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Abstract

Global aquaculture is expanding rapidly to address increasing demand for aquatic protein
needs and an uncertain future for wild fisheries. To date most farmed aquatic stocks are
essentially wild and little is known about their genomes or the genes that affect important
economic traits in culture. Biologists have recognized that recent technological advances
including next generation sequencing technologies (NGST) have opened up the possibility
for generating genome wide sequence data sets rapidly for non-model organisms at a
reasonable cost. Giant freshwater prawn (Macrobrachium rosenbergii or GFP), is currently
the most economically important farmed freshwater crustacean species. Many factors can
influence individual growth rate in target species but of particular importance in agriculture
and aquaculture will be identification and characterization of the specific gene loci that
contribute important phenotypic variation to growth because the information can be applied
to speed up genetic improvement programs and increase productivity via marker-assisted
selection (MAS) and genomic selection or genome-wide selection (GS). While currently
there is only limited genomic information available for any crustacean species including GFP,
a number of putative candidate genes have been identified or implicated in growth and
muscle development in other crustacean species. In general, four approaches are suggested
here in an effort to stimulate increased research on identification of growth-related genes in
crustacean species. Survey the available information on; 1) associations between genes and
growth reported in crustaceans, 2) identify growth-related genes involved with moulting, 3)
identify muscle development and degradation genes involved in moulting, and 4) test for
correlations between DNA sequences that have confirmed growth trait effects in farmed
terrestrial and aquatic animal species and related sequences in other crustacean species (e.g.
penaeid shrimps). This information in concert can provide a foundation for increasing the rate
at which knowledge about key genes affecting growth traits in crustacean species is gained.

As an initial step, 454 pyrosequencing of cDNA was employed to characterise the
transcriptome from GFP and to identify genes related to growth. A collection of 787,731
sequence reads (244.37 Mb) obtained from 454 pyrosequencing analysis of cDNA prepared
from muscle, ovary and testis tissues were collected from 18 adult prawns and assembled into
123,534 expressed sequence tags (ESTs). Of these, 46% (8,411) of contigs and 19%
(115,123) of singletons respectively possessed high similarity to sequences in the GenBank
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non-redundant database, with most significant (E value < 1e™) contig (80%) and singleton
(84%) matches occurring with crustacean and insect sequences. KEGG analysis of contig
open reading frames and InterproScan domains identified several biological pathways and
domains with potentially important roles in growth and muscle development. Transcripts
derived from genes including actin, myosin heavy and light chain, tropomyosin and troponin
with fundamental roles in muscle development and muscle construction were abundant.
Among the contigs, 834 single nucleotide polymorphisms (SNPs), 1198 indels and 658
simple sequence repeats (SSRs) motifs were also identified. The M. rosenbergii
transcriptome data reported provides an invaluable resource for improving our understanding

of this species’ genome structure and biology.

In order to better understand the genetic basis of growth traits influenced strongly by
multi-gene interactions, a large number of candidate gene markers are required. Since SNPs
are abundant across the genome and are anchored in virtually all genomic regions including
coding sequences, a candidate gene approach (CGA) using SNP markers can provide an
effective means for detecting genes and regions that underlie phenotypic variation in
adaptively significant traits. A total of 342 SNPs were identified in GFP ESTs after re-
sequencing 13,834 bp from 47 EST loci. This equates to a remarkably high SNP density, of
one SNP per 40 bp. Re-sequencing confirmed 42 putative SNPs from a preliminary set of 61
SNPs identified using 454 pyrosequencing. A total of 28 SNPs in 23 growth-related candidate
genes, identified from ABI and 454 sequencing, were re-genotyped using SEQUENOM Mass
Array to assess correlations between SNP markers in growth-related candidate genes with
individual growth performance in an improved GFP culture line. A number of exonic and
intronic SNPs in several candidate genes had a significant (Ankyrin-like repeats protein,
Glycogen phosphorylase, Heat shock protein90, Peroxidasin, Rolling pebbles, Transforming
growth factor B-induced precursor and Utp-glucosel-phosphate uridylyltransferase 2) (P <
0.05) and/or marginal (Glyceraldehyde-3-phosphate dehydrogenase, Inhibitor of growth and
Non-histone chromosomal protein) (0.05 < P < 0.07) association with EBVs showing
measurable genetic variation that ranged from 0.026 ~ 0.048 under a dominance and/or an
additive model. A number of loci and SNP marker pairings also showed significant
differences in SNP allele distributions, linkage disequilibrium (LD), and violation of Hardy-
Weinberg Equilibrium (HWE) in comparisons between fast and slow growth performance
groups. This is the largest set of candidate gene SNP markers (CGSMs) developed for M.
rosenbergii to date and will be useful in future genetic analyses including for dissection of



complex traits, for tracing genetic relationships in breeding programs, and for monitoring
genetic diversity in commercial and wild populations of M. rosenbergii. In particular, some
unique SNPs identified here, may also be useful in other Macrobrachium species and provide
nuclear markers for systematic studies and for detection of interspecific hybridization among
congeners. Confirmation of CGSMs identified here in different culture lines could expedite

potential application of these markers in MAS/GS of GFP breeding programs in the future.

Keywords: next generation sequencing, giant freshwater prawn, Macrobrachium rosenbergii,
454 pyrosequencing, transcriptome, genetic effects, growth-related genes, candidate gene
SNP markers, correlations, growth traits, marker-assisted selection, genomic selection.



Note on Thesis Preparation

Chapters 2 to 4 of this thesis are presented as either published papers or as accepted
manuscripts for publication. As such, there will be some necessary repetition of information
in the General Introduction and General Discussion and Conclusions when compared against
the Introductions and Discussions of individual data chapters. Chapters 2 to 4, Figures and
Tables in each chapter are re-initialized to maintain each chapter as an independent research

paper. All chapters also include their respective reference lists.



Table of Contents

LS VAT o SRRSO 1

Statement of Original AUTNOISNIP .......ooviiiiiie e 2

Works Published or Submitted for Publication by the Author Incorporated into the Thesis.3

ACKNOWIBAGEMENTS ...ttt e st et e e te et e s reesneeeenreenrs 4
ADSTFACT ... 6
NoOte 0N TheSIS Preparation .........ccueoviieiieiece e sre e 9
CHAPTER 1: General Introduction and Thesis StrUCLUIe ............ccocvrereiinieniinineseenienes 11

CHAPTER 2: Genes and growth performance in crustacean species: A review of relevant

genomic studies in crustaceans and OtNer taXa...........ccvererierieerieiie e 27

CAHPTER 3. Transcriptomics of a Giant Freshwater Prawn (Macrobrachium rosenbergii):

de novo assembly, annotation and marker diSCOVEIY .........ccvcverveiieiieeieeie e 95

CAHPTER 4. A candidate gene association study for growth performance in an improved

giant freshwater prawn (Macrobrachium rosenbergii) culture line...........cccooevviiinennns 136

CHAPTER 5. General Discussion and CoNCIUSIONS ........oooveeeoeei 177

10



CHAPTER 1: General Introduction and Thesis Structure

Many aquatic species are considered natural resources to be exploited for human
consumption and profit. If current rates of wild stock depletion continue, however, the future
of marine and freshwater wild fisheries will be increasingly uncertain (Worm et al. 2006).
Over the past century, applications of genetics in aquaculture, (in particular to hatchery
production and breed development programs) have assisted some industries to become
intensive, highly productive systems, efficient for direct production of food. This has caused
a consequent paradigm shift that has changed our perceptions of aquatic environments and
the species therein (Hauser & Carvalho 2008). Without doubt, as human populations continue
to increase, human dependence on farmed aquatic food resources will also increase and
improved culture stocks will play an increasingly important role in world food security and in
meeting increasing demand for food in the future (Hulata 2001; Hauser & Seeb 2008;
Hutchings & Fraser 2008; Gjedrem et al. 2012; Lind et al. 2012).

Decapod crustaceans, in particular, marine species including prawns, lobsters and
crabs contribute significantly to modern global aquaculture production with their combined
value totalling US$ 70 billion in 2011 produced from over 200 cultured species (FAO 2012).
While modern genetic technologies have been applied to several farmed marine penaeid
prawn species to increase genetic gains, to date only a few species have benefited from this
approach (Li et al. 2006; O’Leary et al. 2006; Tassnakajon et al. 2006; Ibarra et al. 2007;
Lyons et al. 2007; Zhang et al. 2007; Hamasaki & Kitada 2008; Staelens et al. 2008; Wu et
al. 2009). According to recent reports, giant freshwater prawn (Macrobrachium rosenbergii
or GFP), is now considered to be one of the most important farmed crustacean species
contributing to the global prawn aquaculture industry and great interest is now focused on
improving the productivity of this important culture species (Nhan et al. 2009; Thanh et al.
2009; Thanh et al. 2010a, b; Aflalo et al. 2012; Kitcharoen et al. 2012; Luan et al. 2012).
Recent statistical analyses indicate that average world annual GFP production has surpassed
500,000 tonnes annually with a value of US$ 2.5 billion and that the culture industry for M.
rosenbergii now exceeds US$ 1.4 billion per year in Asia alone (Phuong et al. 2006;
Chareontawee et al. 2007; FAO 2012). As a consequence, there is growing interest in GFP
culture, particularly in Asia (Schwantes et al. 2009; Nhan et al. 2010). To increase
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productivity of farmed GFP stocks there is a need to better understand this species basic
biology, ecology and production traits to allow development of more productive culture

strains for the expanding global industry.

Since the 1980s, M. rosenbergii has been disseminated widely around the world for
commercial farming (New 2000, 2005) and GFP is now used for both research and
commercial culture purposes (Thanh et al. 2009; Thanh et al. 20103, b; Aflalo et al. 2012;
Kitcharoen et al. 2012; Luan et al. 2012). Potential expansion of culture industries has,
however, been limited by the relative low productivity of farmed strains compounded by the
limited genetic information available for the species. After many decades of farming
essentially unimproved stocks, many GFP culture industries have reported low and declining
culture stock productivity (Chareontawee et al. 2007; Nhan et al. 2009; Thanh et al. 2009;
Thanh et al. 2010a, b; Dinh et al. 2012; Dinh et al. 2013). This is likely the result of a decline
in natural levels of genetic diversity in many GFP culture lines where in some places there is
a shortage of wild spawners (Wilder et al. 1999) and an associated increase in inbreeding
rates that results from exposure to repeated genetic bottlenecks that have eroded genetic
diversity in many GFP stocks as they were developed for aquaculture. Most broodstock used
in culture to date, have been developed from the ‘western” form of GFP (de Bruyn et al.
2004a), a strain collected originally from the wild in Malaysia and then translocated
subsequently to Hawaii for domestication (Thanh et al. 2009). The history of domestication
and serial translocation among sites likely produced culture stocks with low levels of genetic
variation and high inbreeding rates, characteristics that are not optimal for culture. While
crossbreeding can be a relatively simple and inexpensive approach for improving the
productivity of farmed stocks (Fjalestad 2005), selective breeding programs are likely to
provide greater economic benefits over the longer term (Ponzoni et al. 2007; Thanh et al.
2009). While a number of stock improvement programs have been initiated recently for GFP
around the world (Charoenatawee et al. 2007; Divu et al. 2008; Min et al. 2009; Nhan et al.
2009; Thanh et al. 2009; Thanh et al. 2010a, b; Aflalo et al. 2012; Dinh et al. 2012;
Kitcharoen et al. 2012; Luan et al. 2012), to date, little attention has been paid to applying
some of the new genomic technologies that have become available over the last five years to
developing better GFP culture lines.

A lack of basic information about the genome of any target species can be a major
obstacle when developing improved culture lines for production industries. This is because

identifying genes that affect phenotypic variation in important production traits can be a very
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difficult and challenging task where only limited public DNA sequence information is
available for the target species. In 2010, when this project was initiated, onlypartial genetic
information from mitochondrial (Miller et al. 2005) and nuclear DNA sequences including
microsatellite markers (Chand et al. 2005; Charoentawee et al. 2006; Bhassu et al. 2008;
Divu et al. 2008; Min et al. 2009) had been investigated in GFP to address phylogeographic
questions (de Bruyn et al. 2004a, b; de Bruyn et al. 2005; de Bruyn & Mather 2007), gene
characterization related to immune defence (Hsieh et al. 2006; Baruah et al. 2009; Cam et al.
2009; Sung et al. 2009) and for determining sexual maturation (Ngernsoungnern et al. 2009)
focusing on two geographical regions; Asia and northern Australia. These studies in concert
have provided, however, only limited genomic data. A more comprehensive genomic dataset,

therefore, is required for GFP that can be applied to stock improvement programs.

Application of the emerging science of genomics in prawn species used in culture is a
new development designed to elucidate the genetic basis of economically important traits or
to characterise important phenotypic and genotypic variation (Li et al. 2006; O’Leary et al.
2006; Tassanakajon et al. 2006; Lyons et al. 2007; Staelens et al. 2008; Robalino et al. 2009;
Wau et al. 2009; Du et al. 2010). When the current project commenced, genomic studies of
GFP have not been conducted anywhere. In theory, a genomics approach can provide new
tools for discovery and characterisation of novel alleles and genes. In addition, marker-
assisted selection (MAS) and genomic selection or genome-wide selection (GS) developed
via transcriptomic approaches can be a cost-effective way of providing a large number of
genetic markers for identification and development of economically important quantitative
trait loci (QTL) in target organisms. In particular, advances in GS can enhance the precision
and efficiency of breeding programs. Therefore, understanding the genetic/genomic basis of
variation in phenotypic traits can enhance effective breeding programs and this approach has
been accepted as a powerful tool for estimation of breeding values (Morell et al. 2012; Hayes
et al. 2013; Taylor 2013). While applications of genomic-assisted breeding were only in the
early stages development in 2010, transcriptomic selection approaches using expressed
sequence tag (EST) data and genetic linkage maps had been initiated for a small number of
aquatic species, notably some salmonid species (Moen et al. 2008; McClelland & Naish
2008; Rexroad et al. 2008), common carp (Sun & Liang 2004), tilapia (Lee et al. 2005),
channel catfish (Quiniou et al. 2007) and certain penaeid shrimp species (Li et al. 2003; Li et
al. 2006; Maneeruttanarungroj et al. 2006; Zhang et al. 2007; Staelens et al. 2008; Du et al.
2010). A fine genetic map, however, requires a large number of molecular markers with
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markers spread widely across the genome and is an essential prerequisite for mapping of
QTLs to complement GS, which is a form of MAS, and for comparative genome mapping
(Liu & Cordes 2004; Goddard & Hayes 2009). Compared with more traditional linkage maps
based on random amplified polymorphic DNA (RAPD), restriction fragment length
polymorphisms (RFLP), amplified fragment length polymorphisms (AFLP) or microsatellite
markers, EST-simple sequence repeat (SSR) and single nucleotide polymorphism (SNP)
markers provide a novel approach for studying variation in important traits in target
organisms (Lander & Botstein 1989; Maneeruttanarungroj et al. 2006; Kucuktas et al. 2009;
Du et al. 2010). While SSR and SNP markers are comparatively expensive to develop, they
are very reliable and highly informative as they provide co-dominant markers that can often
be transferred easily to new crosses or new populations (Bouck & Vision 2007; Moen et al.
2008; Gorbach et al. 2009; Du et al. 2010). Recent advances in livestock genomics and
associated breeding practices have provided new opportunities, and the advent of
genomic/transcriptomic selection promises a bright future for improving important traits in
agriculture (Meuwissen et al. 2001; Liu & Cordes 2004; Goddard & Hayes 2009; Borner et al.
2012; Gebgardt 2013) and the pace of their application are likely to increase expontentially as
a result the rapid improvement in cutting-edge next generation sequencing technologies
(NGSTs) (Liu 2011; Eggen 2012; Hayes et al. 2013).

