampled wild S. 

paramamosain populations across the IWP, for both marker types. Wild 

populations of the Asian mud crab are, however, not strongly sub-divided, as a 

single common haplotype is at high frequency in most sampled sites (except for 

Cahaya Bulan, where sampled size (27) was low) based on mtDNA. Furthermore, 

most haplotypes identified among the samples differed by only a single nucleotide. 

Contemporary patterns of gene flow estimated using nuclear DNA markers did 

show limited structure among the most northern and southern sites, and low 

pairwise FST estimates among all sites (highest FST value was 0.012 – Table 4.5). 

Together, this suggests presence of only weak structure among S. paramamosain 

populations across the IWP. The population differentiation observed may largely 

result from the relatively large distances among sites, but this has not been 

sufficient to produce highly divergent populations as might result if Pleistocene 

barriers to dispersal had had a significant effect on the demography of the study 

species. Very high levels of genetic diversity within samples sites and low genetic 

differentiation among sites suggest that Asian mud crab populations constitute 

essentially a single large population across the distribution in the IWP. Therefore, 
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effective management of wild S. paramamosain resources can be implemented as 

a single unit. Common requirements for seasonal catching, size harvested and 

general stock management strategies are likely to be effective across the 

geographical distribution. Translocations of the species for wild stock 

enhancement could also be implemented without creating concerns about 

compromising local wild genetic resources. Genetic diversity, was particularly 

high at the Cangio site, in south Vietnam, perhaps because this area is central in 

the natural distribution and provides most suitable habitats for S. paramamosain as 

it does for many other marine species (Le Vay, 2001). Thus, this site could be 

considered a potential area for genetic conservation of S. paramamosain diversity 

and perhaps for other important co-distributed marine species in the future.           
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CHAPTER 5: A COMPARISON OF nDNA DIVERSITY IN 

WILD AND CULTURED ASIAN MUD CRAB 

(S.PARAMAMOSAIN) POPULATIONS IN VIETNAM 

 
5.1. Introduction 

Wild fisheries and aquaculture provide a major animal protein source for billions 

of people around the world, in parallel however, exploitation of natural resources 

and intensive culture activities of many aquatic species have increased rates of 

biodiversity loss and reduced natural abundance while affecting the geographical 

distributions of many commercially important species (e.g. Dixon et al., 2008; 

Evans et al., 2004a; Kitada et al., 2009; Wang et al., 2007b; Yokota et al., 2003). 

Negative effects of overexploitation of fish and shellfish populations have forced 

some species to near extinction while many are now endangered. Traditional 

fisheries science and wild stock management have often focussed on studying 

populations in relation to their physical, chemical and biological environments. 

The influence of oceanographic variables on population dynamics of species 

including recruitment to populations and relationships of aquatic species to their 

biotic environments has also been recognised as being important (Goñi, 1998; 

Leggett & Deblois, 1994). Population genetic factors can also influence  

conservation and management of wild resources, and affect outcomes of artificial 

selection programs that enhance ecologically or economically important traits, 

particularly in marine species (Avise, 2000; Beckmann & Soller, 1990; Bernatchez 

& Wilson, 1998; Chistiakov et al., 2006; de Bruyn et al., 2004; Estoup & Angers, 

1998; Falconer & Mackay, 1996; Gopurenko et al., 1999; Kirkendale & Meyer, 

2004; Mank & Avise, 2003; Mcmillen-Jackson, 2003; Shi et al., 2002; e.g. Taylor 

& Hellberg, 2006). 

    

Aquaculture has expanded rapidly over the past 20 years in many regions of the 

world as demand for protein resources from sustainable exploitation of living 

resources from the aquatic environment has grown. Thus over time, wild aquatic 

resource harvesting has been replaced by development of culture systems (Utter & 

Epifanio, 2002). Aquaculture production worldwide needs to continue to expand 
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but in doing so, development must be sustainable. Developing and understanding 

the intrinsic value therefore, of population biodiversity where genetic processes 

play a fundamental role in various hierarchical levels and components is important 

(Noss, 1990). The relative cost of, and the technologies required for, breeding and 

culture of marine species however, are significant issues and constitute the reason 

why only limited attention has been paid to marine culture systems compared with 

their freshwater counterparts. In parallel, often there has been only limited 

assessment of the potential risks associated with developing culture systems for 

marine aquatic species. 

