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Abstract 

Aquaculture plays an important role in economic development and food security in many 

countries in the world. World aquaculture production in 2006 was 51.7 million tonnes with an 

estimated value of US$ 78.8 billion (FAO, 2009). World production will need to increase 

however by 30-40 million tonnes from its current production level by 2030 to meet growing 

global demand for fish. In this context, aquaculture in Vietnam has developed rapidly over the 

past decade and the fisheries sector ranked fourth in terms of export value in 2008 (Vietnamnet, 

2008). Total fisheries production in Vietnam in 2007 was 4.149 million tonnes, of which 

fisheries production from catch and aquaculture were 2.064 and 2.085 million tonnes, 

respectively. A variety of aquatic species are cultured in Vietnam, but shrimps (mainly Black 

Tiger shrimp Penaeus monodon, and Pacific white shrimp Litopenaeus vannamei) and ‘tra’ or 

‘basa’ catfish are the most common species used in aquaculture.  

The giant freshwater prawn (GFP), Macrobrachium rosenbergii, is one of the most 

important crustacean species in inland aquaculture in many countries across the world where this 

species is either native or exotic. GFP is suitable for culture in a variety of farming systems, 

including monoculture or polyculture in ponds, pens, and integrated or rotational rice-prawn 

culture models. The GFP industry worldwide relies totally on wild or unimproved stocks, a 

practice that threatens the long-term sustainability of GFP farming due to low productivity and 

vulnerability of farmed stocks to disease. The current status of GFP aquaculture highlights the 

need for initiation of a systematic stock improvement program for the species to improve 

economically important traits. Large-scale selective breeding programs have been instigated for 

some finfish, salmonids and GIFT tilapia for example, and some selective breeding trials have 

been conducted on crustacean species, namely marine penaeid shrimp and freshwater crayfish. 

Examples of selective breeding programs on aquatic species have demonstrated that significant 

genetic gains can be achieved for growth rates with gains of around 10-20% per generation. 

While a selective breeding program is an option for GFP stock improvement, an alternative 

approach to improving GFP productivity, potentially with more immediate effect and one that is 

less expensive, is crossbreeding which may produce heterosis or hybrid vigour in crossbred 

offspring. Therefore, a crossbreeding strategy was trialed in the current study as a starting point 

for a stock improvement program for the GFP industry in Vietnam.  
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The current study assessed the growth performance of three GFP strains (two wild 

Vietnamese strains from the Dong Nai and Mekong rivers, and a single domesticated Hawaiian 

strain) and their reciprocal crosses in a complete 3x3 diallel cross, i.e. three purebred and six 

crossbred strains. The diallel cross was carried out over two consecutive generations (G1 and 

G2). Juveniles for the experiments were produced using single-pair matings. Juveniles from each 

strain combination were stocked into three replicate hapas for 15 weeks. Growth data (body 

weight, carapace length, standard length) from the G1 and G2 were pooled for all subsequent 

analyses as there was no effect of generation on growth traits. Results showed that the Hawaiian 

strain performed best among purebred strains, and crosses with the Dong Nai or Mekong strains 

as dams and the Hawaiian strain as sires grew significantly faster than did the purebred Dong Nai 

or Mekong strains. These results suggest potential for heterosis among some crosses.  

Growth data were analyzed in depth by partitioning the strain combination (cross) effect 

into three components: strain additive genetic effects, heterotic effects, and strain reciprocal 

effects. Strain additive genetic and reciprocal effects were significant sources of variation for all 

growth traits measured. Strain additive genetic effects were highest for the Hawaiian strain and 

lowest for the Mekong strain for all growth traits. Reciprocal effects influenced negatively on 

growth rate of crosses with the Hawaiian (H) strain as dams and the Dong Nai (D) or Mekong 

(M) as sires compared with their reciprocal crosses (DH and MH). Heterotic effects for all 

growth traits were small and not significantly different from zero (P > 0.05). These results 

indicate that a crossbreeding approach based on the strains evaluated here provides only limited 

potential for improving growth rates based simply on heterotic outcomes and that a likely more 

productive option would be to trial artificial selection on a diverse synthetic stock.      

The current study also employed genetic markers (microsatellites) to characterize levels 

and patterns of genetic diversity in three purebred strains of GFP that originated from the diallel 

cross above. All three purebred strains showed relative high levels of genetic diversity in terms 

of allele number and individual heterozygosity across the six marker loci screened. Levels of 

genetic diversity present in the three purebred strains combined into a single stock were 

compared with that from a combination of three wild river stocks to assess the impact of 

domestication on genetic diversity of a ‘synthetic’ population. Results demonstrated that there 

was no significant loss of genetic diversity in the three purebred strains combined compared with 

a reference set containing the three wild populations. Therefore, a synthetic population formed 
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from these purebred strains successfully captured the majority of genetic variation present in the 

wild broodstock. This synthetic population provides a potential stock for a future selective 

breeding program for GFP in Vietnam.      

The current study was also the first attempt to identify single nucleotide polymorphisms 

(SNPs) in key growth genes in GFP. Two key candidate genes were targeted, actin and 

crustacean hyperglycemic hormone (CHH), that are potentially linked to growth performance in 

GFP. The study screened SNPs in GFP females only, because growth performance of GFP males 

is influenced strongly by social rank. The study identified four SNPs in intron 3 of the CHH gene 

that were significantly correlated with individual body weight at harvest, while no SNPs detected 

in the actin gene were associated with growth traits in GFP. This finding however, needs to be 

confirmed using larger sample sizes and other GFP lines.  

The current study has produced important basic knowledge relevant to implementation of 

an effective stock improvement program for GFP in Vietnam. Results indicate that a selective 

breeding strategy rather than a crossbreeding approach is likely to be the best strategy for 

improving GFP culture stocks in Vietnam. In addition, the study demonstrates that application of 

modern molecular genetic technologies can be efficient in developing a genetically diverse, 

synthetic population for stock improvement and for identifying potential markers correlated with 

important commercial traits in GFP. Integration of DNA techniques with traditional breeding 

practices can facilitate GFP stock improvement in Vietnam and accelerate the industry 

development when improved lines are available. Some limitations of the current study and 

recommendations for further work are discussed.  
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CHAPTER 1. Introduction 

1.1. Aquaculture development and its contribution to food security worldwide 

While aquaculture is an old practice that dates back 2000 years in China and was practiced 

during the Roman Empire, it is only within the last few decades that it has dramatically expanded 

worldwide (Dunham, 2004). In 2006, global aquaculture output was 51.7 million tonnes, and 

accounted for 47% of the world fisheries production with an estimated value of US$ 78.8 billion. 

(FAO, 2009a). The top aquaculture producer in the world in 2006 was China, followed by India 

and Vietnam (FAO, 2009a). According to de Silva (2009), world aquaculture production will 

need to increase by 30-40 million tonnes from its current production by year 2030 to meet global 

food fish demand due to a plateau in wild capture fisheries. As space for aquaculture 

development is limited or competes with other land-uses, there is a necessity to increase 

production efficiency within the existing space rather than simply expanding total aquaculture 

area (Dunham, 2004). Terrestrial livestock industries have convincingly demonstrated over the 

last century that domestication combined with stock improvement programs is the most effective 

way to improve the productivity of farm animals, but the situation is quite different for most 

aquaculture species (Gjedrem, 2005a).           

1.2. Roles of aquaculture in Vietnam 

Aquaculture in Vietnam has grown rapidly over the past decade in terms of total aquaculture 

area and production levels. Total aquaculture area in Vietnam was 614,900 ha in 2000 but 

expanded to 1.008 million ha by 2007 (Figure 1). Total fisheries production (including wild 

catch fisheries and aquaculture) has grown considerably from 1.782 million tonnes in 1998 up to 

4.149 million tonnes in 2007 (Figure 2). Of this, the average growth rate from wild capture 

fisheries was only 4.82% per year for the whole decade, far behind the 19.4% per year from 

aquaculture production during the same period. The fisheries sector plays an important role in 

Vietnam’s national economy with significant earnings of foreign currency achieved from 

exports. The fisheries sector in Vietnam was ranked fourth in terms of total export value, after 

crude oil, garment manufacturing, and leather products, and was ahead of agricultural products 

including rice and rubber (Vietnamnet, 2008). The total value of fisheries export from Vietnam 

was US$ 3.762 billion in 2007, with shrimps (including freshwater prawn) and ‘tra’ and ‘basa’ 

catfish being the main aquatic species produced for export, accounting for 40.1 and 26% of 



2

export volume, respectively (VASEP, 2008). Vietnam was ranked eighth in the world for 

fisheries product export with an annual average growth rate of 20.9% between 1996-2006 (FAO, 

2009a). Thus, fish and fisheries are critical commodities that play a significant role in Vietnam’s 

economy and are vital to future development.     
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Figure 1. Fisheries production in Vietnam, 1998-2007 period (General Statistics Office, 2008). 

 

Aquaculture area (1,000 ha)

0

200

400

600

800

1000

1200

2000 2003 2004 2005 2006 2007
Year

Ar
ea

Total 

Marine and brackish w ater

Freshw ater

Figure 2. Aquaculture area in Vietnam, 2000-2007 period (General Statistics Office, 2008). 
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1.3. Lifecycle, natural contribution and translocation of giant freshwater prawn (GFP)

The giant freshwater prawn, Macrobrachium rosenbergii, is the largest species in the 

genus, with males and females capable of reaching 320 mm and 250mm in total length, 

respectively. Adult prawns live in freshwater environments however, females need to move to 

estuarine areas as their larvae require brackishwater for early survival and development (Ismael 

and New, 2000). Although mating in the wild is likely to occur throughout the year, there are 

peaks of mating activity at the onset of the rainy season in tropical environments and in the 

summer in more temperate climates (New, 2002). Larvae that hatch from eggs are planktonic and 

pass through 11 metamorphic stages in brackishwater bodies before becoming post-larvae (PL) 

(Figure 3) (Ismael and New, 2000). While the ability of GFP to disperse in marine environments 

is not known, larvae are capable of survival until PL stage in 100% artificial seawater indicating 

a limited potential capacity for marine dispersal by larvae of this species (Mather and de Bruyn, 

2003). Following metamorphosis, post-larvae migrate upstream towards freshwater. Post-larvae 

are omnivorous and can also be cannibalistic (New, 2002).   

Figure 3. Life cycle of Macrobrachium rosenbergii (Ismael and New, 2000). 
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Giant freshwater prawn is naturally distributed across south and south east Asia, and is 

found from Pakistan in the west to southern Vietnam in the east, and the distribution also 

includes northern Oceania and some western Pacific islands (New, 2002). Latterly, GFP has been 

introduced for research and culture purposes to many countries in the America, Africa, Europe 

and parts of Asia (namely China and Taiwan) where it is not indigenous (New, 2000). GFP is 

now farmed in more than 43 countries across the world (Mather and de Bruyn, 2003). 

1.4. Giant freshwater prawn farming (worldwide and in Vietnam) 

The global status of GFP was comprehensively reviewed by New in 2000 and updated in 

2005. Global aquaculture production of GFP has increased dramatically from 5,246 tonnes in 

1984 to approximately 130,000 tonnes in 1998. In terms of global aquaculture growth, the GFP 

culture industry expanded over 27% per year over the period between 1992 and 2001. This 

constitutes a significantly faster rate of industry development than marine shrimp culture (growth 

rate of only 3.9% per year). Based on the rate of industry expansion over the past decade, the 

estimated farmed output of the major freshwater prawn species around the world (M. rosenbergii 

and M. nipponense) is likely to reach between 700,000 to 1.0 million tonnes by 2010. The major 

farmed GFP-producing countries in 2001 were China (128,300 tonnes), Vietnam (28,000 tonnes) 

and India (24,200 tonnes). Vietnam was ranked second, but the actual volume produced was 

somewhat uncertain because production figures were combined in a general category of 

freshwater crustaceans not elsewhere included (nei) by FAO. According to New et al. (2008), in 

2005 China was the major GFP producer, followed by India, Thailand, Bangladesh and Taiwan, 

but Vietnam is still a major producer with its output not reported under this statistical category 

by FAO. In 2007, total farmed GFP volume in the world had already reached more than 213,000 

tonnes, with a market value exceeding US$ 943 million (FAO, 2009b).    

 Production of GFP from aquaculture in the Mekong Delta of Vietnam alone was 

estimated to have reached nearly 3,000 tonnes per year during the 90’s, but had expanded to 

more than 10,000 tonnes by 2002 (Phuong et al., 2006). Following the success of development of 

prawn seed production technology based on a ‘modified stagnant green water system’, the 

number of new freshwater prawn hatcheries increased rapidly in the Mekong Delta, from a single 

hatchery in 1999 to 91 hatcheries in 2003 that produced 76.5 million PLs per year (Phuong et al., 

2006). According to Sinh (2008), in 2006 the Mekong Delta produced 9,514 tonnes of GFP 

reared in 9,077 ha. The same author also reported that 111 hatcheries produced 107 million PLs 
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locally and an additional 300 million PLs were imported for culture. GFP production in Vietnam 

is mainly directed at the domestic market, with GFP production for export currently only 311 

tonnes worth about US$ 2.3 million (VASEP, 2008). While various culture systems are practiced 

for GFP (Figures 4 to 6), rotational rice-prawn and pen culture models are the most important 

production systems in terms of productivity and economic efficiency (Son et al., 2005; Phuong et 

al., 2006). These models require however, high investment and high technical knowledge that are 

really suitable for large-scale farmers only (Phuong et al., 2006). In contrast, the integrated rice-

prawn culture model is less productive, but needs less financial outlay, so this model is more 

affordable to small-scale and poorer farmers (Lan et al., 2006). Lan and co-authors also pointed 

out that the Mekong Delta has over 320,000 ha of rice fields, so there is a huge potential for 

expanding rice-prawn culture models. GFP is now considered one of the priority species for 

development by Vietnam with annual aquaculture production targeted at 60,000 tonnes by 2010 

reared in 32,000 ha (Government of Vietnam, 1999). 

 

Figure 4. Integrated rice-prawn culture model. 
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Figure 5. Rotational rice-prawn culture model. 

 

Figure 6. GFP culture in pen.  
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1.5. Issues for GFP aquaculture  

While GFP has been introduced widely around the globe for commercial culture, little 

attention has been paid to the genetic quality of cultured stocks. Most culture stocks outside Asia 

were developed from only a very small number of broodstock. Originally, only 12 prawns were 

imported to Hawaii in the early 1960s (Hedgecock et al., 1979), to establish the first culture 

stock. Offspring of these parents were exported subsequently to most non-indigenous regions 

where GFP is now cultured. After many years of production that have relied on unimproved 

stocks, declines in productivity have become an increasing concern for the industry in many 

countries both where GFP is indigenous and exotic. In the early 1990s, commercial culture 

stocks in Taiwan experienced a productivity decline from 16,000 tonnes to just 8,000 tonnes, that 

was attributed to inbreeding depression effects. Sourcing broodstock directly from grow-out 

ponds rather than from the wild has potential to result in high levels of inbreeding over a long 

period of domestication, and this is believed to be the major reason for growth performance 

declines in Thailand culture stocks (New, 2000).  

The common practice of selecting broodstock based on readiness to spawn can also lead 

to a loss of performance as the practice exerts an indirect negative effect on weight at harvest. In 

addition, this practice may also result in use of the smallest females as breeders in hatcheries that 

likely causes unintentional reductions in marketable size across generations (Mather and de 

Bruyn, 2003). The authors comment further that although genetic attributes of cultured stocks 

worldwide are currently unknown, many factors are in play that suggest that genetic diversity in 

M. rosenbergii may be low in most culture stocks and may still be declining. There is a large 

amount of circumstantial evidence to support a hypothesis that genetic variation has declined in 

culture stocks in many places that is the result of hatchery management practices and that escape 

of cultured stocks to the wild has impacted wild diversity. These phenomena have been reported 

in Atlantic salmon (Ayllon et al., 2004; Naylor et al., 2005; Machado-Schiaffino et al., 2007) and 

tilapia (de Silva et al., 2006). In addition, white tail and appendage deformity diseases have been 

observed in many GFP industries worldwide (Kumar et al., 2004; Hameed et al., 2004; Qian et 

al., 2006; Yoganandhan et al., 2006; Wang et al., 2008a). Surprisingly, while GFP aquaculture 

has expanded rapidly worldwide, genetic studies of giant freshwater prawn stocks are still very 

limited. Therefore, in the future it will be important to exploit natural genetic variation in GFP 
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systematically for the aquaculture industry and eventually move to genetic improvement of GFP 

culture stocks.  

1.6. Strategies of genetic improvement in aquaculture species 

1.6.1. Selective breeding  

In farmed terrestrial animals it has been demonstrated many times that systematic 

artificial selection can be an efficient way to improve stock productivity. Efficient selective 

breeding programs initiated since the 1940s have produced very large increases in the relative 

productivity of many farmed land animals. Growth rate has been doubled in pigs, and milk 

production in cows and the number of eggs laid by hens have improved by up to 2.5 times 

(Gjedrem, 2005a). As an example, the average weight of a chicken broiler in 1991 was 3.5 times 

heavier than that in 1957 (Havenstein et al., 1994). Today the high yields achieved commonly in 

land animal production result largely from development and farming of genetically improved 

breeds (Gjedrem, 1997).  

In contrast, few breeding programs have been trialed on aquatic species until very 

recently. This is true even though the selection response in fish and shellfish is usually much 

higher than in equivalent farm animals (Olesen et al., 2003). Because much of the natural genetic 

diversity present in farmed terrestrial animals has been exploited and lost over thousands of years 

of domestication, while aquatic species have remained largely unexploited. Most artificial 

selection programs on aquatic species to date have been carried out on finfishes. Recently, large-

scale breeding programs have been carried out on salmonids, including Atlantic salmon 

(Gjedrem, 2000; Quinton et al., 2005) and Coho salmon (Hershberger et al., 1990; Neira et al., 

2006), channel catfish (Dunham and Brummett, 1999) and Nile tilapia (Bentsen et al., 1998; 

Eknath et al., 2007). Genetic gains for improved growth rate in these species ranged from 10 to 

20% per generation, an increase much higher than that achieved for cattle, pigs and sheep breeds 

(Korver et al., 1988). The few examples of selective breeding programs applied to finfish show 

that the benefit of an efficient breeding program can be very high. Genetically improved Atlantic 

salmon in Norway today grow twice as fast as wild salmon and require 25% less feed. This 

development reduced feed costs by more than US$ 230 million per year for the Norwegian 

salmon farming industry (Thodesen and Gjedrem, 2006). Selected lines now account for about 

70% of all salmon produced in Norway (Fjalestad et al., 2003). Furthermore, genetic 



9

improvement programs for Nile tilapia (Oreochromis niloticus) are also highly profitable with 

the economic benefit (discounted returns - discounted costs) of US$ 4 million to US$ 32 million, 

and the corresponding benefit:cost ratios of 8.5 to 60 (Ponzoni et al., 2007). The major reason for 

cost-effectiveness of selective breeding programs is that any genetic gains in one generation are 

completely heritable in the next generation (Gjedrem and Fimland, 1995).         

While there has been some attention paid to fish stock improvement, application of 

breeding programs to crustaceans to improve their productivity has been limited. The limited 

number of breeding programs that have targeted the crustacean culture industry is largely a 

consequence of some unique characteristics of crustacean species. A major reason why there are 

few domesticated stocks of commercially-farmed crustacean species is because for many species 

it has been difficult to close their complex lifecycles. Lifecycles of crustaceans take place 

through several larval stages, but there is often a lack of understanding about rearing conditions 

for each stage (Jerry et al., 2001). The breakthrough for GFP was discovering larvae required 

brackishwater to survive beyond five days. This led to breeders being able to rear larvae through 

all stages (New, 2000). Another major difficulty often encountered is simultaneous production of 

progeny from a large number of parents and control of environmental variables to minimize 

significant variation for growth found between sexes. In addition, suitable external marking tags 

are not yet available for most species due to the moulting process in crustaceans and breeding 

programs often require individual or family lines to be recognizable to estimate breeding values. 

As a consequence, genetic parameter estimates can be biased potentially by maternal or 

environmental effects (Jerry et al., 2001). Nevertheless, selective breeding programs have been 

initiated for a few commercially important crustaceans namely some important penaeid species 

(Hetzel et al., 2000; Argue et al., 2002; Goyard et al., 2002; Preston et al., 2004; Gitterle et al., 

2005a, b; Kenway et al., 2006) and freshwater crayfish (Jones et al., 2000; Jerry et al., 2005). 

The few examples of selective breeding trials that have been conducted on crustaceans have 

recorded a relatively high response to selection for growth rate, with gains of around 10% per 

generation achieved.  

1.6.2. Crossbreeding 

An alternative approach to improving the productivity of farm stocks is crossbreeding 

(intraspecific crossbreeding or interspecific hybridization) to exploit potential hybrid vigour in 

offspring. Hybrids are used extensively in agriculture to produce maize, kale, sprouts, tomatoes, 
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many garden flowers and vegetables, and for some sheep, cattle and pig strains (Lamb, 2000). 

Hybrid maize now accounts for nearly all maize currently planted in the USA. Crossbreeding has 

also been applied to a limited extent in aquaculture as a means for improving important 

production traits. Commercial hybrids of channel x blue catfish (Dunham, 2006) and a ‘hybrid’ 

common carp (Bakos and Gordar, 1995; Hulata, 1995) are now produced routinely. Interspecific 

hybrids do not however, necessarily show heterosis for targeted traits, but can be important in 

aquaculture if the hybrids express a good combination of useful traits they inherit from both 

parents (Hulata, 2001). The main catfish cultured in Thailand is a hybrid between the African 

and Thai catfish (Clarias gariepinus x C. macrocephalus) (Senanan et al., 2004). This hybrid 

combines the relatively fast growth of the African catfish with the more favourable flesh 

characteristics of the Thai species (Hulata, 2001). Similarly, the hybrid between two major 

Indian carps, rohu (Labeo rohita) and catla (Catla catla) carp, has the small head of the rohu, but 

grows as rapidly as does catla (Reddy, 2000). Maintenance of at least two pure species for 

interspecific hybridization or at least two inbred lines for intraspecific crossbreeding however, is 

a major problem when employing this production strategy (Hershberger, 2006). In addition, 

results from crossbreeding programs are often unpredictable, leading to uncertainty about 

improvement in performance of offspring (Beaumont and Hoare, 2003).        

1.6.3. Integration of molecular markers into a breeding program 

Genetic improvement programs that incorporate DNA based genetic technologies are 

under development for a range of aquaculture species. A variety of genetic marker types have 

been applied to aquaculture species, including allozymes, mitochondrial DNA, RFLP, RAPD, 

AFLP, microsatellite, SNP, and EST markers (Liu and Cordes, 2004). Each marker type 

possesses unique properties, for instance the ability to screen variation at multiple loci or a single 

locus in a single reaction, or detecting variation at a single nucleotide position or length-based 

polymorphisms. Individual marker properties will affect the cost of analysis and their suitability 

for automation (Davis and Hetzel, 2000). One marker type that has been used widely in recent 

times in breeding programs on aquatic species are microsatellites because they are useful for a 

variety of purposes including for line identification (Hayes et al., 2006; Yue et al., 2009; 

Wachirachaikarn et al., 2009), to monitor and control inbreeding across generations of selection 

(Evans et al., 2004; Romana-Eguia et al., 2005; Frost et al., 2006; Dixon et al., 2008), and to 

obtain pedigree information (Jerry et al., 2004; Jerry et al., 2006; Fessehaye et al., 2006; Johnson 
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et al., 2007; Wang et al., 2008b). Furthermore, the markers can be used to construct linkage maps 

and thereby accelerate genetic improvement via marker assisted selection (MAS). Of the newer 

marker types, SNP markers are considered most powerful for genome mapping and for 

identifying candidate genes for quantitative trait loci (QTL) (Liu and Cordes, 2004). There are 

several reasons for increasing interest in application of SNP markers: (i) they are abundant across 

the genome increasing the chance of detecting SNPs close to, or in, the actual functional locus of 

interest, (ii) they may be present in coding regions that directly influence protein function, (iii) 

they are inherited more stably than microsatellites, a characteristic that makes them useful for 

long term selection markers, and (iv) they are considered more suitable for high throughput 

automation (Beuzen et al., 2000). These authors have suggested that SNP markers could replace 

microsatellites in the future for detecting DNA polymorphisms because of these unique 

characteristics.  

Although artificial selection has proven to be an efficient way for improving growth traits 

in a variety of aquatic species, the approach has limitations when the traits of interest are hard to 

measure or require sacrificing individuals e.g. flesh colour or fillet yield, or traits have low 

heritability such as age at sexual maturation or disease resistance (Araneda et al., 2008). Where 

QTL effects have been measured at least 10% of phenotypic variation, MAS may be a more 

appropriate approach for development of improved culture lines (Dekkers and Hospital, 2002). 

To implement MAS, a linkage map for the species is required and then QTL analysis is 

performed to determine if variation at the molecular level is linked to variation in the target 

phenotypes (Hayes and Andersen, 2005). Linkage maps are now available for some 

commercially important aquatic species, e.g. some salmonids (Araneda et al., 2008), Nile tilapia 

(Cnaani and Hulata, 2008), channel catfish (Liu, 2008), Japanese flounder (Castano et al., 2008) 

and some penaeids (Dhar et al., 2008). Only a limited number of studies have found QTLs so far, 

some that influence cold tolerance in tilapia and common carp (Cnaani et al., 2003; Sun and 

Liang, 2004), and resistance to disease in Japanese flounder and Atlantic salmon (Ozaki et al., 

2009; Houston et al., 2009; Moen et al., 2009). In general, application of an MAS approach in 

routine breeding programs for aquatic species however, has been limited (Hallerman, 2006; 

Araneda et al., 2008), with the exception of a very recent report of application of MAS for 

resistance to bacterial coldwater disease in ayu, Plecoglossus altivelis (Sakamoto et al., 2009).          
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1.7. Why stock improvement programs are required for  GFP 

The GFP culture industry in Vietnam and most other Asian countries currently relies 

almost totally on wild or unimproved culture stocks and this may threaten the future 

sustainability of GFP farming in the region due to low production efficiency and vulnerability of 

farmed stocks to disease. A recent attempt to increase GFP productivity by stocking all-male 

juveniles that were manually sexed before grow-out was undertaken in India. Nair and co-

workers (2006) reported that all-male monosex culture generated at least 60% higher profitability 

than did mixed or all-female culture. This approach however, may lead to high mortality due to 

handling and the practice is also highly labor-intensive (New et al., 2008). Production of all-male 

stock by neofemale technology has also been attempted (Alfalo et al, 2006; Rungsin et al., 2006). 

Neofemales were produced by removal of the androgenic gland from immature GFP males, and 

then treated animals mated with normal males to produce all-male culture populations. The cost 

and feasibility of this manipulation in commercial production however, is still a question. 

Consequently, a breeding program for GFP is required to improve some economically important 

traits for this species.  

Genetic improvement programs for GFP have been initiated in Indonesia and Thailand 

and some ‘improved’ stocks have been disseminated to local industries (Ponzoni et al., 2006), 

but there has been little rigorous evaluation of the outcomes. A similar type of program has been 

initiated in India (Jahageerdar, 2007), but to date the outcomes of the program have not been 

reported. A selective breeding program for GFP is timely due to its biological advantages: (i) the 

GFP life cycle had been closed in hatcheries, (ii) the generation interval is short, (iii) half sibs 

can be produced easily, (iv) and the species shows high fecundity (Jahageerdar, 2007). Selection 

response depends largely on the level of genetic variation present in the quantitative traits of 

interest. (Falconer and Mackay, 1996). Malecha et al. (1984) reported that heritability (h2) for 

growth rate in GFP juveniles was 0.35 ± 0.15 for females but was not significant for males. A 

second study reported that estimates of h2 for body weight in GFP were 0.18 ± 0.07 at 19 weeks 

dropping to 0.09 ± 0.04 at 23 weeks (Meewap et al., 1994). Very recently, Kitcharoen and co-

authors (2009) concluded that estimates of h2 for growth traits in GFP varied considerably with 

age, i.e. h2 of body weight was 0.26 ± 0.13 at two months old before sexual differentiation, and  

h2 for body weight was 0.28 ± 0.17 for females vs. 0.12 ± 0.08 for males at five months old. 

These values indicate that body weight in GFP has potential to respond to selection at early 
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juvenile stages in both sexes and also at later stages in females. It is notable that size distribution 

is rather homogenous for females but widely variable for males in GFP. GFP male populations 

always contain three distinct morphotypes (small males, orange claw males, and blue claw 

males), reflecting social interactions among individuals (Karplus et al., 2000). So development of 

a breeding program for GFP can in theory, provide an important means to increase GFP 

productivity in a sustainable way, and the program may have different targets in females and 

males.  

Although stock improvement via selective breeding can potentially generate high benefit 

over the long term, the approach requires initial high investment and this can be a major 

constraint on initiating and running new selective breeding programs in aquaculture. As a result, 

a crossbreeding approach provides an affordable option in comparison with selective breeding 

because it is less expensive and can potentially produce rapid positive outcomes. Divergent 

geographically distant wild populations of GFP are known to occur naturally among major river 

drainages across south east Asia (Hedgecock et al., 1979; de Bruyn et al., 2004a). Thus, a 

crossbreeding approach may allow breeders to exploit ‘hybrid’ vigour in offspring for the culture 

industry.  