Molecular markers provide a practical approach for assisting MAS/GS breeding
technologies developed in GFP stock enhancement programs. Introduction of NGST has
revolutionised several genetic applications including generation of expressed sequence tag
(EST) markers, allowed non-model species to be studied including aquaculture species with
unprecedented genomic and transcriptomic coverage, and allowed biologists to address
questions previously far beyond the reach of earlier technologies (Helyar et al. 2012; Ma et al.
2012; Ventura et al. 2013). Most studies, however, applied quantitative genetic approaches to
improving production traits using traditional molecular markers in aquaculture species up to
2010, notably in Atlantic salmon (Quinton et al. 2005; Houston et al. 2008; Gheyas et al.
2009), tilapia (Eknath et al. 2007), penaeid prawns (Gitterle et al. 2005; Li et al. 2006; Ibarra
et al. 2007) and freshwater crayfish (Jerry et al. 2005). While actual genetic response for
improved growth rate in these species is high and has ranged from 10 to 25% per generation,
MAS/GS employing genomic data, can in theory increase the rate of genetic gains by up to

25 to 50% per generation compared with outcomes that result from conventional animal
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selective breeding approaches in isolation (Dekkers & Hospital 2002; Villanueva et al. 2005;
Ansari-Mahyari et al. 2008; Morrell et al. 2012; Hayes et al. 2013; Taylor 2013).

The basic idea behind MAS/GS is that variants in specific coding gene loci that
influence variation in important QTLs may be targeted directly in selection programs. For
successful application of MAS/GS, a large number of samples are required to measure
phenotypic values in the training population and also over successive generations to avoid the
loss of association between phenotypes and markers due to genetic recombination (Gjedrem
et al. 2012; Lind et al. 2012; Morrell et al. 2012; Taylor 2013). While traits can be controlled
by single genes, most QTL’s of economic importance (including growth rate) are likely to be
controlled by a set of gene loci encoded epistatically (Fiehn 2001). The genes may likely
interact in several gene pathways. Despite the fact that there is potential for epistatic
interactions among genes to contribute to heritable variation (phenotypic variation), this is
still a controversial issue because response to environmental variation is unpredictable, a
number of studies have provided evidence that this genetic interaction can constitute
substantially to qualtitative traits (Xu et al. 2011; Springer 2013). Therefore, effort has been
directed in modern genetic/genomic studies to understand the stability and heritability of
epistatic variation and to determine whether this variation can effectively be captured in
breeding programs, or whether it may be too unstable for practical use (Jiang et al. 2011;
Park & Lehner 2013). Assuming that multiple genes contribute variation to a target trait,
certain candidate genes can also often constitute large effects. Candidate genes that show a
large effect on preferred phenotypes are referred to as ‘major’ genes. Information about QTLs
can therefore add to accuracy when estimating breeding values (Hulata 2001; Liu & Cordes
2004). Where genetic effects on QTLs are relatively large, such candidate genes can be
exploited in breeding programs (e.g. growth performance) to target specific production traits
or to identify specific high-performing individuals (Dunham 2004; Liu & Cordes 2004).
Using these approaches, commercial breed improvement programs have reported up to twice
the rate of genetic gain compared with simple phenotypic selection in beef cattle (meat
marbling) (Lee et al. 2010; Sukegawa et al. 2010) and some plant crops (weight at harvest)
(Crosbie et al. 2006; Ragot & Lee 2007). Application of MAS/GS to GFP stock improvement
is new, however, and functional genomic and proteomic information on this species is
essentially lacking. Therefore, comprehensive genomic data that comes primarily from EST
collections can help promote GFP culture industries worldwide and allow rapid development

of improved stocks for culture industries.
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Optimizing genetic diversity in stocks in combination with MAS/GS approaches that
apply genomic data can assist rapid development of improved culture lines. In 2010, when
the current project was initiated, had been developed only limited genetic information is
available for GFP and only a few SNP markers (Thanh et al. 2010b) have been developed for
GFP that can contribute to the study of production trait responses (e.g. growth rate). In
addition, only a limited number of microsatellite markers (Karaket et al. 2011) have been
used to assess early growth performance among different GFP strains. Earlier genetic studies
of GFP have been directed primarily at addressing evolutionary questions (de Bruyn et al.
2004a, b; de Bruyn et al. 2005; de Bruyn & Mather 2007), gene characterization of possible
immune responses (Hsieh et al. 2006; Baruah et al. 2009; Cam et al. 2009; Sung et al. 2009)
or at factors determining sexual maturation (Ngernsoungnern et al. 2009: Ventura et al. 2011).
While significant technological developments in molecular genetics and genomics can offer a
means to improve selection accuracies (i.e. estimating breeding values [EBVs]) and
estimating selection intensities for many traits, to date only a single study has focused on
actual identification and isolation of genetic markers linked to important phenotypic traits in
GFP. This SNP study examined the correlation between specific polymorphisms in two
candidate genes with individual growth performance. A strong positive association was
identified between certain SNPs in the crustacean hyperglycaemic hormone (CHH) gene and
growth rate (Thanh et al. 2010b). This SNP marker, if confirmed to directly influence growth
phenotype in GFP, has potential applications in breeding programs designed to optimize
individual growth rate. In general, growth-related traits with moderate to high heritabilities
respond well to selection in aquaculture organisms if traditional approaches are applied. In
addition, extensive genetic variation is also still available in wild stocks of many aquatic
species (Wringe et al. 2010; Sanchez-Molano et al. 2011; Sauvage et al. 2012; Chiasson et al.
2013). For GFP, the availability of growth performance to respond positively to conventional
selection was confirmed as had been reported previously in a number of aquaculture species
(Thanh et al. 2009; Dinh et al. 2012; Dinh et al. 2013). Growth is, however, a complex
genetic trait and many loci can interact with environmental factors and they are also likely to
contribute to overall phenotypic variation as well. Applicable data on gene loci affecting
growth in GFP is lacking so there is an urgent need to expand genomic studies in this species
because the first attempt to develop improved GFP culture lines were cultured in a single
pond to minimize environmental effects (Dinh et al. 2012; 2013).
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Recent technological advances in high throughput DNA sequencing that allow rapid,
cost-efficient genome and/or transcriptomic analysis have the potential to revolutionize
genomics research on GFP and will enable researchers to focus on a large number of
functional genomics questions that previously could not be easily addressed (Vera et al.
2008; Wheat 2008; Gilad et al. 2009). In particular, Roche 454 Genome Sequencing (GS)
FLX, one of the next generation sequencing technologies, offers great potential as this
technology can provide a rapid shotgun approach for screening large components of the
genomes of target non-model species without the need for any prior knowledge about the
genome. The technology increases throughput of DNA sequencing while reducing time,
labour and costs (Margulies et al. 2005; Emrich et al. 2007; Vera et al. 2008) and has proven
to be a versatile platform for producing long DNA sequence reads, with exceptional accuracy,
and ultra-high throughput sequencing for model and non-model organisms compared with
earlier sequencing technologies (Droege & Hill 2008; Vera et al. 2008; Wheat et al. 2008).
Today there are a number of NGS technologies (i.e. SOLID, Illumina, lon-Torrent) that can
provide comprehensive genome coverage using pair-end and made-pairs strategies for any
model and non-model species. The pace of technological development has been very rapid
and capacity increases expontentially. When the currnet project was initiated, however,
alternative NGSTs were better suited to organisms where a reference genome was already
available because they could provide only relatively short sequence read lengths and would
this was a major obstacle in GFP transcriptome studies. The current project sought therefore,
to accelerate the pace of gene discovery in GFP, where no reference genome currently exists,
and to contribute to genetic improvement programs for GFP culture lines by significantly
increasing genetic data on expressed transcripts in the target species. Application of this
approach in GFP can provide baseline data for development of genomics toolkits for GFP in

the future and can assist stock improvement of this species via MAS/GS.
The structure of the following sections in this study is as follows:

Chapter 2: The aim was to identify potentially important putative or candidate genes with
functional roles in growth-related traits relevant for production of GFP in culture. Essentially,
this study was a review of work conducted on other species (both aquatic and non-aquatic)
that identified and characterized gene loci with demonstrated or putative roles in growth and
growth-related phenotypic variation as a basis for refining the list of potential target genes in
GFP.
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Chapter _3: The aim was to develop and characterise a transcriptome dataset for GFP from
fast and slow growing GFP individuals available from a breeding program in Vietnam. Here
we sought to capture sequence information from hundreds of thousands of random gene
products (MRNAS) that are expressed in target tissues (muscle, testis and ovary) in fast and
slow growing female GFP individuals using 454 GS-FLX. A functional and computational
genomics approach was used for gene discovery and gene annotation in GFP, including
identification of a number of potentially important putative or candidate genes related to
guantitative traits of interest.

Chapter _4: The aim was to develop a set of SNP markers in potential growth-related
candidate genes that could then be tested for correlations with growth performance in
phenotypically divergent GFP from a current stock improvement program in Vietnam.
Thereafter, the aim was to perform association studies with the SNPs in selected candidate
genes by assessing SNP frequency distribution (genotyping) in fast and slow growth GFP
families. This included identifying correlations between SNP and individual growth

performance in fast and slow growth GFP individuals and families.

Chapter 5: The aim was to discuss the general results, outcomes and potential applications
of the data presented in earlier sections of the thesis, and to identify and discuss potential
limitations. The value of markers and other resources generated as part of this study, and how
they can best be utilized by researchers and industry in future GFP stock improvement

programs are also discussed.

Hence, the specific aims of the study were to: (1) identify genes with a potential role
in growth and growth-related traits in GFP [Chapter 2]; (2) develop a transcriptomic dataset
for GFP that can be used to mine sequences related to individual growth performance
[Chapter 3]; (3) characterise mutations potentially affecting individual growth rate in GFP,
develop a set of SNP markers for screening in GFP culture lines, and examine correlations
between allelic variation in the set of SNPs in candidate growth genes and growth phenotypes
in fast and slow growth GFP families available from a stock improvement program in
Vietnam [Chapter 4].

18



Account of research progress linking the research papers:

The thesis was designed as a set of “stand alone” scientific papers to be accepted and
published independently before they were integrated into a comprehensive thesis to address
the overall aim that was to develop and trial new genomic resources for GFP that could assist
current and future stock improvement efforts for cultured lines, specifically to develop fast
growth lines for the culture industry. At the time of submission of the thesis the status of the

research papers were as follows:

Paper_1 (Chapter 2) Title: Genes and growth performance in crustacean species: A review

of relevant genomic studies in crustacean and other taxa. (Reviews in Aquaculture, Online

Version)

Paper 2 (Chapter 3) Title: Transcriptomics of a giant freshwater prawn (Macrobrachium

rosenbergii): de novo assembly, annotation and marker discovery. (PLoS One 6: €27938)

Paper 3 (Chapter 4) Title: A candidate gene association study for growth performance in an

improved giant freshwater prawn (Macrobrachium rosenbergii) culture line. Accepted in

Marine Biotechnology.

Please note: Figures and Tables are re-initialised in each chapter to maintain the

independence of each published research paper.
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CHAPTER 2: Genes and growth performance in crustacean
species: A review of relevant genomic studies in crustaceans and
other taxa

- Presented at the 2012 World Aquaculture Society ‘Global aquaculture securing our future’
1-5 September 2012, Prague, Czech Republic.
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Preface to Chapter 2

The current study was initiated to understand and identify possible growth-related genes in
crustacean species because currently there is only limited genomic information available for
any crustacean species. In an effort to stimulate increased research on identification of
growth-related genes in crustacean species, we reviewed the available information on; 1)
associations between genes and growth reported in crustaceans, 2) growth-related genes
involved with moulting, 3) muscle development and degradation genes involved in moulting,
and 4) correlations between DNA sequences that have confirmed growth trait affects in
farmed animal species used in terrestrial agriculture and related sequences in crustacean
species. The information in concert can provide a foundation for increasing the rate at which
knowledge about key genes affecting growth traits in crustacean species is gained.
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ABSTRACT

Global aguaculture has expanded rapidly to address increasing demand for aquatic protein
needs and an uncertain future for wild fisheries. To date, however, most farmed aquatic
stocks are essentially wild and little is known about their genomes or the genes that affect
important economic traits in culture. Biologists have recognized that recent technological
advances including next generation sequencing (NGS) have opened up the possibility of
generating genome wide sequence data sets rapidly from non-model organisms at a
reasonable cost. In an era when virtually any study organism can ‘go genomic’,
understanding gene function and genetic effects on expressed quantitative trait locus
phenotypes will be fundamental to future knowledge development. Many factors can
influence individual growth rate in target species but of particular importance in agriculture
and aquaculture will be identification and characterization of the specific gene loci that
contribute important phenotypic variation to growth because the information can be applied
to speed up genetic improvement programs and increase productivity via marker-assisted
selection (MAS). While currently there is only limited genomic information available for any
crustacean species, a number of putative candidate genes have been identified or implicated
in growth and muscle development in some species. In an effort to stimulate increased
research on identification of growth-related genes in crustacean species, here we review the
available information on; 1) associations between genes and growth reported in crustaceans,
2) growth-related genes involved with moulting, 3) muscle development and degradation
genes involved in moulting, and 4) correlations between DNA sequences that have confirmed
growth trait affects in farmed animal species used in terrestrial agriculture and related
sequences in crustacean species. The information in concert can provide a foundation for
increasing the rate at which knowledge about key genes affecting growth traits in crustacean

species is gained.