  

Aquaculture activities can impact wild populations and compromise wild 

biodiversity. As culture industries have expanded, many new species have been 

brought into culture where artificial breeding technologies have been successful 

notably for many finfish, shrimp, prawn, crab, clams, oyster, and mussel species 

(FAO, 2005; Gjedrem, 2000). Hatcheries however, often use only limited numbers 

of individuals as broodstock in breeding programs and this can compromise the 

effective population size (Ne) and  lead to significant loss of allelic and genotypic 

diversity (Nomura, 1999). Ultimately this can affect population fitness and a 

population’s potential to respond to environmental change (Utter, 2000).  Culture 

programs often also result in escapes from captivity that can affect genetic 

diversity in wild populations, and affect breeding and change the genetic 

characteristics of wild stocks  

 

Several studies have demonstrated the impacts that low breeding numbers can 

have on the quality of cultured stocks as for example selection programs 

conducted on some salmonid species (Altukhov & Salmenkova, 1991). Negative 

consequences that have resulted from stock improvement programs practiced for 

growth and maturation rate in salmonids include reduction of population fitness, 

loss of genetic diversity as well as negative effects of hatchery fish on local wild 

populations. Similar problems have also been identified in gilthead sea bream 

(Borrell et al., 2007), and bay scallop (Wang et al., 2007b; Zheng et al., 2008). 

Reductions in allelic diversity in hatchery offspring caused by use of low numbers 

of broodstock have also been reported in some shellfish (Hedgecock et al., 1992), 
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abalone (Evans et al., 2004a), Japanese scallop (Li et al., 2007), and pearl oyster 

(Lind et al., 2009). As inbreeding depression takes hold, this will affect survival 

and growth traits in culture populations, reducing the adaptive potential of cultured 

stocks and limiting potential for achieving genetic gains in breeding programs. 

Negative effects can extend to wild stocks when hatchery juveniles escape from 

culture. Thus, development of new culture industries should proceed in a way that 

sustains culture stock productivity while at the same time limiting potential 

impacts on wild populations. 

 

Impacts of aquaculture practices on genetic diversity levels in wild populations 

have been reported in a number of commercially-important species notably salmon 

spp. (Norris et al., 1999), non-salmonid finfish species (Youngson et al., 2001), 

scallop (Li et al., 2007; Zhao et al., 2009), and Asian sea bass (Yue et al., 2009). 

Genetic diversity can be screened using a variety of marker types including; 

allozymes, mtDNA and nuclear DNA markers (Chistiakov et al., 2006; Garcia & 

Alcivar, 2007; Liu & Cordes, 2004). In recent times however, of the genetic 

markers currently available, microsatellite markers have been most widely applied 

in aquaculture for; characterisation of stocks, brood stock selection, construction 

of linkage maps for economically important quantitative traits and for applications 

in breeding programs (Chistiakov et al., 2006). In situations where genetic 

variation may be inherently lost such as is the case in aquaculture, natural high 

polymorphism levels in microsatellite markers make them ideal markers for 

routine surveys of genetic variation in cultured populations. 

 

The successful development of artificial propagation techniques for the Asian mud 

crab (S. paramamosain) has led to rapid growth of the aquaculture industry of this 

species in Vietnam. From a recent beginning in 2002, when only wild juveniles 

were used as the source for culture stock, hundred of millions of crablets are now 

produced each year in hatcheries in Vietnam for culture. Thus over a very short 

period of time, the industry in Vietnam has shifted from exploiting wild genetic 

resources for culture, to closure of the life cycle and virtual complete reliance on 

hatchery stock for production. During this development, genetic diversity issues in 

culture lines related to founder effects, use of small numbers of broodstock, high 
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fecundity of females and relative survival rates of larvae and potential for 

differential survival of families are important issues that have been ignored. If 

current hatchery practices used to produce crablets for the culture industry in 

Vietnam are impacting negatively on natural levels of genetic diversity in culture 

stock, this could have serious impacts on long term sustainability and development 

of this new industry in the country and more widely across the region. An applied 

population genetic approach can be used to address these issues in new culture 

species and in recent times this type of approach when applied to other aquatic 

species has produced some important outcomes that affect the way we should 

manage genetic resources in hatcheries and during growout in culture (Eknath et 

al., 2007; Hulata, 1995; Jerry et al., 2005; Lymbery, 2000; Myers et al., 2001). 