1.8. Objectives of the current study 

The overall objectives of this study were to investigate relative performance of a number 

of pure and ‘hybrid’ strains of GFP for individual growth rate and thus to assess potential for 

heterotic outcomes. The study employed a diallel cross of two new culture strains developed for 

the purpose from two discrete wild drainage systems in Vietnam and a third domesticated 

Hawaiian strain. The study then assessed the impact of the domestication process on relative 

levels of genetic diversity on the three pure GFP strains used in the diallel cross. GFP strains 

could provide potential stocks for development of a synthetic or composite population with 

relative high genetic variation for a selective breeding program in Vietnam. But before this 

approach is considered, it is important to be confident that the process of domestication has not 

eroded exploitable levels of genetic diversity. Furthermore, the study attempted to identify 

variation in key genes linked to specific important growth traits in GFP. If successful, this 

approach may allow future development of a marker assisted selection (MAS) approach to the 

breeding program for this species in Vietnam.    
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Hence, specific objectives of the current study were: (i) to compare the relative 

performance in culture of three pure strains and their reciprocal crosses for important 

quantitative traits (primary focus on growth rate), (ii) to estimate the magnitude of the strain 

additive and non-additive genetic effects on growth performance in the three pure strains and 

their reciprocal crosses, (iii) to document genetic variation within the three pure strains after one 

hatchery generation and to compare their relative levels of genetic diversity with wild 

populations from the original river sources, (iv) to screen SNP variation in actin and crustacean 

hyperglycemic hormone genes that may influence individual growth performance, and to 

investigate any correlation of individual growth performance with SNP polymorphisms.     
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Preface to Chapter 2 

The current study was initiated by starting a crossbreeding approach among divergent 

GFP strains to improve culture productivity. This approach is relatively simple, inexpensive, and 

can produce immediate effect on performance as a result of hybrid vigour in offspring. A 

complete 3x3 diallel cross consisted of two wild Vietnamese strains collected from the Dong Nai 

and Mekong rivers, and a third domesticated Hawaiian strain that was originally sourced from 

Malaysia. Chapter 2 evaluated growth performance in three purebred strains and six reciprocal 

crosses. Sexual dimorphism in growth is typical in GFP with males generally growing faster than 

females. Therefore, separate growth performance of males and females were compared among 

crosses to determine effect of genetic background on growth traits of both males and females. 

This chapter investigated evidence for improved growth rate in crossbred strains compared with 

purebred strains.  
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Abstract 

The giant freshwater prawn (Macrobrachium rosenbergii) is one of the most important 

crustacean species produced in inland aquaculture in many tropical and subtropical countries 

worldwide. The aim of the current study was to evaluate the growth performance of three strains 

of giant freshwater prawn that originated from geographically separated locations in a complete 

(3x3) diallel cross as a starting point for a stock improvement program for the industry in 

Vietnam. Crosses were established over two generations using two wild Vietnamese river 

populations (Dong Nai and Mekong) domesticated for the study and an introduced Hawaiian 

strain that had been in culture for many generations. Juveniles from nine strain combinations 

were produced using single-pair matings. Results after 15 weeks of grow-out in hapas showed 

that growth performance of the Hawaiian strain was best among the purebred strains and that 

certain cross combinations grew significantly faster than purebred strains. Mean body weights of 

specific cross combinations with Dong Nai or Mekong as dams and the introduced strain 

(Hawaiian) as sires were significantly heavier than those of purebred Dong Nai or Mekong 

strains. While males reached heavier mean weights than females, male variation among the 

strains was obscured by social factors that produced different frequencies of male morphotypes 

(blue claw, orange claw and small males). Results suggest presence of potentially valuable 

heterosis and possible impact of the direction of cross. From a practical viewpoint this could be 

exploited upon by either, including different forms of crossbreeding, or alternatively, by creating 

a composite population for future selection. Potential problems and challenges encountered 

during the trials are discussed.    

 

Keywords: Macrobrachium rosenbergii, stock improvement, diallel cross, heterosis.
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1. Introduction 

The giant freshwater prawn (Macrobrachium rosenbergii) is one of the most important 

crustacean species produced in inland aquaculture in many tropical and subtropical countries 

worldwide. In 2004, world total farmed M. rosenbergii volume reached more than 194,000 

tonnes, with an estimated market value that exceeded US$ 810 million, of which 99% was 

produced in Asia (FAO, 2004). This figure, however, is probably an underestimate because it 

excludes production from Vietnam. Production of giant freshwater prawn (GFP) from 

aquaculture in Vietnam was estimated at approximately only 3,000 tonnes per year during the 

90’s, but this increased to more than 10,000 tonnes by 2002 (Phuong et al., 2006). GFP is now a 

high priority species for development in Vietnam with the annual aquaculture production target 

for the species by 2010 set at 60,000 tonnes reared in 32,000 ha (Government of Vietnam, 1999).   

M. rosenbergii has been disseminated widely around the world and the species is now 

present in at least 43 countries (New, 2000) where it is used for both research and commercial 

culture purposes. Little attention however, has been paid to date to the genetic attributes of 

cultured stocks. Most broodstock used in culture were developed from the ‘western’ form of M. 

rosenbergii (sensu de Bruyn et al., 2004a) that were originally collected in Malaysia and then 

translocated to Hawaii. After many years of culturing essentially unimproved stocks, declines in 

productivity have become an increasing concern for many culture industries. A number of factors 

may contribute to productivity declines, including high levels of inbreeding due to sourcing 

broodstock directly from grow-out ponds, and selection of  breeders based on their readiness to 

spawn that often involves early maturing, small females (Mather and de Bruyn, 2003). This latter 

practice is likely to cause an indirect, negative response on weight at final harvest. Surprisingly, 

while GFP aquaculture has expanded rapidly worldwide, genetic approaches to stock 

improvement of cultured lines have not been widely implemented. Thus, there is the need for 

systematic breeding programs in the future to improve economically important traits in this 

species.  

Significant productivity advances have been achieved via selective breeding programs in 

aquaculture over the last 10 years, particularly in a number of finfish species where 

improvements of up to 10 to 20% per generation have been achieved, notably for Atlantic 

salmon Salmo salar (Gjedrem, 2000; Quinton et al., 2005), coho salmon Oncorhynchus kisutch 

(Hershberger et al., 1990; Neira et al., 2006), channel catfish Ictalurus punctatus (Dunham and 
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Brummett, 1999), Nile tilapia Oreochromis niloticus (Bentsen et al., 1998; Ponzoni et al., 2005; 

Eknath et al., 2007) and Rohu carp Labeo rohita (Mahapatra et al., 2006). In contrast, selective 

breeding programs have been initiated on only a few commercially important crustacean species, 

notably in some marine penaeid prawn species (Hetzel et al., 2000; Argue et al., 2002; Goyard et 

al., 2002; Preston et al., 2004; de Donato et al., 2005; Gitterle et al., 2005a, b) and freshwater 

crayfish (Jones et al., 2000; Jerry et al., 2005). The few examples of selective breeding 

undertaken on crustacean species have, however, achieved a high response to selection for fast 

growth rate with genetic gains of around 10% per generation.  

An alternative approach to improving the productivity of cultured stocks is via 

crossbreeding (intraspecific crossbreeding or interspecific hybridization) to exploit potential 

heterosis (hybrid vigour) in crossbred offspring. Hybrid lines are used widely in the horticulture 

and grains industries to increase yields of important crops (Lamb, 2000). While the approach has 

been trialed only sparingly in aquaculture, examples exist of hybrid crosses with superior 

performance to pure lines, e.g. common carp Cyprinus carpio (Bakos and Gorda, 1995; Hulata, 

1995). Crossbreeding has been used to transfer favourable traits among strains (Fjalestad, 

2005a). This method, particular diallel crossing has also been employed to establish a genetically 

diverse synthetic base population prior to initiating a breeding program. This was the strategy 

employed in the GIFT project (Genetic Improvement of Farmed Tilapia) (Bentsen et al., 1998). 

Crossbreeding can be a relative simple and inexpensive method for improving local strains 

(Fjalestad, 2005a), when compared with selective breeding. Selective breeding programs 

however, can provide significant economic benefit over the long term of operation. For example, 

approximately US$ 3 million is required annually to undertake the breeding program for Atlantic 

salmon in Norway, but the estimated annual profit from this program is US$ 45 million 

(Gjedrem, 1997). Similarly, the genetic improvement program for Nile tilapia has been highly 

beneficial with benefit:cost ratios ranging from 8.5 to 60 (Ponzoni et al., 2007). Initial high 

investment however, can be a major constraint on initiating and running new selective breeding 

programs in aquaculture. As a result, a crossbreeding approach may be beneficial for small 

aquaculture industries where resources are limited for selection programs, for example the 

approach adopted for Pacific blue shrimp Penaeus (Litopenaeus) stylirostris in New Caledonia 

(Goyard et al., 2008). Thus, which strategy is trialed, in part, may depend on the stage of 
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development of individual aquaculture industries and the breeding objectives for specific 

cultured species.            

Giant freshwater prawn is distributed naturally across south and south east Asia, from 

Pakistan in the west to southern Vietnam in the east, and the distribution includes northern 

Oceania and some western Pacific islands (New, 2002). While adult prawns live in freshwater 

environments, females need to move to estuarine areas as their larvae require brackish-water for 

early survival and development (Ismael and New, 2000). GFP larvae have only a limited 

potential capacity for marine dispersal (Mather and de Bruyn, 2003). Recent studies have 

documented genetic diversity in wild M. rosenbergii stocks across the species’ extensive natural 

distribution and have suggested that variation is high and structured spatially among major river 

drainages (de Bruyn et al., 2004a, b; de Bruyn et al., 2005; de Bruyn and Mather, 2007). Thus, 

the potential exists to exploit naturally high levels of diversity in wild M. rosenbergii stocks in 

breeding programs to develop improved lines for the culture industry.  

Little is known however, about potential for hybrid vigour in intraspecific-crosses among 

strains of GFP collected from independent drainage basins. The current study developed two 

culture strains from wild populations of M. rosenbergii collected from two discrete freshwater 

drainages in southern Vietnam and set up a diallel cross with a third culture strain of GFP 

sourced from Hawaii (‘Anuenue’ strain) that came originally from Malaysia. The specific 

objectives were to compare relative performance of individuals from different genetic 

backgrounds, as well as the performance of all possible reciprocal crosses. 

2. Materials and methods 

2.1. Collection of wild GFP populations and broodstock conditioning 

Wild M. rosenbergii populations were collected from two discrete drainage systems in 

Vietnam in November 2005 to form the founder stocks for development of new culture strains. 

The first population originated from the Dong Nai River and the second population was collected 

from the Mekong River. Because the Mekong River has an extensive geographical basin, 

juvenile prawns were collected from three geographically widespread sites in Vietnam to ensure 

that samples represented broad genetic variation present in the lower river basin. Sampled Dong 

Nai and Mekong individuals were stocked into separate hapas (4 x 8 x 1.5 m) suspended in the 

water column of a 2,000 m2 earthen pond. Air supply systems were installed in each hapa and 
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operated during the night (9pm to 6am) to maintain dissolved oxygen concentrations. After two 

months, healthy adult prawns were chosen as broodstock and transferred for conditioning. 

Females and males from each strain were held in separate hapas for an additional two months for 

conditioning. Broodstock were fed twice daily with a 40% protein commercial prawn pellet and 

this was substituted with chopped beef liver or squid every two days (Daniels et al., 2000).  The 

third strain, Hawaiian, originated from Malaysia and has been cultured outside south east Asia 

for more than 30 years (New, 2000). The Hawaiian strain was introduced to Vietnam in early 

2005 as juveniles for on-farm trials in the Mekong Delta and collected as broodstock at the end 

of the trial from a local hatchery in An Giang province. Numbers of initial collections for each 

strain are presented in Table 1.  

Table 1. Collection sites, date and number of individuals collected to established Vietnamese 

foundation strains. 

Strain 
initials 

Collection sites Geographical 
position 

Date Number  

D Dong Nai River 10º56’N 106º49’E   4 Nov. 2005          437 juveniles 
M Mekong River    
 - Hong Ngu 10º48’N 105º20’E   7 Nov. 2005          86 adults 
 - My Tho 10º21’N 106º22’E   21 Nov. 2005          225 juveniles 
 - Chau Doc 10º42’N 105º07’E   1 Dec. 2005          50 adults 

H An Giang    5 Apr. 2006          47 breeders 
Note: (i) Juvenile: sub-reproductive individual. 
 (ii) Adult: sexually mature individual. 
 (iii) Breeder: individuals selected as broodstock for breeding experiments. 
 

2.2. Mating design and family production 

2.2.1. Generation 1 (G1) 

The study was carried out at the National Breeding Center for Southern Freshwater 

Aquaculture that is part of the Research Institute for Aquaculture No. 2, Vietnam. Wild Dong 

Nai and Mekong and the newly introduced Hawaiian strain broodstock (G0) were used in 

reciprocal crosses to produce progeny (G1) via single-pair matings.  The design of the study was 

a complete 3 x 3 diallel cross comprising three purebred strains (Dong Nai x Dong Nai, Mekong 

x Mekong and Hawaiian x Hawaiian) and six reciprocal crosses (the female parental strain is 

identified first in each cross). The numbers of mating pairs set up for each strain to generate the 

G1 are presented in Table 2. Female and male parents were chosen carefully based on the 

characteristics described by Sagi and Ra’anan (1985) to maximize mating success. Females with 
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orange colored ovaries that occupied a large area of the cephalothorax were preferred. Males 

with a healthy appearance and long, thick, dark blue claws were obtained for mating with 

sexually receptive females. Single females and males were isolated for paired matings in separate 

baskets (36 x 49 x 18.5 cm) submerged to a depth of 0.8 m in an earthen pond with air supply 

provided during the night. Females usually laid eggs within 1-3 days if they had mated 

successfully. Males were removed after females were berried. Berried females were checked 

every three days for developing eggs. Some females lost their eggs 2-3 days following spawning, 

indicating that their eggs had not been fertilized. These females were replaced by new females 

and males from the same strain introduced to the baskets. Females carrying fertilized eggs were 

maintained in the brood baskets for 15-18 days until eggs had changed colour to grey. At this 

stage, females were transferred to the hatchery for egg hatching in 70-l circular flat-bottom 

plastic containers over 1-2 days. Larvae from individual families from each strain were reared at 

a stocking density of 60 larvae/l in the same hatching containers. Containers were supplied 

vigorously with air through stones laid on the bottom. Larval rearing employed an open water 

system that requires daily water exchanges of 20-40%. Larvae were fed newly hatched brine 

shrimp nauplii for the first 10 days and a combination of brine shrimp nauplii and a station feed 

(egg, milk powder, shrimp or squid flesh, and squid oil) according to Phuong el al. (2003).   

Fifty eight full-sib families were produced in the G1, varying from only a single family 

for the Hawaiian x Dong Nai strain to 13 families for the Hawaiian x Hawaiian strain (Table 2). 

Some females aborted their egg clutches during development. The first larval family was 

observed on 29/04/2006 and the last on 4/06/2006 (all G1 larvae were produced over 37 days). 

Table 2. Number of dams and sires for each strain combination in G1.  

Sires  Dams D M H
D 31 (8) 15 (5) 11 (6) 
M 25 (9) 25 (8) 11 (6) 
H 3 (1)  3 (2)   18 (13) 

Note: (i) D = Dong Nai, M = Mekong, H = Hawaiian. 
 (ii) 1st figure = number of pairs set up; 2nd figure in brackets = number of successfully spawned females. 

2.2.2. Generation 2 (G2) 

The mating design for G2 replicated that of G1. Parents for G2 were sourced from the G1 

progeny of the three purebred strains. Adult prawns from the three purebred strains of G1 at 

harvest were chosen randomly as broodstock for further conditioning. Seventy seven full-sib 
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families were produced in the G2 (Table 3). The age difference between the first and last larval 

family was 40 days. 

Table 3. Number of dams and sires for each strain combination in G2. 

Sires  Dams D1 M1 H1 
D1 19 (8) 18 (5) 19 (5) 
M1   20 (12)   20 (12)   20 (10) 
H1   20 (10) 16 (7) 20 (8) 
Note: (i) D1 = Dong Nai x Dong Nai G1, M1 = Mekong x Mekong  G1, H1 = Hawaiian x Hawaiian G1. 
 (ii) 1st figure = number of pairs set up; 2nd figure in brackets = number of successfully spawned females. 
 

2.3. Juvenile production 

Post larvae (PLs) were reared in 1 m3 fibreglass tanks for the first 15 days at a stocking 

density of 1,000 PLs/m3. PLs were then transferred to fine mesh hapas (2.5 x 4 x 1.5 m) in a 

2,000 m2 earthen pond for a further 2.5 months rearing at a stocking density of 100 PLs/m2.

Hapas were supplied with air from 9pm to 6am and provided with additional artificial habitat in 

the form of suspended plastic string for prawns to hide in and to reduce cannibalism. Post larvae 

were fed a 35% protein commercial prawn pellet (Tay Do CX1, Trung Nhan Co.). PLs from 

multiple families belonging to a single strain were pooled, and then each strain was reared 

separately. Because age of individual families varied, families of similar ages (maximum 5 days 

difference) were pooled into single batches for nursing. Thus several nursing batches were 

available for both purebred strains and cross combinations. Age differences of the first to last 

batch of juveniles were 37 days for G1 and 53 days for G2.      

2.4. Grow-out experiments 

Grow-out experiments were carried out in hapas (4 x 8 x 1.5 m) in a 2,000 m2 earthen 

pond. Three replicates were used for each cross combination. Cross combinations were assigned 

randomly to 27 hapas in an earthen pond. Two hundred juveniles were stocked in each hapa. For 

each cross combination, juveniles from different nursing batches were split and distributed 

equally to each hapa to ensure homogeneity among replicates. As a result, the age and size of 

juveniles stocked in individual hapas represented the mean age and size of the different nursing 

batches per cross. Mean body weight at stocking for G1 was 5.2 g (range 2.5-8.0 g), whereas it 

was 5.4 g for G2 (range 3.4-7.1 g). Mean body weight ranges for each hapa belonging to a single 

cross at stocking are presented in Table 4. Hapas were supplied with air that operated from 9 pm 
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to 6 am. Substrate provided to reduce cannibalism included 20 cm pieces of 100 mm PCV pipe 

and bamboo branches. Prawns were fed twice daily with a 25% protein commercial pellet (Tay 

Do CX4, Trung Nhan Co.) at a feeding rate of 4-5% body weight. Grow-out was carried out over 

15 weeks for both G1 and G2.  

Table 4. The ranges of mean body weight for each cross in G1 and 2 

 Sires  Dams D M H
D 3.5-7.0/5.6-6.1 5.2-7.3/3.4-5.7 3.3-7.5/6.3-7.1 
M 2.5-5.5/4.3-6.0 3.5-8.0/3.8-4.3 3.3-4.5/5.6-6.5 
H 4.0-5.3/4.9-5.5 4.3-4.5/5.0-5.5 7.0-8.0/5.1-6.2 

Note: (i) D = Dong Nai, M = Mekong, H = Hawaiian. 
(ii) Three hapa replicates of each cross had 3 mean body weight at stocking;  1st range = range of mean body 

weight of each cross at stocking in G1; 2nd range = range of mean body weight of each cross at stocking in G2.  
 

2.5. Data analysis  

2.5.1. Data collection 

At harvest, all prawns in each hapa were collected and sorted by sex and their 

morphotype was assessed. Males were classified as either blue claw (BC), orange claw (OC) or 

small claw (SM) as described by Kuris et al. (1987).  Large males without claws were classified 

as no claw males (NC) (Hulata et al., 1990). An additional male morphotype class was defined as 

old blue claw (OBC) (Sagi and Ra’anan, 1988). OBC males had BC appearance but were of 

relative small size and were covered with algae. The total number of prawns harvested from each 

hapa was recorded to calculate relative survival rates among crosses. To assess strain-specific 

growth rates for purebred strains and cross combinations, 50 females and 50 males were sampled 

randomly from each hapa and measured for carapace length (behind the eye stalk to the 

beginning of the first abdominal segment), standard length (eye orbit to the tip of the telson) and 

individual body weight. Numbers of sampled males in some hapas however, were less than the 

specified 50 individuals (ranged from 41 to 50 individuals) because mortality rates for males in 

some hapas were sometimes high. The total numbers of prawns measured for G1 and G2 were 

2,700 and 2,674 individuals, respectively.   

2.5.2. Analysis 

A mixed model was formulated as follows: 

yijklmn = µ + Gi + Cj + Sk + (GC)ij + (GS)ik + (CS)jk + (SA)kl + hm(gc)ij + eijklmn 
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Where yijklmn is the observation of the nth individual; µ is the overall mean;  Gi is the 

fixed effect of the generation (i = 1, 2); Cj is the fixed effect of the cross (strain) combination (j = 

1, 2, …, 9), Sk is  the fixed effect of sex (k = 1, 2);  (GC)ij and (GS)ik are the interaction effects of 

the ith generation by the jth cross combination and the ith generation by the kth sex; (CS)jk is the 

interaction effect of the jth cross combination by the kth sex; (SA)kl is the interaction effect of the 

kth sex and Al covariate of age at harvest; hm(gc)ij is the random effect of the mth hapa (m = 1, 2,

…, 27) nested within the ith generation and the jth cross; and eijklmn is the residual error of the nth 

individual. Ages of prawns in each experimental hapa in this study were determined from 

nursing date to harvest date (mean nursing age plus the number of days of grow-out).    

 Least squares means were calculated for growth parameters from each cross and 

significant mean differences were examined using a Tukey test. Survival rates were compared 

using a generalized linear model procedure after angular transformation. Chi-square tests were 

used to assess the proportion of males and females in each cross at harvest compared with a 1:1 

sex ratio. All analyses were performed with pooled data from G1 and G2 using SAS package 

version 9.1 (SAS Institute, 2000).   

3. Results 

3.1. Descriptive statistics 

Table 5. The number of harvested prawns (n), mean, standard deviation (SD), coefficient of 

variation (CV, %) for all individuals (combined sexes) and for males and females. 

Traits Sex n Mean SD CV 
CL Females 2,700 3.12 0.30 9.5 

Males 2,650 3.48 0.56 16.1 
 Both sexes combined 5,350 3.30 0.45 14.5 

SL Females 2,700 9.45 0.72 7.6 
Males 2,650 9.91 1.30 13.1 

 Both sexes combined 5,350 9.67 1.07 11.1 
BW Females 2,700 22.26 5.40 24.2 

Males 2,650 28.20 10.57 37.5 
 Both sexes combined 5,350 25.20 8.88 35.3 
CL = carapace length (cm), SL = standard length (cm), BW = body weight (g) 

Table 5 presents the basic growth data at harvest. Mean body weight was 25.2 g for 

females and males combined and the coefficient of variation was 35.3% after 15 weeks post-

stocking. Males grew faster than females. The coefficient of variation for body weight was 
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higher for males than for females (37.5% relative to 24.2%). This likely reflects the impact of 

social rank on male morphology.  

3.2. Relative importance of the effects (ANOVA) 

The fixed effects of cross (strain) and sex and their interaction were highly statistically 

significant (P < 0.0001) (Table 6). Likewise, covariate of age fitted with sex effect contributed 

greatly to significant growth traits (P < 0.0001).     

Generation showed no significant effect on body weight and standard length (P > 0.05), 

but was statistically significant for carapace length (P < 0.01). The interactions of generation by 

cross (strain) and by sex however, were statistically significant (Table 5). As there was no effect 

of generation, and within a generation the number of families for some crosses was low, all 

subsequent analyses combined families from both generations for each cross. As a result, the 

number of families available for any cross ranged from nine to 21 (Table 2 and 3).     

Table 6. Analysis of variance (ANOVA) using the mixed procedure. 

Traits Effects DF DenDF F P
CL      

Generation  1     36 10.83 0.0022 
Cross (strain) 8     36    6.71 <.0001 

 Generation*cross 8     36  2.60 0.0238 
 Sex 1 5284 10.68 0.0011 
 Generation*sex 1 5284 66.43 <.0001 
 Cross*sex 8 5284   4.93 <.0001 
 Age*sex 2 5284 24.99 <.0001 

SL      
Generation  1     36   0.24 0.6281 
Cross (strain) 8     36   7.46 <.0001 

 Generation*cross 8     36   2.61 0.0233 
 Sex 1 5284 14.10 0.0002 
 Generation*sex 1 5284 63.82 <.0001 
 Cross*sex 8 5284   7.29 <.0001 
 Age*sex 2 5284 27.70 <.0001 

BW      
Generation  1     36    2.73 0.1069 
Cross (strain) 8     36    7.58 <.0001 

 Generation*cross 8     36    2.31 0.0412 
 Sex 1 5284 23.04 <.0001 
 Generation*sex 1 5284 50.00 <.0001 
 Cross*sex 8 5284   4.06 <.0001 
 Age*sex 2 5284 38.46 <.0001 

DF = degree of freedom, DenDF = Denominator degree of freedom, F =  F-statistics, P = probability 
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3.3. Relative growth performance of  purebred strains vs. cross combinations  

Least squares means for body weight for purebred strains and cross combinations are 

presented in Figure 1. In general, the growth performances of cross combinations were better or 

not significantly different from that of pure strains.   

Among the three purebred strains, the HH strain grew faster than DD or MM, but HH 

was only significantly different from MM (P < 0.01). The DD and MM strains, unlike HH, grew 

more slowly than most cross combinations and were ranked 7th and 9th in performance, 

respectively.   

Among the cross combinations, MH and DH performed best and were significantly better 

than DM and HM (P < 0.05). This outcome was interesting because in both instances the best 

performing cross combinations consisted of females from a local Vietnamese strain (Dong Nai or 

Mekong) with males from the exotic strain (Hawaiian). In addition, the reciprocal crosses of MH 

and HM were significantly different. Growth performances of other cross combinations, except 

for DM were intermediate.   

 
Figure 1. Least squares means (LSM) and standard errors for body weight (g) for nine crosses 

estimated using the mixed model. DD (Dong Nai x Dong Nai), MM (Mekong x Mekong), HH 

(Hawaiian x Hawaiian), DM (Dong Nai x Mekong), DH (Dong Nai x Hawaiian), MH (Mekong x 
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Hawaiian), MD (Mekong x Dong Nai), HD (Hawaiian x Dong Nai), HM (Hawaiian x Mekong). 

Crosses sharing letters are not significantly different (P > 0.05)

Variation in standard length among purebred strains and cross combinations showed 

identical trends as for final body weight, with the exception that HM was not significantly 

different from DH (Figure 2). Outcomes of carapace length variation among the purebred strains 

and cross combinations showed a similar pattern as standard length, however, the purebred DD 

and crossbred HD strains were not significantly different from all other strains (Figure 3).   
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Figure 2. Least squares means (LSM) and standard errors for standard length (cm) for nine 

crosses estimated using the mixed model. Crosses sharing letters are not significantly different (P

> 0.05). Cross abbreviations as per Figure 1. 
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Figure 3. Least squares means (LSM) and standard errors for carapace length (cm) for nine 

crosses estimated using the mixed model. Crosses sharing letters are not significantly different (P

> 0.05). Cross abbreviations as per Figure 1. 
 

3.4. Relative growth performance  by sex 

Relative growth performance data by sex are presented in Figure 4. Among nine strains, 

least squares means (LSM) of body weight for males ranged from 26.12 g (DD) to 30.22 g (DH). 

Significant differences among strains for males were evident only for the DH cross compared 

with DD, MM and HM (P < 0.05). In contrast, female mean weights were quite variable among 

strains. Female mean weight for MH was superior to that of females from the MM, DM, HD and 

HM strains (P < 0.05). Performance of females in the purebred MM strain was the poorest, but 

was not significantly different from DD, DM, HD, and HM females (P > 0.05).  
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Figure 4. Least squares means (LSM) and standard errors for female and male body weights (g) 

for nine crosses estimated using the mixed model. Crosses within sex sharing letters are not 

significantly different (P > 0.05). Cross abbreviations as per Figure 1. 

 

LSM of carapace length by sex are presented in Figure 5. No significant differences were 

apparent for carapace length among males of the nine strains, whereas this trait in females was 

significantly variable among strains. Female carapace lengths for MH and DH were significantly 

larger than those of MM, DM and HD (P < 0.05). The LSM for carapace length in females of the 

MM strain was the shortest and was significantly different from HH, DH, MH and MD (P <

0.05).     

Figure 6 presents least squares means of standard length by sex for the nine strains. For 

males, standard length of the pure DD strain was significantly shorter than DH and MH (P <

0.05), while other strains were not significantly different. For females, the standard length of MH 

was the largest and was significantly different from all strains (P < 0.05) with the exceptions of 

DH and HH. The standard length of MM females was significantly shorter than all strains (P <

0.05) excepting DM and HD.   
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Figure 5. Least squares means (LSM) and standard errors for female and male carapace lengths 

(cm) for nine crosses estimated using the mixed model. Crosses within sex sharing letters are not 

significantly different (P > 0.05). Cross abbreviations as per Figure 1. 
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Figure 6. Least squares means (LSM) and standard errors for female and male standard lengths 

(cm) for nine crosses estimated using the mixed model. Crosses within sex sharing letters are not 

significantly different (P > 0.05). Cross abbreviations as per Figure 1. 

3.5. Survival by cross and sex 

Table 7 presents survival rates for the nine strains and the relative survival by sex within 

strain at harvest. No significant difference was detected for total relative survival among strains 

(P > 0.05). If we assume that the sex ratio at stocking was 1:1, then the relative mean survival for 

males within strains was lower than for females in all strains. This is reflected in asymmetrical 

sex ratios in all strains at harvest that were significantly different from 1:1. All strains were 

biased towards females.  
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Table 7. Survival of both sexes, males and females for nine crosses and sex ratio at harvest for 

nine crosses. 