Keywords: next generation sequencing, genomes, quantitative trait locus, crustaceans,

genetic effects, growth-related genes, muscle development/degradation genes, growth traits.

All species’ names used in this article are as reported in the references cited. Some species’

names (and/or scientific authorities) may have changed since publication of the articles cited.
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INTRODUCTION

More than 200 aquatic taxa (including crustaceans, fish, molluscs and some algae) are now
considered resources to be exploited for human consumption and profit. If current fishing
practices and rates of wild fish population exploitation continue, the future of most marine
ecosystems and wild fisheries will be uncertain due mainly to overfishing and habitat
degradation (Worm et al. 2006). As a consequence, in order to meet rising global demand for
aquatic animal food, aquaculture has developed rapidly and is now practiced widely around
the world. In a resource-constrained world where the redirection of edible foods as feedstock
for animal production is coming under increased scrutiny, achieving maximum productivity
in aquaculture systems will be an imperative as the global community strives to achieve
sustainable food security. Over the past 50 years, genetics has played an increasingly
important role in fisheries management (aquaculture, hatchery production and breed
development programs) allowing some industries to develop into intensive, high-input
production systems that now supply large international markets (e.g. Atlantic salmon in
Norway). This paradigm shift has changed perceptions about marine and freshwater
environments and the species therein (Hauser & Carvalho 2008). It is increasingly obvious
that, as human populations continue to expand, the proportion of seafood that comes from
aquaculture must also increase and genetically improved breeds will play a major role in
addressing food security issues and contribute to economic growth in the future (Hulata 2001,
Hauser & Seeb 2008; Hutchings & Fraser 2008). A number of decapod crustacean taxa
constitute important aquaculture species including; crabs, crayfish, lobsters, shrimps and
prawns that contribute substantially to the modern US$60 billion global aquaculture industry
(FAO 2009). Most cultured crustaceans are high value species and research is now directed at
stock enhancement programs to improve their culture performance (Hartnoll 2001; Hamasaki
& Kitada 2008). To date, however a lack of genomic resources for most aquatic species, and
associated poor understanding of molecular and biochemical processes underpinning growth
and other economically-important traits, has hindered efforts to increase productivity of

crustacean species in aquaculture.

Genomics is a new science that analyses the whole or partial genomes of target
species, and genomic approaches are now being applied in a wide range of species to
elucidate genetic factors that contribute to economically important traits and/or phenotypes
and to manage genetic diversity in crop and livestock species (Miller 2010; Wheeler et al.
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2010; Morrell et al. 2012). New technologies that allow rapid cost-effective high-throughput
sequencing, often referred to as next generation sequencing (NGS), offer significant
opportunities to improve our understanding of the domestication process, contribute to the
evolution of modern quantitative genetic theory, and can accelerate stock improvement of
target populations in agriculture and aquaculture (Morrell et al. 2012). NGS has opened up
the possibility of rapidly and cost-effectively collating genome wide sequence data sets, even
in non-model organisms (Ekblom & Galindo 2011). Since the technical aspects of NGS have
been reviewed extensively in both model and non-model species elsewhere [See Shendure &
Ji (2008); Gilad et al. (2009); Ekblom & Galindo (2011)], the current review will concentrate

primarily on information relevant to growth and growth-related traits in crustacean species.

In an era when virtually any study organism can ‘go genomic’, understanding gene
function and genetic effects on expressed phenotypes will be fundamental to future
production systems. Modern DNA-sequencing technologies have replaced the once
painstaking hunt for individual genes associated with particular phenotypes (Stillman et al.
2008; Clark et al. 2011; Jung et al. 2011; Kawahara-Miki et al. 2011) and this development
will likely revolutionize genetic improvement programs for cultured crustaceans in the future
(Jung et al. 2011; Kawahara-Miki et al. 2011). Application of genomic approaches to stock
improvement in aquaculture species has already resulted in some significant production gains
in some aquatic organisms including carp, rainbow trout, Atlantic salmon, tilapia, and catfish
(McAndrew & Napier 2011). This is, however, a new horizon for crustacean species and to
date studies have been confined mostly to only a small number of penaeid species
(Leekitcharoenphon et al. 2010; Leu et al. 2011) and to a few non-penaeids (Jung et al. 2011,
Kawahara-Miki et al. 2011). While genomic analysis of crustaceans using NGS technologies
is at an early developmental stage, it is obvious that the amount and quality of data available
will grow rapidly. A major focus of this development will be identification and
characterisation of genes and markers that affect variation in economically important traits.
These markers, including those affecting growth related traits, can then be applied
strategically to speed up genetic improvement programs for cultured crustacean species via
marker-assisted selection (MAS) programs. Despite the limited genetic information that is
available, a number of putative candidate genes related to growth and muscle development
have already been identified in crustacean species. In an effort to stimulate more research on
identification of growth-related genes in crustacean species, this review will address the

following topics; 1) recent genome and functional genomics (transcriptomics) projects that
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have been undertaken since 2008 on five major crustacean groups (crabs, crayfish, lobsters,
shrimps and prawns) (Stillman et al. 2008), 2) associations between individual genes and
growth traits in crustaceans, 3) growth-related genes including muscle build-up and
degradation genes involved with moulting, and 4) DNA sequences that have confirmed
growth trait affects in farmed terrestrial species and where homologous sequences also exist
in crustacean species. Synthesis of this information will provide a baseline for increasing the
rate at which knowledge about key genes that affect growth traits in crustacean species is
gained.

ADVANCES IN CRUSTACEAN GENOMICS SINCE 2008

A paper by Stillman et al. in 2008 surveyed DNA sequence data (genomic and expressed
sequence tags [ESTs]) that were available from public databases in crustacean taxa. The
amount of DNA sequence in public databases has grown exponentially since this time as
costs and speed of NGS analysis have improved greatly. A draft genome was recently
published for the water flea (Daphnia pulex) a microcrustacean that is tolerant of a wide
variety of different environmental conditions (Colbourne et al. 2011). While the Daphnia
genome has potential to be used as a model genome and scaffold for other crustacean species,
the authors noted that, however, data were collected under laboratory environmental
conditions, and traits observed and functions demonstrated experimentally (functional
annotations) may only represent a subset of those expressed in natural ecosystems. Future
availability of empirical data, including new genome sequences from a wider diversity of
species can address this problem. To this end, an overview of useful EST, cDNA and
transcriptome sequences published for various crustacean species and that is available in

public databases are summarized in Table 1.

Combining small EST collections from a number of related taxa can provide the most
efficient and powerful method for predicting conserved expressed protein components
encoded by uncharacterized genomes (Leekitcharoenphon et al. 2010; Leu et al. 2011). The
purpose of this section of the review, therefore, is to report findings from the most recent
genomic and transcriptomic projects undertaken on major crustacean taxa (crabs, crayfish,
krill, lobsters, shrimps, prawns, and water flea). All literature surveys conducted for the
current study were based on the following criteria: 1) published EST, gDNA, cDNA, and
transcriptome data after Stillman et al. (2008), 2) data consists of more than 2,000 ESTs and
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clones, and 3) excluding microarray expression studies and proteomic analyses. A summary
of the genomic literature available on commercially important crustacean species is presented
in Table 2. We have focused most attention in this review on only the major crustacean
species for which substantial databases have been compiled. Expanded surveys of other
Arthropod and/or Crustacea genomic resources (including Amphipoda, Branchiopoda,
Copepoda, and Maxillopoda), however, will allow researchers to explore the diversity of

functionally important genes within a comparative genomic framework.

MESSAGES FROM GENE INTERACTOIN IN CELLS

The genetics underpinning many phenotypes are complex with contributions often coming
from multiple loci as epistatic interactions, a process referred to as gene-gene interactions
(Horn et al. 2011; Xu et al. 2011). In addition, a single gene or a single mutation can affect
multiple phenotypic traits via pleiotropy (Wagner & Zhang 2011). Understanding the
functional interactions among genes and mutations has become a successful tool for
illuminating the genetics of complex traits, and understanding organization within cells and
their dynamics (Crombach & Hogeweg 2008; Carter et al. 2009). Organisms can be viewed
as information processors, highly evolved to recognize environmental conditions and
programmed to respond in a way that maximizes their fitness (Carter et al. 2009). Growth
traits are determined by the timely orchestration of complex interactions among gene variants
and environmental factors that are integrated in terms of activation and inhibition of genes.
Recent large-scale genetic analyses of model organisms have enabled systematic screening of
epistatic interactions as well as the pleiotropic structure of the genotype-phenotype map and
provide valuable insights into the functional organization of a eukaryotic cell (Costanzo et al.
2010; Wagner & Zhang 2011), including the genetic architecture of growth traits (Szappanos
et al. 2011; Xu et al. 2011; Loehlin & Werren 2012). A simplified diagram describing gene-
gene interactions, deduced from model organism studies (Carter et al. 2009; Szappanos et al.
2011; Wagner & Zhang 2011), is presented in Figure 1.

While detecting and classifying epistatic and/or pleiotropic gene (or mutation)
interactions is a powerful approach for deciphering the roles of individual genes and mapping
functional relationships among pathways, application of this approach to crustacean species
constitutes a real challenge because of the limited genetic and/or genomic information

currently available. An alternative approach is to identify and characterise those genes or
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gene families that have been implicated in the trait of interest in other organisms, often
referred to as a gene candidate approach. By performing association studies to directly test
the effects of genetic variants against a phenotypic trait, one can rapidly and inexpensively
assess the relative importance of a gene or groups of genes. A number of studies have shown
that functionally identified genes (or mutations) in one species are likely to play a similar role
in other target species (Fortuna et al. 2009; Goddard & Hayes 2009). Identification of those
key genes previously associated with phenotypic regulation (e.g. growth, disease,
reproduction) in other organisms, and represented across crustacean taxa is therefore
potentially a useful tool for bridging functional and structural genomics. While the
mitochondrial genome is essential for regulation of energy metabolism as the powerhouse of
eukaryotic cells (Hess et al. 2009), the current review will focus on the nuclear genome
mainly due to a lack of empirical mitochondrial data for crustacean species.

CANDIATE GENES CORRELATED WITH GROWTH

Most eukaryotic genes contain coding (amino acid translated regions-exons) and non-coding
regions (introns, and 5 & 3’ untranslated regions that include promoter regions). Allelic
variation in DNA sequence in any of these regions can potentially alter the structure and
activity of the protein they encode, or induce changes in regulation of mRNA transcription
levels (De Santis & Jerry 2007). Genetic variants and allele specific gene expression within a
functional gene can determine phenotypic variation and hence influence expression of
complex traits, growth traits and genetic diseases via regulation of gene expression and
MRNA stability (Palacios et al. 2009; Ciobanu et al. 2010b). While a variety of molecular
markers and techniques have been developed to screen allelic polymorphisms in genes,
Single Nucleotide Polymorphisms (SNPs) and mRNA expression profiles are currently
considered to be the marker and technique of choice, respectively for studying how allelic
variation in a gene can affect its regulation by identifying its location in the genome (Palacios
et al. 2009; Ciobanu et al. 2010b; Garvin et al. 2010; Seeb et al. 2011).

SNPs represent type | markers and are inherited in a co-dominant fashion, they are
simple to score and are relatively inexpensive to screen compared with some alternative
genetic markers (Garvin et al. 2010; Kim et al. 2011; Seeb et al. 2011). The recent
development of technologies that allow the simultaneous genotyping of thousands of SNPs in

a single assay has resulted in a number of genome-wide association studies (GWAS) being
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completed for model species (McClure et al. 2010; Bolormaa et al. 2011; Pausch et al. 2011).
This approach allows researchers to map regions with significant (Quantitative Trait Loci,
QTLs) association with the phenotype of interest more accurately (Goddard & Hayes 2009;
McClure et al. 2010; Pausch et al. 2011). For many complex traits, the next step in
identifying genes and mutations that underpin phenotypic variation has proven to be a non-
trivial exercise even with well annotated genomes. With the exception of Daphnia, there are
no annotated genomes for a crustacean and this makes GWAS impossible in these organisms.
Although many internal and external environmental factors can influence growth rate (e.g.
diet, food ration, stocking density, temperature, salinity, dissolved oxygen, pathogens and
water chemistry etc.), here we will focus the discussion on the roles of genetic factors (SNPs
and mRNA expression) in specific candidate genes that affect growth rate in crustaceans. A
recent study applied 418 SNP markers in Pacific white shrimp, Litopenaeus vannamei, to
develop genetic maps and to identify QTLs for economically important traits (Du et al. 2010).
A number of SNPs in anonymous genes were reported to show significant associations with
weight gain, growth rate, survival, and/or pathogen resistance in these populations (Ciobanu
et al. 2010a), demonstrating the value of having markers located within functional genes.

In the following section we will highlight specific candidate genes that potentially
may affect growth rate in crustacean species based on previous studies in these organisms or
in model species. By way of justifying our supposition, we further describe the functional
roles of these genes or gene families on growth, moulting and muscle production and
degradation. A summary of described DNA polymorphisms and their relationship to relevant

phenotypes involved in regulation of growth in crustaceans is presented in Table 3.