  

The current study evaluated levels of genetic diversity in wild reference and 

cultured populations of the Asian mud crab (S. paramamosain) in Vietnam and 

combined results from mitochondrial and microsatellite markers. Results of 

genetic diversity analyses in wild populations of the species across the Indo – West 

Pacific region presented in the previous two chapters have shown consistently that 

genetic population structure is limited among wild populations and that they 

possess relatively high natural levels of genetic diversity. The current analysis 

compared the levels of genetic diversity in cultured mud crab stocks in Vietnam 

with that present in a reference wild population. The basic research question to be 

addressed here was to determine if adequate levels of genetic diversity has been 

captured in hatcheries during the breeding cycle to allow long term sustainability 

of local culture industries. If mud crab culture is to be a sustainable industry into 

the future and hatchery-produced crablets are to be used for wild stock 

enhancement programs effectively, then it is important to quantify levels of 

genetic diversity in hatcheries and to use these data to design better breeding 

strategies to optimise available diversity. At the same time this will allow offspring 

to be produced in hatcheries that do not compromise the quality of wild genetic 

resources.  
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5.2. Methods 

5.2.1. Asian mud crab reproduction 

In this section, basic hatchery procedures for the Asian mud crab are described as 

these activities can affect levels of genetic diversity and differentiation among 

culture and wild stocks, as well as within culture stocks.  

 

Wild female collection and broodstock rearing 

S. paramamosain females were purchased from local fishermen and transferred to 

broodstock rearing tanks of 30 – 50 m3. Females chosen were robust individuals 

possessing all appendages, and weighing between 400 and 600g. Broodstock 

rearing tanks were covered with a layer of sand at the bottom and filled with sea 

water (salinity 26 – 32o/oo) and subjected to daily water exchanges at a rate of 20 – 

40% per day. 

 

Injury and mortality during the broodstock rearing period occurred quite regularly 

because of individual agonistic behaviour  and disease (e.g. Weng et al., 2007). 

Any females showing appendage loss or that were not in a healthy condition were 

removed and replaced.  

 

Spawning and larvae rearing 

After females had spawned they were isolated in broodstock rearing tanks. 

Ovigerous females were chosen as broodstock based on egg colour and number 

(for example eggs fresh red in colour and holding 800,000 – 1,000,000 

eggs/female). Females were kept individually in hatching tanks and hatching 

occurred normally after 12 – 14 days. 

 

After release of larvae, only strong larval broods were chosen for larval rearing. 

Larvae are photopositive and so strong larvae normally concentrate near the water 

surface of hatching tanks. Weak larvae generally settle down to the tank bottom 

from where they can be removed. Larvae were later transferred to a rearing tank of 

1 – 2 m3.  
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Mass mortality, cannibalism and survival rate 

Mass mortality of larvae in mud crabs is common during metamorphosis from 

larvae to megalopa due to abnormal molting of the last zoea stage (fifth stage). 

This phenomenon regularly causes very high mortality rates in hatcheries, and can 

reach as high as 99.99% (e.g. Hamasaki et al., 2002). Cannibalism was also 

common during the larval rearing period, especially at the megalopa stage and 

during crablet stages before crablets are transferred to growout ponds. A well 

managed hatchery, however, can produce 200,000 – 400,000 crablets from a single 

spawned female when conditions are optimal.  

 

5.2.2. Sampling 

Wild mud crab populations were collected from five locations in Vietnam and 

these included wild samples from the Haiphong and Cangio sites previously used 

as references and cultured mud crabs were obtained from three locations where 

crablets are produced commercially in hatcheries in Vietnam (Table 5.1 and Figure 

5.1). Samples for genetic analysis were collected and preserved as described 

earlier (Chapter 2). 

 

 
Figure 5.1. Sampled locations for S. paramamosain. Name, locations, sample size 

and sources of samples are in the following table.  
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Table 5.1. Asian mud crab sample locations and sample size used in the study. 