Survival (Mean ± SE) Cross Both sexes combined Malea Femalea
Sex ratio 

(%males/%females)
DD 77.4 ± 2.1 69.5 ± 6.9 85.3 ± 4.6 45/55 
MM 77.3 ± 1.9 68.2 ± 3.9 86.3 ± 4.5 44/56 
HH 73.3 ± 2.7 56.8 ± 3.9 89.7 ± 4.5 39/61 
DM 76.3 ± 1.1 59.3 ± 2.6 93.3 ± 2.3 39/61 
DH 76.8 ± 3.0 67.3 ± 7.4 86.2 ± 4.3 44/56 
MH 77.4 ± 2.6 72.3 ± 3.9 82.5 ± 3.5 47/53 
MD 74.8 ± 2.9 66.3 ± 4.1 83.2 ± 3.1 44/56 
HD 74.8 ± 1.3 61.3 ± 3.8 88.3 ± 3.5 41/59 
HM 77.3 ± 3.2 72.2 ± 9.2 82.3 ± 3.7 47/53 

SE = standard error, 
a Survival of males and females = (the number of males or females at harvest/(0.5*the number of juveniles 
stocked))*100%. A 1:1 sex ratio at stocking was assumed, because juveniles could not be sexed at stocking. 
 

4. Discussion 

Results show clearly that variation in the genetic background among the experimental 

GFP strains influenced relative growth performance of purebred strains and cross combinations. 

Among the purebred strains, relative growth performance of the domesticated Hawaiian strain 

was significantly better than for the Dong Nai or Mekong strains. This difference may, in part, be 

an effect of the long term ‘domestication’ in culture environments (Knibb et al., 1998). 

Smitherman et al. (1984) defined ‘a strain’ as aquatic animals that share a common geographical 

origin and history, and to be considered as a ‘domesticated strain’ they should be produced 

artificially for at least two generations in a hatchery. According to this definition, the Dong Nai 

and Mekong strains developed for the current study are wild strains, while the Hawaiian strain 

(referred to as the ‘Anuenue’ strain) has been under culture for more than 15 generations 

(Malecha, 1984) and so can be considered a domesticated strain. Truly domesticated strains often 

perform better as over time, they have adapted to culture environments, e.g. channel catfish 

(Burnside et al., 1975) and African catfish Heterobranchus longifilis (Nguenga et al., 2000), 

unless they are highly inbred.  

Most cross combinations in the current study grew faster than purebred strains with 

crosses between females of either of the two Vietnamese strains (Dong Nai or Mekong) with 

Hawaiian males producing some of the fastest growth rates. Thus, there is evidence here for 

heterotic effects for some cross combinations. The result suggests that new cross combinations 
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could be trialed for heterotic outcomes among even more genetically divergent, geographical 

wild populations of the ‘western’ form of M. rosenbergii. An earlier study reported that growth 

rates of crosses between Thai and Malaysian GFP strains performed better than did a pure 

Malaysian strain (Dobkin and Bailey, 1979). This study was conducted however, before any data 

were available on the extent of genetic differentiation among wild geographical populations of 

GFP in Asia. When Dobkin and Bailey’s data are considered with the data presented here, they 

suggest that a crossbreeding approach can produce productive outcomes potentially leading to 

heterotic or hybrid vigour in the offspring. The magnitude of additive and non-additive genetic 

effects on growth traits in GFP should be examined in more detail however, before any firm 

conclusions are drawn about what level of genetic divergence among potential strains should be 

considered to produce new cross combinations. A number of factors can contribute to the 

probability of heterotic outcomes among strains, one of which is the relative level of genetic 

divergence among them. In the current study the Dong Nai and Mekong strains were sourced 

from natural drainage systems in Vietnam that are currently not connected. Historical gene flow 

among GFP populations in the two river systems may have occurred in the past however, due to 

annual flooding events or connections made by humans (canals) linking the systems.  

The relative performance of reciprocal crosses here was influenced, in part, by the 

direction of the cross combinations. For instance, the reciprocal crosses of Mekong with Hawaii 

performed significantly differently according to the direction of the cross (MH vs HM) 

suggesting a potential maternal or paternal effect on relative strain performance. The potential 

for maternal and/or paternal effects needs to be investigated further and the study should be 

replicated to confirm that any effect is repeatable in independent trials. If so, this finding should 

be considered in future M. rosenbergii stock improvement programs.  

Age differences at stocking have been reported to result in differences in growth and 

survival in common carp (Dunham, 2004). However, no strong evidence was observed for age or 

initial size at stocking effect on harvest body weight in GFP in the current study. Age differences 

among crosses at stocking were due to the age variable between the first and last nursing batches. 

This was 37 and 53 days for G1 and G2, respectively. While age differences did have some 

influence on body weight at final harvest, it was marginal compared with the effect of sex. Thus 

older and larger juveniles at stocking did not grow significantly faster than did younger and 

smaller sized animals. Malecha (1983) reported a similar finding, with size and age of GFP at 
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stocking showing little or no correlation with relative growth performance. This finding also 

concords with many previous studies of fish and shrimps (Palada-de Vera and Eknath, 1993; 

Bentsen et al., 1998; Hussain et al., 2002; Maluwa and Gjerde, 2006a; Goyard et al., 2002). Age 

differences should be considered however, as a correction term to adjust asynchronous spawning 

when producing experimental animals for genetic studies (Bentsen et al., 1998).  

Sexual dimorphism in growth is very pronounced in GFP, with males generally growing 

faster than females. It was clear from the current study that sex had a significant effect on final 

weight with males exhibiting faster growth than females. This differential growth effect has been 

reported in many aquatic species, including the freshwater crayfish Cherax destructor (Jerry et 

al., 2005) and tilapia, O. shiranus (Maluwa and Gjerde, 2006a) and O. niloticus (Marengoni et 

al., 1998; Bentsen et al., 1998; Nguyen et al., 2007). For GFP, this pattern is complicated 

however, because adult males comprise three distinct male morphotypes (blue claw, orange 

claw, and small male) (Karplus et al., 2000). Mean body weights of males separated into 

morphotypes in the current study were 33.23 g for BC, 26.49 g for OC, 10.68 g for SM, 28.68 g 

for NC and 28.79 g for OBC. These growth rates for male morphotypes were only available from 

the G2. The least squares means of body weight for males at harvest however, did not differ 

significantly among the nine crosses. This result suggests that differences in the relative 

frequencies of male morphotypes among crosses most likely masked any among strain 

differences in growth performance for males. Meanwhile, the least square means for female body 

weight varied more widely among crosses. Thus differences in growth rate that resulted from 

genetic background in females were not masked by social factors as they may have been in 

males. Malecha et al. (1984) investigated heritability (h2) for growth rate variation in GFP 

juveniles and reported a significant genetic effect in females (h2 = 0.35 ± 0.15) while h2 was 

negligible in males. This suggests that a breeding program for M. rosenbergii to improve overall 

growth performance could probably best be targeted at females only. This idea could merit 

further study because heritability estimates based on sire and dam components from only 50 full 

and half-sib families nested with 16 sires (Malecha et al., 1984) were generally biased due to 

maternal genetic and common environmental effects, as well as, being confounded by non-

additive genetic factors.  

Survival rates of female GFP are generally higher than males and this was evident in the 

current study. A biased sex ratio favouring females was reported in GFP polyculture in earthen 
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ponds (Karplus et al., 1986) and in monoculture in tanks (Sandifer et al., 1982). This pattern was 

explained in several ways, as environmental conditions more favorable to female rather than 

male development, unintentional stocking of more females than males and selective male 

mortality, or a combination of these factors (Smith et al., 1978).  

While tagging methods are often problematical in crustacean species due to moulting, 

results from the present study suggest that grow-out trials in hapas without tagging can be 

applied successfully. Mean growth rate at harvest for giant freshwater prawns (GFP) 

(independent of cross or sex) was better or similar in our study to that of GFP stocked in cages 

(Menasveta and Piyatiratitivokul, 1982; New, 1995), and only slightly lower than pond, tank or 

cage performance of GFP in other studies (Tidwell et al., 1998; Siddiqui et al., 1997; Alfalo et 

al., 2006). It is widely recognized however, that relative growth rates among studies can be 

difficult to compare due to differences in culture system (monoculture or polyculture), culture 

facility (pond, tank, cage or hapa), growth period, stocking density, GFP strain, feeding rate, and 

feed quality (protein content). A problem that can often reduce performance in hapas is 

phytoplankton fouling of hapa surfaces that can limit water flow after a short culture period. 

While phytoplankton were cleared routinely from hapa surfaces in the current study, fouling 

could not be eliminated. This problem may have depressed the mean growth rate of prawns 

relative to that potentially achieved in open ponds.       

A number of useful lessons have been learned in the current project.  These include: 

(i)  We found it difficult to produce a large number of families for multiple genetic strains 

over a short time period due to a high rate of egg abortion by females prior to hatching. Abortion 

rates of egg clutches in the G1 and G2 were 30% and 34%, respectively. Likely causes included 

non-fertilized eggs, disturbance of berried female when eggs were checked for stages of 

development and deterioration of eggs during incubation. Similar problems have been reported 

in earlier studies. The percentage of females that lose their egg clutches were reported to be 17% 

for M. rosenbergii in captivity (Cavalli et al., 2001) and as high as 50% in a breeding program 

for the freshwater crayfish C. destructor (Jerry et al., 2005). The rate of egg clutch abortion 

needs to be considered at the beginning in future mating designs to avoid having to make do with 

less than the optimum number of families per experimental strain. The solution to this problem 

is, where possible, to increase the number of mating pairs per strain in order to compensate for 

females that lose their eggs during development. Alternatively, replacing aborted females with 
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new mating families during the experiment can be employed, but this method prolongs the time 

for family production leading to larger variation in size and age at stocking among families.  

(ii) An inability to synchronize the metamorphosis period among strains can also 

contribute to differences in size and age of post larvae. Water temperature is a key factor that 

influences larval development rates in GFP. Temperatures below 24-26ºC lead to longer time 

periods for larvae to reach metamorphosis (New, 2002). We found temperature to be difficult to 

control when producing a large number of families in independent containers.  

(iii) We did not have the ability to stock juveniles from multiple strains in common 

earthen ponds but were restricted to using hapas for grow-out. As mentioned earlier, growth rate 

of prawns in hapas may be slower than in open ponds due to fouling. Tagging prawns for 

communal culture in ponds should enable better growth performance of experimental prawns.  

Coloured, elastomer tags have been employed recently in some marine shrimp and freshwater 

crayfish breeding programs (Argue et al., 2002; Goyard et al., 2002; Jerry et al., 2005; Gitterle et 

al., 2005a) and the studies demonstrated that the tags could last at least for 140 days. This 

tagging method has also been tested in GFP and the tags remained visible for up to 100 days in 

tanks (Brown et al., 2003; Pillai et al., 2007). Coloured elastomer or VI alpha tags could be used 

to mark animals in a GFP stock improvement program, however, retention time of visible tags in 

GFP needs to be investigated first, due to the requirement for an extended grow-out period.        

5. Conclusion 

Crossbreeding among GFP strains developed from geographically discrete populations in 

Vietnam resulted in offspring that grew at significantly different rates. Specific cross 

combinations showed evidence for heterosis and the direction of reciprocal crosses can 

apparently influence mean growth rates. As genetic variation is high both within and among wild 

populations of GFP this could be harnessed strategically in future breeding programs. Data from 

the current study will be exploited further to estimate the magnitude of additive and non-additive 

genetic components that contributed to different growth rates among the strains. As certain 

strains and their crosses performed differently for growth rate in this study, they can provide a 

starting point for developing improved culture stock for the industry in Vietnam and potentially 

the region more widely. 
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Appendix 1. Map showing sampling sites in the Dong Nai (a blue circle) and Mekong 

(three yellow circles) rivers.   
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Appendix 2. Production cycle from breeding, nursing to grow-out. Production cycle was 

replicated for G1 and G2. G2 parents sourced from G1 offspring.   

1. Breeding    
 

Female Male Basket mating 
2. Larval nursery    
 

Plastic container nursing Plastic string as artificial habitat 
3. Post larval nursery    
 

Fibreglass nursing tank Hapa nursing 
4. Grow-out    
 

Hapa grow-out Bamboo and PVC pipes as 
artificial habitat 
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CHAPTER 3. Estimates of strain additive and non-additive genetic 

effects for growth traits in a diallel cross of three strains of giant 

freshwater prawn (Macrobrachium rosenbergii) in Vietnam  
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Preface to Chapter 3 

Results of Chapter 2 showed evidence for potential heterosis among specific crosses and 

that the direction of cross can affect outcomes. Following these findings, Chapter 3 analyzed the 

growth data from this study in depth to confirm any heterotic effects for growth traits in 

experimental GFP. Growth variation was contributed by both strain additive and non-additive 

genetic effects. The significance and magnitude of these effects were assessed using a mixed 

model. These results were then used to justify an appropriate breeding approach for GFP in 

Vietnam.  
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Abstract 

 Additive genetic, heterotic and strain reciprocal effects were estimated using a diallel 

cross of two local wild strains of the giant freshwater prawn (Macrobrachium rosenbergii) in 

Vietnam (Dong Nai and Mekong) and a third domesticated Hawaiian strain, newly introduced to 

Vietnam. While some minor heterotic outcomes were detected in specific crosses, strain additive 

genetic and reciprocal effects were more significant sources of variation for all growth traits 

measured. Strain additive genetic effects were highest for the Hawaiian strain (+10.2%) and 

lowest for the Mekong strain (-11.6%) for harvest body weight. A similar pattern of strain 

additive genetic effects was observed for carapace and standard lengths. Average heterotic 

outcomes for all growth traits were small and not significantly different from zero (P > 0.05), 

and ranged from +0.7 for carapace length to +1.5% for body weight. The reciprocal effect 

influenced positively on growth rate, because crosses between the Dong Nai (D) or Mekong (M) 

strains as dam and the Hawaiian (H) strain as sire grew faster than did their reciprocal crosses 

(HD and HM). The relative high correlation between strain additive performance and total 

performance for all traits (r=0.71 to 0.77) suggests potential for exploiting strain additive 

variation to improve M. rosenbergii culture stock via direct selection among strains. A breeding 

strategy for genetic improvement of giant freshwater prawn in Vietnam is discussed.            

 

Keywords: Macrobrachium rosenbergii, diallel cross, additive genetic effect, heterosis, 

reciprocal effect 
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1. Introduction 

The giant freshwater prawn (Macrobrachium rosenbergii) is a popular freshwater 

decapod crustacean produced in inland aquaculture due to its high commercial value and 

suitability for use in a variety of culture systems. Currently, most culture stocks of this species 

worldwide constitute essentially wild, undomesticated lines. As with farmed marine shrimps, the 

long term sustainability of giant freshwater prawn (GFP) farming is currently under threat as a 

result of relatively low production efficiency and vulnerability of farmed stocks to disease. 

Recently, declines in productivity have been reported in commercial freshwater prawn farms in 

Thailand (Chareontawee et al., 2007) and Taiwan (New, 2000). White tail or muscle diseases 

have also been observed in this species in Taiwan (Hsieh et al., 2006; Wang et al., 2008a), China 

(Qian et al., 2006) and Thailand (Yoganandhan et al., 2006). The current status of M. rosenbergii 

aquaculture highlights the need for application of systematic stock improvement programs for 

this species to improve economically important traits.  

Crossbreeding (intraspecific crossbreeding or interspecific hybridization) in aquaculture 

has been used to exploit hybrid vigour in crossbred offspring that show better performance and 

increased fitness compared with their purebred parents. Crossbreeding therefore, can be a simple 

approach for improving the relative productivity of farmed finfish and shellfish. The catfish 

industry in the United States produces over 300,000 tonnes/year with 25-30% of production from 

certain farms coming from a hybrid of channel x blue catfish (Dunham, 2006). Similarly, more 

than 80% of catfish farmers in Thailand stock hybrid catfish (Clarias macrocephalus x C. 

gariepinus) due to their relatively fast growth and high disease resistance (Senanan et al., 2004). 

In addition, crossbreeding combined with selective breeding of common carp in Hungary has 

produced three hybrids that show high positive heterosis compared with pure lines (Bakos et al., 

2006). In contrast, a number of authors have reported that they have failed to observe heterotic 

outcomes in experimental crosses in salmonid fishes (Gjerde and Refstie, 1984; Bryden et al., 

2004), Rohu carp (Gjerde et al., 2002) and Chinese shrimp Fenneropenaeus chinensis (Yi et al., 

2006). In spite of a large number of attempts to produce new productive hybrids for aquatic 

species, there are currently very few hybrids (less than 1%) used in commercial production 

(Fjalestad, 2005a). 

Attempts to develop genetically improved strains of GFP for the culture industry are in 

their infancy. Crossbreeding was trialed during the 1970’s, however, growth rates of purebred 
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and crossbred strains were only reported until the larval stage (Sarver et al., 1979) or results were 

preliminarily and heterotic outcomes were not observed (Dobkin and Bailey, 1979). Experiments 

have also been conducted to develop interspecific crosses between Macrobrachium species (M. 

rosenbergii x M. malcolmsonii, Soundarapandian and Kannupandi, 2000; and M. rosenbergii x 

M. carcinus, Graziani et al., 2003). Such experiments resulted in very low survival rates or no 

successful hybridization due to apparent reproductive barriers among the species. Some early 

studies by Malecha et al. (1984) and Meewap et al. (1994) also investigated heritability for 

growth rate in GFP. A genetic improvement program for GFP has been initiated in India 

(Jahageerdar, 2007), but to date the outcomes of the program have not been reported. 

 In the present study we used genetic resources from different geographical strains of GFP 

from Vietnam and Hawaii in a complete diallel cross. The purpose of the study was to 

investigate the potential for a crossbreeding approach to improve growth rate in this species. 

Relative growth performances of the same three strains and their reciprocal crosses were 

reported by Thanh et al. (2009a). Here we estimate the magnitude of the strain additive and non-

additive genetic effects for growth performance in the three M. rosenbergii strains and their 

reciprocal crosses.      

2. Materials and methods 

2.1. Experimental strains 

The diallel cross consisted of two local wild populations of M. rosenbergii collected in 

Vietnam and a third domesticated Hawaiian strain (Thanh et al., 2009a). Wild GFP juveniles or 

adults were collected from the Dong Nai and Mekong Rivers in Vietnam in November 2005 and 

are referred to here as the Dong Nai (D) and Mekong (M) strains. Individuals from these strains 

were stocked separately in hapas for two months and mature individuals selected as broodstock 

for conditioning. The third strain, a domesticated strain originally sourced from Hawaii (H), was 

collected from on-farm trials in the Mekong Delta, Vietnam.      

2.2. Larvae and juvenile production for generation 1 and 2  

The study was carried out at the National Breeding Center for Southern Freshwater 

Aquaculture that is part of the Research Institute for Aquaculture No. 2, Vietnam. The design of 

the study was a complete 3 x 3 diallel cross comprising three purebred strains (Dong Nai x Dong 

Nai, Mekong x Mekong and Hawaiian x Hawaiian) and six reciprocal crosses (the female 
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parental strain is mentioned first in each cross). Larvae for each strain combination were 

produced via single-pair matings. Larvae from individual families from each strain combinations 

were reared at a stocking density of 60 larvae/l in 70 l circular flat-bottom plastic containers, 

employing an open water system. The study was carried out over two consecutive generations 

(G1 and G2). Parents for G2 were sourced from the G1 progeny of the three purebred strains. At 

harvest, adult individuals from the three purebred strains of G1 were chosen randomly as 

broodstock. The numbers of full-sib families produced for G1 and G2 were 58 and 77 families, 

respectively. The numbers of families that contributed to each strain combination in G1 and G2 

are presented in Table 1. All larvae were produced over 37 days for G1, and 40 days for G2. 

 
Table 1. Number of full-sib families for each strain combination in G1 and G2 

 Sires  Dams Dong Nai Mekong Hawaiian 
Dong Nai 8/8 5/5 6/5 
Mekong 9/12 8/12 6/10 
Hawaiian 1/10 2/7 13/8 

Note: (i) Left figure = number of families for each strain combination in G1; right figure = number of families for 

each strain combination in G2; (ii) G1 and G2 = generation 1 and 2. 

 

Post larvae (PLs) were reared in 1 m3 fibreglass tanks for the first 15 days and in fine 

mesh hapas (2.5 x 4 x 1.5 m) held in a 2,000 m2 earthen pond for a further 2.5 months. PLs from 

multiple families belonging to a single strain combination were pooled, and then each strain 

combination was reared separately. Because ages of individual families varied, families of 

similar ages (maximum 5 days difference) were pooled into single batches for nursing that led to 

several nursing batches within and across strain combinations. Age differences of the first to last 

batch of juveniles were 37 days for the G1, and 53 days for the G2.   

2.3. Stocking experiments 

Juveniles were stocked in hapas (4 x 8 x 1.5 m) in a 2,000 m2 earthen pond at a stocking 

density of 200 individuals/hapa for 15 weeks. Three replicates were used for each strain 

combination and replicates were assigned randomly to 27 hapas. For each strain combination, 

juveniles from different nursing batches were split and distributed equally to each hapa to ensure 

homogeneity among replicates. As a result, the age and size of juveniles stocked in individual 

hapas represented the mean age and size of the different nursing batches per strain combination. 
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Mean body weight at stocking for the G1 and G2 was 5.2 g (range 2.5-8.0 g) and 5.4 g (range 

3.4-7.1 g), respectively. Prawns were fed twice daily with a 25% protein commercial pellet (Tay 

Do CX4, Trung Nhan Co.) at a feeding rate of 4-5%  of their body weight.  

2.4. Data analysis 

2.4.1. Data collection 

At harvest, 50 females and 50 males were sampled randomly from each hapa and 

measured for carapace length, standard length and individual body weight. Numbers of sampled 

males in some hapas however, were less than the specified 50 individuals because mortality rates 

for males in some hapas varied. The numbers of prawns measured for G1 and G2 were 2,700 and 

2,674 individuals, respectively.   

2.4.2. Analysis 

A mixed model as formulated by Thanh et al. (2009a) was used to estimate additive and 

non-additive effects for growth traits, where the strain combination (cross) effect was partitioned 

into strain additive genetic, total heterosis and general reciprocal effects. The model was as 

follows: 

ybdfijmn = µ + Gb + Sd + (GS)bd + (SA)df + ∑kiai + ∑kijhij + ∑tiri + pm(gb) + ebdfijmn 

Where ybdfijmn is the observed response of the nth individual; µ is the overall mean;  Gb is 

the fixed effect of the bth generation (b = 1, 2); Sd is  the fixed effect of the dth sex (d = 1, 2);  

(GS)bd is the interaction effect of the bth generation and the dth sex; (SA)df is the interaction 

effect of the dth sex and a covariate of the fth age at harvest; ki is the coefficient of the ith strain 

additive genetic effect (ki=0.0, 0.5 or 1.0 and ∑ki = 1.0); ai is the ith strain additive genetic effect;  

kij is the coefficient of the total heterosis between the ith and jth strains(∑kij = 0.0 or 1.0, i ≠ j and 

ij ≠ ji, ∑kij = 1.0) ; hij is the total heterosis for the cross between the ith and jth strains; ti is the 

coefficient of  the general reciprocal effect for the ith strain(ti = 0 for the purebreds and ti = 0.5

for female strain or –0.5 for male strain in the crosses, ∑ti = 0.0); ri is the general reciprocal 

effect for the ith strain; pm(gb) is the random effect of the mth hapa (m = 1, 2, …, 27) nested 

within the bth generation; and ebdfijmn is the residual error of the nth individual. Ages of prawns in 

each experimental hapa in this study were calculated as mean nursing age plus the number of 

days of grow-out. 
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Because the effect of age on growth traits was statistically significant (Thanh et al., 

2009a), growth data (carapace length, standard length, and body weight) were pre-adjusted for 

harvest age within generation and sex. There were large differences in variances for growth traits 

between males and females. To address this problem, four different analyses were conducted. 

The first analysis was performed using the original (untransformed) data.  In the second analysis 

data were transformed  by weighing each record by the  inverse of the standard deviation within 

each sex (Hill, 1984).  Similarly, in the third analysis data were transformed by weighing each 

record by the inverse of the variance within each sex.  Finally, in the fourth case,  a weighting 

factor (the reciprocal of the variance within sex) was created and the WEIGHT option in PROC 

MIXED of SAS (SAS Institute, 2000) was used.  The latter is the approach used by Gjerde et al. 

(2002) and Maluwa and Gjerde (2006a, b). The results (additive and non-additive genetic 

components) were almost identical for the first, second and fourth analyses.  Weighing each 

record by the reciprocal of the variance (third analysis) resulted in greater estimates of strain 

genetic effects but the pattern and statistical significance of all effects was consistent with the 

other analyses.  A comparison of the standard errors of the estimates showed that they were 

smallest in the fourth analysis and therefore, the results from this approach are presented in the 

current paper.    

For the heterosis component, total heterosis can be broken down into hij = h¯ + hi + hj +

sij (Gardner and Eberhart, 1966), where h¯ is the average heterosis of all strains used in crosses, 

hi and hj are the general heterosis of the ith and jth strains, sij is specific heterosis effect that 

happens when the ith strain mates with the jth strain. The sij was excluded however, in 

calculations due to the small number of breeders in some strain combinations.  

The relative importance of additive and non-additive genetic effects was estimated using 

a likelihood ratio test that is twice the difference in logarithmic likelihood between the full and 

reduced models where an effect at a time was excluded from the full model. The significance of 

each effect was tested using χ2 tests. All analyses were performed with pooled data from G1 and 

G2 using the SAS package version 8.0 (SAS Institute, 2000).   

3. Results 

3.1. Relative importance of the effects 
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The relative magnitude of the strain additive and non-additive genetic effects are 

presented in Table 2. For harvest body weight, additive genetic and general reciprocal effects 

were more important than total heterosis although all effects were significantly different from 

zero (P < 0.05 and 0.001). Similarly, the contribution of the additive genetic effect to standard 

length was highly significant (P < 0.001) while total heterosis was not significantly different 

from zero (P > 0.05). In contrast, strain additive and non-additive genetic effects for carapace 

length were a significant source of variation (P < 0.05).     

 

Table 2. Increase in -2log likelihood for body weight when effect at a time was excluded from 

the full model 

Effect CL SL BW 
Additive genetic (ai) 9.4** 16.5***  27.0*** 
Total heterosis (hij) 8.9**             3.1              7.5* 
General reciprocal (ri) 4.3*  8.4*** 17.5*** 
Note:  (i) CL = carapace length (cm), SL = standard length (cm), BW = body weight (g). 

(ii) *P< 0.05, **P<0.001, ***P<0.001. 

3.2. Estimates of the strain additive genetic effects 

Estimates of the strain additive genetic effect for growth traits are presented in Table 3. 

Among the three purebred strains, the Hawaiian strain performed best and the Mekong strain was 

the poorest performer. The Hawaiian and Mekong strains were 10.2% heavier and 11.6% lower 

the mean body weight of the pure strains (combined individuals from the three pure strains), 

respectively. Similarly, estimates of carapace and standard lengths for the Hawaiian strain were 

4.0 and 3.6% above the means of the pure strains for these traits, while carapace and standard 

lengths for the Mekong strain were 4.3 and 3.9% below the means of the pure strains, 

respectively.      

Among the crossbred strains, DH performed best with 5.8% faster growth rate than the 

mean of the pure strains. DM grew 5.1% slower than the mean of the pure strains. For carapace 

and standard lengths, the DH and DM strains showed a similar pattern as for harvest body 

weight. Estimates of the three growth traits for the MH strain were below the mean performance 

of the pure strains, but differences were not significantly different from zero (P > 0.05).     
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Table 3. Estimates of strain additive genetic effects for body traits in actual measurement units 

and as percentage of the pure strain mean  

CL (cm) SL (cm) BW (g) Trait 
Estimate ± SE % Estimate ± SE % Estimate ± SE % 

Mean of 
pure strains  3.29 ± 0.02 

 
9.62 ± 0.05 

 
24.89 ± 0.39 

 

Pure strain  
D 0.01 ± 0.03  0.3    0.03 ± 0.08  0.3    0.34 ± 0.55    1.3 
 M -0.14 ± 0.03*** -4.3  -0.37 ± 0.08*** -3.9  -2.88 ± 0.55*** -11.6 
 H  0.13 ± 0.03***  4.0   0.34 ± 0.08***  3.6    2.55 ± 0.55***  10.2 
Crosses   
DM -0.07 ± 0.02*** -2.0  -0.17 ± 0.04*** -1.8   -1.27 ± 0.27***  -5.1 
 DH  0.07 ± 0.02***  2.2    0.19 ± 0.04***  1.9     1.44 ± 0.27***   5.8 
 MH  -0.01 ± 0.02 -0.2    -0.01 ± 0.04 -0.1    -0.17 ± 0.27 - 0.7 
Note:  (i) D = Dong Nai, M = Mekong, H = Hawaiian, SE=standard error. 
 (ii) CL, SL, BW as per Table 2. 
3.3. Estimates of the heterotic effects 

Heterotic effects for growth traits are presented in Table 4. The strain general heterosis 

for body weight was positive for all strains and ranged from 0.4% (Dong Nai) to 3.4% (Mekong) 

above the mean performance of the pure strains. The general heterotic effects for body weight 

however, were not significantly different from zero (P > 0.05). A similar pattern was seen for 

carapace and standard lengths with crossbreeds performing above the mean of the pure strains, 

but only the general heterotic effect for standard length of the Mekong was significantly different 

from zero (P < 0.05).     