1. 5-Hydroxytryptamine receptor

Several lines of evidence suggest that serotonin (5-hydroxytryptamine, 5-HT), a biogenic
amine neurotransmitter found in the nervous systems of all organisms, can affect a diverse
array of physiological, behavioural and cognitive functions (Vazquez-Acevedo et al. 2009;
Zhang et al. 2011d). In crustaceans, serotonin has been shown to stimulate the release of
several neurohormones including crustacean hyperglycemic hormone (CHH), red pigment-
dispersing hormone, neurodepressing hormone and moult-inhibiting hormone (MIH) by
interacting with various receptor subtypes (Gerhardt et al. 1997; Ongvarrasopone et al. 2006).
Fourteen 5-HT receptor subtypes have been identified, cloned and then classified into 7

families (5-HT1 to 5-HT7) according to their amino acid sequence homology,
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pharmacological binding properties, and coupling to secondary messengers in invertebrates
(Escamilla-Chimal et al. 2002; Ongvarrasopone et al. 2006). A number of 5-HT receptors
have been cloned and characterized for their function in crustaceans (Clark et al. 2004; Sosa
et al. 2004; Komali et al. 2005). These include 5-HT1, 5-HT2, and 5-HT7-like receptors that
show similar pharmacological and signalling properties to their mammalian counterparts
(Tierney 2001).

In Pacific white shrimp, L. vannamei, 2 exonic synonymous SNPs in the 5-HT1
receptor, have been linked to high body weight (Martin-Marti et al. 2010). In addition, up-
regulation of 5-HT1 in the eyestalk and brain of Metapenaeus ensis may be important for
understanding the mechanism of 5-HT1 action and the role that its receptor plays in control
of reproduction (Tiu et al. 2005). Ongvarrasopone et al. (2006) suggested that receptor
localization plays a critical role in regulating ovarian maturation and spawning in giant tiger
shrimp, Penaeus monodon. A better understanding of the 5-HT receptor will undoubtedly
provide important information about the mechanisms of 5-HT regulation in different aspects

of crustacean physiology.

2. Alpha-amylase

In crustaceans, maintenance of appropriate levels of glucose in the hemolymph is essential
for supporting several key physiological functions and for responding to a variety of
environmental stressors (Lorenzon 2005; Asaro et al. 2011). Digestion of glycogenic
carbohydrates (i.e. complex polysaccharides that include starch and other disaccharides)
provides one of the main sources of hemolymph glucose (Verri et al. 2001). Ability to digest
starch depends on levels of key enzymes (i.e. amylase and maltase) in the hepatopancreas, the

main site of digestive enzyme production in crustaceans.

Amylase (AMY) hydrolyses starch molecules to produce a variety of products
including dextrins, and progressively smaller polymers composed of glucose units (Windish
et al. 1965). a-AMY (a-1,4-glucan-4-glucanohydrolase) is a member of glycoside hydrolase
family 13, that catalyses hydrolysis o fa-(1,4) glycosidic linkages in starch and related
compounds (Janecek 1997; Van der Maarel et al. 2002). This enzyme is a major glucosidase
that is associated with digestive function in the hepatopancreas (Van Wormhoudt & Sellos
1996; Pavasovic et al. 2007; Asaro et al. 2011). A number of studies have suggested that high
growth rate, lower mortality rate and final body weight are closely linked to digestive

capacity (Brito et al. 2000; Gamboa-Delgado et al. 2003; Pavasovic et al. 2007). Among the
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full range of digestive enzymes that are present in the crustacean gut, AMY may be an
important component that maximizes assimilation rate thereby influencing growth rate (Brito
et al. 2000; Wang 2007; Simon & Jeffs 2011). Preliminary analysis in Pacific white shrimp, L.
vannamei, has identified a number of intronic and exonic SNPs in the AMY gene (Glenn et al.
2005; Peng et al. 2008). To date association studies involving this gene have been limited to
1 intronic SNP correlated with individual body weight in small populations (Glenn et al.
2005). While no association was detected, the authors suggested that the chance of
identifying significant associations with variation in the AMY gene and body weight were
not high (Glenn et al. 2005). While variants in the AMY gene have yet to show positive
correlations with growth traits in crustaceans, AMY should not be discounted because it has a
functional role in digestion and hence potential to influence growth. These enzymes have also
been shown to be much more active in freshwater crustaceans (red-claw crayfish) than in the
saltwater penaeid species, perhaps reflecting an increased utilisation of plant matter in the
diet of many freshwater species (Pavasovic et al. 2006). Since feed can contribute to more
than 60% of production costs in aquatic species in culture, optimising efficiency of digestive
enzymes to deal with artificial feeds can in theory, contribute significantly to improving

growth rates in crustacean species (Williams 2007).

3. Cathepsin L
Cysteine proteinases (EC 3.4.22) in the papain superfamily, known as lysosomal cathepsins,
include a large number of enzymes that play an essential role in several highly regulated life
processes (McGrath 1999). Eleven cathepsins have been characterised (Turk et al. 2000) and
are divided into two families: the cathepsin L family and the cathepsin B family (Karrer et al.
1993; Berti & Storer 1995),

Cathepsin L (CatL, EC 3.4.22.15) is regarded conventionally as a major component of
the lysosomal proteolytic system. It is involved in intracellular protein turnover and acts as a
scavenger in the cell to clear unwanted proteins (McGrath 1999; Turk et al. 2000) and also
has diverse physiological roles in antigen presentation (Nakagawa et al. 1998), matrix
modelling (Yamada et al. 2000) and maturation of exopeptidase (Dahl et al. 2001). Recent
data reported from insects and crustaceans have revealed that CatL plays roles in; food
digestion (Hu & Leung 2007), the nucleus of the oocyte (Hu & Leung 2004), the innate
immune system (Li et al. 2010), and moulting (Le Boulary et al. 1996, 1998; Liu et al. 2006).

In crustaceans, cDNA encoding CatL-like enzymes have been isolated from the digestive
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gland (hepatopancreas) of American lobster (Homarus americanus) (Laycock et al. 1989),
and two shrimp species Penaeus vannamei (Le Boulay et al. 1996) and M. ensis (Hu &
Leung 2004). According to Aoki et al. (2004), an enzyme found in Pandalus borealis shares
homology with mammalian cathepsins S, L, and K, but shows differences in both enzymatic
and structural properties. Although CatL is expressed ubiquitously in a shrimp (extremely
high in the hepatopancrease) (Hu & Leung 2004), indirect evidence for a food digestive role
for crustacean CatL will require further analysis.

In shrimp, a single intronic SNP in CatL was correlated with high individual body
weight in one sampled population (Glenn et al. 2005). In addition, genetic studies in a shrimp
(Le Boulay et al. 1996) and cotton bollworm Helicoverpa armigera (Liu et al. 2006)
suggested an essential role for CatL in moulting. More studies of CatL could provide

important information on mechanisms of regulation in crustacean physiology.

4. Cyclophilin
Cyclophilins (Cyps) contain a single conserved peptidylprolyl cis-trans isomerase (PPlase
domain) and are abundant and ubiquitous cytosolic proteins expressed constitutively in
bacteria to vertebrates (Galat 1999; Opiyo & Moriyama 2009). Due to their PPlase activity,
Cyps have been reported to possess diverse regulatory functions in protein folding (Schmid et
al. 1993), receptor complex stabilization (Leverson & Ness 1998), apoptosis (Lin &
Lechleiter 2001) and receptor signalling (Brazin et al. 2002). Cyps are also known to be
involved in pathogen responses (Fidantsef et al. 1999), immunological system activation
(Hamilton & Steiner 1998) and as modulators of response to oxidative stress (Guedes et al.
2005). In addition, Cyps are involved potentially in promoting endothelial cell proliferation,
migration, invasive capacity, and tubulogenesis at low concentrations (Kim et al. 2004b).
Studies of Cyps in aquatic animals have suggested that they play an important role in
the innate immune system (especially isoform CypA). For example, CypA was identified as
being involved in early infection of the bacterium Edwardsiella ictaluri in channel catfish
Ictalurus punctatus (Yeh & Klesius 2008). In a clam (Venerupis philippinarum), an isoform
of CypA was expressed in haemocytes, suggesting that it could be involved in the defence
response against bacterial infections (Chen et al. 2011). In giant tiger shrimp Penaeus
monodon, expression of CypA in the hepatopancreas was up-regulated after stimulation with
lipopolysaccharide, indicating that CypA probably contributed to the defence response
against bacterial infections (Qiu et al. 2009). In P. monodon, Tangprasittipap et al. (2010)

reported a negative correlation between cyclophilin-like expression and individual body
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weight. In a study of expression profiles in two size classes of Atlantic pink shrimp
(Farfantepenaeus paulensis), cyclophilin, hamemocyanin and myosin were strongly
expressed in high weight individuals but were only weakly expressed or absent in low
weight individuals, (Kaminura et al. 2008). This result suggests that these genes may have
some effect on individual growth performance, and warrants further study in crustacean
species. Improved understanding of the immune response and growth retardation in
crustaceans linked to pathogen challenge could contribute to developing new approaches for

maximising growth rate in crustaceans in culture.

5. Fatty acid-binding protein

Fatty acid-binding proteins (FABPs) are small (~15-kDa) cytosolic proteins that bind non-
covalently to hydrophobic ligands, primarily fatty acids (Esteves & Ehrlich 2006) and are
important genes involved in the development of fatness traits (McArthur et al. 1999). The
physiological roles of FABPs include; uptake and utilization of fatty acids, intracellular fatty
acid transport to specific organelles and engagement in metabolic pathways, cell growth and
differentiation, cellular signalling, gene transcription, and protection of cellular structures
from detergent effects of fatty acids (Ho et al. 2002; Storch et al. 2002; Zimmerman &
Veerkamp 2002; Corsico et al. 2004). In FABP families, 12 FABP isoforms have been
identified in vertebrates (Liu et al. 2008) that can be divided into 2 main groups (Glatz & Van
der Vusse 1996): those associated with the plasma membrane (FABPpy) and those with
intracellular or cytoplasmic proteins (FABPc).

Many studies have focused on finding economically important polymorphic sites in
FABP genes in livestock species. In association studies between polymorphisms in FABP
orthologs and fat deposition traits in cattle, several SNPs were identified in both exonic and
intronic gene regions in the adipocyte FABP gene (A-FABP) (Wang et al. 2006) and heart
FABP gene (H-FABP) (Wang et al. 2007; You et al. 2007). Both genes have significant
effects on several growth traits including body weight (BW), intramuscular fat content (IMF),
abdominal fat weight (AFW), and abdominal fat percentage (AFP) in chickens (Wang et al.
2006; You et al. 2007).

To date, approximately only 40 FABPs have been identified in invertebrate species
(Zimmerman & Veerkamp 2002; Esteves & Ehrlich 2006). In crustaceans, evidence for
several putative FABPs have been detected in the crayfish (Pacifastacus leniusculus), giant
tiger prawn (P. monodon), Kuruma prawn (Marsupenaeus japonicus), Chinese white shrimp
(F. chinensis) and Chinese mitten crab (E. sinensis) (Soderhéll et al. 2006; Lyons et al. 2007,
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Ren et al. 2009; Gong et al. 2010; Li et al. 2011a). Gene expression analysis of FABPs in E.
sinensis using RT-PCR, revealed the presence of Es-FABP transcripts in a variety of tissues
and Es-FABP expression analysis revealed participation of haemocytes, hepatopancreas,
ovary, and testis in lipid nutrient absorption and utilization processes. Es-FABP expression
was dependent on the status of ovarian and testis development as evidenced by a role for Es-
FABP in lipid transport (Gong et al. 2010; Li et al. 2011a). In M. japonicus, characterisation
of an amplified fragment length polymorphism (AFLP) band that resided under a previously
identified QTL peak that influenced weight, total length, and carapace length (Li et al. 2006),
revealed a gene homologous to the elongation of very long chain fatty acids-like (ELOVL)
protein family (Lyons et al. 2007). An examination of weight differences between individuals
showed that individuals carrying isoform A (regardless of whether A- or AB) showed poor
growth phenotypes while individuals without isoform A (B- or —) had a positive growth
phenotype that contributed 16% to total phenotypic variation. This represents a suitable gene
candidate for future growth studies in crustaceans (Lyons et al. 2007). ELOVLs have also
been shown to have significant effects on growth in yeast (Rossler et al. 2003) and play an
important role in lipid recruitment in adipose tissue in mice (Westerberg et al. 2006). It is not
unreasonable, therefore, to predict that changes in FABP activity may have significant
biochemical and physiological effects on growth in crustaceans and constitute potential gene

candidates that influence growth traits in crustaceans.

6. Fibrillarin

Fibrillarin is a 40-kDa protein that is located in the dense fibrillar component of the nucleolus
(Ochs et al. 1985) and has essential functions related to RNA splicing and ribosomal RNA
processing (Stan¢k & Neugebauer 2006; Deryusheva & Gall 2009)

Comparisons of amino acid alignments of fibrillarin-like ESTs” from vertebrates and
invertebrates have indicated that these proteins are highly conserved for several cellular
functions including as an essential protein required for rRNA methylation, pre-rRNA
cleavage and ribosome assembly (Venema & Tollervey 1999; Fatica & Tollervey 2002;
Brown et al. 2003). In addition, fibrillarin is involved potentially in processing and
modification of pre-rRNA, regulation of cell proliferation and individual growth by
controlling ribosome biosynthesis and p53 functions (Du & Stillman 2002; Michael & Oren
2002). Knockdown of fibrillarin in HeLa cells using an RNAI technique had no effect on
nuclear envelope assembly, but it did cause abnormal (aberrant) nuclear morphology,

decreased cell proliferation and reduced cell growth (Amin et al. 2007). Fibrillarin has also
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been reported to stimulate HeLa cell growth, but high endogenous expression of a fibrillarin-
like EST in the optic lobe of female shrimp showed a negative correlation with body weight
(Tangprasittipap et al. 2010). This apparent difference in effect may result from the cell types
involved, given that HeLa cells are tumor cells while the shrimp cells were not

(Tangprasittipap et al. 2010).