Number (on map) Sample 

code 

Location Sources Sample 

size 

1 HP Haiphong Wild 62 

 HP1 Haiphong Culture 30 

 HP2 Haiphong Culture 30 

 HP3 Haiphong Culture 30 

2 HU Hue Wild 51 

3 DN Danang Wild 61 

4 BD Binhdinh Culture 30 

 BD2 Binhdinh Culture 38 

5 NT Nhatrang Wild 96 

 NT1 Nhatrang Culture 30 

 NT2 Nhatrang Culture 30 

 NT3 Nhatrang Culture 30 

6 CG Cangio Wild 73 

 

5.2.3. DNA methods 

Genomic DNA was extracted from muscle tissue using a salt or chelex extraction 

technique. Nuclear DNA from wild and cultured mud crabs were amplified at eight 

microsatellite markers as described earlier (Chapter 2). PCR conditions and 

screening for microsatellite variation were conducted as described in section 2.2.6. 

 

5.2.4. Data analysis 

Genotypic linkage disequilibrium between pairs of loci, allele number, 

heterozygosity (observed and expected heterozygosity) estimates within sampled 

locations, and departures from HWE were analysed using appropriate genetic 

statistics as described in section 2.3. F statistics  (Weir & Cockerham, 1984) and R 

statistics estimates of differentiation among populations and population pairwise 

estimates (Slatkin, 1995) of differentiation among sites and significance levels 

among population pairs were analysed as per section 2.3. Estimates of population 

structure based on multi – locus microsatellite data relating to different 
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geographical scales of sampling were tested with AMOVA  (Schneider et al., 

2000). 

   

DISPAN software (Ota, 1993) was used to estimate genetic relationships among 

sites based on a pairwise DA distance matrix from population allele frequencies. A 

neighbour joining dendogram that describes relationships among populations was 

constructed based on DA distance with bootstrap values based on 1000 replicates 

(see section 4.2). Recent declines in effective population size (if any) in sampled 

populations were tested using BOTTLENECK software (Piry et al., 1999). A sign 

test (Cornuet & Luikart, 1996) was used to compute for significance (see Chapter 

4.2). GENECLASS software (Cornuet et al., 1999) was used to conduct individual 

assignment tests based on multi-locus comparisons as described earlier (section 

4.2). 

 

Microsatellite data collected for wild populations at the Haiphong and Cangio sites 

were reused as wild references for assessing the impact of domestication on levels 

of genetic diversity in hatchery-reared stocks.  

 

5.3. Results  

5.3.1. Genetic diversity in cultured S. paramamosain populations in Vietnam 

All microsatellite loci were polymorphic in both hatchery-reared and wild S. 

paramamosain reference populations. Allelic diversity per locus varied among 

populations and across loci. Culture populations were in general, highly 

genetically depauperate compared with comparable wild populations, with 3 to 6 

alleles recorded per locus in culture populations (HP1, HP2, HP3, BD1, NT1, NT2 

and NT3), and 4 to 8 alleles found per locus in the BD2 population. In contrast, 

very high numbers of alleles per locus were found in wild reference S. 

paramamosain populations where the lowest allele number per locus was 18 at 

locus MCO67 in a sample of 51 individuals at the HU site; and the highest count 

was 46 alleles at locus MCO77 in the NT site (Table 5.2). An average, of between 

26.1 (at DN site) to 31.4 (NT site) alleles per locus were found across sampled loci 

in wild S. paramamosain reference samples (HP, HU, DN, NT and CG). In 
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general, this translates into a 3 to 10 fold decline in mean allelic richness per locus 

in all culture stocks compared with wild reference populations. 

 

Table 5.2. Summary statistics of genetic variation at eight microsatellite loci in 13 

samples of S. paramamosain. A: number of allele, HO: observed heterozygosity, 

HE: expected heterozygosity, *: loci showing significant (P < 0.01) deviations 

from Hardy – Weinberg equilibrium. 