Total heterosis effects for body weight at harvest were highest for the MH strain, 

followed by DM and then DH. Heterotic effects for carapace and standard lengths showed the 

same ranking (MH > DM > DH), but variation was small. Total heterosis for the three growth 

traits in all crossbred strains however, was not significantly different from zero (P > 0.05). As a 

result, average heterosis for growth traits only varied from 0.7% to 1.5% above the mean 

performance of the pure strains and was not significantly different from zero (P > 0.05).  
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Table 4. General, total and average heterosis for body traits in actual measurement units and as 

percentage of the pure strain mean 

CL (cm) SL (cm) BW (g) Trait 
Estimate ± SE % Estimate ± SE % Estimate ± SE % 

Mean of pure 
strains 3.29 ± 0.02 

 
9.62 ± 0.05 

 
24.89 ± 0.39 

 

General heterosis  
D 0.00 ± 0.03 0.1 0.04 ± 0.07 0.4 0.09 ± 0.53 0.4 
 M 0.05 ± 0.03 1.6  0.15 ± 0.07* 1.6 0.84 ± 0.53 3.4 
 H 0.02 ± 0.03 0.5 0.06 ± 0.07 0.6 0.21 ± 0.53 0.9 
Total heterosis  
DM 0.04 ± 0.04 1.2 0.13 ± 0.09 1.3 0.72 ± 0.67 2.9 
 DH -0.03 ± 0.04 -1.0 -0.05 ± 0.09 -0.6 -0.54 ± 0.67 -2.2 
 MH 0.07 ± 0.04 2.0 0.17 ± 0.09 1.8 0.97 ± 0.67 3.9 
Average 
heterosis 0.02 ± 0.03 0.7 0.08 ± 0.07 0.9 0.38 ± 0.55 1.5 
Note: Abbreviations as per Table 3 

3.4. Estimates of strain reciprocal effects 

 Strain reciprocal effects for growth traits are given in Table 5. The effect for body weight 

was negative in the crosses involving the Hawaiian strain as dam and the Dong Nai or Mekong 

strain as sire, and was significantly different from zero (P < 0.01). In contrast, the reciprocal 

effect for body weight in MD was positive, but was not significantly different from zero (P >

0.05). A similar pattern of strain reciprocal effects was observed for carapace and standard 

lengths, i.e. negative for HD and HM (P < 0.01) and positive for MD (P > 0.05). 

 
Table 5. Estimates of strain reciprocal effects for body traits in actual measurement units and as 

percentage of the pure strain mean.  

CL SL BW Trait 
Estimate ± SE % Estimate ± SE % Estimate ± SE % 

Mean of 
pure strains  3.29 ± 0.02 

 
9.62 ± 0.05 

 
24.89 ± 0.39 

 

Reciprocal 
crosses  

 

MD  0.03 ± 0.02  0.8     0.07 ± 0.05  0.7     0.51 ± 0.39   2.0 
 HD  -0.07 ± 0.02** -2.0  -0.16 ± 0.05** -1.6  -1.18 ± 0.39**  -4.7 
 HM  -0.09 ± 0.02*** -2.8    -0.23 ± 0.05*** -2.4    -1.68 ± 0.39***  -6.8 
Note: Abbreviations as per Table 3 
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3.5. Total performance 

 Correlations between additive genetic effects and total performance for each growth trait 

are presented in Figure 1. The correlation coefficients for the two measures were high and ranged 

from r = 0.71 to 0.77. Excluding heterotic and reciprocal effects, the additive genetic component 

described a high proportion of total performance values.   
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Figure 1. Plot of additive genetic performance and total performance for carapace length, 

standard length, and body weight in purebred and crossbred strains.  
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4. Discussion 

4.1. Strain additive genetic effect 

The strain additive effect in the present study was more important than non-additive 

genetic performance. The significant additive genetic variance indicates potential for improving 

growth rate via application of artificial selection in M. rosenbergii. The Hawaiian strain ranked 

highest for additive effect for all traits, while this effect for the Mekong strain was negative. 

Strain additive genetic effects in crossbred strains showed that DH performed best, followed by 

MH, then DM. The present data show large additive genetic variation between domesticated 

(Hawaiian) and wild (Mekong and Dong Nai) GFP strains. It is likely therefore, that genetic 

traits in the Hawaiian strain have changed during domestication, a change that has led to better 

growth performance in culture environments. 

Total performance of purebred HH and crossbred DH and MH were best among strain 

combinations (Appendix 1). The results suggest that additive genetic effects are largely 

responsible for relative strain performance here, and selection based on additive genetic variation 

could improve the total performance of strain combinations.  

4.2. Heterotic performance 

 Total heterosis for growth traits among crosses in this study was small compared with 

heterotic outcomes reported in some previous studies in other aquatic species, including common 

carp Cyprinus carpio (Bakos and Gorda, 1995; Hulata, 1995) and two tilapia species 

(Oreochromis niloticus (Bentsen et al., 1998), and O. shiranus (Maluwa and Gjerde, 2006a)). 

The relative performance of crossbred and hybrid offspring in some instances were either 

intermediate, or even inferior to their parental lines (Lutz, 2001). Thus, evidence for low 

heterosis in GFP here reflects a similar pattern observed in some finfish (Gjerde and Refstie, 

1984; Knibb et al., 1998; Gjerde et al., 2002; Bryden et al., 2004) and shrimps (Benzie et al., 

1995; Yi et al., 2006).   

According to Falconer and Mackay (1996), expression of heterosis in a cross between 

two particular lines or populations, in part, will depend on differences in gene frequency between 

the lines or populations and gene interactions, including effects of dominance and epistasis. 

Heterosis also depends on directional dominance that can reduce heterotic outcomes if some loci 

are dominant in one direction, whereas some other are so in the opposite direction. While 
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Fjalestad (2005a) stated that the magnitude of heterosis depends on the level of genetic 

differentiation among parental populations, many authors have however, found that heterosis 

was most pronounced in crosses among lines or populations of intermediate divergence (Lynch 

and Walsh, 1998; Virmani, 1994). This is because net dominant effect is maximized at an 

intermediate genetic distance. Relative levels of genetic diversity however, present in individual 

culture lines need to be employed with caution in interpreting heterosis because molecular 

genetic variation appears to provide only very limited predictive capacity for quantitative genetic 

variation (Reed and Frankham, 2001).   

4.3. Strain reciprocal effect 

 As with the strain additive effect, strain reciprocal effect was also an important source of 

variation affecting strain performance in our study. There was a significant negative effect on 

growth when HD and HM crosses were compared with their reciprocal crosses DH and MH (P <

0.01), while this effect for the MD was not significant (P > 0.05). Differential performance of 

reciprocal crosses has been reported quite commonly in aquatic species, including finfish (Gjerde 

and Refstie, 1984; Gjerde, 1988; Bentsen et al., 1998; Gjerde et al., 2002; Bryden et al., 2004), 

crustaceans (Yi et al., 2006; Bosworth et al., 1994) and mollusks (Hedgecock and Davis, 2007; 

Zhang et al., 2007a). According to Lutz (2001), significant variation between the performance of 

different reciprocal crosses of strains or species can largely be attributed to maternal effects. 

Maternal factors that can affect performance include cytoplasmic inheritance, relative egg size 

and egg quality, and relative maternal skill in caring for eggs or fry. It is often difficult however, 

to determine the specific factors that influence maternal effects in most cases. Hedgecock and 

Davis (2007) suggested that reciprocal effects can be partitioned into maternal and non-maternal 

components, and a significant non-maternal contribution to reciprocal variance would indicate 

strong interactions between extra-nuclear and nuclear factors (i.e. interactions between 

mitochondrial and nuclear genes).  

 For M. Rosenbergii, Malecha et al. (1984) found that maternal effects were only a minor 

contributor to performance of juvenile prawns. In contrast, Meewap et al. (1994) reported that M. 

rosenbergii sires and dams had a large influence on relative growth, of which, sires influenced 

all growth traits until 15 weeks in culture while dams influenced body length and weight until 23 

weeks after metamorphosis. While reciprocal effects were evident in our study, it was impossible 
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to determine relative maternal or paternal contributions to variation because pedigree records 

were not maintained.         

4.4. Crossbreeding vs. selection approach for GFP in Vietnam 

 According to Gjedrem and Fimland (1995), the choice of breeding design employed 

depends primarily on the type of genetic variation evident in the quantitative traits of interest. 

Selection should be directed at pure lines if additive genetic variation is large, whereas pure-

breeding in conjunction with crossbreeding should be employed if the non-additive genetic 

component is large. Crossbreeding is often considered to be a cheap and simple way to improve 

stocks for small aquaculture industries [e.g. Penaeus (Litopenaeus) stylirostris stock 

improvement in New Caledonia (Goyard et al., 2008)]. It is often well suited to situations where 

only inbred lines are available and/or where it will reduce negative impacts of inbreeding. GFP 

aquaculture in Vietnam currently relies on collection of wild adults as broodstock for use in 

hatcheries (Phuong et al, 2006), so inbreeding is not a significant concern but domestication 

partnered with a breeding program (crossbreeding or selection) is urgently needed to move the 

industry to a sustainable platform.  

The present study has shown that additive genetic and reciprocal effects provided the major 

significant sources of variation for all growth traits sampled. This indicates that crossbreeding 

among existing culture strains of GFP in Vietnam is likely to produce only marginal genetic 

gains in practice because heterotic outcomes were limited. The results do suggest however, 

significant potential to improve GFP culture stock via direct selection. A diallel cross should be 

considered therefore, as a starting point for establishing a composite or synthetic population for a 

systematic stock improvement program for GFP in the region. The strong reciprocal effect 

observed here suggests that specialized pure strains using dams (Dong Nai or Mekong) and sires 

(Hawaiian) could be developed for crossing purposes on farms for commercial production.  

Data on relative levels of genetic variation within and among strains used in aquatic 

breeding programs can assist in the choice of which strains should be combined or not combined. 

For example, de Bruyn et al. (2004a) showed that for wild M. rosenbergii stocks in South East 

Asia, two highly divergent clades (based on 16S rRNA mitochondria) occurred naturally in the 

region. Combining highly divergent populations in a breeding program may increase the chance 

of out-breeding depression in their crosses and can also increase potential for contamination of 

wild gene pools if cultured ‘hybrid’ individuals escape to the wild [e.g. salmonid culture (Hindar 
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et al., 1991; Hindar and Fleming, 2007)]. It would be instructive therefore, to compare the levels 

of genetic variation in the Mekong, Dong Nai and Hawaiian strains trialed here using 

hypervariable microsatellite loci that are now available for this species (Chareontawee et al., 

2006). In addition, other genetically divergent, yet compatible stocks of the western GFP form in 

the region could be considered for incorporation into a synthetic stock to increase the available 

genetic diversity in the culture population. This action must be undertaken with caution however, 

to minimize any risk of introducing exotic pathogens from other areas.  

5. Conclusion 

Results of the current study indicate that a domestication program combined with 

artificial selection to improve growth rate for M. rosenbergii in Vietnam could assist 

development of sustainable GFP aquaculture there. Based on the magnitude of differences in 

additive, heterotic and reciprocal effects observed here, crossing among geographically discrete 

populations of GFP can assist formulation of a robust, genetically diverse synthetic population. 

This population could then be subjected to a systematic selection program based on additive 

genetic variation. This breeding strategy is likely to stimulate industry development and 

sustainability in Vietnam.    
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Appendix 1. Least square means (LSM) and standard error (se) for carapace length (cm), 

standard length (cm) and body weight (g) of the 9 strain combinations (Thanh et al., 2009a). 

Strain 
combination 

Carapace length 
(LSM ± se) 

Standard length 
(LSM ± se) 

Body weight 
(LSM ± se) 

DD     3.25 ± 0.04abcd 9.49 ± 0.09ab 23.98 ± 0.67ab 
MM 3.16 ± 0.03a 9.31 ± 0.08a 22.37 ± 0.64a

HH  3.36 ± 0.04cd 9.80 ± 0.10bcd 26.35 ± 0.77bc 
DM  3.19 ± 0.04ab 9.42 ± 0.09ab 23.47 ± 0.66ab 
DH  3.42 ± 0.03cd 9.95 ± 0.08cd 27.41 ± 0.64c

MH            3.44 ± 0.04d 10.04 ± 0.10d 27.84 ± 0.74c

MD   3.34 ± 0.03bcd 9.77 ± 0.08bcd 25.79 ± 0.64bc 
HD    3.31 ± 0.04abcd 9.75 ± 0.09bcd 25.74 ± 0.71bc 
HM  3.27 ± 0.03abc 9.59 ± 0.08abc 24.05 ± 0.63ab 

DD (Dong Nai x Dong Nai), MM (Mekong x Mekong), HH (Hawaiian x Hawaiian), DM (Dong Nai x Mekong), DH 
(Dong Nai x Hawaiian), MH (Mekong x Hawaiian), MD (Mekong x Dong Nai), HD (Hawaiian x Dong Nai), HM 
(Hawaiian x Mekong). Crosses sharing letters are not significantly different (P > 0.05). 
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CHAPTER 4. An assessment of the impact of domestication on 

levels of genetic diversity in three giant freshwater prawn 

(Macrobrachium rosenbergii) stocks combined to develop a synthetic 

line for a stock improvement program in Vietnam 
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Preface to Chapter 4 

The current study employed a crossbreeding strategy to improve growth traits in GFP. 

Chapter 2 results showed potential for heterosis in certain strain combinations and further 

investigation of strain additive and non-additive genetic effects in Chapter 3 demonstrated that 

strain additive genetic and reciprocal effects were the most important sources of variance in GFP 

growth traits. In contrast, heterotic effects were generally small and not significantly different 

from zero (P > 0.05). As a result, a selective breeding rather than a crossbreeding approach is 

likely to provide better outcomes in a stock improvement program in GFP to improve growth 

rate as the primary breeding goal.        

The success of any breeding program will however, depend on a large amount of genetic 

variation being available in the base population that will be subjected to be selection. A starting 

point for such a program is to create a synthetic population by combining the different genetic 

characteristics present in the three compatible GFP strains. The best synthetic line will contain 

the maximum amount of genetic diversity available in the strains used to generate this line. DNA 

markers can be employed to characterize how effective the husbandry practices have been for 

optimizing genetic diversity in the synthetic line. Chapter 4 of the current study screened 

microsatellite variation to characterize the genetic diversity present in the three GFP strains that 

were used to constitute the synthetic line. A high genetically diverse synthetic line likely ensures 

positive genetic responses to a long-term selection.  
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Abstract 

 Six microsatellites were used to characterize genetic diversity in three purebred giant 

freshwater prawn (GFP) strains that originated from a diallel cross among two wild Vietnamese 

strain (Dong Nai and Mekong) and a third domesticated Hawaiian strain. All three purebred 

strains showed relatively high levels of genetic diversity with average number of alleles per locus 

(A) ranging from 13 to 15. Average observed (Ho) and expected (He) heterozygosities across loci 

were 0.84 to 0.89 and 0.87 to 0.89, respectively. Microsatellite data from the three purebred 

strains were pooled together as a basis for estimating the levels of genetic diversity in a synthetic 

hatchery population and this compared with data for genetic diversity in the three wild 

populations combined. No significant differences were observed in the relative levels of genetic 

diversity between the two combined populations. Average A, Ho, and He for the experimental vs. 

wild reference populations were 24.33 vs. 24.33, 0.87 vs. 0.90, and 0.94 vs. 0.95, respectively. 

Therefore, an experimental population formed by combining the genetic resources from three 

purebred strains showed non-significant loss of genetic diversity as a consequence of the 

domestication process. Thus, such a synthetic line can provide an important genetically diverse 

resource for the planned development of GFP culture in Vietnam.    

 

Keywords: Macrobrachium rosenbergii, microsatellite, genetic diversity, domestication
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1. Introduction 

 Selective breeding programs have great potential to enhance the productivity of cultured 

aquatic species because the response of fish and shellfish to selection is usually much more rapid 

than for equivalent farm animals (Olesen et al., 2003). The effect of any selection program will 

be to change allele frequencies at loci influencing targeted phenotypes because certain alleles 

will be favoured and less favorable alleles will be reduced in frequency or eliminated (Gjedrem 

and Thodesen, 2005). Thus the long-term success of any breeding program will depend to a 

significant extent on the amount of genetic variation available in the founder or base population 

(Falconer and Mackay, 1996). Therefore, quantifying the levels of genetic diversity that is 

available in founder stocks can be an important foundation before implementing any selective 

breeding program. This is because populations with little or no genetic diversity at the initiation 

of a breeding program are less likely to respond positively when subjected to artificial selection 

to improve quantitative traits. Several studies have shown that breeding programs on culture 

stocks with low amounts of genetic variation in the founder population have often proven 

unsuccessful (Moav and Wohlfarth, 1976; Hulata et al., 1986; Huang and Liao, 1990).    

 To address this problem, some of the early breeding programs conducted on Atlantic 

salmon (Gjedrem et al., 1991) and tilapia (Eknath et al., 1993) collected wild stocks from 

geographically distant locations to increase levels of exploitable genetic diversity in a synthetic 

population. This approach assumes that geographical distance/isolation will translate into genetic 

differences, but many studies have shown that simple assumptions about factors affecting 

population structure can often be confounded by individual life history traits and 

geomorphological factors (Bohonak, 1999; Hurwood and Hughes, 2001; Barber et al., 2002). 

This approach can be relatively inefficient however, without specific knowledge about the levels 

and patterns of genetic diversity that are present in the strains at the initiation of the breeding 

program. With increasing application of molecular genetic tools in aquaculture, we now have the 

capacity to characterize genetic variation within and between populations and apply this 

knowledge directly to culture strain development (Toro et al., 2009). In the past, allozyme and 

mtDNA markers were popular genetic markers for applications in aquaculture, but they provide 

lower power for characterizing genetic diversity in strains compared with newer types of 

markers, including AFLPs and microsatellites (Liu and Cordes, 2004).    
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Microsatellites or simple sequence repeats (SSRs) are highly polymorphic markers, 

abundant across the genomes of most species, and are inherited co-dominantly in a Mendelian 

fashion (Liu, 2007a). As a result, microsatellites are useful for molecular genetic studies in a 

wide range of aquatic species. Microsatellites have been employed successfully to investigate 

genetic variation in wild and cultured populations of many commercially important aquatic 

species, including salmonids (Skaala et al., 2004; Rengmark et al., 2006), common carp 

(Kohlmann et al., 2005; Thai et al., 2007), tilapia (Romana-Eguia et al., 2004), penaeid shrimps 

(Xu et al., 2001; Cruz et al., 2004; Luan et al., 2006), and bivalves (Li et al., 2007; Lind et al., 

2009). Microsatellite markers have also been effective for characterizing levels of genetic 

diversity in  founder populations for breeding programs (Hayes et al., 2006; Yue et al., 2009; 

Wachirachaikarn et al., 2009) or to determine the impacts that management practices have on 

levels of genetic variation across generations in a hatchery (Evans et al., 2004; Romana-Eguia et 

al., 2005; Frost et al., 2006; Dixon et al., 2008). In addition, microsatellites have advantages over 

physical markers as genetic tags for parentage assignment to allocate offspring to their biological 

parents (Jerry et al., 2004; Jerry et al., 2006; Fessehaye et al., 2006; Johnson et al., 2007; Wang 

et al., 2008b).     

Giant freshwater prawn (GFP) is one of the most important commercial species in inland 

aquaculture in Vietnam and in many other Asian countries. According to Sinh (2008) in 2006 the 

Mekong Delta in Vietnam produced 9,514 tonnes of GFP reared in 9,077 ha. This level of 

production however, is far below the target of 60,000 tonnes set by the Government of Vietnam 

(1999) to be produced from 32,000 ha by 2010. A major obstacle to development of GFP 

farming in Vietnam is that the industry currently relies totally on wild or undomesticated lines 

(Phuong et al., 2006). Wild or undomesticated stocks are not pathogen free and often provide 

inconsistent quality compared with improved lines a situation that potentially threatens long-term 

sustainable development of this industry as it strives to reach the government production target. 

Implementation of stock improvement programs for GFP will be necessary to allow this industry 

to develop in a sustainable way as has been demonstrated in other aquatic species, namely 

Atlantic salmon (Thodesen and Gjedrem, 2006) common carp (Bakos et al., 2006) and GIFT 

tilapia (Eknath et al., 2007). Breeding programs however, commonly require large capital 

investment and currently this is not available for GFP in Vietnam. At present, GFP farming only 

contributes a small proportion to the total value of Vietnamese fisheries when compared with 



67

‘Tra’ catfish and marine shrimp culture (VASEP, 2008). Without large capital investment 

available to support a major stock improvement program for this species, a simple diallel cross 

was trialed recently among genetically discrete GFP strains as an alternative approach (Thanh et 

al., 2009a, b). The trial sought to enhance productivity of cultured GFP via exploiting potential 

‘hybrid’ vigour in offspring. Results of the trial showed improved growth performance in some 

crossbred strains compared with purebred strains (Thanh et al., 2009a), but there was little 

evidence for a general heterotic effect in the crossbred strains (Thanh et al., 2009b in review). 

Hence, a selective breeding rather than crossbreeding approach is likely to provide faster genetic 

gains for cultured GFP stocks in Vietnam. As a starting point before generating a synthetic line 

from the strains employed in the crossbreeding experiment described above, we wished to 

characterize the amount of genetic variation available at the beginning of strain development as a 

baseline that would allow us to monitor the impacts of management/breeding practices on 

genetic diversity over time.  

The advantages of developing an understanding of the genetic variation present in 

broodstock at the start of any breeding program is demonstrated by a breeding program 

conducted in Atlantic salmon in Norway. The base population for Atlantic salmon was formed 

by combining stocks from more than 40 Norwegian river populations (Gjedrem et al., 1991). 

Another example is the original breeding program for tilapia (GIFT project) that established a 

synthetic population by mixing four African wild strains and four Asian farmed strains (Eknath 

et al., 1993). Providing combination of compatible strains is well managed, the approach should 

produce a synthetic population with very high levels of exploitable genetic variation. After six 

generations of family selection, the GIFT strain continues to show positive genetic gains 

(Ponzoni et al., 2005). This indicates that there remains sufficient genetic diversity in GIFT after 

numerous generations of selection to obtain an ongoing positive response to selection. Our goal 

was to determine if the management practices employed so far for developing a synthetic GFP 

stock in Vietnam were successful in conserving high levels of exploitable genetic variation.             

An earlier study of genetic diversity in GFP that used allozymes markers reported 

relatively low levels of genetic diversity among wild GFP populations (Sodsuk and Sodsuk, 

1998, cited in Pongthana, 2001). Thus, allozyme markers are unlikely to be informative in GFP,  

a situation experienced commonly with many decapod crustaceans. Chareontawee and co-

workers (2007) reported that microsatellites are highly polymorphic in GFP and that levels of 
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genetic variability and inbreeding rates were comparable for the wild and hatchery GFP stocks 

they studied. This study however used a relatively insensitive method for assaying allelic 

variation at microsatellite loci (acrylamide gels and silver staining), and may not have been able 

to detect declines in genetic diversity in the hatchery, if this had occurred. In recent times, new 

microsatellite primer sets have been published for M .rosenbergii (Chand et al., 2005; 

Chareontawee et al., 2006; Bhassu et al., 2008; Divu et al., 2008) extending marker diversity. In 

the current study we employed a set of microsatellite markers to screen genetic diversity in the 

first generation of the diallel cross and a wild composite reference population. The major aims 

were (1) to characterize genetic variation in the ‘pure’ strains in the diallel cross and (2) to assess 

how much of this genetic diversity had been captured effectively when the original stocks were 

brought into the hatchery. As a reference, we compared genetic diversity levels against a wild 

combined population from the original river sources.  

2. Materials and methods 

2.1. Experimental animals  

 Samples came from a diallel cross among two wild Vietnamese GFP strains (Dong Nai, 

DN, and Mekong, MK) and a third domesticated Hawaiian (HW) strain (known worldwide as the 

‘Anuenue’ strain that originated from Malaysia).  The diallel cross was replicated over two 

generations (Thanh et al., 2009a) and was comprised of three purebred strains (DNxDN, 

MKxMK, HWxHW) and six reciprocal crosses. As juveniles were not tagged for the growth 

trials, juveniles from several families from each purebred strain or cross were pooled and split 

into three hapas as replicates for the growth performance trial. Pleopod samples were taken for 

molecular genetic analysis and collected from purebred progeny in generation 1 (G1). The 

number of individual samples for the DN, MK, HW strains were 40, 41, 59, respectively.     

2.2. DNA extraction, polymerase chain reaction (PCR), and scoring  

Total genomic DNA was extracted from pleopods using the salt DNA extraction method 

described by Miller et al. (1988).   

Six microsatellite loci were screened, including three primer sets published by 

Chareontawee et al. (2006) and three primer sets developed for the western form of GFP in the 

Molecular Ecology Laboratory at QUT (Table 1). PCR amplification was run in an Eppendorf 

Master Cycler Gradient EP-S thermal cycler. A 25 µL PCR reactions contained 50-100 ng 
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template DNA, 1 U Taq DNA polymerase (Roche), 0.5 µM forward (end-labeled with 

fluorescent HEX) and reverse primers, 0.1 mM dNTP, and 10x reaction buffer (100 mM Tris-

HCL, 15 mM MgCl2, 500 mM KCl, pH 8.3). After predenaturation at 94ºC for 3 min, PCR 

reactions followed 30x cycles: 30 s denaturing at 94ºC, 45 s at annealing temperature (Table 1), 

1 min extension at 72ºC, then a final 10 min extension at 72ºC. A mixture of PCR product and 

loading buffer (1:1) were denatured at 95 ºC for 3 min, and placed on ice for 3 min before 

electrophoresis. Electrophoresis was performed in 5% denaturing acrylamide gels using Gelscan 

2000 rig (Corbett Research). PCR product sizes against TAMRA (Genescan-350) size marker 

were analyzed using ONE-DSCAN program (Scanalytics). To overcome the problem of stutter 

bands, a scoring strategy was employed consistently during allele scoring as described by Xu et 

al. (2001).   

 

Table 1. PCR primer sequences, repeat motif, and annealing temperatures for PCR amplification 

Locus Primer sequence 5’-3’ Annealing 
temp. (°C) 

Repeat motif 

Qut807 F(HEX): TA CGT GAT TCG AGG CAT GAG 55 (GA)27 
R: CTA GCG GGA CTA GTG GAA CG    

Qut817 F(HEX): AT GGC CAA GAT GAA AGA TGC 57 (CT)20 
R: CTG TCT GTA CCG CAG TCG AA    

Qut819 F(HEX):TG ATG GGT CGT GTT TTG TGT 50 (CT)34 
R: CCC CTC TCG GGA AGA GTA AT    

Qut822 F(HEX):GA AAG AAC ATC CGG CAA AAA 54 (TC)20 
R: AAT CAA AAG CAA TCA CGG AGT    

Mbr3* F(HEX): CA ACT CTA TGT TTC GGC ATT TGG 62 (AG)14 
R: GGG GAA TTT TAC CGA TGT TTC TG   

Mbr10* F(HEX):AT GAC GAT GAT GAG GAA TGA AGC 60 (ATG)3A(ATG)4
R: TTT CAG GCT ATA TCA AGC AAC AG   

* Chareontawee et al., 2006 

2.3. Analysis of microsatellite data 

 Microsatellite data were tested for the presence of null alleles across loci and populations 

using MICROCHECKER 2.2.3 software (Oosterhout et al., 2004) prior to further analysis. 

Genetic diversity within the three purebred populations were estimated based on allele number 

(A), allelic richness (Ar), private alleles, observed (Ho) and expected (He) heterozygosity. Allele 

number and allelic richness were calculated using FSTAT 2.9.3.2 (Goudet, 2002), while private 

alleles and heterozygosity was estimated using Arlequin 3.1 (Excoffier et al., 2006). Hardy-
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Weinberg (HWE) expectations were tested using GENEPOP 4.0 (Raymond and Rousset, 1995). 

This program was also used to estimate FST and test its significance.   

For comparing genetic diversity levels between the experimental and wild reference 

populations prior to developing a synthetic line, microsatellite data from the three purebred 

strains were pooled together and henceforth it is referred to as the combined experimental 

population (CE). In parallel, microsatellite data were also combined for the wild GFP reference 

population with data available from a previous study at QUT. These data comprised 30 samples 

from wild DN and MK populations combined and 30 samples from a wild Malaysian population, 

and this population henceforth is referred to as the combined wild population (CW). Only three 

primers (qut17, qut22, and mbr3) showed consistent resolution and hence were used for 

comparisons. Significances of average A, Ar, Ho, and He between the experimental and wild 

reference populations were tested using a Student’s t-test (Sokal and Rohlf, 1995).    

3. Results 

3.1. Genetic variation within G1 populations  

 Table 2 presents genetic variation parameters for six loci across three purebred strains. A 

total of 121 alleles were detected across the six loci. Most loci were highly polymorphic with 

number of alleles per locus ranging from 18 (qut807) to 29 (mbr3). The locus with the lowest 

allelic diversity was mbr10 with 10 alleles detected. Allelic richness is a statistic that takes 

individual sample sizes into account, and estimates here ranged from 8.78 at locus mbr10 to 

24.66 at locus mbr3. The three purebred strains showed similar numbers of allele (13-15) and 

allelic richness estimates (12.79-14.3). Observed heterozygosities across loci also were similar 

and ranged from 0.84 to 0.89 and were not significantly different from expected heterozygosities 

(0.87 to 0.89).    



71

Table 2. Genetic variation at six loci in three experimental populations of M. rosenbergii (DN, 

MK, HW).  

Locus Parameter Population Average 
DN MK HW across populations 

n 40 41 59
qut807 A 15 15 15 18

Ar 14.68 14.76 13.99 16.19 
 Ho 0.80 0.93 0.83 0.85 
 He 0.90 0.90 0.90 0.90 
 Fis 0.11 -0.03 0.08 0.05 
qut817 A 17 13 17 22

Ar 16.58 12.71 15.61 18.18 
 Ho 0.88 0.80 0.88 0.85 
 He 0.87 0.86 0.92 0.88 
 Fis -0.01 0.07 0.04 0.03 
qut819 A 15 11 16 20

Ar 14.77 10.84 15.41 17.06 
 Ho 0.88 0.90 0.93 0.90 
 He 0.88 0.85 0.91 0.88 
 Fis 0.01 -0.06 -0.02 -0.02 
qut822 A 14 14 15 22

Ar 14.00 13.75 14.75 18.07 
 Ho 0.86 0.85 0.94 0.88 
 He 0.87 0.85 0.92 0.88 
 Fis 0.01 0.00 -0.02 0.00 
mbr3 A 18 18 21 29

Ar 17.79 17.68 19.89 24.66 
 Ho 0.79 0.90 0.86 0.85 
 He 0.92 0.93 0.95 0.93 
 Fis 0.15 0.03 0.10 0.09 
mbr10 A 8 7 6 10

Ar 7.98 7.00 5.85 8.78 
 Ho 0.83 0.92 0.92 0.89 
 He 0.81 0.82 0.72 0.79 
 Fis -0.02 -0.12 -0.27 -0.14 
Average (all loci) A 14.50 13.00 15.00

Ar 14.30 12.79 14.25   
 Ho 0.84 0.88 0.89   
 He 0.87 0.87 0.89   
 Fis 0.04 -0.02 -0.01   

n = number of animals, A = number of alleles, Ar = allelic richness, Ho = observed heterozygosity, He = expected 

heterozygosity, Fis = fixation index 
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3.2. Genetic variation in the experimental (CE) and wild reference (CW) populations 

 Genetic parameters of the CE and CW are presented in Table 3. Based on estimates for 

three loci, average number of alleles per locus for the CE and CW were the same (24.33), while 

allelic richness in the CE and CW were 22.18 and 24.25 respectively and were not significantly 

different (P > 0.05). Similarly, observed heterozygosities for the CE and CW were 0.87 and 0.90 

respectively and were not significantly different.  