7. Glyceradehyde-3-phosphate dehydrogenase

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a glycolytic enzyme that converts
glyceraldehyde-3-phosphate reversibly to 1,3-bisphosphoglycerate by coupling with the
reduction of NAD+ to NADH (Sirover 2011; Tristan et al. 2011). GAPDH was once
considered to be a simple housekeeping protein but has recently been shown to be involved in
many cellular processes in addition to glycolysis (Sirover 2011; Tristan et al. 2011). The
multifunctional role of GAPDH has also been expanded to include; DNA repair (Meyer-
Siegler et al. 1991), tRNA export (Singh & Green 1993), membrane fusion and transport
(Tisdale 2001), cytoskeletal dynamics (Kumagai & Sakai 1983), and cell death (Hara et al.
2005). While GAPDH is used commonly as a control gene for gene expression profiling
studies in crustaceans (Dhar et al. 2009), Wade et al. (2012) suggested that it should not be
used for normalization of gene expression in prawns because GAPDH showed a strong spike
in expression during the pre-moult stage in a colour adaptation response experiment. In L.
vannamei populations, SNPs were identified in the GAPDH gene and some showed potential
associations with weight gain, survival, and pathogen resistance (Ciobanu et al. 2010a). Such
diverse GAPDH functions may be important in complex interactions associated with growth,

disease and reproduction in crustacean species.

8. Growth hormone and insulin-like growth factor

The somatotrophic axis and transforming growth factor superfamily have been often targeted
as possible candidate genes because of their key physiological role in growth regulation,
development, metabolism, and lactation in model taxa (De Santis & Jerry 2007; Lucy 2008;
Duan et al. 2010). The somatotropic axis essentially consists of growth hormone-releasing
hormone (GHRH), growth hormone inhibiting hormone (GHIH or somatostatin), growth
hormone (GH), insulin-like growth factors (IGF-1 and -I1), and associated carrier proteins and
receptors. In general, the insulin signalling pathway can modulate uptake of glucose, fatty
acids and amino acids into adipose tissue, muscle and liver, and promotes storage of nutrients

in the form of glycogen, lipid and protein, respectively (Hwa & Rosenfeld 1999; Adam et al.
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2005). Evidence has accumulated that components of the IGF axis, IGFs, IGFRs, and a
superfamily of IGF binding proteins (IGFBPs), act together to control a number of crucial
biological processes including cellular growth, cell proliferation, cell differentiation, survival
from apoptosis and cell migration (Khandwala et al. 2000; Pollak et al. 2004). These
processes are related to tissue formation and remodelling, bone growth, brain development
and energy metabolism, which all ultimately influence organism size and affect individual
longevity. Together they are believed to stimulate anabolic processes including cell
proliferation, skeletal growth and protein synthesis (De Santis & Jerry 2007). The range and
roles of the many different IGFs and GFs, and their receptors in vertebrates have been
addressed extensively in a number of studies [See Hwa & Rosenfeld (1999), Adam et al.
(2005), Jiang et al. (2007), Ola et al. (2008), Kocour & Kohlmann (2011), and Mullen et al.
(2011)].

The action of GH is mediated by the transmembrane GH receptor (GHR) (Kopchick
& Andry 2000). Hence, GH and GHR genes have been considered as potential targets for
studies of genetic variation related to growth traits. GH effects on growth have been observed
in a number of livestock species (Gupta et al. 2009; Tahmoorespur et al. 2011; Zhang et al.
2011a; Zhao et al. 2011) and variation in GHR gene sequences have been associated with a
number of performance traits particularly in cattle (Viitala et al. 2006; Garrett et al. 2008;
Waters et al. 2010) including milk yield (Blott et al. 2003; Viitala et al. 2006), as well as feed
intake, feed conversation efficiency and body energy traits (Banos et al. 2008). The potential
effect of GH and GHR genes on growth traits have also been reported in fish (Tao &
Boulding 2003; Reinecke et al. 2005) with the majority of polymorphisms identified in
introns (De Santis & Jerry 2007).

While putative GH and GHR genes have been reported in crustaceans (Toullec & Van
Wormhoudt 1987), there is a lack of direct evidence for their role in promoting growth.
Subsequently, pratices that involve direct administration of vertebrate GH to promote
crustaceans’ growth have become commonplace (Arenal et al. 2008; Santiesteban et al. 2010).
Studies have shown that administration of vertebrate GH in crustaceans can promote growth
(Charmantier et al. 1989; Xu et al. 2000; Sun et al. 2005; Yazawa et al. 2005; Arenal et al.
2008). An investigation of enhancement of growth in L. vannammei using recombinant tilapia
GH showed that shrimp postlarvae treated with tilapia GH were 42.4% heavier and 5.2%
longer than controls (Santiesteban et al. 2010). This suggests the presence of GH receptor-
like proteins that recognise and mediate GH activity. While a number of ecdysteroidal

neuropeptides have been reported in crustaceans including MIH and CHH, to date little work
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has been done to explore their pathways or identity. Clearly much more work is needed to
elucidate these pathways and to identify gene homologues in crustaceans.

The insulin-like growth factor (IGF) system is a complex network of peptide
hormones (IGF1 and IGF2), cell surface receptors and circulating binding proteins. As a
promising candidate gene for marker-assisted selection of growth traits, IGF1 and IGF2 are
well documented in mammalian species and fish. Several genetic polymorphisms in the IGF1
gene associated with growth traits have been reported in chickens (Zhou et al. 2005; Bennett
et al. 2006), in swine (Estany et al. 2007; Hao et al. 2011),bovines (Curi et al. 2005; Mullen
et al. 2011) and in fish (Li et al. 2009). These studies have suggested strong additive genetic
control of IGF1, a gene that is regulated at both the transcriptional and translational level
(Wang et al. 2003; Mullen et al. 2011). There is also growing interest in the role(s) that IGF2,
a peptide hormone well known for its mitogenic activity that can stimulate cell growth and
differentiation in many tissues (Greene et al. 1997), plays in livestock and fish growth. A
series of studies in livestock and fish have shown that DNA sequence polymorphisms within
the IGF2 gene contribute to variation in complex production traits notably in muscle mass, fat
deposition, carcass traits, body weight, fertility, and survival traits in pigs (Van Laere et al.
2003; Hou et al. 2010), bovines (Sherman et al. 2008; Berkowicz et al. 2011), and in fish
(Juhua et al. 2010; Li et al. 2012).

Evidence for the GH and IGF axis has also accumulated in invertebrates that contain
peptides that share substantial sequence homologies and/or biological actions with
mammalian genes and presence of insulin, IGFs, IGFRs, and, IGFBPs. Single insulin binding
domain protein (SIBD) has been identified in invertebrates including in some crustacean
species (Garofalo 2002; Okuno et al. 2002; Wu & Brown 2006; Castellanos et al. 2008; Gai
et al. 2010). In a study that attempted to elucidate the functional significance of insulin-like
peptides in the white shrimp P. vannamei, juveniles injected with a single dose of
recombinant human IGF-1 or bovine insulin at the intermoult stage showed a significant
elevation in glucose and glycogen levels in the gills and hemolymph (Gutiérrez et al. 2007).
This study also suggested the presence of endogenous Penaeus insulin(s) that, just like their
vertebrate counterparts, were likely to be involved in regulation of carbohydrate metabolism.
Recently, a SIBD, assumed to be a member of the IGFB superfamily, was identified in a
haemocyte cDNA library from the shrimp L. vannamei and it was reported that it may be
involved in the shrimp immune response after bacterial challenge (Castellanos et al. 2008).
Another putative SIBD, associated with the endocrine and immune systems, has also been

identified at the mRNA level in Chinese mitten crab E. sinensis (Gai et al. 2010), while there
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is an interesting report of putative insulin-like peptides in androgenic gland (AG) of
crustaceans suggesting a possible role in controlling sex differentiation (Manor et al. 2007;
Ventura et al. 2011). A number of studies have indicated that AG can play an important role
in sexual differentiation, development of the appendix masculinae and secondary male sex
characteristics in crustaceans [See Manor et al. (2007), Ventura et al. (2009), Rosen et al.
(2010), Mareddy et al. (2011), and Ventura et al. (2011)]. Much more work will be required
to understand the effect(s) of IGFs on crustacean growth traits and to elucidate how insulin-
like peptides regulate sexual shifts (e.g. appropriate intervention) in crustaceans because
sexually dimorphic growth between genders has been reported in a wide array of
malacostracans (Gitterle et al. 2005; Buti¢ et al. 2010; Gopal et al. 2010).

9. Myostatin and growth differentiation factor 8/11

Myostatin (MSTN), also known as growth differentiation factor-8 (GDF-8), is a critical
autocrine/paracrine inhibitor of skeletal muscle growth and is a member of the transforming
growth factor-B (TGF-B) superfamily (McPherron et al. 1997). GDF-11 is also a closely
related member of this superfamily that is thought to have originated from a single ancestral
gene following gene duplication (Xu et al. 2003). In vertebrates, MSTN, principally controls
growth of muscle cells as a negative regulator of muscle development (MePherron et al.
1997), and GDF-11, regulates neurogenesis in the olfactory epithelium as well as
development of the axial skeleton (McPherron et al. 1999; Wu et al. 2003). Both are
inhibitors of specific cellular functions. Due to its important role, MSTN has become the best
known example of an economically important gene. It has been studied intensively and its
roles have been reviewed widely [See Lee (2004), Dominique & Gérard (2006), Rodgers &
Garikipati (2008), and Huang et al. (2011b)].

The importance of MSTN in regulating phenotypic growth was highlighted initially in
mice, where null mutations at the MSTN locus resulted in up to 30% faster growth rate
(McPherron et al. 1997). Interest in this molecule associated with growth differences has
since been extended to a number of other species. Investigation of MSTN developmental
expression in bovine skeletal muscle (Shibata et al. 2003) and its function in myogenesis and
adipogenesis showed MSTN expression to be involved directly with growth (Lin et al. 2002;
Joulia et al. 2003; Rebbapragada et al. 2003; Wagner et al. 2005). In cattle, null mutations
that are present naturally in the MSTN gene have been associated with the double-muscling
phenotype (McPherron & Lee 1997). A SNP identified in the inhibitory domain of propeptide

has also been associated with a moderate increase in silverside percentage, eye muscle area,
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and total meat percentage (Sellick et al. 2007). In chickens, positive correlations have been
observed between specific SNPs within the MSTN gene and production traits including
abdominal fat percentage, birth weight, breast muscle percentage and breast muscle weight
(Gu et al. 2004; Gill et al. 2009; Zhang et al. 2011b). Several mutations have also been
identified that may contribute to breast meat and abdominal fat percentage in ducks (Lu et al.
2011) and for growth and relative fat content in sheep (Kijas et al. 2007; Hickford et al.
2009). Although a specific role for MSTN in skeletal muscle is confined to mammalian
models, the major functions of MSTN, GDF-8, and GDF-11 in lower vertebrates including
fish are also conserved (Medeiros et al. 2009; Stinckens et al. 2010). In contrast to the pattern
in mammals where MSTN is primarily limited to skeletal muscle, MSTN occurs in many fish
tissues including muscle, brain, eye, stomach, skin, testis, ovary, kidney, intestine, gill, liver,
spleen, and heart (Pan et al. 2007; Ye et al. 2007; De Santis et al. 2008), with expression
levels varying with developmental stage (Delgado et al. 2008). Ubiquitous expression
suggests that functions of MSTN in fish could be diverse (De Santis et al. 2008; Nadjar-
Boger & Funkenstein 2011).

MSTN-like genes have also been identified in arthropods and molluscs and this has
prompted new investigations into their functions, in particular with regard to their ability to
regulate muscle growth in invertebrates. cDNAs encoding MSTN-like proteins have been
characterized from bay scallop, Argopecten irradians (Kim et al. 2004a), black land crab,
Gecarcinus lateralis (Covi et al. 2008), Chinese mitten crab, E. sinensis (Kim et al. 2009b),
and Morotoge shrimp, Pandalopsis japonica (Kim et al. 2010). These studies have indicated
that the MSTN gene has been conserved across evolution and that it may also play a major
role in muscle growth and development in invertebrates, as it does in mammals. Two non-
synonymous SNPs have been found in the MSTN gene in Japanese scallop (Chlamys farrei)
that showed significant associations with growth traits (Wang et al. 2010). In adult scallops,
MSTN is predominately expressed in striated muscle, with different expression levels
observed in other tissues, this result suggests that the function of MSTN may not only be
restricted to muscle growth and development, but that it may also be involved in other
developmental and physiological processes (Hu et al. 2010). Since MSTN is a relatively
specialized member of a diverse group of cytokines (the TGF-p superfamily), that are
involved in developmental patterning, organogenesis and tissue homeostasis (Tsuchida et al.
2006), MSTN’s major role(s) in crustaceans will need to be more carefully considered with
regard to the moulting event because skeletal muscle in crustaceans is highly plastic and is

able to undergo dramatic remodelling during development and growth (Mykles 1997). Recent
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studies in land crab and American lobster demonstrated that MSTN turnover has roles to play
in muscle atrophy during moulting where it remodels the contractile apparatus (Covi et al.
2008; MacLea et al. 2010). In a giant tiger shrimp (P. monodon), reduced levels of MSTN
and GDF-11 transcripts resulted in a dramatic slowing of growth rate compared with control
groups (De Santis et al. 2011). Unlike in vertebrates where MSTN and GDF-11 show
negative regulation of growth, expression of these two genes may regulate growth positively
in crustaceans (De Santis et al. 2011). Hence, further characterisation of MSTN and GDF
genes in crustaceans could provide valuable gene targets for application in future stock

improvement programs.

10. Signal transducer and activator of transcription

The Janus kinase (Jak) signal transducer and activator of transcription (STAT) pathway is
one of the main signalling pathways in eukaryotic cells (Dearolf 1999; Hou et al. 2002;
Arbouzova & Zeidler 2006). This pathway is used in a variety of growth and developmental
processes in multiple tissues to control cell; proliferation, differentiation, survival, and
apoptosis (Luo & Dearolf 2001; Hou et al. 2002; Arbouzova & Zeidler 2006). Seven STAT
proteins (STAT1-4, 5A, 5B, and 6) have been identified in mammals (Li 2008) but to date,
only a single STAT gene has been found in invertebrates (Barillas-Mury et al. 1999; Chen et
al. 2008). In crustaceans STAT sequences have been cloned from both P. monodon and F.
chinensis (Chen et al. 2008; Sun et al. 2011a).

Evidence is also mounting for a role of the Jak/STAT pathway in antiviral immunity
in crustaceans and insects, (Luo & Dearolf 2001; Agaisse & Perrimon 2004; Chen et al.
2008; Flegel & Sritunyalucksana 2011) as well as during embryonic development (Cheng et
al. 2010) and eye development (Wang & Huang 2010). One study attempted to find SNPs in
the STAT gene from Pacific white shrimp that were associated with individual body weight.
Studied animals, however, were all homozygous, so potentially larger and more diverse

populations may need to be examined to confirm a functional role (Martin-Marti et al. 2010).