Sample   Locus         

 MCO86 MCO77 MCO67 MCO44 Ss-403 Ss-112 Ss-103 Ss-101 Average 

HP1           A 3 4 3 4 4 4 5 4 3.87 

(n = 30)     HO 0.800 1.000 1.000 1.000 1.000 1.000 0.933 1.000 0.967 

                   HE 0.658 0.744* 0.633* 0.727* 0.741* 0.749* 0.740* 0.760* 0.719 

                   FIS -0.221 -0.353 -0.595 -0.384 -0.358 -0.344 -0.267 -0.323 -0.356 

HP2           A 3 4 3 4 4 4 4 4 3.75 

(n = 30)     HO 0.607 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.951 

                   HE 0.515 0.758* 0.634* 0.763* 0.760* 0.764* 0.747* 0.760* 0.713 

                   FIS -0.183 -0.327 -0.595 -0.318 -0.323 -0.317 -0.346 -0.325 -0.342 

HP3           A 4 6 3 4 4 5 5 5 4.5 

(n = 30)      HO 0.921 1.000 1.000 1.000 0.971 0.868 1.000 1.000 0.970 

                   HE 0.717 0.812* 0.633* 0.747* 0.752* 0.790* 0.763* 0.765* 0.747 

                   FIS -0.289 -0.236 -0.592 -0.347 -0.298 -0.101 -0.317 -0.314 -0.312 

BD1           A 4 6 4 6 3 6 4 6 4.87 

(n = 30)      HO 0.966 1.000 1.000 1.000 0.733 1.000 0.759 1.000 0.932 

                   HE 0.745* 0.739* 0.737* 0.779* 0.605 0.766* 0.719 0.777* 0.733 

                   FIS -0.302 -0.362 -0.365 -0.291 -0.216 -0.312 -0.056 -0.293 -0.275 

BD2            A 6 7 6 7 4 7 6 8 6.37 

(n = 38)      HO 1.000 1.000 1.000 0.974 0.921 1.000 0.737 1.000 0.954 

                   HE 0.800* 0.784* 0.836* 0.808* 0.714 0.835* 0.809* 0.835* 0.803 

                   FIS -0.255 -0.281 -0.2 -0.209 -0.295 -0.202 0.09 -0.201 -0.194 

NT1           A 3 4 4 3 4 4 3 4 3.62 

(n = 30)      HO 0.767 1.000 0.967 0.867 0.933 1.000 1.000 0.700 0.904 

                   HE 0.636 0.753* 0.634* 0.676 0.701 0.760* 0.608* 0.736* 0.688 

                   FIS -0.211 -0.336 -0.539 -0.289 -0.339 -0.322 -0.663 0.05 -0.331 

NT2           A 6 3 3 4 5 5 3 3 4 

(n = 30)      HO 1.000 0.900 0.690 0.633 1.000 0.577 1.000 0.533 0.792 
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                   HE 0.799* 0.660 0.636 0.747* 0.645* 0.717 0.636* 0.671* 0.689 