 
Table 3. Genetic variation at three loci in experimental and wild GFP populations  

Locus Parameter Combine population 
Experimental Wild 

n 140 60
qut817 A 22 23

Ar 19.76 22.93 
 Ho 0.85 0.95 
 He 0.93 0.94 
 Fis 0.082 -0.003 
qut822 A 22 22

Ar 19.86 22.00 
 Ho 0.89 0.89 
 He 0.93 0.95 
 Fis 0.039 0.064 
mbr3 A 29 28

Ar 26.92 27.82 
 Ho 0.85 0.88 
 He 0.95 0.96 
 Fis 0.11 0.08
Mean (all 
loci) A 24.33 24.33

Ar 22.18 24.25 
 Ho 0.87 0.90 
 He 0.94 0.95 
 Fis 0.077 0.048 

Parameter abbreviations as per Table 2 

Allele distributions in the CE and CW were however relatively different. For example at 

locus qut817, the two populations shared common allele sizes in the size range from 182 to 200 

bp. However, the CE also possessed additional common allele sizes of 170 and 216 bp (Figure 

1). At locus qut822, the most common alleles in the CE were large (242, 244 and 248bp), while 

the most common alleles for the CW were small (200 and 216 bp) (Figure 2). For locus mbr3, 
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the most common alleles were 234 and 250 bp for the CE, and 242 and 244 bp for the CW 

(Figure 3). The number of private alleles were identical for the two populations (Table 4). While 

total amount of genetic diversity as measured using allelic richness and heterozygosity were 

almost identical in the experimental and wild reference populations, differences in common 

alleles and allele frequency distributions produced a highly significant FST estimate between the 

two populations (FST = 0.02, P < 0.000). This result was not unexpected as populations were 

independent and differences in allele frequencies will result from the breeders used in hatcheries 

and their relative contributions to larvae.         

 

Table 4. Number of private alleles at three loci in experimental and wild GFP populations 

Locus Population Total 
Experimental Wild   

qut817 2 3 5
qut822 9 9 18
mbr3 7 6 13
Total 18 18
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Figure 1. Allele sizes and distribution of allele frequencies at locus qut817 in experimental and 

wild GFP populations. 
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Figure 2. Allele sizes and distribution of allele frequencies at locus qut822 in experimental and 

wild GFP populations. 
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Figure 3. Allele sizes and distribution of allele frequencies at locus mbr3 in experimental and 

wild GFP populations. 
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4. Discussion 

 All loci screened in the current study were highly polymorphic. Highly polymorphic 

microsatellite loci had been reported in other prawn species such as Penaeus monodon where the 

number of alleles per locus ranged from 6-14 for ‘small’ (less than 20 repeats) microsatellites 

and up to 54 alleles for ‘large’ microsatellites (Xu et al., 2001). Comparison of genetic diversity 

with earlier studies on microsatellite variation in other GFP strains that employed some of the 

same primer sets shows that the number of alleles per locus observed here were similar to those 

previously reported (Chareontawee et al., 2006, 2007). All Hardy-Weinberg tests (6 loci x 3 

populations) showed highly significant deviations (P < 0.001). These results are not unexpected, 

because samples used in the current study came from a diallel cross from single-pair matings 

among genetically divergent populations.    

 Common measures of genetic diversity among populations include expected 

heterozygosity (gene diversity), and an alternative parameter - allelic diversity (number of alleles 

segregating in the populations) (Toro et al., 2009). Average gene diversities across the six loci 

tested in the present study were very high, approaching 90% for the three purebred strains. The 

number of alleles per locus found in the three purebred strains were also high and ranged from 

13 (MK) to 15 (HW). These results suggest that overall genetic variation was high within the G1 

purebred strains. More interesting, the HW purebred strain that came from the long domesticated 

Hawaiian strain also showed highly genetic diversity and was actually more variable at specific 

gene loci (qut819, qut822, and mbr3) compared with the DN and MK purebred strains that had 

been produced directly from wild parents. Relative levels of genetic diversity and the extent of 

inbreeding in the HW strain after a long history of captive breeding have not been documented 

extensively. Until now, a previous study has only examined the impact of domestication on 

genetic diversity in the Hawaiian strain after 15 generations in culture (Malecha et al., 1980). 

This study reported very little divergence in allele frequencies or loss of alleles at allozyme loci 

compared with a reference wild population. Similarly, a study of genetic diversity in GFP in 

Thailand showed that  genetic variation had apparently remained high in hatchery stocks when 

compared with wild populations, even though Thai GFP stocks have been domesticated since the 

1970s (Chareontawee et al., 2007).  

 In the current study, observed heterozygosity and number of alleles per locus in the G1 

experimental combined population were not significantly different from the wild reference 
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population. Maintenance of high levels of genetic diversity in hatchery stocks has been observed 

in European abalone, Haliotis tuberculata, (Mgaya et al., 1995) and Kuruma prawn, 

Marsupenaeus japonicus (Luan et al., 2006), although the studies did report some loss of rare 

alleles. In contrast, other studies have reported significant declines in levels of genetic diversity 

over successive generations during domestication of penaeid species (Wolfus et al., 1997; Xu et 

al., 2001; Goyard et al., 2003; Cruz et al., 2004; Dixon et al., 2008). Impacts of genetic drift, 

bottleneck effects, and inbreeding caused by small effective population size are often suggested 

as the major reasons for loss of genetic diversity in hatchery populations (Lowe et al., 2004). The 

results here however suggest that this has not been a problem encountered during domestication 

and strain development for GFP in Vietnam. This may be because our original design was 

structured from single-paired matings and at least 8 families contributed to each purebred 

population. As a consequence, genetic diversity appears to have been retained effectively in the 

experimental combined population.    

 Number of alleles and number of private alleles were highly abundant in both CE and 

CW. Allele distributions however, were different between the two populations. One explanation 

for this may be that difference in the sites where founder stocks for the current study were taken 

and later where the wild populations were sourced for our comparison have led to this allelic 

differentiation. In addition, examination of relatively small samples (30 individuals for each of 

Vietnamese and Malaysian populations) may have led to some bias when using hyper-variable 

microsatellite markers (Beaumont and Hoare, 2003). For the HW stock, an additional 

complication is that this strain has been domesticated for over 40 years (Malecha, 1984), so its 

genetic attributes may have changed as it has adapted to the culture environment. This could 

have resulted in differences in allele distributions between the Hawaiian domesticated culture 

stock and the wild Malaysian stock from which it had been developed.      

 The high levels of heterozygosity and more importantly, very high levels of  allelic 

diversity that remained in the experimental population is an excellent starting point for the future 

breeding program designed for GFP in Vietnam. The current study has shown that the process of 

domestication so far has not compromised levels of genetic variation significantly and this would 

ensure long-term responses to selection. Hayes and co-workers (2006) showed that employing 

molecular markers early in the process of stock development may assist to optimize exploitable 

levels of genetic diversity in the base populations. This approach increased genetic variance for 
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disease traits compared with a base population formed from individuals selected at random. To 

maintain levels of genetic variation over the long-term, relative levels of allelic diversity can be 

used to monitor broodstock management practices to ensure sufficient diversity is retained after 

each breeding cycle (Koljonen et al., 2002). Allelic diversity is a more sensitive indicator of 

exploitable genetic diversity than heterozygosity, because heterozygosity can remain high even 

when the number of breeding individuals is very small, if breeders by chance possess genotypes 

with different alleles. In contrast, when breeding numbers fall, there will be a correlated effect on 

numbers of alleles that can be passed to the next generation, and loss of rare alleles will occur 

more rapidly than loss of common alleles (Simianer, 2005). Past studies have reported that the 

number of alleles in hatchery stocks often decline rapidly after population bottlenecks, while 

reductions in heterozygosity can often be limited (Norris et al., 1999; Evans et al., 2004).   

 In conclusion, microsatellite markers have proven very useful for characterizing genetic 

diversity in the three GFP stocks in the current study. Both high heterozygosity and high allelic 

diversity in the three stocks that will be combined to form a synthetic population for a breeding 

program on M. rosenbergii in Vietnam, indicate that ongoing sustainable genetic gains should be 

achievable from this breeding resource .            
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Preface to Chapter 5 

While traditional selective breeding programs have focused primarily on phenotypic 

variation in target populations, developments in molecular genetics have permitted the rate of 

progress in animal breeding to be increased by applications in parentage control and species 

identification, gene mapping, QTL identification, and recently for genomic studies. There is a 

vast resource of information on DNA markers, expressed sequence tags, and gene maps in 

certain key aquaculture species, for instance salmonids, tilapia, penaeid shrimps. Such 

information is very limited in GFP. The current study is the first attempt to identify specific gene 

markers associated with important growth traits in GFP. While the objective is challenging, if 

successful it can accelerate application of MAS and hence rapidly increase the efficiency of a 

breeding program for GFP.  

Chapter 5 describes an investigation of single nucleotide polymorphisms (SNPs) in two 

key genes in GFP, namely actin and crustacean hyperglycemic hormone (CHH). Variation in 

SNPs were correlated with growth performance of GFP individuals investigated in Chapter 2. 

The implications of the findings are discussed in respect to future development of improved 

culture lines of GFP for Vietnam.          
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Abstract 

 We assessed correlations between single nucleotide polymorphisms (SNPs) in the actin 

and crustacean hyperglycemic hormone (CHH) genes with individual growth performance in 

giant freshwater prawn Macrobrachium rosenbergii. Thirty SNPs were detected in the actin and 

CHH genes in broodstock of three M. rosenbergii strains (Dong Nai, Mekong, and Hawaiian) 

and their offspring. A preliminary study that evaluated all SNPs suggested an association 

between SNPs in intron 3 of the CHH gene and individual growth performance. A larger number 

of offspring (n=243) were then genotyped and tested for the associations between SNPs in intron 

3 and individual growth performance. Four intronic SNPs were significantly associated with 

three growth traits (body weight, carapace length, and standard length). Of these, CH3-2402 and 

CH3-2561 were highly correlated with all three traits, while CH3-2407 and CH3-2409 were 

significantly correlated only with body weight. A further haplotype-trait association analysis 

confirmed that these four SNP markers were in linkage disequilibrium, and the specific 

haplotype TGAA had significant associations with high growth (P < 0.01). The implications of 

these findings with relevance to developing improved culture lines of giant freshwater prawn for 

the industry in Vietnam are discussed.  

 

Keywords: Macrobrachium rosenbergii, growth traits, SNPs, actin, crustacean hyperglycemic 

hormone,  
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1. Introduction 

 Giant freshwater prawn, Macrobrachium rosenbergii, is an important culture and capture 

fisheries species in Vietnam and in the inland aquaculture sectors of many southeast Asian 

countries. In spite of high commercial significance, there has been little real progress made 

towards improving the productivity of culture stocks to meet increasing demand for product from 

both domestic and overseas markets. With rapid development of semi-intensive or intensive 

culture systems, the industry will need to develop improved domesticated strains and initiate 

breeding programs to provide ongoing genetic gains for the industry. So far, little attention has 

been paid to molecular approaches for assisting development of high-performing culture lines of 

giant freshwater prawn (GFP).       

Application of DNA markers to breeding programs for aquatic species can contribute 

significantly to positive outcomes for the aquaculture industry. The first applications of DNA 

marker technologies and gene manipulation in aquaculture occurred in the mid 1990s (Hulata, 

2001). Availability of DNA markers for specific aquatic species is commonly related to the 

economic value or scientific importance of the target species (Hayes and Andersen, 2005). DNA 

markers have been used to screen diversity in wild populations to maximize genetic variation in 

founder populations and to monitor inbreeding levels in captive stocks (Davis and DeNise, 

1998). Furthermore, markers can also be used to construct linkage maps and thereby to 

accelerate genetic improvement via marker-assisted selection (MAS). To date, linkage maps 

have been developed for salmonid species (Moen et al., 2008; McClelland and Naish, 2008; 

Rexroad III et al., 2008), common carp Cyprinus carpio (Sun and Liang, 2004), tilapia 

(McConnell et al., 2000; Lee et al., 2005), channel catfish Ictalurus punctatus (Liu et al., 2003; 

Quiniou et al., 2007), and some penaeid shrimps (Li et al., 2003; Li et al., 2006a; Zhang et al., 

2007b; Maneeruttanarungroj et al., 2006; Staelens et al., 2008). In theory, MAS can increase the 

rate of genetic gains by 25 to 50% compared with outcomes from conventional animal selective 

breeding programs (Weller, 1994). When molecular genetic technologies have been integrated 

into selective breeding programs, productivity gains have often increased in the early generations 

compared with by classical selection alone (Davis and DeNise, 1998). MAS is particularly 

beneficial for traits of low heritability or traits complicated by dominance effects (Dunham, 

2004). The approach has been employed successfully in certain crop species (e.g. soybean, corn, 
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millet), livestock (e.g. pig, sheep, dairy cattle), and a limited number of aquatic species (Houston 

et al., 2008; Gheyas et al., 2009).           

In addition to microsatellites and AFLP markers, single nucleotide polymorphisms 

(SNPs) provide a means for screening genomes for markers linked to quantitative trait loci 

(QTLs) (Gibson and Muse, 2004). An SNP is a single nucleotide change in a DNA sequence, 

and constitutes a bi-allelic, co-dominant marker that contains less information than equivalent 

multi-allelic microsatellite loci (Vignal et al., 2002). SNPs are, however, very abundant across 

most genomes and occur approximately one in every 225 bp in chickens and one in every 1,250 

bp in humans (Liu, 2007b). More importantly, some SNPs occur in coding regions and have been 

shown to affect protein function. Thus, certain SNPs may influence phenotypic variation directly 

among cultured individuals (Beuzen et al., 2000) and consequently can be very effective for 

investigating trait-genotype associations (Liu, 2007b). SNPs, therefore, have high potential for 

applications in aquaculture. While still a relatively new ‘tool’ in breeding programs for aquatic 

species, SNP markers have been used recently to screen candidate genes for growth in a number 

of species, including Arctic charr Salvelinus alpinus (Tao and Boulding, 2003), Asian seabass 

Lates calcarifer (Xu et al., 2006), and in shrimps, notably Litopenaeus vannamei and Penaeus 

monodon (Glenn et al., 2005).      

In crustaceans, candidate genes associated with individual growth performance include 

actin, tropomyosin, ecdysteroids, fatty acid elongase, and the crustacean neuropeptide family, 

including molt-inhibiting hormone (MIH), crustacean hyperglycemic hormone (CHH), and 

vitellogenesis or gonad inhibiting hormone (VIH/GIH) (El Haj, 1996; Chang et al., 2001; 

Bocking et al., 2002; Lyons et al., 2007; De-Santis and Jerry, 2007). Biochemical and functional 

aspects of actin and CHH have been studied widely in a variety of crustaceans. Actin plays 

important roles in cytoskeletal structure, cell division and motility, and muscle contraction (Zhu 

et al., 2005), while CHH can play major roles in carbohydrate and lipid metabolism, and also 

influences molting, reproduction, and osmoregulatory functions (Santos et al., 1997; Fanjul-

Moles, 2006). Thus, actin and CHH are likely candidate genes for association with relative 

individual growth performance in crustaceans. To date, a total of 23 actin and 40 CHH genes 

have been identified in decapods, including shrimp, crab, crayfish and lobster (Zhu et al., 2005; 

Fanjul-Moles, 2006). Actin and CHH genes have also been identified and characterized in M. 

rosenbergii in a number of previous studies (Zhu et al., 2005; Lin et al., 1998; Sithigorngul et al., 
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1999; Chen et al., 2004; Ohira et al., 2006; Reddy and Sainath, 2009). The studies described 

complete gene sequences, functions and expression patterns for actin and CHH, and so form the 

target for the current study of an SNP/candidate gene approach in M. rosenbergii.

Recently, we assessed relative growth performance of three purebred and six crossbred 

strains (or lines) in Vietnam (Thanh et al., 2009a). The current study aimed to use the data from 

the earlier study and correlate individual growth performance with SNP variation. The specific 

objective here was to screen SNPs in actin and CHH genes across the experimental lines and to 

correlate individual growth performance with SNP allelic variation. This is the first attempt to 

identify specific gene markers linked to economically important traits in GFP. Any SNPs 

associated with relative growth performance can be potentially applied in future GFP breeding 

programs and used to increase the efficiency of the selection process in this species.  

2. Materials and methods 

2.1. Experimental animals and traits measured 

 
Table 1. Number of families produced for each strain combination in G1 and G2 and the number 

of animals from each strain combination selected for genotyping 

 Sires  Dams Dong Nai Mekong Hawaiian 
a b c a b c a b c

Dong Nai 8 8 28 5 5 28 6 5 26 
Mekong 9 12 24 8 12 22 6 10 43 
Hawaiian 1 10 28 2 7 19 13 8 25 

Note: (i) a = number of families produced for each strain combination in G1; b = number of families produced for 
each strain combination in G2; c = number of animals from each strain combination selected for genotyping. 
(ii) G1 and G2 = generation 1 and 2. 

 

Experimental animals for SNP screening came from two consecutive diallel crosses 

(Table 1). The first diallel cross (generation 1, G1) consisted of two local wild lines (Dong Nai 

and Mekong) and a third domesticated strain originally sourced from Hawaii, resulting in three 

purebred strains and six crossbred strains. The repeated diallel cross (generation 2, G2) also was 

designed from three strains with the parents collected from the G1 progeny of three purebred 

strains. Larvae for G1 and G2 were produced from 58 and 77 full-sib families, respectively 

(Table 1). Because ages of individual families were different, families with similar ages 

(maximum 5 days difference) were pooled into single batches for nursing that led to age 
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variation for several nursing batches both within and across strain combinations. Juveniles from 

these mixed families of each strain combination were stocked in three replicate hapas over 15 

weeks, as we were unable to tag juveniles for communal grow-out experiments.  

Pleopod samples of pure-strain parents from generation 1 were collected for initial SNP 

identification. The numbers of parental samples available for the Dong Nai, Mekong, and 

Hawaiian strains were 15, 19, and 20, respectively. For SNP confirmation and SNP-trait 

association studies, the pleopod samples from the progeny of generations 1 and 2 were collected 

at harvest. Since growth performance of male GFP was affected by social rank (Thanh et al., 

2009a), only female samples were used here. At harvest, 150 females were sampled randomly 

from each strain combination (3 purebred and 6 crossbred strain combinations per generation) 

and measured for carapace length, standard length and body weight. Female growth data were 

then used in the SNP association studies.          

2.2. Primer design, DNA extraction, polymerase chain reaction (PCR) and sequencing 

Table 2. PCR primer sets used for analysis of SNPs in the actin (AC) and crustacean 

hyperglycemic hormone (CH) genes in M. rosenbergii. 

Fragment Primer 
Name Length 

(bp) 
Name Sequence (5’-3’) Annealing temp. 

(ºC) 
AC1 129 AC1F TGTGTGACGACGAAGTAGCC 60 

AC1R TTACCTGGTGACGTGGTCTG  
AC2 624 AC2F CCCTCGTATGGGACACACA 58 
 AC2R GGTCATCTCCTGCTCGAAGT  
AC3 513 AC3F GAAATCGTGCGTGACATCAA 58 
 AC3R AAATTAGAAGCATTTCCTGTGC
CH1 401 CH1F CCCCCACAACTTTGTCAGTT 60 
 CH1R TGACACTTCAACGACGGTACA  
CH2 360 CH2F CAGGTTCTTTTTCCCCCTTT 58 
 CH2R ATCAACGCGAAAGCCTCAT  
CH3 608 CH3F GGTCATTGCGTGGAAGATTT 60 
 CH3R GGCAGATGAGAGGGACTGAG  

Primers were designed using the Primer 3 (v.0.4.0) program (http://frodo.wi.mit.edu/). 

Three primer sets were designed for the actin gene based on the complete coding sequence of the 

gene in M. rosenbergii (Zhu et al., 2005, GenBank accession no. AY626840). The three primer 

sets amplified all exons in the actin gene. Only two primer sets were employed in the analysis, 
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however, due to amplification problems with the exon 1 fragment designated AC1. Similarly, 

three primer sets were designed for the CHH gene using the complete coding sequence for the 

CHH gene in M. rosenbergii (Chen et al., 2004, GenBank accession no. AF372657). Amplicons 

derived using these primer sets included all exons and partial introns in the CHH gene. A list of 

primer sets is provided in Table 2, and positions of amplified fragments in the actin and CHH 

genes are presented in Figures 1 and 2, respectively.  

 
Figure 1. Schematic structure of the actin gene and amplified fragments for this study. White 

boxes, black boxes, and bold lines represent exons, introns and amplified fragments, 

respectively. Numbers represent the start or end positions of exons. 

 

Figure 2. Schematic structure of the crustacean hyperglycemic hormone gene and amplified 

fragments for this study. White boxes, black boxes, and bold lines represent exons, introns and 

amplified fragments, respectively. Numbers represent the start or end positions of exons. 

 

Total genomic DNA (gDNA) was extracted from pleopod tissue following a salt 

extraction procedure described by Miller et al. (1988). Genomic DNA concentrations were 

measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies), and DNA 

stocks were diluted to 100 ng/µl for use in PCR reactions. 

PCR amplification was performed in an Eppendorf Master Cycler Gradient EP-S thermal 

cycler. PCR reactions (25 µl) contained 50-100 ng gDNA, 0.5 U Taq DNA polymerase (Roche), 

0.5 µM each primer, 0.1 mM dNTP in reaction buffer (10 mM Tris-HCL, 1.5 mM MgCl2, 50 

b3847 

Exon 1 Exon 4 

b223 b1622 

CH1 CH2 
CH3 

Exon 2 Exon 3 

b1905 b2225 b2350 b2570 

Intron 1 Intron 2 Intron 3 

Exon 1 Exon 2 

b204 b287 b1363 

AC1 AC2 
AC3 
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mM KCl, pH 8.3). For the three primer sets (AC2F and AC2R, AC3F and AC3R, CH2F and 

CH2R), extra MgCl2 was added to a final concentration of 2 mM MgCl2. PCR reactions 

consisted of initial denaturation at 94ºC for 5 min, followed by 30 cycles of 94ºC for 30 s, 

primer-dependent annealing temperature (Table 2) for 30 s and elongation at 72ºC for 1 min, 

followed by a final extension at 72ºC for 10 min. PCR products were analyzed in a 1% agarose 

gel stained with ethidium bromide and visualized under ultraviolet transillumination (UVP 

BioDoc-It).  

PCR amplicons were cleaned using Exonuclease I (Exo, Fermentas) and Shrimp Alkaline 

Phosphatase (SAP, Fermentas) prior to sequencing. Exo and SAP enzymes were mixed together 

in the ratio of 1:2. ExoSAP reactions contained 2 µL PCR template (1/5-1/10 dilution), 0.2 µl

ExoSAP, and 1.8 µl sterile water. Reactions were performed in a thermal cycler (Eppendorf 

Master Cycler Gradient EP-S) at 37ºC for 40 min, followed by 85ºC for 15 min to inactivate the 

enzymes. Sequences of amplicons then were confirmed with the appropriate primer using BIG 

DYE 3.1 terminator mix on an ABI 377 Sequencer (PE Applied Biosystems). DNA sequence 

data were analyzed using SequencherTM 4.1 (GeneCodes).      

2.3. SNP detection 

SNP sites were initially identified by aligning the sequences of parental samples from the 

Dong Nai, Mekong and Hawaiian strains and comparing them with actin and CHH sequences in 

the GenBank database (GenBank accession no. AY626840 for actin; AF219382, AF372657, 

AF317554 for CHH).  

2.4. SNP confirmation and genotyping 

Different genotyping strategies were employed for SNP confirmation and genotyping of 

offspring samples. Initially a ‘selective genotyping’ approach (Poompuang and Hallerman, 1997) 

was employed to reduce the total number of animals required for SNP confirmation. Twenty-four 

high- and 24 low-performing individuals for body weight were selected, and PCR was performed 

for each of the five primer sets (AC2, AC3, CH1-3). Sequences were then aligned to validate the 

SNP identified from initial screening. A preliminary analysis of associations between the 

validated SNPs and the growth traits of 48 animals was also performed to identify fragments for 

further investigation. For CH1 and CH3, an additional 24 high- and 24 low-performing 

individuals for growth were selected and sequenced, and their SNPs together with SNPs from the 



88

previous set of individuals were tested for association with growth traits. Based on promising 

associations between SNPs in the CH3 fragment and 96 extreme performing individuals, a 

further 147 individuals were selected randomly for sequencing to increase the population size 

(243 in total) to provide a more robust assessment of the SNP-trait association. The final number 

of animals selected from each strain combination for SNP association is listed in Table 1. It 

included 43 animals from Mekong x Hawaiian strain, and between 19 to 28 individuals from 

other strain combinations.   

2.5. Statistical analysis   

2.5.1. Genotype data:

The SNP genotype of an individual at each SNP site was determined based on sequencing 

chromatograms, as shown by the example in Figure 3. Allele frequencies at each SNP locus were 

then tested for conformation of genotype frequencies to Hardy-Weinberg equilibrium using a 

Chi-square test. A Fisher’s exact test (two-tailed) was applied to data from the extreme-

performing individuals.  

 

(AA) 

 
(GA) 

Figure 3. Chromatograms representing homozygous genotype (AA) and heterozygous genotype 

(GA) at CH3 g.2561. 

2.5.2. Phenotype data:

Prior to SNP analysis, the least square analyses of variance using PROC MIXED (SAS 

Institute, version 8, 2000) were performed on body weight of 2,700 G1 and G2 progeny of nine 
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crosses in order to adjust for any significant systematic environmental effects. These include the 

variations contributed by different generations, crosses, hapas, animal ages and their interactions. 

As only female growth data were used in the analysis, the fixed effect of sex was not fitted in the 

model. The statistical model (Model 1) was as follows: 

 yijlmn = µ + Gi + Cj + (GC)ij + Al + hm(gc)ij + eijklmn (Model 1) 

Where yijlmn is the individual trait value measured in the nth individual; µ is the overall mean for 

the trait; Gi, Cj are the fixed effects of the generation i (i=1,2), and the cross j (j=1, 2, …, 9), 

respectively; (GC)ij is the interaction between the generation i and the cross j; Al is covariate of 

age at harvest; hm(gc)ij is the random effect of the hapa m nested within the generation i and the 

cross j; eijlmn is the residual error of the nth individual.  

The estimated residual values from these analyses were then ranked to select 96 extreme 

performing (48 lowest and 48 highest) and 147 random animals for SNP studies. During the 

process we had made sure that a relative balanced number of animals from each cross was 

chosen (see Table 1 for the composition of the final 243 animals) in order to minimize possible 

family effects on later SNP-trait association study. 

2.5.3. Single SNP-trait association analyses:

ANOVA tests for associations of SNP genotypes with growth traits (body weight, 

carapace length, standard length) were performed for both arbitrary dominant and additive effect 

models (Genissel et al., 2004). A dominance model (Model 2) was modified from Model 1 with 

the addition of SNP genotype effect as a fixed effect: 

 yijklmn = µ + Gi + Cj + (GC)ij + SNPk + Al + hm(gc)ij + eijklmn (Model 2) 

Where yijklmn is the trait measured in the nth individual; µ, Gi, Cj, (GC)ij, Al, hm(gc)ij are defined 

as in Model 1; SNPk is the fixed effect for the SNP genotype k (k=1, 2 or 3 corresponding to GG, 

GA, or AA); and eijklmn is the error term of the nth individual. Interaction between genotype and 

cross was excluded from the model due to small number of animals within individual cross 

(between 19 to 28 animals) which do not contain all genotype combinations of SNP markers.   

An additive model (Model 3) was similar as the dominance model except in which SNP 

genotype was fitted as a covariate by recoding three genotypes corresponding with the number of 

“A” alleles (e.g. GG=0, GA=1, AA=2). This analysis is basically a simple linear regression of 

growth data on the number of “A” alleles present in each individual animal. The estimate of SNP 

effect here represents the additive effect of allelic substitution.  
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Both Models 2 and 3 were performed using PROC MIXED in SAS package version 8 

(SAS Institute, 2000).        

2.5.4. Multi-locus haplotype-trait association analyses:  

Since the SNP markers were detected from the same gene region and the test population 

was sampled across multiple families of several crosses, a further haplotype-trait association was 

performed to the residual phenotypic data and genotype data to investigate the potential 

existence of linkage disequilibrium (LD) between the SNPs. Given that linkage phage of the 

markers was ambiguous (or unknown) in the study, we had decided to apply the Haplo.Stats 

program (Schaid et al., 2002) to estimate the haplotype frequencies using maximum likelihood 

methods and posterior probabilities conditional on the observed marker phenotypes, and then use 

score statistics to test their associations with three growth traits. The regression coefficients 

(additive effects) of the haplotypes were estimated using haplo.glm function with the rare 

haplotypes (< 0.01 frequency) being eliminated. Significant P values were determined by 

permutation tests building in the program haplo.stats of R package (version 2.10).  