11. Secreted protein acidic and rich in cysteine

Secreted protein acidic and rich in cysteine (SPARC), also known as osteonectin or basement
membrane protein 40 (BM40), is a collagen-binding, counter-adhesive protein belonging to
the matricellular group of proteins (McCurdy et al. 2010). SPARC is conserved in a wide
variety of evolutionarily diverse organisms, suggesting a fundamental role for SPARC in
multicellular organisms (Bradshaw & Sage 2001; Tanaka et al. 2001; Rotllant et al. 2008;
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Bradshaw 2009; McCurdy et al. 2010). SPARC participates in a wide range of biological
processes (development, tissue repair, and tissue remodelling) and several physiological
functions (assembly and organization of extracellular matrix, modulating multiple
intracellular signalling pathways, cell migration, adhesion, proliferation and differentiation)
and has been reviewed extensively [See Termine et al. (1981), Sage & Bornstein (1991),
Bradshaw & Sage (2001), Murphy-Ulirich (2001), Motamed et al. (2003), Bornstein (2009),
Bradshaw (2009), and Chlenski & Cohn (2010)]. In SPARC-deficient mammals, there is a
failure to generate a robust fibrotic response to a number of different stimuli (Bradshaw
2009). The infarct scar formed in SPARC-null mice exhibited a higher incidence of immature
collagen fibres than did scars from wildtype mice suggesting SPARC was associated with
collagen concentration, muscle stiffness and cell proliferation (Bradshaw et al. 2009; Harris
et al. 2011). In crustaceans, comparisons of different size variants in shrimp showed a higher
expression of SPARC-like mRNA in the optic lobe of small compared with large individuals.
A statistically significant negative correlation was evident with shrimp body weight after RT-
PCR expression analysis (Tangprasittipap et al. 2010). A possible physiological role for
exogenous SPARC is as a modulator of cell shape, and as an inhibitor of cell adhesion and
spreading (Sage et al. 1989; Lane & Sage 1990) in cell cycle progression and high expression
of a SPARC-like EST in small shrimp individuals could inhibit cell progression from the G1
to the S stage (Tangprasittipap et al. 2010). This hypothesis is consistent with previous
reports in model species (Funk & Sage 1991; Barker et al. 2005). Therefore, understanding
the precise mechanisms that govern SPARC activity in extracellular matrix formation via
modulation receptor binding may provide novel and exciting ways of better understanding

gene regulation of growth in crustaceans.

12. Translin-associated factor X

Translin and its binding partner protein, translinassociated factor-X (TRAX), are components
of an evolutionarily conserved RNA binding complex, which has been implicated in a broad
spectrum of biological activities including cell growth regulation, mRNA processing,
spermatogenesis, neuronal development/function, genome stability regulation and
carcinogenesis (Li et al. 2008; Jaendling & McFarlane 2010). Furthermore, translin (with or
without TRAX) has nucleic-acid-binding activity and it is apparent that control of nucleic
acid metabolism and distribution are central biological roles for this protein and its partner
TRAX (Jaendling & McFarlane 2010). Schréer et al. (2007) suggested that TRAX may be a

molecular switch for growth-associated protein (GAP)-43 that controls axonal regeneration in
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rats. In L. vannamei populations, haplotype SNPs were located in TRAX and they showed

some associations with weight gain, survival, and pathogen resistance (Ciobanu et al. 2010a).

CANDIATE GROWTH GENES EFFECT ON MOULTING

Neuropeptides are the largest and most diverse group of endocrine signalling molecules
present in the crustacean nervous system (Lago-Leston et al. 2007). Signalling peptides are
critical for initiation and regulation of a diverse array of physiological processes including
feeding, reproduction and development (Schwartz et al. 2000; Sweedler et al. 2002). In
crustaceans, periodic shedding of the exoskeleton is one of the most important physiological
processes essential for crustacean growth and postembryonic development including
moulting and regeneration. This event is induced by synthesis of ecdysteroids (Skinner 1985;
Lachaise et al. 1993). Although the functions of many of the hormones and genes involved in
this process are still not well defined, ecdysteroids are believed to be produced by paired Y-
organs (YO) in crustaceans. YOs are ectodermally-derived endocrine glands located in the
cephalothorax (Skinner 1985; Lachaise et al. 1993). They are negatively regulated by two
neuropeptides; moult-inhibiting hormone (MIH) and crustacean hyperglycaemic hormone
(CHH) that are produced in the X-organ sinus gland complex (XOSG) located in the optic
ganglia of the eyestalk (Skinner 1985; Lachaise et al. 1993). A number of physiological
processes in crustaceans are known to be regulated by diverse neuropeptides synthesized by
the XOSG (De Kleijn & Van Herp 1995). A number of excellent reviews of crustacean
neuroendocrinology, ecdysteroids, MIH, and CHH describe regulation of moulting [See
Chang et al. (2001), Covi et al. (2009), Nakatsuji et al. (2009), Chang & Mykles (2011),
Hopkins (2012), and Webster et al. (2012)]. While a large number of hormones and genes are
known to be involved in crustacean moulting events, here we will confine the discussion to
aspects of putative crustacean growth genes involved in moulting and later we will briefly
address candidate genes in relation to muscle development and/or muscle degradation during

moulting.

13. Actin

Actins are highly conserved structural proteins that are expressed ubiquitously in eukaryotic
cells. They constitute the most abundant proteins in a cell and comprise up to 10% of all

cellular protein and they play key roles in a number of cellular functions in the organism
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including muscle contraction, cell motility, cell division and cytokinesis, vesicle and
organelle movement, cell signaling, establishment and maintenance of cell junctions and cell
shape, and phagocytosis (Pollard & Cooper, 1986; De Loof et al. 1996; Cadoret et al. 1999).
Actin filaments provide strength, connections to other cells and the extracellular matrix, paths
for intracellular transport, and act as a scaffold for generating force (De Loof et al. 1996;
Sutherland & Witke 1999). Actins comprise a multigene family with diverse genomic
organization and expression patterns that vary with species, tissue, and developmental stage
(Hooper & Thuma 2005). They have been categorized broadly into two classes according to
their N-terminal sequences and specific tissue distributions that are referred to as either
cytoplasmic or muscle actins (Hightower & Meagher 1986; Herman 1993). Most actins in
invertebrates and plants belong to the cytoplasmic group (Zhu et al. 2005). To date, more
than 20 actins have been identified in crustaceans (crabs, crayfish, lobsters, prawns, and
shrimp) (Macias & Sastre 1990; Varadaraj et al. 1996; Zhu et al. 2005; Sun et al. 2007; Kim
et al. 2009a). In a recent SNP association analysis study, four synonymous polymorphisms
were identified in an actin fragment but SNP allele distributions were not related significantly
to individual growth performance in the two studied groups of giant freshwater prawn M.
rosenbergii (Thanh et al. 2010). As evidence for a role for actin in muscle build-up during the
moult cycle in crustaceans, Cesar and Yang (2007) reported that muscle structural a-actin and
cytoskeletal B-actin increased during the intermoult and premoult stages, a phase where high
muscle growth occurred in the abdominal muscle of L. vannamei. Since crustacean muscle
protein synthesis and degradation is modulated during each moult cycle, further studies will
be required to investigate regulation of structural and regulatory proteins in the muscles of

crustaceans.

14. Crustacean hyperglycaemic hormone

CHH belongs to a peptide family, the CHH family, which also includes MIH, mandibular
organ-inhibiting hormone (MOIH), gonad/vitellogenesis-inhibiting hormone (G/VIH), and
insect ion transport peptide (ITP) (Chang 2001; Chen et al. 2005). CHH, is one of a unique
group of neuropeptides in arthropods and is the most abundant neuroendocrine, synthesized
by the X-organ (XO) and is stored in the sinus gland (SG) prior to being released directly into
the hemolymph (Bocking et al. 2002; Fanjul-Moles 2006). A number of studies have
indicated that moulting and reproduction in crustaceans is regulated by the eyestalk derived

CHH gene family which is one of the major groups of peptide hormones produced in the
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XOSG and a wide range of biochemical, functional, structural, and evolutionary aspects of
the CHH family have been discussed and reviewed [See Fanjul-Moles (2006), Chung et al.
(2010), Montagné et al. (2010), Chang & Mykles (2011), Hopkins (2012), and Webster et al.
(2012)]. CHH is involved primarily in regulation of glucose levels in the hemolymph, as well
as in metabolism of carbohydrates and lipids. In addition, it has a major role in moulting (De
Kleijn & Van Herp 1995), reproduction (De Kleijn & Van Herp 1998), and osmoregulation
(Serrano et al. 2003). In a study that assessed correlations between SNPs in the CHH gene
with individual growth performance in giant freshwater prawn M. rosenbergii, four intronic
SNPs showed positive associations with three growth traits (body weight, carapace length,
and standard length) (Thanh et al. 2010). A second haplotype-trait association analysis
confirmed that the four SNPs were in linkage disequilibrium, and that a single haplotype
showed a significant association with fast growth (Thanh et al. 2010). CHH gene has high
potential to impact body weight variation in crustaceans and should, therefore, be considered

as a primary gene of interest in growth studies.

15. Eyestalk factors

Eyestalks in crustaceans contain neurosecretory cells that have been considered to be
involved in regulation of moulting, and this structure can affect ecdysteroid secretion from
the YO (Hopkins 2012). Since moulting is directly related to muscle development and growth
in crustaceans, experimental approaches have been trialled to affect growth rate and eyestalk
ablation appears to be the most effective way of influencing moulting and growth because it
affects the endocrine system directly (Chen et al. 1995). Several studies have also shown that
eyestalk factors (removal of eyestalk) can impact individual growth rates (Chen et al. 1995;
Venkitraman et al. 2004; Allayie et al. 2011). Other studies have reported that eyestalk
ablation can also be used to shorten the moult interval and to stimulate gonad development in
crustaceans (Okumura & Katsumi 2001; Venkitraman et al. 2004). Applying bilateral
eyestalk ablation, however, should be approached cautiously since it can cause mortality
(Chen et al. 1993; Chen et al. 1995), and is not considered realistic at an industrial scale.
Characterisation of the gene products expressed within the eyestalk, however, may yield

important gene candidates for future studies.
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16. Moult inhibiting hormone

MIH is an important regulator of steroidogenesis in the YO, and this hormone is produced by
neurosecretory cell somata located at the medulla terminalis of the XO in the eyestalks and
MIG is transported to the neurohemal SG, after which it is released into the hemolymph
(Skinner 1985; Lachaise et al. 1993; Watson et al. 2001). MIH is responsible for maintaining
animals in the intermoult stage, while both MIH and CHH are involved in regulation of the
length of the intermoult period (Gu et al. 2000; Gu et al. 2002; Yodmuang et al. 2004).

SNPs have been identified in MIH genes (MIH1 & MIG2) in penaeid prawns (Yu et
al. 2006; Li et al. 2011b), and in a study designed to assess the correlation between SNPs in
MIH genes with individual growth performance in white shrimp L. vannamei, two exonic
SNPs were reported and a SNP in MIH exon-1 showed significant association with body
weight (Li et al. 2011b). Analysis of larger populations would be useful to estimate more
precisely the effect of individual SNPs on production traits in P. monodon. Apart from
growth performance, MIH has also been identified as a key endocrine regulator that co-
ordinates moulting and reproduction in mature female blue crab C. sapidus. MIH in blue crab
inhibits moult and stimulates vitellogenesis simultaneously (Zmora et al. 2009a). MIH can
also regulate vitellogenesis and this is associated with appearance of MIH specific membrane
binding sites in the hepatopancreas after the pubertal/final moult (Zmora et al. 2009b).
Therefore, mutations in the MIH gene are prime targets as candidate genes that impact

growth performance and reproduction in crustaceans.

CANDIDATE MUSCLE BUILD-UP OR DEGRADATION GENES INVOLVED IN
MOULTING

Crustacean muscle growth is not continuous and is strongly influenced by the moulting cycle.
During the moult, muscles regenerate, and energy reserves including glycogen and lipids are
accumulated in the hemolymph and the midgut for the next moult (Devaraj & Natarajan
2006; Kuballa & Elizur 2007). Overall muscle protein synthesis is very important for growth,
reproduction and other metabolic activities in crustaceans. Recent studies of invertebrates
have highlighted the importance of muscle specific genes and proteins in crustaceans (Hooper

& Thuma 2005; Hooper et al. 2008; Jung et al. 2011). While several genes and hormones are
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actually involved in a complex moulting process, here we will focus on genes related to

muscle build-up or degradation during the moulting event.