                   FIS -0.258 -0.371 -0.086 0.155 -0.566 0.199 -0.589 0.208 -0.164 

NT3           A 4 4 4 4 4 4 4 4 4 

(n = 30)     HO 1.000 0.967 1.000 0.867 0.833 0.345 0.433 0.500 0.743 

                   HE 0.737* 0.759* 0.508* 0.760 0.694 0.689* 0.595* 0.649 0.674 

                   FIS -0.365 -0.28 -1.000 -0.143 -0.205 0.504 0.275 0.232 -0.123 

HP             A 33 43 19 25 20 21 27 30 27.2 

(n = 62)     HO 0.967 1.000 0.839 0.930 0.803 1.000 0.918 0.933 0.924 

                   HE 0.956 0.975* 0.888 0.942 0.746 0.930* 0.948 0.951 0.917 

                   FIS -0.011 -0.025 0.056 0.013 -0.078 -0.075 0.032 0.019 -0.009 

HU             A 33 37 18 23 20 25 29 31 27 

(n = 51)      HO 0.980 0.922 0.863 1.000 0.725 0.961 0.980 0.961 0.924 

                   HE 0.965 0.968 0.878 0.949 0.757 0.945 0.951 0.961 0.922 

                   FIS -0.016 0.049 0.018 -0.054 0.042 -0.017 -0.031 0 -0.001 

DN             A 24 39 19 26 20 22 25 34 26.1 

(n = 61)      HO 1.000 1.000 0.885 0.934 0.879 0.967 0.867 0.902 0.929 

                   HE 0.950 0.972 0.866 0.944 0.858 0.947* 0.950 0.964* 0.933 

                   FIS -0.053 -0.029 -0.023 0.01 -0.025 -0.022 0.089 0.065 0.002 

NT             A 32 46 20 25 26 32 35 35 31.4 

(n = 96)      HO 0.990 0.969 0.865 0.938 0.906 0.926 0.969 0.958 0.940 

                   HE 0.955 0.977 0.883 0.932 0.877 0.950 0.954 0.962 0.936 

                   FIS -0.037 0.008 0.021 -0.006 -0.033 0.025 -0.015 0.004 -0.004 

CG             A 29 43 20 23 21 27 28 31 27.7 

(n = 73)     HO 1.000 0.972 0.904 0.944 0.930 0.972 0.958 0.972 0.957 

                   HE 0.950 0.973 0.885 0.925 0.903 0.948 0.959 0.957 0.937 

                   FIS -0.054 0 -0.021 -0.02 -0.03 -0.026 0 -0.018 -0.021 

Total          A 39 56 26 34 31 36 41 40 303 

                   HO 0.923 0.979 0.924 0.93 0.895 0.894 0.889 0.882 0.915 

                   HE 0.952 0.968 0.852 0.938 0.847 0.942 0.942 0.958 0.925 

* P < 0.01 

Overall observed heterozygosity levels exceeded 90% in most populations except 

for NT2 and NT3 (approximately 79% and 74%, Table 5.2). Expected 

heterozygosity levels were greater than 92% in all wild S. paramamosain reference 

samples, while in general they were lower in culture samples, and ranged from 

approximately 67% (NT3 site) to 80% (BD2 site) (Table 5.2). 
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Tests for deviations from Hardy – Weinberg equilibrium showed that most loci in 

all cultured S. paramamosain samples showed departures from HWE equilibrium 

(Table 5.2). For the three culture stocks at the Haiphong site (HP1, HP2, HP3), 

only a single locus of the eight tested did not show a significant deviation from 

equilibrium (MCO86). For the two cultured stocks at the Binhdinh site, six and 

seven out of eight loci respectively, showed significant departures from HWE. Of 

the three culture S. paramamosain stocks from Nhatrang, five out of eight loci 

deviated significantly from HWE. In wild samples, only a small number of loci 

showed significant deviations from HWE (namely MCO77, Ss – 112 in the HP 

site, and Ss – 112, Ss – 101 in the DN site). 

 

Most significant departures from HWE observed in culture samples resulted from 

heterozygote excesses. Among cultured samples, heterozygote deficiencies were 

observed at locus Ss – 103 in the BD2 sample, locus Ss – 101 in NT1, loci 

MCO44, Ss – 101 in NT2, and loci Ss – 112, Ss – 103 in the NT3 sample. Among 

wild S. paramamosain sites, significant heterozygote deficiencies were only 

evident at Ss – 101 in the DN site.   

 

Allele frequencies in sampled S. paramamosain from both cultured and wild 

populations are presented in Figure 5.2 as frequency distribution graphs. Raw 

allelic data for culture and wild reference stocks are provided in Appendix 3. In 

general, allele frequencies were very different in culture samples from that present 

in comparable wild reference samples and this in particular, was reflected in a 

large decline in allele diversity per locus. In contrast, most alleles in wild samples 

were present at relatively low frequencies (on average 2.5 – 5% per locus), and 

allele number per locus were much higher. In parallel, significant differences were 

evident in allele frequencies within and between all culture vs wild samples while 

gene frequencies in wild reference samples were similar suggesting that the pattern 

observed was best explained by impacts of breeding practices (domestication) or 

diversity employed in hatcheries rather than natural differentiation among wild 

populations used as sources of brood stock.  
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MCO86	  (a)	  

MCO86	  (b)	  

MCO77	  (a)	  

MCO77	  (b)	  

	  	  6	  	  	  	  	  	  	  	  8	  	  	  	  	  	  10	  	  	  	  	  	  	  12	  	  	  	  	  13	  	  	  	  	  	  15	  	  	  	  	  	  	  17	  	  	  	  	  	  18	  	  	  	  	  	  20	  	  	  	  	  	  	  21	  	  	  	  	  	  24	  	  	  	  	  	  28	  	  	  	  	  	  30	  	  	  	  	  34	  	  

	  	  8	  	  	  	  	  	  	  11	  	  	  	  	  13	  	  	  	  14	  	  	  	  16	  	  	  	  	  18	  	  	  19	   	  20	  	  	  22	  	  	  	  	  	  24	  	  	  	  32	  	  	  	  	  34	  	  	  	  	  35	  	  	  	  37	  	  	  	  	  38	  	  	  	  	  40	  	  	  	  47	  
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MCO67	  (a)	  