3. Results 

3.1. SNP identification and allele frequencies in the broodstock 

gDNA sequences of the actin gene were amplified in GFP broodstock samples and 

covered the majority of the actin coding region within the cDNA sequence characterized by Zhu 

et al. (2005) (GenBank accession no. AY626840). The gDNA nucleotide sequences in the 

broodstock differed from the previously published cDNA sequence at three positions, including 

positions g.335C>T, g.578C>T, and g.875C>T. The three polymorphisms in the broodstock 

sequences constituted synonymous mutations.  

For the CHH gene, the gDNA sequences amplified from broodstock samples contained 

the major exon regions and partial intron regions in the sequence reported in an earlier study 

(Chen et al., 2004, GenBank accession no. AF372657). A sequence polymorphism was detected 

at position 2567, an intronic region, (g.2567G>A) in the broodstock compared with the 

published gDNA sequence.      

Table 3 summarizes SNPs detected in the actin gene among GFP strains. Numbers of 

SNPs identified in the Dong Nai and Mekong strains were eight and seven respectively, while 

only four SNPs were identified in the Hawaiian strain. Some private SNPs were identified in 
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individual strains, including AC2 g.491C in the Mekong strain, AC2 g.569T and AC2 g.590C in 

the Dong Nai strain. All observed SNPs detected in the coding region of the actin gene were 

synonymous polymorphisms.  

Table 3. Number of SNPs in the actin gene and their allele frequency distributions in the 

broodstock of three GFP strains 

SNP Allele Region Allele frequency 
DN MK HW 

AC2  
g.446 T Exon 0.87 0.92 1.00 

 C  0.13 0.08 0.00 
g.491 T Exon 1.00 0.95 1.00 

 C  0.00 0.05 0.00 
g.545 G Exon 0.67 0.75 0.60 

 T  0.33 0.25 0.40 
g.569 C Exon 0.97 1.00 1.00 

 T  0.03 0.00 0.00 
g.590 T Exon 0.97 1.00 1.00 

 C  0.03 0.00 0.00 
Sub-total   4 3 1 

AC3  
g.905 C Exon 0.91 0.80 0.93 

 T  0.09 0.20 0.08 
g.983 G Exon 0.94 0.85 1.00 

 T  0.06 0.15 0.00 
g.1025 G Exon 0.63 0.60 0.61 

 A  0.37 0.40 0.39 
g.1073 A Exon 0.89 0.85 0.97 

 C  0.11 0.15 0.03 
Sub-total   4 4 3 

Total   8 7 4 
Note: DN = Dong Nai, MK = Mekong, HW =Hawaiian 

Table 4 shows the SNPs identified in the CHH gene in the three GFP strains. While 

several SNPs were detected in introns, exons and the 5’ untranslated (5’ UTL) regions of the 

CHH gene, they were most abundant in the non-coding region of the CH3 fragment (Figure 2). 

The total number of SNPs detected in the Dong Nai strain (22 SNPs, including 15 intronic SNPs, 

four exonic SNPs and three 5’UTL SNPs) was higher than that observed in the Mekong strain 

(16 SNPs, consisting of nine intronic SNPs, five exonic SNPs and two 5’UTL SNPs) and the 

Hawaiian strain (nine SNPs with six intronic SNPs, one exonic SNP and two 5’UTL SNPs), 
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respectively. Similarly, the number of unique SNPs in an individual strain was highest in the 

Dong Nai strain (nine SNPs) compared with the Mekong strain (three SNPs) and the Hawaiian 

strain (two SNPs), respectively. All polymorphisms detected in exon regions were synonymous.      

 

Table 4. Number of SNPs in the crustacean hyperglycemic hormone gene and their allele 

frequency distributions in the broodstock of three GFP strains 

SNP Allele Region Allele frequency 
DN MK HW 

CH1  
g.119 A Exon 0.88 0.91 0.71 

 G  0.13 0.09 0.29 
g.302 A Intron 0.66 0.53 0.39 

 G  0.34 0.47 0.61 
g.334 C Intron 0.97 1.00 1.00 

 T  0.03 0.00 0.00 
g.362 C Intron 0.89 1.00 1.00 

 T  0.11 0.00 0.00 
g.372 C Intron 0.34 0.35 0.54 

 T  0.66 0.65 0.46 
Sub-total   5 3 3 

CH2  
g.1699 T Exon 0.82 0.75 0.00 

 C  0.18 0.25 1.00 
g.1783 A Exon 0.89 1.00 1.00 

 C  0.11 0.00 0.00 
g.1852 C Exon 0.93 1.00 1.00 

 T  0.07 0.00 0.00 
Sub-total   3 1 0 
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Table 4 (continued). Number of SNPs in the crustacean hyperglycemic hormone gene and their 

allele frequency distributions in the broodstock of three GFP strains 

SNP Allele Region Allele frequency 
DN MK HW 

CHH3  
g.2332 G 5’UTL 0.87 0.90 1.00 

 A  0.13 0.10 0.00 
g.2334 G 5’UTL 0.94 0.90 1.00 

 A  0.06 0.10 0.00 
g.2384 G Intron 0.53 0.71 0.69 

 A  0.47 0.29 0.31 
g.2395 G Intron 0.57 0.79 0.34 

 A  0.43 0.21 0.66 
g.2402 G Intron 0.93 0.97 0.79 

 T  0.07 0.03 0.21 
g.2407 G Intron 0.90 0.97 1.00 

 A  0.10 0.03 0.00 
g.2409 G Intron 0.10 0.03 0.00 

 A  0.90 0.97 1.00 
g.2439 C Intron 0.97 1.00 1.00 

 A  0.03 0.00 0.00 
g.2442 A Intron 0.97 1.00 1.00 

 G  0.03 0.00 0.00 
g.2457 A Intron 0.93 1.00 1.00 

 G  0.07 0.00 0.00 
g.2471 A Intron 0.93 0.89 1.00 

 G  0.07 0.11 0.00 
g.2524 C Intron 0.93 1.00 1.00 

 T  0.07 0.00 0.00 
g.2561 A Intron 0.93 0.95 0.92 

 G  0.07 0.05 0.08 
g.2572 G Exon 1.00 0.97 1.00 

 A  0.00 0.03 0.00 
g.2641 A Exon 1.00 0.97 1.00 

 G  0.00 0.03 0.00 
g.2680 A Exon 1.00 0.97 1.00 

 G  0.00 0.03 0.00 
g.2685 A 5’UTL 1.00 1.00 0.97 

 T  0.00 0.00 0.03 
g.2713 C 5’UTL 1.00 1.00 0.92 

 T  0.00 0.00 0.08 
g.2726 C 5’UTL 0.93 1.00 1.00 

 A  0.07 0.00 0.00 
Sub-total   14 12 6 

Total   22 16 9 
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3.2. SNP confirmation in offspring 

For the actin gene, only a single SNP in the AC2 fragment and three SNPs in the AC3 

fragment were identified in two groups of extreme growing individuals (24 high and 24 low) 

(Table 5). All were synonymous polymorphisms. SNP allele distributions were not significantly 

different between the two groups (P > 0.05).  

 
Table 5. Allele frequency of SNPs in the actin gene in the G1 and G2 offspring  

SNPa Allele Region Frequency Fisher’s test 
Low growth High growth (P)

AC2 g.545 G Exon 0.52 0.56 0.108 
T 0.48 0.44

AC3 g.905 C Exon 0.77 0.92 0.235 
 T  0.23 0.08  
AC3 g.1025 G Exon 0.54 0.58 1.000 

 A  0.46 0.42  
AC3 g.1073 A Exon 0.85 0.92 0.494 

 C  0.15 0.08  
a SNPs in 24 extreme low- and 24 extreme high-performing prawns 

For the CHH gene, no SNPs were detected in the CH2 fragment while two intronic SNPs 

were observed in the CH1 fragment (Table 6). Allele frequencies between the two groups were 

not significantly different (P > 0.05).  

 

Table 6. Allele frequency of SNPs in the CH1 fragment of the crustacean hyperglycemic 

hormone gene in the G1 and G2 offspring  

SNPb Allele Region Frequency Fisher’s test 
Low growth High growth (P)

g.302 A Intron 0.60 0.53 0.508 
G 0.40 0.47

g.372 C Intron 0.33 0.47 0.083 
 T  0.67 0.53  
b SNPs in 48 extreme low- and 48 extreme high-performing prawns  

The CH3 fragment exhibited high SNP polymorphism with one SNP in the 5’ 

untranslated region and nine intronic SNPs (Table 7). Allelic distributions for each SNP did not 

depart significantly from Hardy-Weinberg equilibrium (P > 0.05).  
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Table 7. Allele frequency of SNPs in the CH3 fragment of the crustacean hyperglycemic 

hormone gene in the G1 and G2 offspring  

SNPc Genotype Region Allele frequency χ2 P
g.2334 G 5’UTL 0.89 0.01 0.994 

A 0.11
g.2384 G Intron 0.60 1.61 0.448 

 A  0.40   
g.2395 G Intron 0.35 0.81 0.667 

 A  0.65   
g.2402 G Intron 0.94 1.08 0.582 

 T  0.06   
g.2407 G Intron 0.98 0.07 0.966 

 A  0.02   
g.2409 G Intron 0.02 0.07 0.966 

 A  0.98   
g.2457 G Intron 0.01 0.05 0.999 

 A  0.99   
g.2471 G Intron 0.04 0.45 0.982 

 A  0.96   
g.2524 C Intron 0.83 0.33 0.846 

 T  0.17   
g.2561 G Intron 0.05 0.60 0.973 

 A  0.95   
c SNPs in 243 prawns (extreme low and high performing plus randomly selected prawns) 

 

3.3. Single SNP association with growth traits 

Variation at four SNPs in the actin gene were not significantly associated with growth 

performance under both additive and dominance models.  Likewise, two SNPs found in the CH1 

fragment showed no association with growth traits in the groups.    

Of the SNPs identified in the CH3 fragment, four intronic SNPs exhibited highly 

significant associations with individual growth performance (P < 0.05, Table 8). Results of least 

squares means (from ANOVA dominance model analysis) showed that individuals with the GG 

genotype at CH3 g.2402 had a significantly slower growth rate than those with the GT genotype 

(P < 0.01). In contrast, homozygous individuals (AA) at CH3 g.2561 grew significantly faster 

than did heterozygous individuals (GA) (P < 0.05). Similarly, homozygotes at CH3 g.2407 and 

CH3 g.2409 followed the same trend showing faster growth rate than did heterozygotes. The two 
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genotypes at CH3 g.2407 and CH3 g.2409, however, had only significantly effects on body 

weight (P < 0.05).       

 
Table 8. Effect of SNPs on growth traits of giant freshwater prawn under dominance and 

additive models 

SNP Genotype Number 
 

BW 
(g) 

CL 
(cm) 

SL 
(cm) 

SNP genotype least-squares means ± SE (from dominance model)   
CH3 g.2402 GG 207 22.21 ± 0.59a 3.09 ± 0.03a 9.37 ± 0.07a

GT   30 28.98 ± 1.61b 3.36 ± 0.08b 10.14 ± 0.20b

CH3 g.2407 GG 230 23.32 ± 0.58a 3.14 ± 0.03a 9.49 ± 0.07a

GA     8 15.85 ± 3.28b 2.82 ± 0.16a 8.86 ± 0.41a

CH3 g.2409 AA 230 23.32 ± 0.58a 3.14 ± 0.03a 9.49 ± 0.07a

GA     8 15.85 ± 3.28b 2.82 ± 0.16a 8.86 ± 0.41a

CH3 g.2561 AA 220 23.31 ± 0.60a 3.14 ± 0.03a 9.50 ± 0.07a

GA   23 18.92 ± 1.91b 2.92 ± 0.09b 8.96 ± 0.24b

Average allele substitution effect ± SE (from additive model)   
CH3 g.2402    6.77 ± 1.71* 0.27 ± 0.08* 0.77 ± 0.21*

CH3 g.2407   -7.47 ± 3.34* 0.32 ± 0.16   0.63 ± 0.41 
CH3 g.2409   -7.47 ± 3.34* 0.32 ± 0.16   0.63 ± 0.41 
CH3 g.2561   -4.39 ± 2.01* -0.21 ± 0.10* -0.54 ± 0.25*

Notes : (i)  BW = body weight, CL = carapace length, SL = standard length, SE = standard error 
 (ii) Genotypes within each SNP sharing letters are not significantly different (P > 0.05) 
 (iii) * P < 0.05, BW = body weight, CL = carapace length, SL = standard length 

Table 8 also presents the average allele substitution effects from ANOVA additive model 

analysis for four SNP markers. It is clear that there were significant (P < 0.05) additive effects of 

a number of alleles at these four SNPs on body weight, and two SNPs (CH3 g.2402 and CH3 

g.2561) on carapace length and standard length. For example, the allele substitution effect at 

CH3 g.2402 increased 6.77 g for body weight, but this effect at the other three SNPs reduced 

body weight by 4.39 to 7.47 g. Similarly, the allele substitution effects at CH3 g.2402 increased 

carapace and standard lengths significantly at 0.27 and 0.77 cm respectively, while allele 

substitution effects at CH3 g.2561 significantly shortened carapace and standard lengths by 0.21 

and 0.54 cm, respectively.             

3.4. Multi-locus haplotype-trait associations 
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Since individually all four SNP markers in CH3 were found to have significant effects on 

growth traits, this led to the further investigation on whether the four SNP markers were in a 

linkage disequilibrium status. 

The maximum likelihood estimates of haplotype probabilities indicate that four SNP 

markers were in linkage disequilibrium as there were only six haplotypes across four markers 

identified in the test population. Four of them were main haplotypes with frequencies greater 

than 0.01 (GAGA, GGAG, TGAA and GGAA, as shown in Table 9), and two were rare 

haplotypes (AGAA and GAGG with the frequencies being 0.002 and 0.006 respectively, not 

shown in Table 9). The most common haplotype was GGAA with the frequency of 0.864.  

The associations between the haplotypes and the growth traits are shown in Table 9. It is 

clear that among four main haplotypes identified, the haplotype TGAA had consistently 

demonstrated to have very high significant additive effects on three growth traits (P < 0.01). 

Selecting this haplotype would result in the increment of body weight, carapace length and 

standard length by 5.95 g, 0.25 cm and 0.70 cm respectively. The most common haplotype 

(GGAA) had little effect on any of the growth traits. 
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Table 9. SNP haplotype frequencies in the CH3 fragment of the crustacean hyperglycemic hormone gene and their additive effects on

growth traits

SNP haplotype BW (g) CL (cm) SL (cm)
g.2402 g.2407 g.2409 g.2561 hap.freq coef SE t P coef SE t P coef SE t P

G A G A 0.011 -5.30 3.65 -1.45 0.15 -0.14 0.19 -0.75 0.45 -0.33 0.46 -0.73 0.47
G G A G 0.033 -0.45 2.12 -0.21 0.83 0.00 0.11 -0.02 0.99 -0.06 0.26 -0.21 0.83
T G A A 0.062 5.95 1.61 3.69 <0.01 0.25 0.08 3.13 <0.01 0.70 0.20 3.47 <0.01
* * * * 0.030 -1.28 1.63 -0.79 0.43 -0.06 0.08 -0.75 0.45 -0.22 0.20 -1.07 0.28
G G A A 0.864 0.05 0.60 0.08 0.94 -0.04 0.03 -1.38 0.17 -0.07 0.08 -0.96 0.34

Notes: (i) BW = body weight, CL = carapace length, SL = standard length, SE = standard error.
(ii) hap.freq = haplotype frequency, coef = regression coefficient from using haplo.glm model, t = t value, P = P value.
(iii) The haplotype “****” refers to all rare haplotypes which had a frequency less than 0.01.
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4. Discussion 

The study shows that SNPs in the actin and CHH genes of broodstock populations were 

more abundant in the Dong Nai and Mekong strains, sourced from the wild, than in the Hawaiian 

or ‘Anuenue’ strain domesticated for more than 40 years (Malecha, 1984). The ‘Anuenue’ strain 

was founded by a relatively small number of GFP individuals collected originally from Malaysia 

in the mid-1960s (Sarver et al., 1979), and loss of genetic diversity in this strain is likely to have 

resulted from the combined effects of genetic drift, small founder population size and inbreeding 

(Lowe et al., 2004).  

Intronic SNPs found in the CHH genes of both broodstock and offspring, especially 

intronic SNPs in the CH3 fragment, were more common compared with exonic and 5’UTL 

SNPs. According to Liu (2007b), SNPs are found more often in non-coding regions than in 

coding regions because natural selection generally conserves coding regions. De-Santis and Jerry 

(2007) also reported that polymorphisms associated with growth performance in the exon region 

of the fish growth hormone gene were very rare compared with an abundance of variants in the 

introns of this gene. All exonic SNPs identified in the current study were synonymous 

polymorphisms. Genissel et al. (2004) commented that less than 1% of SNPs are likely to alter 

amino acids in resulting proteins. While exonic and intronic variants in our study were silent 

polymorphisms, they can potentially affect splicing, thereby resulting in phenotypic variation. 

Previous studies have shown that polymorphisms affecting splicing of genes can influence 

potential genetic disorders in humans (Langdahl et al., 1997; Pagani and Barralle, 2004; Boer et 

al., 2005; Hastings et al., 2005; Hull et al., 2007).   

To date, few studies have reported significant associations between SNPs and phenotypes 

in aquatic species. Examples include SNPs in the amylase gene associated with growth rate in 

the oyster Crassostrea gigas (Prudence et al., 2006) and parvalbumin gene polymorphism 

correlated with growth traits in Asian seabass Lates calcarifer (Xu et al., 2006). Polymorphisms 

in the Hsp70 gene were suggested to be associated with virus-resistance in Litopenaeus 

vannamei (Zeng et al., 2008). In all these studies, SNP associations were tested within one (Xu et 

al., 2006) or two families (Prudence et al., 2006) or single population (Zeng et al., 2008). In our 

study four intronic SNPs in the CH3 fragment were found to be individually associated 

significantly with growth performance from a mixed-family and mixed-population design. The 

multi-locus haplotype association analyses further confirmed the linkage disequilibrium between 
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four SNP markers, and identified the specific common haplotype (TGAA with 0.062 frequency 

in the test population) showing very high association with fast growth (P < 0.01). This is the first 

time that experimental evidence has been obtained that demonstrate a putative association 

between a candidate gene and economically important quantitative traits in M. rosenbergii. It is 

arguable that due to the nature of the mixed-family design in this study, there could be 

unaccounted significant family effect in Model 1 that potentially affects SNP detection outcome. 

By adjusting generation, cross, age and other environmental effects and then purposely choosing 

relative balanced number of animals from both extreme and random performance across all 

crosses for SNP association analysis in the study, we had minimized the family effect on the 

SNP association. In addition, linkage disequilibrium test using multi-locus haplotype frequencies 

took advantage of the mixed population design and further eliminated the family effect on the 

associations. Nevertheless, it is worthwhile to emphasize that the outcome of the study is 

preliminary and a further study is necessary to validate the SNP-trait associations in larger 

independent populations.  

M. rosenbergii possesses two CHH transcripts, namely CHH and CHH-L (CHH-like), 

that are derived from the same gene via alternative splicing mechanisms (Chen et al., 2004). The 

CHH isoform is transcribed from exons 1, 2, and 4 compared with 4 exons that contribute to the 

CHH-L isoform. Ohira et al. (2006) reported that the CHH isoform induces hyperglycemic 

activity, while the CHH-L isoform does not. Several CHH isoforms have also been reported in 

other crustacean species and apparently play an important role in the life cycle of some 

crustaceans (Fanjul-Moles, 2006). Short-term increases in CHH level in the hemolymph of the 

lobster Homarus americanus prior to completion of ecdysis has been demonstrated in response 

to rapid influx of water necessary for expansion of the new exoskeleton (Chang et al., 2001). The 

ratio of CHH-A and CHH-B isoforms in the shrimp Metapenaeus ensis is likely to be important 

in gonad maturation (Gu et al., 2000).  

Many conserved motifs near exon-intron boundaries act as critical splicing signals. In 

addition, ‘enhancers’ and ‘silencers’ in exonic or intronic regions may be present as regulatory 

elements located near (50-100 bp) or distant (hundreds to thousands of bp) from the splice sites 

to regulate normal splicing of exonic sequences (Pagani and Baralle, 2004).The four SNPs that 

showed a strong association with individual growth performance in the current study were 

present in the CH3 amplicon that covers the entire third intron in the CHH gene of GFP (Figure 2 
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and 3). Three of the four SNPs (CH3-2402, CH3-2407 and CH3-2409) were located from 53 to 

60 bp away from the exon 3 – intron 3 boundary. More importantly, the fourth SNP, CH3-2561, 

was located directly at the intron 3 – exon 4 boundary.  As a result, polymorphisms in the third 

intron in the current study may alter the splicing process or influence recognition of splicing sites 

that lead to increased or deceased synthesis of CHH or CHH-L, and hence could affect growth 

traits. Evidence supporting this hypothesis has been reported for Arctic charr, where an SNP in 

the intron between two exons showed a significant association with individual growth 

performance. This was due to alternative splicing of mRNA that increased transcription of 

pituitary adenylate cyclase_activating polypeptide rather than growth hormone-releasing 

hormone (Tao and Boulding, 2003). A study of dwarf chickens also found that an SNP at an 

exon-intron boundary in the growth hormone receptor gene was associated with extremely 

retarded growth (Huang et al., 1993).    

The major outcome of the current study was recognition of correlations between 

polymorphisms in the CHH gene and individual growth traits in M. rosenbergii. SNPs associated 

with growth performance have potential applications in a marker-assisted selection (MAS) 

program to develop fast growing GFP lines. SNPs linked to growth performance could be used 

as markers to identify broodstock that possess the greatest genetic potential for fast growth. It 

should be noted however, that detection of statistically significant associations between 

quantitative traits and individual genotypes in candidate genes do not confirm that the candidate 

gene has a direct involvement in the phenotype of interest, as the candidate locus may simply be 

positioned in close physical linkage to the ‘real’ locus that influences phenotypes (Beuzen et al., 

2000). Thus, development of an MAS program using the SNPs in M. rosenbergii identified here 

must await more detailed investigation of their potential functional roles in influencing 

individual growth performance.        

A number of limitations of our study and suggestions to further improve assessment 

include: 

(i) Alternative splicing of the CHH gene that favors the CHH or CHH-L isoforms 

provided a possible explanation for evidence of strong association of SNPs with growth 

performance in the current study. Thus, quantification of mRNA from either the CHH or CHH-L 

isoforms using real time RT-PCR could determine whether the ratio of CHH to CHH-L 

transcripts vary among high- and low-performing individuals (Parsons et al., 2009). In addition, 
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Western blotting used with GFP specific CHH antibodies (Reddy and Sainath, 2009) could be 

employed to compare the expression profiles of CHH and CHH-L peptides. Unfortunately, due 

to a lack of appropriate equipment at the experimental site, samples taken could not be preserved 

in conditions suitable for later RNA or protein studies.       

(ii) Only two genotypes (one homozygote and one heterozygote) at each SNP locus were 

detected. One reason could be that the alternative homozygotes may involve a lethal allele 

causing mortality. This is because no alternative homozygotes at CH3 g.2407, g.2409, and 

g.2561 were detected in either parents or offspring, except for the TT genotype at AC3 g.2402 

detected in 2 of 20 of the Hawaiian parents. The same observation was reported in gynogenesis 

induction for tilapia Oreochromis aureus where the S/S genotype at locus UNH231 was shown 

to be a recessive lethal in some families (Palti et al., 2002).           

(iii) Only a relatively small number of poor-performing individuals with the GA genotype 

at CH3 g.2407 and CH3 g.2409 were available. Future studies of GFP should test a larger 

number of individuals to confirm the association between the CH3 g.2407 and CH3 g.2409 SNPs 

and individual growth performance.   

(iv) Primer sets CH1 and CH2 for the CHH gene amplified only a part of introns 1 and 2, 

while the CH3 primers amplified the entire third intron. Polymorphisms in the third intron 

however, showed a significant association with growth performance. Re-designing primer sets to 

cover the full lengths of introns 1 and 2 in CHH would be useful to examine any missing intronic 

SNPs that may also be associated with growth performance.     

(v) The observed associations of CHH polymorphisms with growth traits in GFP females 

only should be extended to include GFP males and then applied to other genetically divergent 

GFP strains to confirm that the specific SNPs identified here associated with growth rate in 

females have similar associations in males and also in other GFP stocks. Further investigation 

needs to assess whether SNPs that affect individual growth rate positively could have negative 

effects on other important economic traits in M. rosenbergii, such as fecundity, survival, edible 

to non-edible tissue ratio or disease resistance. Such negative trait correlations have been  

observed in salmonids where selection for improved growth rate also increased body fat content, 

a non-preferred trait (Beaumont and Hoare, 2003).       

5. Conclusion 
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Results of the current study indicate that SNP polymorphisms and the specific haplotype 

in the third intron of the CHH genes show significant correlations with individual growth 

performance in M. rosenbergii females. SNPs identified in the present study have potential 

applications in breeding programs designed to optimize allele frequencies of SNPs that increase 

individual growth rate. This may increase efficiency of breeding programs for GFP and 

accelerate a move from farming undomesticated culture lines to farming improved lines for the 

GFP industry in south-east Asia.      
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Appendix 1. Positions of the CH3 SNPs significantly associated with growth traits. Shaded 

sequences are exons, unshaded sequence is intron. SNPs are shown in bold, italic and underlined 

letters.   

 
Exon 3

2225  5’- AAAAGACTGTTTTGGTACTAAGACTTTTGGTCATTGCGTGGAAGATTTGTT 
 
2276       ATTAGATCAAACTCATTATAAAGAGATAAGAGACCACATCGCCCTGTTTTG 
 

Intron 3
2327       ACCTGGAGGAATATAATTTGAAGGTAAGGGATAAAGTTTTCGTTGCATTTT 
 

2378        ATGTTAATATGGTAGCTATTTCCAGCTTAGAAGCGTTCCTGTTCCAAAACT 
 

2429         AGATTTGAATCACATTTTCAATAAACTTAGTATATTTTTTCTAAGAAATTT 
 

2480       GAAGCGTTTAAGCTTTCAGAGAACTGGAATGATTCGTCTCGTAGCTCAGAC 
 

Exon 4
2531      AACAGTATTTATTAATCCCCGATCGTTTCCAAAAACGGGGAGGGC TGCTAC 
 

2582     CAGAACTTGGTCTTCCGACAGTGCATCCAGGACCTCCAGTT-3’ 2623 
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CHAPTER 6. General Discussion and Conclusion 

The productivity of giant freshwater prawn aquaculture can be improved by development 

and application of appropriate breeding programs. The current study assessed the growth 

performance of two local wild Vietnamese GFP strains and a single introduced Hawaiian culture 

strain, and estimated strain additive and non-additive genetic effects for growth traits. Following 

this microsatellite markers were screened to measure genetic diversity in a base population for a 

future stock improvement program for GFP in Vietnam, and SNPs were indentified in candidate 

genes and SNP variation correlated with growth traits. This knowledge in combination can 

provide an important foundation for development of the GFP culture industry in Vietnam and 

more widely in south east Asia. 

6.1. Breeding strategy for M. rosenbergii  

Growth performance of specific crosses (MH and DH) were significantly better than pure 

strains (DD and MM), indicating that crosses among genetically divergent lines have potential in 

some instances, to perform better than pure lines. When strain effects were partitioned into strain 

additive, heterotic, and reciprocal effects however, this analysis showed that heterotic effects 

were essentially only of small magnitude and were of less significance compared with strain 

additive and reciprocal effects. This general outcome from the study suggests that a 

crossbreeding approach to stock improvement for GFP is unlikely to provide significant 

improvement in growth performance for the culture industry in Vietnam. A similar outcome has 

been reported in some other studies of aquatic species that also attempted to improve culture 

stocks via crossbreeding, namely in Rohu carp (Gjerde et al., 2002) and Chinese shrimp (Yi et 

al., 2006). In contrast, the significance of the strain additive genetic effects and the high 

correlation between additive genetic effects and total performance for growth traits (r = 0.71 to 

0.77) observed here provides strong support for adopting a selection program for GFP (Gjedrem 

and Fimland, 1995).  

6.2. Selective breeding of M. rosenbergii 

A basic requirement for any stock improvement program that employs artificial selection 

to improve quantitative traits in a target species is availability of broodstock with high levels of 

genetic variation. Availability of extensive genetic variation at the start of any selection program 
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can ensure a long-term response to selection (Falconer and Mackay, 1996). Unfortunately, many 

breeding programs are initiated without much attention being paid to this issue or no attempt is 

made initially to quantify the genetic resources available at the start of the program. Screening 

genetic markers in the broodstock and comparing levels of allelic diversity and heterozygosity 

against reference populations, such as a local wild population, provides a sound foundation for 

informed choices about the need or otherwise to introduce new genetic material into the 

foundation stock. A diallel cross among compatible, but divergent lines, is one way to generate a 

synthetic line with high allelic diversity and high heterozygosity because genetic diversity in 

various strains are combined (Fjalestad, 2005a). This approach was applied successfully in the 

GIFT tilapia program (Eknath et al., 1993) where an 8x8 diallel cross among four wild African 

strains and four Asian farmed stocks of Oreochromis niloticus over two consecutive generations 

was initiated to form a synthetic population with high diversity for a long-term selection 

program. A synthetic population has many advantages for long-term selective breeding 

programs, because the mixing of unrelated populations can increase general population 

heterogeneity. Also some general heterotic effects may be captured in the synthetic stock that 

can provide long-term positive genetic gains (Eknath et al., 2007). A synthetic population 

approach was also developed for a selective breeding program for Rohu carp in India by crossing 

among six stocks (five river stocks and a single hatchery stock). This produced an average 

genetic gain of 17% per generation after four generations of selection (Mahapatra et al., 2006). In 

the current study, the results of the diallel cross provided useful information for identifying the 

best GFP strains and strain combinations to form a synthetic population for the breeding program 

in Vietnam. Selecting the strains likely to produce the best genetic gains can bring financial and 

temporal benefits. Selection of the best strains to combine, in theory, can rapidly produce similar 

genetic gains to those available after years of using within-strain selection of inferior performing 

strains (Knibb, 2000).   