17. Methyl farnesoate and farneosoic acid O-methyltransferase

Methyl farnesoate (MF), the immediate precursor of insect juvenile hormone HI (JHIII), is a
sesquiterpenoid that is synthesised in the crustacean mandibular organ (MO) (Tamone et al.
1997). MF potentially regulates juvenile characteristics in crustaceans in a manner similar to
JHIII in insects (Borst et al. 1987; Laufer et al. 1987; Borst et al. 2001; Burtenshaw et al.
2008). Recent studies have suggested that sequiterpenoid compounds may serve an
evolutionarily conserved role as regulators or modulators of moulting, reproduction, larval
development, growth, morphogenesis, behaviour, osmotic stress, and general protein
synthesis in crustaceans (Nagaraju 2007; Li et al. 2010; Tiu et al. 2012). Recent articles by
Williamson et al. (2001), Holford et al. (2004), and Kuballa et al. (2007) provide detailed
information regarding this biochemical pathway. Widespread activity of farnesoic acid O-
methyltransferase (FAMeT) suggests that it may have a broad spectrum of action in many
tissues that contribute to the function and regulation of MF synthesis in crustaceans (Silva
Gunawardene et al. 2003). The potential role of MF and FAMeT as a morphogen has been
studied in several crustacean species. When MF was administered to M. rosenbergii, higher
MF levels caused earlier retardation of late larval growth, and at the highest dose provided, it
retarded larval development and affected patterns of metamorphosis (Abdu et al. 1998). In
addition, MF and ecdysteroids have been shown to play a role in controlling morphogenesis
in allometric growth in spider crab, Libinia emarginata (Laufer et al. 2002). As further
evidence for a role for FAMeT in growth and moulting, it was found to be highly up-
regulated in the intermoult stage during the moult cycle in blue swimmer crab, P. pelagicus
(Kuballa & Elizur 2007). In addition, RNA interference (RNAI) studies indicate that shrimps
injected with double stranded RNA (dsRNA) for FAMeT knock-down, did not advance to the
final stage of the moult cycle and showed 100% mortality while control shrimps completed
their moult (Hui et al. 2008). Furthermore, expression of moult-related genes encoding
cathepsin-L and the hemocyanin gene were disrupted (Hui et al. 2008). While to date no
studies have attempted to associate genetic variation in these genes with economically-

important traits including growth, these genes represent important targets for future study.
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18. Heat shock proteins

Heat shock proteins (HSPs) are ubiquitous and are the most abundant and highly conserved
multigene superfamily found in all organisms (Kregel 2002). HSPs have received great
attention for their roles in protein chaperoning (Gusev et al. 2005; Mayer & Bukau 2005),
developmental processes (Christians et al. 2003) and tolerance mechanisms to chemical,
physical and pathophysiological stress (Macario & Conway de Macario 2007; Rinehart et al.
2007). A variety of HSP forms are also involved in many essential cellular functions,
including metabolism, growth, differentiation and programmed cell death (Ranford et al.
2000; Christians et al. 2003; Multhoff 2006). In crustaceans, a number of studies of HSP60
and HSP70 have been conducted in relation to innate immune responses and environmental
stress (Rungrassamee et al. 2010; Zhou et al. 2010; Huang et al. 2011a). As evidence for
their involvement in crustacean muscle atrophy, heat shock cognate 70 (HSC70) and HSP90
MRNA levels were significantly induced in the premoult relative to the intermoult phase in
American lobster claw muscle (Spees et al. 2003). In a study of the marine shrimp L.
vannamei, muscle atrophic protein HSP70 expression levels were not significantly changed
during the premoult stages, suggesting that muscle protein degradation was reduced in
abdominal muscle over the moult cycle, a stage that is typically associated with claw muscle
degradation (Cesar & Yang 2007).

19. Myosin heavy chain

Myosins are a major component of the contractile apparatus and consist of two heavy and
four associated light chains (Harrington & Rogers 1984). As a large superfamily of proteins,
myosins share a common domain that has been shown to interact with actin, to hydrolyze
ATP and to produce movement including the ability of muscle to develop and maintain force
(Gauvry et al. 1997; Mermall et al. 1998; Sellers 2000). Myosin isoforms are expressed
ubiquitously in all eukaryotic cells and are the most abundant contractile protein present in
skeletal muscle (Denardi et al. 1993; Jung et al. 1998). Basic skeletal muscle fibre types that
power locomotion differ significantly in their contractile properties (Perry et al. 2009),
largely because of the differences in myofibrillar protein isoforms present among the various
fibres (Schiaffino & Reggiani 1996). Using a similar approach, crustacean muscles have been
grouped based on their structural criteria, ATPase histochemistry and the specific assemblage

of myofibrillar isoforms present in a particular fibre type (Silverman et al. 1987; Mykles
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1988, 1997; LaFramboisea et al. 2000). As a consequence, crustacean muscles can be
classified as fast, slow twitch or phasic (S;), or slow tonic (S;) muscle types. More detailed
information about biochemical features of crustacean muscle fibres are provided by
Silverman et al. (1987), Neil et al. (1993), Mykles (1997), and Medler et al. (2007a, b).

MHC isoforms have received more attention than other myofibrillar proteins, as
differences in shortening velocity are directly correlated with rate of ATP hydrolysis by the
myosin head (Schiaffino & Reggiani 1996). As such, this type of MHC is considered to be
the primary determinant of contractile properties among different muscle types (Schiaffino &
Reggiani 1996). Morphological changes and biochemical composition of abdominal and
skeletal muscles in crustaceans over the moult cycle have been observed and expression of
actin and myosin transcripts suggest that muscle fibres are rearranged as part of various moult
stages (Medler & Mykles 2003; De Oliveira Cesar et al. 2006). In addition, during
myogenesis in particular, MHC binds strongly to muscle precursor cells in the thoracic limbs
of American lobster (Harzsch & Kreissl 2010) and in isopods (Kreissl et al. 2008). This
results in muscle development in crayfish (Jirikowski et al. 2010). If differences in weight
and size are related to production of muscle tissue, it is likely that myosin will be one of the
genes expressed (Kamimura et al. 2008). In south-western Atlantic pink shrimp
Farfantepenaeus paulensis, higher MHC expression was observed in a high weight shrimp
group a result that identified MHC as a possible growth candidate gene (Kamimura et al.
2008).

20. Ubiquitin

Ubiquitins (Ubs) are highly conserved proteins that are distributed widely in eukaryotic cells
and that are linked to a vast range of proteins (Ciechanover 1998; Yamao 1999). Ubs are
normally ligated to other proteins in the cell as a monomer or polymer to regulate their
activity and/or entry into proteasomal and other degradation pathways (Welchman et al.
2005). Selective protein degradation is mainly carried out by the Ub system that plays
important roles in many cellular functions, including immune regulation, cell cycle control,
signal transduction, chromatin remodelling, membrane trafficking, transcriptional regulation,
the nuclear transport process, and membrane receptor control by endocytosis (Pickart et al.
2004; Bai et al. 2007; Dantuma et al. 2006; Patterson, 2006; Mabb & Ehlers 2010). As has
been reported for mammalian skeletal muscle where increased Ub expression occurs during

muscle atrophy (Fang et al. 2000), they have also been observed in crustaceans during muscle
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atrophy associated with the moulting event. Shean and Mykles (1995) reported that Ub
expression levels were elevated in lobster premoult claw muscle but this phenomenon was
absent in lobster and shrimp abdominal muscles where premoult atrophy is not significant
(Koenders et al. 2002; Cesar & Yang 2007). Minor variation in total wet weight, total soluble
proteins, and myofibrillar were also observed in cross sections of abdominal muscle during
the premoult stages (Ceasar & Yang 2007). According to Mykles (1997), degradation of
myofilaments does not occur in walking leg muscles and lobster abdominal muscle once
muscles have fitted through their designated openings in the exoskeleton. Increased Ub
MRNA in atrophic muscle in lobster and land crab large claws could suggest that additional
Ub is required for muscle protein degradation (Koenders et al. 2002). Polyubiquitin mRNA
levels in claw muscle were also elevated in premoult individuals compared with intermoult
individuals and were significantly elevated relative to premoult abdominal muscle in lobster
(Spees et al. 2003). Ubiquitination has also been shown to play a role in muscle-specific
adult-stage abdominal atrophy in an insect, where selective repression of actin and MHC

genes also occurs (Haas et al. 1995).

CANDIDATE GENES INDENTIFIED IN LIVESTOCK THAT ARE ALSO PRESENT
IN CRUSTACEANS

Genetic improvement of livestock has been practiced for centuries to improve production
efficiency and more recently genomic and proteomic approaches have been trialled. While
new ‘-omic’ technologies can be applied to a wide range of species, to date application has
been confined to relatively few species because of limited available genome information.
Crustacean species currently fall into this group. Therefore, many putative genes, hormones
and enzymes that affect growth in livestock may have homologues in crustaceans and so may
be important candidates for study. Recently a transcriptome dataset was generated for M.
rosenbergii using 454 GS-FLX (Jung et al. 2011). After this a comparative genomic
approach was applied to identifying putative candidate genes in M. rosenbergii based on
genomic data from livestock. Selected putative genes identified in M. rosenbergii are
summarized in Table 4. There are a number of noteworthy gene candidates in this list
including calpain and TGF-B receptors. In addition to selected genes, physiologically and
functionally important genes can be explored in more detail by applying a reliable
comparative genomic framework. Some genes have been conserved through evolution from

bacteria to humans but some have evolved differently and have unique biological functions.
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In the case of crustaceans, genomic comparisons with insect genomic resources (e.g.
tribolium, honeybee, pea aphid, and drosophila) are likely to be extremely useful for
identifying candidate gene loci in crustaceans because a number of reviews have
demonstrated close genetic relationships based on large-scale molecular and morphological
datasets (Giribet & Edgecombe 2011; Von Reumont et al. 2012).

CONCLUSIONS

It is obvious that aquaculture must play a major role in the future in addressing increasing
demand for aquatic protein given an uncertain future for wild fisheries. Genetic improvement
of production species has already proven to be an important technology for addressing the
global food crisis, but its role in aquaculture has to date been hampered by the limited genetic
and genomic data available for many important production species. Recent technological
advances in NGSs and bioinformatics have provided a major opportunity to understand the
molecular basis of phenotypic variation in living species. With the growing analytical power

of NSGs, the 1000 Genome Project (http://www.1000genomes.org/) has opened a new era of

‘-omics’ for discovering target genes and functional mutations, and this will be further
accelerated by the recent announcement of the 5000 Insect Genome Project

(http://www.arthropodgenomes.org/wiki/i5k). These significant developments will also

impact on crustacean biology, where progress has lagged behind that of many other groups
(notably mammals).

While a small number of candidate genes have already been identified in crustacean
species that affect growth, reproduction and immunity, information is still insufficient to
apply it directly to MAS breeding programs. The question remains where we should search
for candidate genes and which genes we should focus on to address MAS goals in crustacean
species. Here we argue that one option is to identify candidate genes in crustaceans and other
arthropod species that have been identified previously to have roles in growth and muscle
development in other taxa. This can provide a platform for studying phenotypic variation
because genes identified in related species via conservation through evolution often play
similar or related roles in other target species. The second approach is to search for genes,
hormones and enzymes that may be involved in unique physiological phenomena. In the case
of crustaceans, moulting is a unique physiological event and is essential for normal growth,
metamorphosis and reproduction. Identifying and understanding genes related to moult cycles
and ones that affect individual growth responses will be a key development because it can
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connect the physiological interactions of periodical growth and muscle development and
degradation. The third approach is to search for homologous and/or orthologous sequences
that have been identified as candidate genes affecting important growth phenotypes in public
databases. A comparative genomic framework using data on insects and/or livestock species
can provide a platform for rapidly targeting critical genes where little information is available
currently for crustacean species. It will also be important to examine the roles of a number of
different candidate genes because most growth related phenotypes are complex traits that

commonly result from multi-gene, epistatic interactions.

The review work described here was undertaken employing these four principal
search strategies. While many more putative genes involved in growth rate phenotypes are
likely to be identified in the future, genes listed in this review including; 5-HT, Actin, o-
AMY, CatL, CHH, Cyps, FABPs, GAPDH, HSPs, MF, MIH, MSTN, MYC, STAT, SPARC,
and TRAX should be considered as primary targets for genes affecting growth phenotypes in
crustacean species. While it would be impossible to cover all genes, hormones or enzymes
that are likely to affect growth in crustacean species, the data presented in the current review
can provide a foundation for new growth studies in crustaceans and NGS technological
developments are likely to enhance the rate at which new genes are identified.
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TABLES and FIGURES

Table 1. Representation of crustacean species in the public databases (at 31/07/12) over 2000

ESTs.

Genus name Number of ESTs  Number of sequence Number of whole
read archive (SRA)  genome sequences

Daphnia 174,436 0 2

Eriocheir 17,080 0 0

Euphausia 6,956 1 1

Fenneropenaeus 11,278 0 1

Homarus 51,910 0 0

Litopenaeus 163,387 2 1

Macrobrachium 12,935 2 0

Marsupenaeus 3,843 0 0

Panulirus 2,744 0 0

Penaeus 52,234 0 0

Petrolisthes 97,806 0 U

Portunus 14,506 0 U

Scylla 3,892 0 0

“Unpublished data deposited in GenBank.
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Table 2. Genomics resources available since 2008 for commercially important crustaceans.

Order Species Tissue Targeting Study Genomic Total # of Reference
) approaches® data types® ESTs

(Common name) library

Cladocera Daphnia pulex Whole genome Ecoresponsive T,N E, G 1,554,564 Colbourne et al.

genome 2011

(Water flea)

Decapoda Eriocheir sinensis Hepatopancreas Digestive & immune T E 3,297 Jiang et al. 2009a
(Chinese mitten crab)
E. sinensis Hepatopancreas &  Nutrition & T E 6,287 Jiang et al. 2009b

Testis reproduction

E. sinensis Haemocyte Immune T E 7,535 Gai et al. 2009
E. sinensis Haemocyte Immune T E 3,041 Zhao et al. 2009
E. sinensis Testis Reproduction T E 2,990 Zhang et al. 2011c
E. sinensis Haemocyte Immune N E, M 28,348,633 QOu et al. 2012
Portunus trituberculatus Gill Salinity adaptation T E 4,433 Xu et al. 2010
(Swimming crab)
Scylla paramamosain Testis and ovary Reproduction T E 5,169 Zou et al. 2011
(Mud crab)
Petrolisthes cinctipes Heart, gill, nerve, Thermal adaptation T E 122,495 Tagmount et al.

(Porcelain Crab)

muscle, whole crab

& climate change

2010
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Procambarus clarkia Haemocyte Immune 9,115 Shi et al. 2010

(Red swamp crayfish)

Cherax quadricarinatus Haematopoietic Immune 2,123 Liuetal. 2011

tissue
(Redclaw crayfish)
Panulirus japonicas Phyllosoma & Immune 2,673 Pisuttharachai et al.
i haemocyte 2009

(Japanese spiny lobster)

Fenneropenaeus chinensis Cephalothorax Growth 10,446 Xiang et al. 2008

(Fleshy prawn)

Macrobrachium nipponense ~ Ovary Reproduction 3,256 Wau et al. 2009

(Oriental rive prawn)

M. rosenbergii Muscle, ovary, Growth & 787,731 Jung et al. 2011

) testis reproduction
(Giant freshwater prawn)
Penaeus monodon Testis Reproduction 4,803 Wongsurawat et al.
. . 2010

(Black tiger shrimp)

Penaeid shrimps Multi libraries Recombined 270,000 Leekitcharoenphon
available ESTs & et al. 2010
cDNAs

Penaeid shrimps Multi libraries Recombined 200,000 Leuetal. 2011
available ESTs &
cDNAs

Pandalus latirostris Ovary Reproduction 181,947,878 Kawahara-Miki et
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(Hokkai shrimp) al. 201

Euphausiacea  Eupaausia superb Whole krill Stress N E 699,248 Clark et al. 2011

(Antarctic krill)

®For study approaches: T, traditional approaches including suppression subtractive hybridization (SSH) and cloning; N, next generation
sequencing (Illumina, lonTorrent, Roche, SOLID)

PFor genomic data types: E, EST libraries including cDNAs and transcriptome; G, nuclear genome; M, microRNA.
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Figure 1. Simplified diagram describing gene networks. Environmental factors can be from
inner or outer cells. Green dot box represents cell boundary. Small circles indicate individual
gene and solid black lines in each blue box indicate epistatic gene-gene interactions, direct
and/or indirect for each function. Black dot box indicates direct and/or indirect interactions of

gene networks including pleiotropic interactions.
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Table 3. DNA variants and their relationships in candidate loci involved in regulation of growth in crustaceans.