MCO44	  (b)	  

MCO44	  (a)	  

MCO67	  (b)	  

	  	  	  	  	  	  	  	  6	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  12	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  13	  

	  	  	  	  7	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  10	  	  	  	  	  	  11	  	  	  	  	  	  	  12	  	  	  	  	  	  13	  	  	  	  	  	  	  14	  	  	  	  	  	  15	  	  	  	  	  	  18	  	  	  	  	  	  	  21	  	  	  	  	  	  22	  	  	  	  	  	  	  25	  	  	  	  	  	  26	  	  	  	  	  	  34	  
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Ss	  -‐	  403	  (b)	  

Ss	  -‐	  403	  (a)	  

Ss	  -‐	  112	  (b)	  

Ss	  -‐	  112	  (a)	  

	  	  	  	  	  	  3	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  7	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  9	  	  	  	  	  	  	  	  	  	  	  	  	  	  10	  	  	  	  	  	  	  	  	  	  	  	  	  15	  	  	  	  	  	  	  	  	  	  	  	  19	  	  	  	  	  	  	  	  	  	  	  	  	  23	  	  	  	  	  	  	  	  	  	  	  	  	  28	  

	  	  	  	  8	  	  	  	  	  	  	  	  11	  	  	  	  	  	  12	  	  	  	  	  	  14	  	  	  	  	  	  	  15	  	  	  	  	  	  17	  	  	  	  	  18	  	  	  	  	  	  	  19	  	  	  	  	  	  21	  	  	  	  	  	  22	  	  	  	  	  	  	  23	  	  	  	  	  	  	  24	  	  	  	  	  25	  	  	  	  	  	  27	  	  	  	  	  	  
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Figure 5.2. Allele frequencies for the eight microsatellite loci in eight culture 

stocks and 5 wild samples. (a): culture populations; (b): wild populations. 

Ss	  -‐	  103	  (b)	  

Ss	  -‐	  103	  (a)	  

Ss	  -‐	  101	  (a)	  

Ss	  -‐	  101	  (b)	  

	  	  	  	  	  17	  	  	  	  	  	  19	  	  	  	  	  	  	  22	  	  	  	  	  	  	  23	  	  	  	  	  	  24	  	  	  	  	  	  	  25	  	  	  	  	  	  	  	  26	  	  	  	  	  	  27	  	  	  	  	  	  	  29	  	  	  	  	  	  	  32	  	  	  	  	  	  	  33	  	  	  	  	  	  35	  	  	  	  	  	  	  38	  

	  	  	  	  	  3	  	  	  	  	  	  6	  	  	  	  	  7	  	  	  	  	  	  10	  	  	  	  12	  	  	  	  15	  	  	  16	  	  	  	  18	  	  	  	  19	  	  	  	  22	  	  	  23	  	  	  	  25	  	  	  	  26	  	  	  	  29	  	  	  	  31	  	  	  34	  	  	  	  35	  	  	  	  40	  
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Average heterozygosity values and numbers of alleles per locus for wild and 

cultured samples are shown in graphical form in Figure 5.3. It is apparent from this 

figure, that relative impacts of hatchery/culture practices on genetic diversity were 

much more significant for allelic diversity than for heterozygosity. While allelic 

numbers per locus revealed major declines, relative heterozygosity per locus did 

not show the same degree of impact. 

 
Figure 5.3. Average heterozygosity estimates and number of alleles per locus in 8 

culture and 5 wild samples at eight microsatellite loci 

 

Numbers of private alleles per locus varied among samples. While most of the 

sampled culture stocks of S. paramamosain did not possess any private alleles, 

except for a single private allele in the NT3 population; all wild S. paramamosain 

reference samples possessed private alleles at relatively high frequencies. The 

highest number of private alleles observed at a single locus was found in the NT 

sample, and the four wild reference samples examined here showed a range of 4 – 

7 private alleles per site (Table 5.3). 
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Thus, a major impact of the hatchery/culture practices currently employed in Asian 

mud crab hatcheries in Vietnam has been to produce a loss of “rare” (often private) 

alleles from hatchery culture stocks. 

 

Table 5.3.  Number of private alleles at eight microsatellite loci in 6 samples. 