To date, selective breeding programs in crustacean species are relatively uncommon 

compared with the number undertaken on terrestrial farmed animals and finfish species. This is 

largely the consequence of an absence of many fully-domesticated stocks (Jerry et al., 2001) and 

a lack of knowledge of genetic variation in economically important traits of interest in most 

crustacean species (Gjedrem and Fimland, 1995). M. rosenbergii has been domesticated for more 

than 40 years in Hawaii and Thailand (Malecha, 1984; Chareontawee et al., 2007), but the GFP 
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industry globally still relies essentially on wild/unimproved stocks. Although GFP post-larvae 

have been produced in hatcheries for several decades in Vietnam, mass seed production at a 

commercial scale has only been achieved recently, and broodstock are still mainly sourced from 

the wild (Phuong et al., 2006). This is inefficient and ultimately hampers expansion of the local 

industry. A selective breeding program combined with appropriate domestication of GFP in 

Vietnam has the potential to move the industry forward rapidly and to provide high performing 

culture lines for farmers over the shortest time-frame.  

Before initiating such a breeding program, discrete breeding goals need to be clearly 

defined. Specific traits that have been identified for improvement in GFP include body weight at 

harvest (i.e. growth rate), uniformity of size at harvest, survival rate, edible to non-edible ratio, 

disease resistance, shortening the duration of larval development, and tolerance of lower 

salinities during larval life (Jahageerdar, 2007; Lutz, 2003). The primary goal initially for any 

breeding program in GFP in Vietnam will be to improve individual growth rate, because growth 

rate is relatively easy to measure, is relatively low cost to record, has been shown to be heritable 

in GFP (Gjedrem, 2005b) and most importantly, can improve farmers’ economic returns rapidly. 

A large coefficient of variation for body weight at harvest identified in the experimental stocks in 

the current study (35.3% for both sexes combined) indicates that body weight at harvest can be 

improved via application of genetic selection. According to Fjalestad (2005b), individual 

selection is simple and response can be rapid, but this approach is not efficient for traits with low 

heritability. In contrast, family selection is more efficient for traits with low heritability where 

common environmental effects account for large phenotypic variance among individuals. In 

general however, combining individual and family selection approaches can be a more efficient 

approach than using only one or the other selection method in isolation (Falconer and Mackay, 

1996). Unfortunately, the heritability of growth traits could not be estimated in the current study 

due to a lack of pedigree information. The data are not available here to allow an informed 

decision to be made as to whether individual or family selection is likely to provide the best 

approach for an artificial selection program to improve GFP culture lines in Vietnam. As an 

alternative, combining individual with family selection in a single approach is likely to provide 

positive results for stock improvement of GFP in Vietnam.      

6.3. Utility of microsatellite markers when initiating breeding programs for GFP  
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Genetic variation is the resource that animal breeders exploit in any breeding program, 

and where genetic variation is low within the broodstock or the population targeted for selection 

the genetic gain is also likely to be low or absent (Beaumont and Hoare, 2003). The greater the 

genetic variation available, the greater will be the genetic gains possible from selection that can 

be sustained from generation to generation. The first step in well-designed breeding programs is 

therefore to form a base population that captures high levels of genetic diversity. Molecular or 

DNA markers, and in particular microsatellites, are often used to characterize levels and patterns 

of genetic variation in wild and hatchery populations of aquatic species, but until recently few 

studies of cultured aquatic organisms have employed DNA markers to quantify the amount of 

genetic variation present at the start of the program when developing base populations (Goyard 

et al., 2003; Hayes et al., 2006; Yue et al., 2009). Results of the current study have demonstrated 

the usefulness of applying microsatellite markers early in the cycle to ensure that sufficient 

genetic diversity is present in the experimental populations at the beginning of the program to 

allow positive and sustainable genetic gains to be achieved across generations of selection. 

It is not widely acknowledged by animal breeders in the aquaculture industry that there 

are both life history traits specific to many aquatic species and actions or procedures employed in 

hatchery and grow-out phases in culture where genetic diversity in a stock can be rapidly 

compromised. Unlike terrestrial farmed species, most aquatic species are capable of producing 

large numbers of offspring from small breeding numbers. But this attribute can also be an issue 

in respect of conserving exploitable levels of genetic diversity across time. Monitoring genetic 

diversity in broodstock over-time is therefore critical in a breeding program. The current study 

showed that genetic diversity in the experimental populations as measured by estimating 

heterozygosity and allelic diversity was not significantly different from a wild reference 

population. This suggests that the approach used to develop the experimental population 

(synthetic stock) employed hatchery and husbandry practices that successfully conserved most of 

the genetic diversity present in the founding parents. A rider on this observation however, is that 

the comparison was only based on data from three unlinked microsatellite loci. This is the bare 

minimum number of loci required for such a comparison and future work should confirm the 

result using more loci.         

 At the phenotypic level, an early study had shown that larvae produced from Thai GFP 

culture strains showed higher survival rates and metamorphosis to PL stage was also shorter 
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when compared with larvae produced from a Vietnamese GFP river strain (Bart and Yen, 2003). 

In combination with molecular diversity studies of Asian GFP stocks (de Bruyn et al., 2004a, 

2005), these differences may indicate that the Thai and Vietnamese stocks possess different 

genetic backgrounds. De Bruyn and co-authors (2004a) reported that there are two genetically 

divergent clades of M. rosenbergii that occur naturally across south east Asia based on 

mitochondrial DNA. A more detailed analysis of genetic diversity in south east Asian wild and 

cultured GFP stocks in the future would be beneficial to help resolve the scale at which new 

culture strains of GFP should, or could, be developed for the region. Results obtained could be 

used to (i) develop lines with very high levels of genetic diversity for exploitation in breeding 

programs and (ii) ensure that any lines developed would not compromise wild stock integrity if 

they escape from culture. Combining many strains into a synthetic population ensures as much 

genetic variation as possible for diverse traits of interest in culture are incorporated in the 

breeding program. At the same time however, only compatible stocks should be combined into a 

synthetic base population, because highly divergent stocks in a breeding program may increase 

the chance of outbreeding depression in their crosses (Hallerman, 2003). Outbreeding depression 

will reduce the potential for genetic gains in any breeding program. As a potential example, de 

Bruyn et al. (2004a) showed that south east Asian and Australian wild stocks of GFP were highly 

divergent, if crosses were made either deliberately or accidentally, this divergence could reach a 

level where there is potential for outbreeding depression to act.             

6.4. Implications of exploiting candidate genes in breeding programs for M. rosenbergii  

 Rapid recent advances in molecular genetics have provided the aquaculture industry with 

new molecular tools and methodologies that can enhance genetic improvement programs. 

Integration of molecular marker information in a breeding program includes four major steps: (i) 

genetic linkage map development, (ii) QTL detection, (iii) genetic evaluation, and (iv) breeding 

strategy development (Dekkers, 2004). An important foundation for this development until 

recently has been characterization of the genome of target species, specifically development of 

genetic maps for each target species. So far, genetic maps have been constructed for only a few 

key commercial aquatic species, and only a limited number of QTLs for growth traits have been 

identified (Cnaani et al., 2003; O’Malley et al., 2003; Li et al., 2006b). The most significant 

advances in genetic maps and genetic markers in aquatic species for purposes of genetic 

improvement have been reported for salmonid species, but few reports have employed marker-
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assisted selection (MAS) in breeding programs for these species (Hallerman, 2006). Thus, the 

aquaculture industry has only recently entered the ‘genomics revolution’ where new technologies 

are offering the industry potentially rapid advances in stock improvement. This development is 

of particular significance in aquaculture because unlike terrestrial agriculture where only a 

relatively small number of animal species are farmed, many aquatic species currently are, or will 

be developed in culture in future. The cost and size of most of these developing industries 

preclude large, traditional, cost-intensive breeding programs to be initiated and so new 

technologies that allow rapid advances to be made at relative modest cost can stimulate industry 

development. This is particularly relevant in Asia where research funds are often limited.       

There are many reasons why to date genetic methodologies have hardly been applied in 

the GFP culture industry. The industry in Vietnam, and more generally worldwide, is relative 

small and underdeveloped compared with salmonid, carp, tilapia, catfish and penaeid shrimp 

culture industries (FAO, 2008). Therefore, the GFP industry is not in a position to afford the 

huge investment necessary to develop genetic linkage maps and to screen these maps for QTLs. 

For this reason, new relative low cost options to assist industry development can produce 

significant outcomes for local people and should be trialed where opportunities exist. Hence, a 

candidate gene approach was trialed on the GFP strains used in the diallel cross as a first attempt 

at employing relative low cost, genomic methodologies to develop better GFP culture lines for 

the industry in Vietnam. Many studies have employed a similar approach identifying candidate 

genes that influenced commercially important traits in terrestrial animals (Jiang et al., 2004; 

Helgeson and Schmutz, 2008; Hadjipavlou et al., 2008; Signorelli et al., 2009) and some also in 

aquatic species (Prudence et al., 2006; Xu et al., 2006; Zeng et al., 2008). In the current study, 

we targeted two genes, actin and the crustacean hyperglycemic hormone (CHH) as potential 

targets for influencing GFP growth performance. We screened SNP variation and correlated 

these data with individual growth performance available from the diallel cross. This analysis 

identified four SNPs in intron 3 of the CHH that showed correlations with individual body 

weight, carapace length, and standard length in the experimental GFP strains. While this 

potentially is an important outcome, the correlations need to be confirmed with larger sample 

sizes and their generality assessed in other GFP populations. This result is the first report of SNP 

polymorphisms correlated with economically important traits in GFP and opens the possibility 
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for applying relatively simple, cost effective genomic approaches for identifying individuals with 

superior alleles for breeding programs to develop improved culture lines for the industry.   

6.5. Future directions for the GFP culture industry in Vietnam 

A selective breeding program that has adopted knowledge developed in the current study 

has recently been initiated in Vietnam (personal communication). The program started with a 

complete diallel cross of three wild GFP strains (two Vietnamese strains from Dong Nai and 

Mekong rivers, and one strain from Malaysia) to evaluate strain performance and establish a 

synthetic stock according to strain performance. The program is employing within-family 

selection to improve growth rates in the first phase and will apply an individual selection index 

to increase both growth and survival rates in a latter phase. The constraint of untagged 

experimental animals in the current study has been overcome in the new program by 

investigating a marking method for GFP using visible implant fluorescent elastomer tags (VIE) 

(Dinh et al., 2009). GFP juveniles from different families however are nursed separately in tanks 

or hapas until they reach suitable sizes (2-4g) for tagging. This requires large facilities and 

introduces additional environmental effects common to full-sibs (Hayes and Andersen, 2005). 

This problem can be overcome easily by application of microsatellite-based parentage 

assignment. In other aquaculture species, the percentage of progeny correctly assigned to their 

parents has generally been very high, ranging from 95.3 to 100% (Vandeputte et al., 2004; Jerry 

et al., 2006; Wang et al., 2008b). Genotyping costs however, are considerable. Multiplex PCR is 

an efficient means to reduce labor and consumable material costs, and also minimizes 

genotyping errors due to automation (Navarro et al., 2008). The costs of tetraplex and octaplex 

reactions are only one-fourth and one-eighth the cost of single reactions, respectively (Renshaw 

et al., 2006). Thus application of multiplex PCR for parentage determination is likely to be 

affordable in future GFP breeding programs. A multiplex genotyping system has yet to be 

developed for GFP culture stocks, so a multiplex system for GFP is the first step to be achieved 

to develop adequate numbers of markers based on population size and allelic diversity 

(Bernatchez and Duchesne, 2000; Villanueva et al., 2002). Villanueva and co-authors (2002) 

estimated a number of microsatellite loci for assigning parents and their offspring correctly via 

simulation methods. Nine 5-allele loci or six 10-allele loci or even only four highly polymorphic 

loci proved sufficient for assigning up to 99% of offspring to their parents in Atlantic salmon. 

More than 30 microsatellite primer sets are now available for the eastern and western forms of 
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GFP and should be sufficient to screen for appropriate microsatellites for developing multiplex 

reactions for GFP. Evaluation of microsatellite markers prior to undertaking parentage analyses 

will be essential, because low assignment of progeny to their parents often results from poor 

quality markers and scoring errors (Jerry et al., 2004; Jerry et al., 2006; Dong et al., 2006).   

In general, domestication is often associated with the losses in genetic variation within a 

species (Horreo et al., 2008). There was evidence for a large loss of genetic diversity within one 

domesticated generation of Black Tiger shrimp (Dixon et al., 2008). These authors highlighted 

that there are dangers in assuming that use of high numbers of breeders will necessarily ensure a 

high level of genetic diversity in future culture generations. The loss of genetic variation in 

hatchery stocks is likely due to bottlenecks that occur during the process of mating captive 

breeders, when even wild individuals and those captured to establish the founder hatchery stocks 

are not genetically different (Machado-Schiaffino et al., 2007). Genetic bottlenecks also occur 

when only a few mating pairs produce offspring for subsequent generations or differential 

survival of offspring from the different crosses result in overdominance of a few families 

(Machado-Schiaffino et al., 2007). Therefore, the key point is to maintain an effective population 

size large enough to retain maximum genetic variation. The ‘50/500’ rule implies that 50 

individuals are essential to conserve genetic variation in the short-term and 500 individuals are 

critical to prevent loss of genetic diversity over the long-term (Lowe et al., 2004). Another 

simple husbandry practice that can be applied to increase effective population size is 

manipulation of the sex ratio (Machado-Schiaffino et al., 2007). A sex ratio of 1:1 that balances 

contributions of paternal and maternal genes to subsequent generations is the best strategy for 

maintaining relatively high levels of genetic diversity (Romana-Eguia et al., 2005). The use of 

molecular markers, in particular microsatellites, has proven useful for estimating effective 

population size and for identifying genetic bottleneck effects (Dixon et al., 2008). In a GFP 

selective breeding program, monitoring the effective population size via molecular markers will 

be important to control losses of genetic diversity during domestication and selection. In 

addition, pedigree information from parentage assignment tests will allow breeders to design 

matings of unrelated individuals and thus to avoid the loss of genetic variation in subsequent 

generations.  

Preservation of genetic variation in improved GFP lines is even more important to limit 

the impact on genetic resources when farmed animals escape to the wild. Wild populations often 
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develop considerable genetic differences as they adapt to local environments. If farmed animals 

escape to the wild, ‘interbreeding’ between farm and wild animals may alter the genetic 

constitution of wild populations, and cause loss of unique genetic diversity in wild populations. 

This can lead to long-term loss of fitness and productivity of wild populations (Naylor et al., 

2005). Once again, molecular genetic techniques have proven to be powerful tools for estimating 

the number of wild founders introduced to domesticated populations and the number of spawners 

of each domesticated strain that should be mated to prevent loss of allelic diversity following the 

method described by Launey et al. (2001) and adopted by Goyard et al. (2003). The method 

could be adopted for a GFP selective breeding program when introductions of wild founders are 

needed to reverse a decline in genetic variation in selected GFP lines. Exploitation of local wild 

animals for selection programs is a more appropriate option than introgression of foreign genes, 

because foreign genes may disrupt local adaptation (Moran et al., 2005).  

Conservation of wild genetic resources will also be important for the GFP industry. In 

terrestrial agriculture, global diversity of domestic animals is in decline with 9% in critical 

condition and 39% endangered among 6379 domestic animal breed populations (Hiemstra et al., 

2006). Hence, there is a need to conserve genetic diversity by different approaches, including in 

situ, ex situ live, and ex situ cryopreservation where this last option can be a very good strategy 

for conserving existing allelic diversity for future use (Oldenbroek, 2007). Semen of most 

livestock species can be cryopreserved with the levels of post-thaw semen viability being 

acceptable, while embryo cryopreservation had been established for only a few important 

livestock species, for example cattle and pig. Cryopreserved oocytes have much lower viability 

compared with frozen embryos (Hiemstra et al., 2006). The same authors also reported that 

cryopreservation protocols for sperm have been developed for more than 200 fish species, of 

which protocols for many species are acceptable for purposes of gene banking. Freezing oocytes 

or embryos in fish however, has not been successful yet due to large size, high lipid content and 

polar organization of fish ova. For M. rosenbergii, successful attempts at cryopreservation have 

been made with sperm stored at -196 °C for up to 150 days (Akarasanon et al., 2004). Therefore, 

cryopreservation should be considered as a potential option for conserving wild genetic resources 

for GFP and for breeding programs.       

The current study attempted to use a candidate gene approach with limited genomic 

information about GFP. Outcomes from SNP mutations correlated with growth rate appear to 
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provide a foundation for further study of SNP mutations in intron 3 of the CHH gene to confirm 

whether these mutations caused changes in gene expression resulting in the observed phenotypic 

variation. The first step in a further study will be to use real time PCR and/or Western blotting to 

confirm that genes with or without the observed SNPs in intron 3 are differentially expressed in 

CHH and CHH-L peptides. CHH antibodies available for GFP already could be used for Western 

blotting (Reddy and Sainath, 2009). After that, expression profiles for CHH and CHH-L should 

be analyzed and correlated with individual growth performance. A major limitation of a 

candidate gene approach however, is that it is based on knowledge of biological or physiological 

genes influencing the traits of interest, but there are vast numbers of potential candidate genes 

across the whole genome without any supporting biological information (Silverstein et al., 2006). 

Ultimately, whole transcriptome studies including use of microarray approaches that can 

examine the expression of thousands of genes simultaneously is probably a method of choice for 

investigating more candidate genes for future genetic studies in GFP. Several important issues 

have been raised however, when initiating microarray studies. Peatman and Liu (2007) 

identified: (i) whether financial and genomic resources are available for constructing 

microarrays, (ii) whether human resources are adequate for employing this technique or there is a 

need for collaboration or cost-sharing with other laboratories, (iii) experimental design should be 

considered properly to answer biological questions and to facilitate follow up experiments for 

long-term research. In terms of genomic resources, there are 3,310 EST sequences and 1,567 

nucleotide sequences for Macrobrachium species stored in GenBank. Of this, only 39 EST and 

430 nucleotide sequences are available for M. rosenbergii. This limited genomic resource for 

GFP is currently insufficient to warrant microarray development. If these issues are taken into 

account, the GFP industry is currently not in a position to exploit the microarray technique for 

benefits in the industry. In light of the rapid developments in next-generations sequencing 

platforms such as the 454 Life Sciences® Genome Sequencer® FLX (GS FLX), the Applied 

Biosystems (AB) SOLiD® and the Illumina® Genome Analyzer II (GAII), that can generate 

megabases to gigabases of genomic data rapidly at relatively low cost, the development of a 

strategy to increase genomic resources is warranted. Requiring a concerted effort and significant 

investment in molecular and bioinformatics technologies and personnel in the short term, the 

potential outcomes in terms of genomic resources for microarray or other molecular tools (e.g. 
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identification of SNPs for genotyping) could provide a significant long-term benefit to the 

industry, both in terms of production and sustainability.          

As mentioned previously, integrated or rotational rice-prawn farming and pen culture are 

the most significant production systems for GFP in Vietnam. Presently, integrated rice-prawn 

production results in low survival rates and small size at harvest that has led to poor economic 

return, because profit from GFP culture is determined largely by individual prawn size rather 

than total yield (Lan et al., 2006). In this context, GFP with better growth rates and survival rates 

could be a major benefit to the industry, especially for small-scale farmers that constitute a major 

proportion of farmers in the Mekong Delta. For example, the rotational rice-prawn model 

generates an additional net profit of US$ 1,187-1,600/ha compared with that of only US$ 733/ha 

for farms producing only rice (Lan et al., 2006; Phuong et al., 2006). This additional profit 

significantly increases the earning capacity of low-income farmers. Estimated total area of rice-

prawn culture however was only 750 ha in 2003 (Phuong et al., 2006). With a total area of rice 

fields approaching 320,000 ha in the Mekong Delta and availability of improved GFP seed, the 

total area of rice-prawn culture can potentially be expanded. There is a potential problem 

however, when expanding rice-prawn culture. Currently there is very high demand for GFP seed 

during a short period of several months before and after the rainy season when farmers start to 

stock GFP (Phuong et al., 2006). As a result, a network of hatcheries that produces improved 

GFP seed would need to be established to meet high seed demand. This network can only 

operate in a economically sustainable manner when member hatcheries produce multiple aquatic 

species across the year rather than specialize on a single species such as GFP.  

Another culture system that can contribute significantly to GFP production in Vietnam is 

pen culture. The number of pen culture units in the Mekong Delta reached 1,516 in 2002 (Son et 

al., 2005). The authors pointed out that the upstream areas of the Mekong Delta have many 

advantages to develop the pen culture, including abundant natural resources, water conditions, 

and available low-cost labor. Hence, potential for developing GFP pen culture in this area is 

huge. In addition, GFP is also relevant for polyculture with carps and tilapia (Zimmermann and 

New, 2000), so this practice can be applied in ponds or rice fields to increase overall GFP 

production levels. Intensive culture of GFP in ponds using commercial feed is also an option. 

This practice is popular in Thailand with around 96% of GFP farms employing this approach 

(Schwantes et al., 2009), but currently this practice is uncommon in Vietnam. This culture 
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system could be developed in Vietnam to a limited level to minimize negative environmental 

impacts. It is obvious that diversification of culture systems with availability of improved GFP 

stocks could help the country to reach the very high target of GFP production set recently by the 

Vietnamese government.  

6.6. Conclusions 

 The current study has produced important basic knowledge relevant to implementation of 

an effective stock improvement program for GFP in Vietnam. The best performing pure culture 

strain was the domesticated Hawaiian (HW) strain compared with the two new culture strains 

developed from the Dong Nai (DN) and Mekong (MK) rivers for the current project. In addition, 

specific crosses of DN and MK as dams with HW as sires grew significantly faster than did 

purebred DN or MK strains. Heterotic effects identified in the study were marginal with strain 

additive and strain reciprocal effects more significant. These findings clearly indicate that a 

selective breeding strategy rather than a crossbreeding approach is likely to produce more rapid 

and sustainable genetic gains for the GFP culture industry in Vietnam. Of particular interest was 

the finding that the domestication process had apparently had little or no impact on levels of 

genetic diversity in the three purebred strains, and the synthetic population that was formed from 

these highly genetically diverse resources can in theory, ensure a long-term response to selection. 

The current study can also provide a model for how modern molecular genetic technologies 

when integrated with conventional animal breeding practices can be highly effective at assisting 

genetic improvement of M. rosenbergii in Vietnam and more widely in Asian culture industries. 

Over the long-term, the GFP culture in Vietnam stands to reap the benefits of the strategic 

research undertaken here and farmers should see returns in the form of more productive culture 

lines in the future.   
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n (Macrobrachium rosenbergii) is one of the most important crustacean species
produced in inland aquaculture in many tropical and subtropical countries worldwide. The aim of the current
study was to evaluate the growth performance of three strains of giant freshwater prawn that originated
from geographically separated locations in a complete (3×3) diallel cross as a starting point for a stock
improvement program for the industry in Vietnam. Crosses were established over two generations using two
wild Vietnamese river populations (Dong Nai and Mekong) domesticated for the study and an introduced
Hawaiian strain that had been in culture for many generations. Juveniles from nine strain combinations were
produced using single-pair matings. Results after 15 weeks of grow-out in hapas showed that growth
performance of the Hawaiian strain was best among the purebred strains and that certain cross combinations
grew significantly faster than purebred strains. Mean body weights of specific cross combinations with Dong
Nai or Mekong as dams and the introduced strain (Hawaiian) as sires were significantly heavier than those of
purebred Dong Nai or Mekong strains. While males reached heavier mean weights than females, male
variation among the strains was obscured by social factors that produced different frequencies of male
morphotypes (blue claw, orange claw and small males). Results suggest presence of potentially valuable
heterosis and possible impact of the direction of cross. From a practical viewpoint this could be exploited
upon by either, including different forms of crossbreeding, or alternatively, by creating a composite
population for future selection. Potential problems and challenges encountered during the trials are
discussed.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The giant freshwater prawn (Macrobrachium rosenbergii) is one of
the most important crustacean species produced in inland aqua-
culture in many tropical and subtropical countries worldwide. In
2004, world total farmed M. rosenbergii volume reached more than
194,000 tons, with an estimated market value that exceeded US$
810 million, of which 99% was produced in Asia (FAO, 2004). This
figure, however, is probably an underestimate because it excludes
production from Vietnam. Production of giant freshwater prawn (GFP)
from aquaculture in Vietnam was estimated at approximately only
3000 tons/year during the 90's, but this increased to more than
10,000 tons by 2002 (Phuong et al., 2006). GFP is now a high priority
s, University of Queensland,
: +61 7 336 54755.
hanh71@yahoo.com

ll rights reserved.
species for development in Vietnam with the annual aquaculture
production target for the species by 2010 set at 60,000 tons reared in
32,000 ha (Government of Vietnam, 1999).

M. rosenbergii has been disseminated widely around the world and
the species is now present in at least 43 countries (New, 2000) where
it is used for both research and commercial culture purposes. Little
attention however, has been paid to date to the genetic attributes of
cultured stocks. Most broodstock used in culture were developed from
the ‘western’ form ofM. rosenbergii (sensu De Bruyn et al., 2004a) that
were originally collected in Malaysia and then translocated to Hawaii.
After many years of culturing essentially unimproved stocks, declines
in productivity have become an increasing concern for many culture
industries. A number of factors may contribute to productivity
declines, including high levels of inbreeding due to sourcing brood-
stock directly from grow-out ponds, and selection of breeders based
on their readiness to spawn that often involves early maturing, small
females (Mather and de Bruyn, 2003). This latter practice is likely to
cause an indirect, negative response on weight at final harvest.
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mailto:nmthanh71@yahoo.com
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Table 1
Collection sites, date and number of individuals collected to established Vietnamese
foundation strains

Strain initials Collection sites Geographical position Date Number

D Dong Nai River 10°56′N 106°49′E 4 Nov. 2005 437 juveniles
M Mekong River

Hong Ngu 10°48′N 105°20′E 7 Nov. 2005 86 adults
My Tho 10°21′N 106°22′E 21 Nov. 2005 225 juveniles
Chau Doc 10°42′N 105°07′E 1 Dec. 2005 50 adults

H An Giang 5 Apr. 2006 47 breeders

Note: (i) Juvenile: sub-reproductive individual.
(ii) Adult: sexually mature individual.
(iii) Breeder: individuals selected as broodstock for breeding experiments.
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Surprisingly, while GFP aquaculture has expanded rapidly worldwide,
genetic approaches to stock improvement of cultured lines have not
been widely implemented. Thus, there is the need for systematic
breeding programs in the future to improve economically important
traits in this species.

Significant productivity advances have been achieved via selective
breeding programs in aquaculture over the last 10 years, particularly
in a number of finfish species where improvements of up to 10 to 20%/
generation have been achieved, notably for Atlantic salmon Salmo
salar (Gjedrem, 2000; Quinton et al., 2005), coho salmon Oncor-
hynchus kisutch (Hershberger et al., 1990; Neira et al., 2006), channel
catfish Ictalurus punctatus (Dunham and Brummett, 1999), Nile tilapia
Oreochromis niloticus (Bentsen et al., 1998; Ponzoni et al., 2005;
Eknath et al., 2007) and Rohu carp Labeo rohita (Mahapatra et al.,
2006). In contrast, selective breeding programs have been initiated on
only a few commercially important crustacean species, notably in
some marine penaeid prawn species (Hetzel et al., 2000; Argue et al.,
2002; Goyard et al., 2002; Preston et al., 2004; De Donato et al., 2005;
Gitterle et al., 2005a,b) and freshwater crayfish (Jones et al., 2000;
Jerry et al., 2005). The few examples of selective breeding undertaken
on crustacean species have, however, achieved a high response to
selection for fast growth rate with genetic gains of around 10%/
generation.

An alternative approach to improving the productivity of cultured
stocks is via crossbreeding (intraspecific crossbreeding or interspecific
hybridization) to exploit potential heterosis (hybrid vigour) in
crossbred offspring. Hybrid lines are used widely in the horticulture
and grains industries to increase yields of important crops (Lamb,
2000). While the approach has been trialed only sparingly in
aquaculture, examples exist of hybrid crosses with superior perfor-
mance to pure lines, e.g. common carp Cyprinus carpio (Bakos and
Gorda, 1995; Hulata, 1995). Crossbreeding has been used to transfer
favourable traits among strains (Fjalestad, 2005). This method,
particular diallel crossing has also been employed to establish a
genetically diverse synthetic base population prior to initiating a
breeding program. This was the strategy employed in the GIFT project
(Genetic Improvement of Farmed Tilapia) (Bentsen et al., 1998).
Crossbreeding can be a relative simple and inexpensive method for
improving local strains (Fjalestad, 2005), when compared with
selective breeding. Selective breeding programs however, can provide
significant economic benefit over the long term of operation. For
example, approximately US$ 3 million is required annually to
undertake the breeding program for Atlantic salmon in Norway, but
the estimated annual profit from this program is US$ 45 million
(Gjedrem, 1997). Similarly, the genetic improvement program for Nile
tilapia has been highly beneficial with benefit:cost ratios ranging from
8.5 to 60 (Ponzoni et al., 2007). Initial high investment however, can
be amajor constraint on initiating and running new selective breeding
programs in aquaculture. As a result, a crossbreeding approachmay be
beneficial for small aquaculture industries where resources are
limited for selection programs, for example the approach adopted
for Pacific blue shrimp Penaeus (Litopenaeus) stylirostris in New
Caledonia (Goyard et al., 2008). Thus, which strategy is trialed, in
part, may depend on the stage of development of individual
aquaculture industries and the breeding objectives for specific
cultured species.

Giant freshwater prawn is distributed naturally across south and
south east Asia, from Pakistan in the west to southern Vietnam in the
east, and the distribution includes northern Oceania and some
western Pacific islands (New, 2002). While adult prawns live in
freshwater environments, females need to move to estuarine areas as
their larvae require brackish-water for early survival and development
(Ismael and New, 2000). GFP larvae have only a limited potential
capacity for marine dispersal (Mather and de Bruyn, 2003). Recent
studies have documented genetic diversity in wild M. rosenbergii
stocks across the species' extensive natural distribution and have
suggested that variation is high and structured spatially among major
river drainages (De Bruyn et al., 2004a,b, 2005; De Bruyn and Mather,
2007). Thus, the potential exists to exploit naturally high levels of
diversity inwildM. rosenbergii stocks in breeding programs to develop
improved lines for the culture industry.

Little is known however, about potential for hybrid vigour in
intraspecific-crosses among strains of GFP collected from independent
drainage basins. The current study developed two culture strains from
wild populations of M. rosenbergii collected from two discrete
freshwater drainages in southern Vietnam and set up a diallel cross
with a third culture strain of GFP sourced from Hawaii (‘Anuenue’
strain) that came originally from Malaysia. The specific objectives
were to compare relative performance of individuals from different
genetic backgrounds, as well as the performance of all possible
reciprocal crosses.

2. Materials and methods

2.1. Collection of wild GFP populations and broodstock conditioning

Wild M. rosenbergii populations were collected from two discrete
drainage systems in Vietnam in November 2005 to form the founder
stocks for development of new culture strains. The first population
originated from the Dong Nai River and the second population was
collected from the Mekong River. Because the Mekong River has an
extensive geographical basin, juvenile prawns were collected from
three geographically widespread sites in Vietnam to ensure that
samples represented broad genetic variation present in the lower river
basin. Sampled Dong Nai and Mekong individuals were stocked into
separate hapas (4×8×1.5 m) suspended in the water column of a
2000m2 earthen pond. Air supply systemswere installed in each hapa
and operated during the night (9pm to 6am) to maintain dissolved
oxygen concentrations. After 2 months, healthy adult prawns were
chosen as broodstock and transferred for conditioning. Females and
males from each strain were held in separate hapas for an additional
2months for conditioning. Broodstockwere fed twice daily with a 40%
protein commercial prawn pellet and this was substituted with
chopped beef liver or squid every 2 days (Daniels et al., 2000). The
third strain, Hawaiian, originated fromMalaysia and has been cultured
outside south east Asia for more than 30 years (New, 2000). The
Hawaiian strain was introduced to Vietnam in early 2005 as juveniles
for on-farm trials in the Mekong Delta and collected as broodstock at
the end of the trial from a local hatchery in An Giang province.
Numbers of initial collections for each strain are presented in Table 1.

2.2. Mating design and family production

2.2.1. Generation 1 (G1)
The study was carried out at the National Breeding Center for

Southern Freshwater Aquaculture that is part of the Research Institute
for Aquaculture No. 2, Vietnam. Wild Dong Nai and Mekong and the
newly introduced Hawaiian strain broodstock (G0) were used in



Table 3
Number of dams and sires for each strain combination in G2

Dams Sires

D1 M1 H1

D1 19 (8) 18 (5) 19 (5)
M1 20 (12) 20 (12) 20 (10)
H1 20 (10) 16 (7) 20 (8)

Note: (i) D1=Dong Nai×Dong Nai G1, M1=Mekong×Mekong G1,
H1=Hawaiian×Hawaiian G1.
(ii) 1st figure=number of pairs set up; 2nd figure in brackets=number of successfully
spawned females.
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reciprocal crosses to produce progeny (G1) via single-pair matings.
The design of the study was a complete 3×3 diallel cross comprising
three purebred strains (Dong Nai×Dong Nai, Mekong×Mekong and
Hawaiian×Hawaiian) and six reciprocal crosses (the female parental
strain is identified first in each cross). The numbers of mating pairs set
up for each strain to generate the G1 are presented in Table 2. Female
and male parents were chosen carefully based on the characteristics
described by Sagi and Ra'anan (1985) to maximize mating success.
Females with orange coloured ovaries that occupied a large area of the
cephalothorax were preferred. Males with a healthy appearance and
long, thick, dark blue claws were obtained for mating with sexually
receptive females. Single females and males were isolated for paired
matings in separate baskets (36×49×18.5 cm) submerged to a depth
of 0.8 m in an earthen pond with air supply provided during the night.
Females usually laid eggs within 1–3 days if they had mated
successfully. Males were removed after females were berried. Berried
females were checked every 3 days for developing eggs. Some females
lost their eggs 2–3 days following spawning, indicating that their eggs
had not been fertilized. These females were replaced by new females
and males from the same strain introduced to the baskets. Females
carrying fertilized eggs were maintained in the brood baskets for 15–
18 days until eggs had changed colour to grey. At this stage, females
were transferred to the hatchery for egg hatching in 70-l circular flat-
bottom plastic containers over 1–2 days. Larvae from individual
families from each strain were reared at a stocking density of
60 larvae/l in the same hatching containers. Containers were supplied
vigorously with air through stones laid on the bottom. Larval rearing
employed an open water system that requires daily water exchanges
of 20–40%. Larvaewere fed newly hatched brine shrimp nauplii for the
first 10 days and a combination of brine shrimp nauplii and a station
feed (egg, milk powder, shrimp or squid flesh, and squid oil) according
to Phuong et al. (2003).

Fifty eight full-sib families were produced in the G1, varying from
only a single family for the Hawaiian×Dong Nai strain to 13 families
for the Hawaiian×Hawaiian strain (Table 2). Some females aborted
their egg clutches during development. The first larval family was
observed on 29/04/2006 and the last on 4/06/2006 (all G1 larvae were
produced over 37 days).

2.2.2. Generation 2 (G2)
The mating design for G2 replicated that of G1. Seventy seven full-

sib families were produced in the G2 (Table 3). The age difference
between the first and last larval family was 40 days.

2.3. Juvenile production

Post-larvae (PLs) were reared in 1 m3
fibreglass tanks for the first

15 days at a stocking density of 1000 PLs/m3. PLs were then
transferred to fine mesh hapas (2.5×4×1.5 m) in a 2000 m2 earthen
pond for a further 2.5 months rearing at a stocking density of 100 PLs/
m2. Hapas were supplied with air from 9pm to 6am and provided with
additional artificial habitat in the form of suspended plastic string for
prawns to hide in and to reduce cannibalism. Post-larvae were fed a
35% protein commercial prawn pellet (Tay Do CX1, Trung Nhan Co.).
Table 2
Number of dams and sires for each strain combination in G1

Dams Sires

D M H

D 31 (8) 15 (5) 11 (6)
M 25 (9) 25 (8) 11 (6)
H 3 (1) 3 (2) 18 (13)

Note: (i) D = Dong Nai, M = Mekong, H = Hawaiian.
(ii) 1st figure=number of pairs set up; 2nd figure in brackets=number of successfully
spawned females.
PLs from multiple families belonging to a single strain were pooled,
and then each strain was reared separately. Because age of individual
families varied, families of similar ages (maximum 5 days difference)
were pooled into single batches for nursing. Thus several nursing
batches were available for both purebred strains and cross combina-
tions. Age differences of the first to last batch of juveniles were 37 days
for G1 and 53 days for G2.

2.4. Grow-out experiments

Grow-out experiments were carried out in hapas (4×8×1.5 m) in a
2000 m2 earthen pond. Three replicates were used for each cross
combination. Cross combinations were assigned randomly to 27 hapas
in an earthen pond. Two hundred juveniles were stocked in each hapa.
For each cross combination, juveniles from different nursing batches
were split and distributed equally to each hapa to ensure homogeneity
among replicates. As a result, the age and size of juveniles stocked in
individual hapas represented the mean age and size of the different
nursing batches per cross. Mean body weight at stocking for G1 was
5.2 g (range 2.5–8.0 g), whereas it was 5.4 g for G2 (range 3.4–7.1 g).
Hapas were supplied with air that operated from 9 pm to 6 am.
Substrate provided to reduce cannibalism included 20 cm pieces of
100 mm PCV pipe and bamboo branches. Prawns were fed twice daily
with a 25% protein commercial pellet (Tay Do CX4, Trung Nhan Co.) at
a feeding rate of 4–5% body weight. Grow-out was carried out over
15 weeks for both G1 and G2.

2.5. Data analysis

2.5.1. Data collection
At harvest, all prawns in each hapa were collected and sorted by sex

and their morphotype was assessed. Males were classified as either blue
claw (BC), orange claw (OC) or small claw (SM) as described by Kuris et al.
(1987). Large males without claws were classified as no claw males (NC)
(Hulata et al., 1990). An additional male morphotype class was defined as
old blue claw (OBC) (Sagi and Ra'anan, 1988). OBC males had BC
appearance but were of relative small size and were covered with algae.
The total number of prawns harvested from each hapa was recorded to
calculate relative survival rates among crosses. To assess strain-specific
growth rates for purebred strains and cross combinations, 50 females and
50 males were sampled randomly from each hapa and measured for
carapace length (behind the eye stalk to the beginning of the first
abdominal segment), standard length (eye orbit to the tip of the telson)
and individual body weight. Numbers of sampled males in some hapas
however, were less than the specified 50 individuals (ranged from 41 to
50 individuals) because mortality rates for males in some hapas were
sometimes high. The total numbers of prawns measured for G1 and G2
were 2700 and 2674 individuals, respectively.

2.5.2. Analysis
A mixed model was formulated as follows:

yijklmn = μ + Gi + Cj + Sk + GCð Þij + CSð Þjk + SAð Þkl + hm gcð Þij + eijklmn



Table 5
Analysis of variance (ANOVA) using the mixed procedure

Traits Effects df DenDF F P

CL Generation 1 36 10.83 0.0022
Cross (strain) 8 36 6.71 b0.0001
Generation⁎cross 8 36 2.60 0.0238
Sex 1 5284 10.68 0.0011
Generation⁎sex 1 5284 66.43 b0.0001
Cross⁎sex 8 5284 4.93 b0.0001
Age⁎sex 2 5284 24.99 b0.0001

SL Generation 1 36 0.24 0.6281
Cross (strain) 8 36 7.46 b0.0001
Generation⁎cross 8 36 2.61 0.0233
Sex 1 5284 14.10 0.0002
Generation⁎sex 1 5284 63.82 b0.0001
Cross⁎sex 8 5284 7.29 b0.0001
Age⁎sex 2 5284 27.70 b0.0001

BW Generation 1 36 2.73 0.1069
Cross (strain) 8 36 7.58 b0.0001
Generation⁎cross 8 36 2.31 0.0412
Sex 1 5284 23.04 b0.0001
Generation⁎sex 1 5284 50.00 b0.0001
Cross⁎sex 8 5284 4.06 b0.0001
Age⁎sex 2 5284 38.46 b0.0001

df = degree of freedom, DenDF = Denominator degree of freedom, F = F-statistics, P =
probability.

78 N.M. Thanh et al. / Aquaculture 287 (2009) 75–83
where yijklmn is the observation of the nth individual; µ is the overall
mean; Gi is the fixed effect of the generation (i=1, 2); Cj is the fixed
effect of the cross (strain) combination (j=1, 2, …, 9), Sk is the fixed
effect of sex (k=1, 2); (GC)ij and (GS)ik are the interaction effects of the
ith generation by the jth cross combination and the ith generation by
the kth sex; (CS)jk is the interaction effect of the jth cross combination
by the kth sex; (SA)kl is the interaction effect of the kth sex and Al

covariate of age at harvest; hm(gc)ij is the random effect of the mth
hapa (m=1, 2, …, 27) nested within the ith generation and the jth
cross; and eijklmn is the residual error of the nth individual. Ages of
prawns in each experimental hapa in this study were determined
from nursing date to harvest date (mean nursing age plus the number
of days of grow-out).

Least squares means were calculated for growth parameters from
each cross andsignificantmeandifferenceswere examinedusingaTukey
test. Survival rates were compared using a generalized linear model
procedure after angular transformation. Chi-square tests were used to
assess the proportion of males and females in each cross at harvest
compared with a 1:1 sex ratio. All analyses were performed with pooled
data fromG1 and G2 using SAS package version 9.1 (SAS Institute, 2005).

3. Results

3.1. Descriptive statistics

Table 4 presents the basic growth data at harvest. Mean body
weight was 25.2 g for females andmales combined and the coefficient
of variationwas 35.3% after 15 weeks post-stocking. Males grew faster
than females. The coefficient of variation for body weight was higher
for males than for females (37.5% relative to 24.2%). This likely reflects
the impact of social rank on male morphology.

3.2. Relative importance of the effects (ANOVA)

The fixed effects of cross (strain) and sex and their interactionwere
highly statistically significant (Pb0.0001) (Table 5). Likewise, covariate
of age fitted with sex effect contributed greatly to significant growth
traits (Pb0.0001).

Generation showed no significant effect on body weight and
standard length (PN0.05), but was statistically significant for carapace
length (Pb0.01). The interactions of generation by cross (strain) and by
sex however, were statistically significant (Table 5). As there was no
effect of generation, and within a generation the number of families
for some crosses was low, all subsequent analyses combined families
from both generations for each cross. As a result, the number of
families available for any cross ranged from nine to 21 (Tables 2 and 3).

3.3. Relative growth performance of purebred strains vs.
cross combinations

Least squaresmeans for bodyweight for purebred strains and cross
combinations are presented in Fig. 1. In general, the growth
Table 4
The number of harvested prawns (n), mean, standard deviation (SD), coefficient of
variation (CV, %) for all individuals (combined sexes) and for males and females

Traits Sex n Mean SD CV

CL Females 2700 3.12 0.30 9.5
Males 2650 3.48 0.56 16.1
Both sexes combined 5350 3.30 0.45 14.5

SL Females 2700 9.45 0.72 7.6
Males 2650 9.91 1.30 13.1
Both sexes combined 5350 9.67 1.07 11.1

BW Females 2700 22.26 5.40 24.2
Males 2650 28.20 10.57 37.5
Both sexes combined 5350 25.20 8.88 35.3

CL = carapace length (cm), SL = standard length (cm), BW = body weight (g).
performances of cross combinations were better or not significantly
different from that of pure strains.

Among the three purebred strains, the HH strain grew faster than
DD or MM, but HH was only significantly different fromMM (Pb0.01).
The DD andMM strains, unlike HH, grewmore slowly than most cross
combinations and were ranked 7th and 9th in performance,
respectively.

Among the cross combinations, MH and DH performed best and
were significantly better than DM andHM (Pb0.05). This outcomewas
interesting because in both instances the best performing cross
combinations consisted of females from a local Vietnamese strain
(Dong Nai or Mekong)withmales from the exotic strain (Hawaiian). In
addition, the reciprocal crosses of MH and HM were significantly
different. Growth performances of other cross combinations, except
for DM were intermediate.

Variation in standard length among purebred strains and cross
combinations showed identical trends as for final body weight, with
the exception that HMwas not significantly different from DH (Fig. 2).
Outcomes of carapace length variation among the purebred strains
and cross combinations showed a similar pattern as standard length,
Fig. 1. Least squares means (LSM) and standard errors for body weight (g) for nine
crosses estimated using the mixed model. DD (Dong Nai×Dong Nai), MM (Mekong×-
Mekong), HH (Hawaiian×Hawaiian), DM (Dong Nai×Mekong), DH (Dong Nai×Hawai-
ian), MH (Mekong×Hawaiian), MD (Mekong×Dong Nai), HD (Hawaiian×Dong Nai), HM
(Hawaiian×Mekong). Crosses sharing letters are not significantly different (PN0.05).



Fig. 2. Least squares means (LSM) and standard errors for standard length (cm) for nine
crosses estimated using the mixed model. Crosses sharing letters are not significantly
different (PN0.05). Cross abbreviations as per Fig. 1.

Fig. 4. Least squaresmeans (LSM) and standard errors for female andmale bodyweights
(g) for nine crosses estimated using the mixed model. Crosses within sex sharing letters
are not significantly different (PN0.05). Cross abbreviations as per Fig. 1.
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however, the purebred DD and crossbred HD strains were not
significantly different from all other strains (Fig. 3).

3.4. Relative growth performance by sex

Relative growth performance data by sex are presented in Fig. 4.
Among nine strains, least squares means (LSM) of body weight for
males ranged from26.12 g (DD) to 30.22 g (DH). Significant differences
among strains for males were evident only for the DH cross compared
with DD, MM and HM (Pb0.05). In contrast, female mean weights
were quite variable among strains. Female mean weight for MH was
superior to that of females from the MM, DM, HD and HM strains
(Pb0.05). Performance of females in the purebred MM strain was the
poorest, but was not significantly different from DD, DM, HD, and HM
females (PN0.05).

LSM of carapace length by sex are presented in Fig. 5. No significant
differences were apparent for carapace length among males of the
nine strains, whereas this trait in females was significantly variable
among strains. Female carapace lengths for MH and DH were
significantly larger than those of MM, DM and HD (Pb0.05). The
LSM for carapace length in females of the MM strain was the shortest
and was significantly different from HH, DH, MH and MD (Pb0.05).

Fig. 6 presents least squares means of standard length by sex for
the nine strains. For males, standard length of the pure DD strain was
significantly shorter than DH and MH (Pb0.05), while other strains
were not significantly different. For females, the standard length of
MH was the largest and was significantly different from all strains
Fig. 3. Least squares means (LSM) and standard errors for carapace length (cm) for nine
crosses estimated using the mixed model. Crosses sharing letters are not significantly
different (PN0.05). Cross abbreviations as per Fig. 1.
(Pb0.05) with the exceptions of DH and HH. The standard length of
MM females was significantly shorter than all strains (Pb0.05)
excepting DM and HD.

3.5. Survival by cross and sex

Table 6 presents survival rates for the nine strains and the relative
survival by sex within strain at harvest. No significant difference was
detected for total relative survival among strains (PN0.05). If we
assume that the sex ratio at stocking was 1:1, then the relative mean
survival for males within strains was lower than for females in all
strains. This is reflected in asymmetrical sex ratios in all strains at
harvest that were significantly different from 1:1. All strains were
biased towards females.

4. Discussion

Results show clearly that variation in the genetic background
among the experimental GFP strains influenced relative growth
performance of purebred strains and cross combinations. Among the
purebred strains, relative growth performance of the domesticated
Hawaiian strain was better than for the Dong Nai or Mekong strains.
This difference may, in part, be an effect of the long term
‘domestication’ in culture environments (Knibb et al., 1998). Smither-
man et al. (1984) defined ‘a strain’ as aquatic animals that share a
common geographical origin and history, and to be considered as a
‘domesticated strain’ they should be produced artificially for at least
Fig. 5. Least squares means (LSM) and standard errors for female and male carapace
lengths (cm) for nine crosses estimated using the mixed model. Crosses within sex
sharing letters are not significantly different (PN0.05). Cross abbreviations as per Fig. 1.



Table 6
Survival of both sexes, males and females for nine crosses and sex ratio at harvest for
nine crosses

Cross Survival (mean±SE) Sex
ratio (%
males/%
females)

Both sexes combined Malea Femalea

DD 77.4±2.1 69.5±6.9 85.3±4.6 45/55
MM 77.3±1.9 68.2±3.9 86.3±4.5 44/56
HH 73.3±2.7 56.8±3.9 89.7±4.5 39/61
DM 76.3±1.1 59.3±2.6 93.3±2.3 39/61
DH 76.8±3.0 67.3±7.4 86.2±4.3 44/56
MH 77.4±2.6 72.3±3.9 82.5±3.5 47/53
MD 74.8±2.9 66.3±4.1 83.2±3.1 44/56
HD 74.8±1.3 61.3±3.8 88.3±3.5 41/59
HM 77.3±3.2 72.2±9.2 82.3±3.7 47/53

SE = standard error.
a Survival of males and females=(the number of males or females at harvest /

(0.5⁎ the number of juveniles stocked))⁎100%. A 1:1 sex ratio at stocking was assumed,
because juveniles could not be sexed at stocking.
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two generations in a hatchery. According to this definition, the Dong
Nai and Mekong strains developed for the current study are wild
strains, while the Hawaiian strain (referred to as the ‘Anuenue’ strain)
has been under culture for more than 15 generations (Malecha, 1984)
and so can be considered a domesticated strain. Truly domesticated
strains often perform better as over time, they have adapted to culture
environments, e.g. channel catfish (Burnside et al., 1975) and African
catfish Heterobranchus longifilis (Nguenga et al., 2000), unless they are
highly inbred.

Most cross combinations in the current study grew faster than
purebred strains with crosses between females of either of the two
Vietnamese strains (Dong Nai or Mekong) with Hawaiian males
producing some of the fastest growth rates. Thus, there is evidence
here for heterotic effects for some cross combinations. The result
suggests that new cross combinations could be trialed for heterotic
outcomes among even more genetically divergent, geographical
wild populations of the ‘western’ form of M. rosenbergii. An earlier
study reported that growth rates of crosses between Thai and
Malaysian GFP strains performed better than did a pure Malaysian
strain (Dobkin and Bailey, 1979). This study was conducted
however, before any data were available on the extent of genetic
differentiation among wild geographical populations of GFP in Asia.
When Dobkin and Bailey's data are considered with the data
presented here, they suggest that a crossbreeding approach can
produce productive outcomes potentially leading to heterotic or
hybrid vigour in the offspring. The magnitude of additive and non-
additive genetic effects on growth traits in GFP should be
examined in more detail however, before any firm conclusions
are drawn about what level of genetic divergence among potential
strains should be considered to produce new cross combinations. A
number of factors can contribute to the probability of heterotic
outcomes among strains, one of which is the relative level of
genetic divergence among them. In the current study the Dong Nai
and Mekong strains were sourced from natural drainage systems in
Vietnam that are currently not connected. Historical gene flow
among GFP populations in the two river systems may have
occurred in the past however, due to annual flooding events or
connections made by humans (canals) linking the systems.

The relative performance of reciprocal crosses here was
influenced, in part, by the direction of the cross combinations.
For instance, the reciprocal crosses of Mekong with Hawaii
performed significantly differently according to the direction of
the cross (MH vs. HM) suggesting a potential maternal or paternal
effect on relative strain performance. The potential for maternal
and/or paternal effects needs to be investigated further and the
study should be replicated to confirm that any effect is repeatable
Fig. 6. Least squares means (LSM) and standard errors for female and male standard
lengths (cm) for nine crosses estimated using the mixed model. Crosses within sex
sharing letters are not significantly different (PN0.05). Cross abbreviations as per Fig. 1.
in independent trials. If so, this finding should be considered in
future M. rosenbergii stock improvement programs.

Age differences at stocking have been reported to result in
differences in growth and survival in common carp (Dunham, 2004).
However, no strong evidence was observed for age or initial size at
stocking effect on harvest bodyweight in GFP in the current study. Age
differences among crosses at stocking were due to the age variable
between the first and last nursing batches. This was 37 and 53 days for
G1 and G2, respectively. While age differences did have some
influence on body weight at final harvest, it was marginal compared
with the effect of sex. Thus older and larger juveniles at stocking did
not grow significantly faster than did younger and smaller sized
animals. Malecha (1983) reported a similar finding, with size and age
of GFP at stocking showing little or no correlationwith relative growth
performance. This finding also concords with many previous studies
of fish and shrimps (Palada-de Vera and Eknath, 1993; Bentsen et al.,
1998; Hussain et al., 2002; Maluwa and Gjerde, 2006; Goyard et al.,
2002). Age differences should be considered however, as a correction
term to adjust asynchronous spawning when producing experimental
animals for genetic studies (Bentsen et al., 1998).

Sexual dimorphism in growth is very pronounced in GFP, with
males generally growing faster than females. It was clear from the
current study that sex had a significant effect on final weight with
males exhibiting faster growth than females. This differential
growth effect has been reported in many aquatic species, including
the freshwater crayfish Cherax destructor (Jerry et al., 2005) and
tilapia, O. shiranus (Maluwa and Gjerde, 2006) and O. niloticus
(Marengoni et al., 1998; Bentsen et al., 1998; Nguyen et al., 2007).
For GFP, this pattern is complicated however, because adult males
comprise three distinct male morphotypes (blue claw, orange claw,
and small male) (Karplus et al., 2000). Mean body weights of males
separated into morphotypes in the current study were 33.23 g for
BC, 26.49 g for OC, 10.68 g for SM, 28.68 g for NC and 28.79 g for
OBC. These growth rates for male morphotypes were only available
from the G2. The least squares means of body weight for males at
harvest however, did not differ significantly among the nine crosses.
This result suggests that differences in the relative frequencies of
male morphotypes among crosses most likely masked any among
strain differences in growth performance for males. Meanwhile, the
least squares means for female body weight varied more widely
among crosses. Thus differences in growth rate that resulted from
genetic background in females were not masked by social factors as
they may have been in males. Malecha et al. (1984) investigated
heritability (h2) for growth rate variation in GFP juveniles and
reported a significant genetic effect in females (h2=0.35±0.15) while
h2 was negligible in males. This suggests that a breeding program
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for M. rosenbergii to improve overall growth performance could
probably best be targeted at females only. This idea could merit
further study because heritability estimates based on sire and dam
components from only 50 full and half-sib families nested with 16
sires (Malecha et al., 1984) were generally biased due to maternal
genetic and common environmental effects, as well as, being
confounded by non-additive genetic factors.

Survival rates of female GFP are generally higher than males and
this was evident in the current study. A biased sex ratio favouring
females was reported in GFP polyculture in earthen ponds (Karplus
et al., 1986) and in monoculture in tanks (Sandifer et al., 1982). This
pattern was explained in several ways, as environmental conditions
more favourable to female rather than male development, uninten-
tional stocking of more females than males and selective male
mortality, or a combination of these factors (Smith et al., 1978).

While tagging methods are often problematical in crustacean
species due to moulting, results from the present study suggest that
grow-out trials in hapas without tagging can be applied successfully.
Mean growth rate at harvest for giant freshwater prawns (GFP)
(independent of cross or sex) was better or similar in our study to that
of GFP stocked in cages (Menasveta and Piyatiratitivokul, 1982; New,
1995), and only slightly lower than pond, tank or cage performance of
GFP in other studies (Tidwell et al., 1998; Siddiqui et al., 1997; Alfalo
et al., 2006). It is widely recognized however, that relative growth
rates among studies can be difficult to compare due to differences in
culture system (monoculture or polyculture), culture facility (pond,
tank, cage or hapa), growth period, stocking density, GFP strain,
feeding rate, and feed quality (protein content). A problem that can
often reduce performance in hapas is phytoplankton fouling of hapa
surfaces that can limit water flow after a short culture period. While
phytoplankton were cleared routinely from hapa surfaces in the
current study, fouling could not be eliminated. This problemmay have
depressed the mean growth rate of prawns relative to that potentially
achieved in open ponds.

A number of useful lessons have been learned in the current
project. These include:
(i) We found it difficult to produce a large number of families for
multiple genetic strains over a short time period due to a high
rate of egg abortion by females prior to hatching. Abortion rates
of egg clutches in the G1 and G2 were 30% and 34%,
respectively. Likely causes included non-fertilized eggs, dis-
turbance of berried female when eggs were checked for stages
of development and deterioration of eggs during incubation.
Similar problems have been reported in earlier studies. The
percentage of females that lose their egg clutches were
reported to be 17% for M. rosenbergii in captivity (Cavalli et al.,
2001) and as high as 50% in a breeding program for the
freshwater crayfish C. destructor (Jerry et al., 2005). The rate of
egg clutch abortion needs to be considered at the beginning in
futuremating designs to avoid having tomake dowith less than
the optimum number of families per experimental strain. The
solution to this problem is, where possible, to increase the
number of mating pairs per strain in order to compensate for
females that lose their eggs during development. Alternatively,
replacing aborted females with newmating families during the
experiment can be employed, but this method prolongs the
time for family production leading to larger variation in size
and age at stocking among families.

(ii) An inability to synchronize the metamorphosis period among
strains can also contribute to differences in size and age of post-
larvae. Water temperature is a key factor that influences larval
development rates in GFP. Temperatures below 24–26 °C lead
to longer time periods for larvae to reach metamorphosis (New,
2002). We found temperature to be difficult to control when
producing a large number of families in independent
containers.

(iii) We did not have the ability to stock juveniles from multiple
strains in common earthen ponds but were restricted to using
hapas for grow-out. As mentioned earlier, growth rate of
prawns in hapas may be slower than in open ponds due to
fouling. Tagging prawns for communal culture in ponds should
enable better growth performance of experimental prawns.
Coloured, elastomer tags have been employed recently in some
marine shrimp and freshwater crayfish breeding programs
(Argue et al., 2002; Goyard et al., 2002; Jerry et al., 2005;
Gitterle et al., 2005a) and the studies demonstrated that the
tags could last at least for 140 days. This tagging method has
also been tested in GFP and the tags remained visible for up to
100 days in tanks (Brown et al., 2003; Pillai et al., 2007).
Coloured elastomer or VI alpha tags could be used to mark
animals in a GFP stock improvement program, however,
retention time of visible tags in GFP needs to be investigated
first, due to the requirement for an extended grow-out period.
5. Conclusion

Crossbreeding among GFP strains developed from geographically
discrete populations in Vietnam resulted in offspring that grew at
significantly different rates. Specific cross combinations showed
evidence for heterosis and the direction of reciprocal crosses can
apparently influence mean growth rates. As genetic variation is high
both within and among wild populations of GFP this could be
harnessed strategically in future breeding programs. Data from the
current study will be exploited further to estimate the magnitude of
additive and non-additive genetic components that contributed to
different growth rates among the strains. As certain strains and their
crosses performed differently for growth rate in this study, they can
provide a starting point for developing improved culture stock for the
industry in Vietnam and potentially the region more widely.
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