Seven samples, HP1, HP2, HP3, BD1, BD2, NT1 and NT2 did not show any 

private alleles. 

Population  Source Locus 

  MCO86 MCO77 MCO67 MCO44 Ss-403 Ss-112 Ss-103 Ss-101 Total 

NT3 Culture       1  1 

HP Wild 2 3 1  1    7 

HU Wild 1 2      1 4 

DN Wild    2  1  1 4 

NT Wild 2 4 2  1 4 6 1 20 

CG Wild  1 1 2   2  6 

 

BOTTLENECK software was used to test for a recent population bottleneck in the 

samples  (Cornuet & Luikart, 1996) under the assumption that all loci conform to a 

TPM (two phase model). Most culture samples showed significant heterozygosity 

excesses (ratio of He/Hd = 8/0, P < 0.05), except for samples NT2 and NT3 

(He/Hd = 7/1, P > 0.05). In contrast, the test did not show any significant 

heterozygosity excesses for sampled wild reference populations (Table 5.4) 
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Table 5.4.  Sign tests for heterozygosity deviations for each of the eight 

microsatellite loci (two – phase model) based on 1000 replications and 95% 

probability. 

Population    Locus     He/Hd P- 
 MCO86 MCO77 MCO67 MCO44 Ss-403 Ss-112 Ss-103 Ss-101  overall 

HP1  + + + + + + + + 8/0 0.015* 

HP2  + + + + + + + + 8/0 0.016* 

HP3  + + + + + + + + 8/0 0.014* 

BD1  + + + + + + + + 8/0 0.019* 

BD2  + + + + + + + + 8/0 0.015* 

NT1  + + + + + + + + 8/0 0.016* 

NT2  + + + + - + + + 7/1 0.097 

NT3  + + + + + - + + 7/1 0.086 

HP - + - + - + - - 3/5 0.148 

HU + + - + - - - + 4/4 0.351 

DN + + - + - + + + 6/2 0.343 

NT + + - - - - - + 3/5 0.104 

CG - + - - - + + + 4/4 0.382 

+: the locus with heterozygote excess, -: the locus with heterozygote deficiency. 

He/Hd: the ratio of heterozygosity excess locus number to heterozygosity 

deficiency locus number. P: probability of heterozygosity excesses. *: not 

differently significant after Bonferroni correction. 

 

5.3.2. Genetic differentiation among sampled populations 

FST and RST estimates were used to analyse population differentiation among 

samples (Table 5.5). FST estimates were significant for all loci (P < 0.01), as were 

RST estimates at P < 0.05 probability, and six of the eight loci were significant at P 

< 0.001 (MCO86, MCO77, MCO67, Ss – 403, Ss – 103 and Ss – 101). Significant 

values suggest significant genetic differentiation among populations and this 

resulted primarily from significant differences between all wild vs culture 

populations. Note however, that differentiation among individual culture 

population was also very high unlike their wild reference counterparts. 
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Table 5.5. Mean and per locus FST and RST values for 13 samples of S. 

paramamosain.  

Locus FST                       RST                                   

MCO86 0.1173* 0.0386* 

MCO77 0.0994* 0.2316* 

MCO67 0.0832* 0.0555* 

MCO44 0.0899* 0.0356** 

Ss – 403 0.0830* 0.0591* 

Ss – 112 0.0844* 0.0412** 

Ss – 103 0.1067* 0.0980* 

Ss – 101  0.0989* 0.0820* 

Mean 0.0957* 0.0836* 

                       * P: < 0.001, **: P < 0.05 

 

Most pairwise FST estimates were significant among sites except for HP1 and HP3; 

HP and NT3; DN and NT; and NT and CG (Table 5.6). Significant differences 

were also evident in most pairwise site comparisons for RST, however, the number 

of significant pairwise differences based on RST estimates were less than those 

based on FST. Pairwise RST estimates were not significant among HP1, HP2, HP3; 

or among HP3 and HP, HP3 and CG; among BD1 and BD2. Most pairwise RST 

estimates among wild samples did not show significant differences except for the 

following pairs; NT and HP, NT and DN, and NT and CG. Significant differences 

among these pairs probably resulted from the relatively large number of private 

alleles present in the NT sample compared with other wild S. paramamosain 

samples. 