Gene name (symbol) Species

DNA variant

Effect on trait

Reference

5-Hydroxytryptamine L. vannamei

Exon2_A88G (Syn)

Tended to be associated with increased

Marti et al. 2010.

receptor (5HT1R) Exon2_C109T (Syn) (Trend) body weight
Exon2_C395G (Syn) (Trend)
Exon2_C398G (Syn)
Actin M. rosenbergii All synonymous All synonymous so no further statistic Thanh et al. 2010.

analysis made.

Alpha-amylase (AMY2) L. vannamei Intron2_G351A Suggested no significant association Glenn et al. 2005.
P. monodon within studied populations

Cathepsin-L (CTSL) L. vannamei Intron3_G178C Tended to be associated with higher body  Glenn et al. 2005.
P. monodon Intron3_C681G (Trend) weight in one population.

Crustaean hyperglycemic
hormone (CHH)

M. rosenbergii

IntronCHH3_G2402T (All three traits)
IntronCHH3_G2561A (All three traits)
IntronCHH3_G2407A (Body weight)
IntronCHH3_G2409A (Body weight)

Four intronic SNPs were associated
significantly with growth traits (body
weight, carapace length, standard length).
Four SNPs were in LD, and haplotype
TGAA had significant associations with
high growth.

Thanh et al. 2010.

L. vannamei CHH Intronl_A153G Suggested no significant effect on body Yu et al. 2006.
CHH Exonl_G59A (Non-Syn) weight within studied populations.
Molt-inhibiting hormone L. vannamei Exonl_A171G (Syn) Significant association with growth traits ~ Li et al. 2011b.

(MIH)

Exon_T480G (Syn)

(body weight) in MIH Exonl (A171G)
SNP but not in Exon2 (T480G) SNP.
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Signal transducer and L. vannamei Intron12_A165G All homozygous so no further association  Marti et al. 2010.

activator of transcription studies conducted.

(STAT)

Unnamed genes L. vannamei 'SYG48, 239, 273, 329, 379, 486 Significant and suggested association with  Ciobanu et al.
; weekly gain, grow-out survival, and 2010a
SYG416, 510 pathogen resistance.

TEST-SNP IDs from single marker association analysis. No further annotation is available due to unknown genes.

*EST-SNP IDs from haplotype association analysis. No further annotation is available due to unknown genes.
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Table 4. Summary of association studies between growth and candidate gene polymorphisms in livestock.

Gene name Common name  General functions Polymorphisms and growth Putative genes Crustacean
(symbol) (reference) association species
(crustacean species) reference
Ankyrin Pig (Sun et al. ANK, a family of adapter molecules ANKRD2 SNP showed significant ANK repeat and mynd domain- Jung et al.
repeat domain  2011b) mediating linkages between integral association with growth and carcass containing protein2, ANKRD11, 2011
2 (ANKRD?2) membrane and cytoskeletal proteins traits (porcine loin depth and meat ANKRD-containing proteinl2, 17
firmness). (M. rosenbergii)
Muscle ankyrin repeat proteins (MARPS)
family, essential for cardiogenesis and
cardiac hypertrophy (CARP), skeletal
muscular Stretch and development AN K'Ilke gene _(EriOCheil' L| et a.I. 2009
(ANKRD2/ARPP) and during recovery japonica sinensis)
following starvation (DARP).
Calcitonin Pig (Alexander  Involved in regulating calcium CALCR SNP showed bone integrity CALCR, Calcitonin gene-related  Jung et al.
receptor et al. 2010) and its response to dietary P restriction.  peptide type 1 receptor (M. 2011
(CALCR) homeostasis and osteoclast-mediated rosenbergii)
bone resorption.
Cattle (Magee et CALCR SNPs were associated with Calcitonin-like (Callinectes Cameron &
al. 2010) milk traits and body condition scores. sapidus) Thomas 1992
One SNP in CALCR was negatively
associated with calving interval. Calcitonin gene-related peptide Arlot-
(Nephrops norvegicus) Bonnemains et
al. 1991
Calpain Beef (Allais et An important protease that hydrolyzes p-Calpain (CAPN1) SNP had a Muscle-specific calpain, CAPNb,  Jung et al.
(CAPN) al. 2011) proteins in myofibrils significant effect on shear force and ¢, t, 5, 7 (M. rosenbergii) 2011
meat tenderness.
Beef (Hou et al. CAPN1 SNPs were significantly Calpain-like protease (N. Gornik et al.
2011) Involved in meat tenderness. related with marbling and meat norvegicus) 2010
tenderness.
Chicken (Zhang Calpain3 (CAPN3) SNPs showed Muscle-specific calpain Medler et al.
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et al. 2009) Involved in muscle growth and significant associations with body (Homarus americnus) 2007
development as proenzymes that are weight, carcass weight, breast weight,
regulated by Ca2" binding and and leg muscle weight. CAPNb, m, t (Gecarcinus Kimet al.
autoproteolytic modification lateralis) 2005
High mobility  Pig (Makgahlela Involved in changing of DNA structure Associations between high mobility HMG, HMG2-like, HMG non- Jung et al.
group (HMG) et al. 2009) and chromatic organization by DNA group AT-lookl (HMGAL) genotypes  histone (M. rosenbergii) 2011
activities such as transcription, with fat deposition traits were mostly
replication, and recombination. suggested.
Cattle (Yu etal. The bovine map location showed that High mobility group box Chen et al.
2007) the HMGAL1 gene and SNP was closely  (Litopenaeus vannamei) 2011
Involved in growth, fatness, and lean located with a previously identified
meat In pigs. meat quality QTL region indicating this
gene is the most likely positional
candidate for meat quality.
Pig (Kim et al. HMGAL gene polymorphism was
2006) related to growth, fatness and lean meat
content.
PR domain Chicken (Hanet A member of PRDM family known to PRDM16 SNPs were significantly PRDMS5, 14 (M. rosenbergii) Jung et al.
containing 16  al. 2012) participate in the development of associated with growth, fatness and 2011
(PRDM16) mammalian nervous system, control cell  meat quality traits.
proliferation/differentiation, and control
Goat (Chen et a robust, bi-directional switch in cell fate PRDM16 SNPs had remarkable effects
al. 2010) between skeletal myoblasts and brown on growth traits, body length, chest
fat cells. circumference, body weight, body
height, and thicker cannon
circumference.
Cattle (Wang et  Displayed an abnormal morphology, PRDM16 SNPs were significantly
al. 2010) reduced thermogenic gene expression associated with growth traits (body
and elevated expression of muscle- weight and average daily gain).
specific genes in PRDM16-deficient
brown fat.
Prolactin Duck (Li et al. Essential role for the initiation and SNP had significant effect on egg Prolactin regulatory element- Jung et al.
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(PRL) 2009) maintenance of lactation, osmoregulation  weight and double-yolk percentage. binding (M. rosenbergii) 2011
and egg production as a polypeptide
Cattle (Alipanah  hormone secreted by the anterior PRL SNP was significantly associated
et al. 2007) pituitary gland. with milk yield and milk fat yield.
Prolactin Cattle (Lu et al. Involved in reproduction as a specific SNP was significantly associated with Prolactin regulatory element- Jung et al.
receptor 2011) receptor for PRL. growth traits (hucklebone width, body binding (M. rosenbergii) 2011
(PRLR) weight, and average daily gain).
Goat (Zhou et PRLR SNP was significantly
al. 2011) Involved in all action of PRL and growth  associated with cashmere fibre weight
hormone (GH) as receptors. and diameter.
RAS protein-  Cattle (Magee et  Signal transduction, and cellular RASGRF1 SNP was associated witha  RAS associated domain- Jung et al.
specific al. 2010) proliferation and differentiation. reduction in milk protein percentage, containing protein2, RAS-like 2011
guanine an increase in somatic cell score. protein2, RAS-related protein rab-
2a, 7a, 11b, RAS-related protein
nucleotide- ) rap-1b precursor (M. rosenbergii)
releasing RAS, role in growth and development.
factor 1 gene RAS-like protein (Penaeus Huang &
(RASGRF1) japonicas) Chuang 1998

Tetraspanin Cattle (Magee et  Possible tumour-suppressor TSPAN32 SNP was associated with Tetraspanin 26a, 96f (M. Jung et al.
32 al. 2010) culled cow carcass weight. rosenbergii) 2011
(TSPAN32) Functions.
Tetrspanin D107 (Penaeus Prapavorarat
monodon) et al. 2010
Role in immunological signalling, Tetraspanin family protein Pisuttharachai
. . . (Panulirus japonicas) et al. 2009
growth regulation, cell motility, viral
infections and Tetraspanin 11 (Cherax Liu et al. 2011
. quadricarinatus)
membrane architecture.
Titin (TTN) Cattle (Yamada  Involved in myofibrillogenesis. TTN SNP was marginally associated Titin-like protein (M. rosenbergii) Jung et al.
et al. 2011) with rib eye area suggesting possible 2011

Constitute an elastic matrix in striated

effect on the growth-related trait.

Titin (Palaemonetes

Li & Brouwer
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muscle sacromeres, smooth muscle, and pugio) 2009
some non-muscle cells as a family of
giant structural proteins.

Transforming  Pig (Chenetal. Involved in TGF-P mediated cell growth ~ TGFBR1 SNPs were significantly Transforming growth beta, Jung et al.
growth factor  2012) and differentiation. associated with growth rates (daily Transforming growth factor beta 2011

beta type 1 gains) and carcass traits (loin-eye-area, regulator 1 (M. rosenbergii)

receptor lean percentage, muscle colour).

(TGFBR1)

Associated with growth traits and
reproduction traits

Transforming  Chicken Associated with growth, development TGFBR1 SNP was significantly Transforming growth beta, Jung et al.
growth factor ~ (Bennett et al. and bone strength. associated with bone mineral density Transforming growth factor beta 2011

beta type 2 2007) and content, body weight, and egg regulator 1 (M. rosenbergii)

receptor production.

(TGFBR2)

Mutations in the TGFBRL1, 2 genes
involved in cardiovascular, craniofacial,
neurocognitive, and skeletal
development.
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Preface to Chapter 3

This study was initiated to characterise its transcriptome and identify genes important for
growth using 454 pyrosequencing because little is known about M. rosenbergii genome. A
collection of 787,731 sequence reads (244.37 Mb) obtained from 454 pyrosequencing
analysis of cDNA prepared from muscle, ovary and testis tissues taken from 18 adult prawns
was assembled into 123,534 expressed sequence tags (ESTs). The majority of sequences
matched the crustacne and insect sequences. Amongst the transcripts, several growth-related
candidate genes, domains and KEGG pathways were derived including 834 single nucleotide
polymorphisms and 658 simple sequence repeats motifs. The M. rosenbergii transcriptome
data reported here should provide an invaluable resource for improving our understanding of
this species’ genome structure and biology. The data will also instruct future functional
studies to manipulate or select for genes influencing growth that should find practical

applications in aquaculture breeding programs.
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ABSTRACT

Background: Giant freshwater prawn (Macrobrachium rosenbergii or GFP), is the most
economically important freshwater crustacean species. However, as little is known about its
genome, 454 pyrosequencing of cDNA was undertaken to characterise its transcriptome and

identify genes important for growth.

Methodology and Principal Findings: A collection of 787,731 sequence reads (244.37 Mb)
obtained from 454 pyrosequencing analysis of cDNA prepared from muscle, ovary and testis
tissues taken from 18 adult prawns was assembled into 123,534 expressed sequence tags
(ESTs). Of these, 46% of the 8,411 contigs and 19% of 115,123 singletons possessed high
similarity to sequences in the GenBank non-redundant database, with most significant (E
value < 1e7) contig (80%) and singleton (84%) matches occurring with crustacean and insect
sequences. KEGG analysis of the contig open reading frames identified putative members of
several biological pathways potentially important for growth. The top InterProScan domains
detected included RNA recognition motifs, serine/threonine-protein kinase-like domains,
actin-like families, and zinc finger domains. Transcripts derived from genes such as actin,
myosin heavy and light chain, tropomyosin and troponin with fundamental roles in muscle
development and construction were abundant. Amongst the contigs, 834 single nucleotide

polymorphisms, 1198 indels and 658 simple sequence repeats motifs were also identified.

Conclusions: The M. rosenbergii transcriptome data reported here should provide an
invaluable resource for improving our understanding of this species’ genome structure and
biology. The data will also instruct future functional studies to manipulate or select for genes

influencing growth that should find practical applications in aquaculture breeding programs.
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INTRODUCTION

Of the 200 or so aquaculture species, decapod crustaceans including prawns, lobsters and
crabs contribute substantially to the US$60 billion global industry [1]. Amongst farmed
crustaceans, the giant freshwater prawn (Macrobrachium rosenbergii) has increasingly
become an aquaculture species of major commercial value, with revenue in Asia alone
currently worth >US$1 billion annually (FAO 2009; Schwantes et al. 2009; Thanh et al.
2010a; Thanh et al. 2010b). Due to its high value, research is now focusing on improving the
growth performance of farmed M. rosenbergii (Nhan et al. 2009; Schwantes et al. 2009;
Thanh et al. 2009; Thanh et al. 2010a; Thanh et al. 2010b). However, little is known about
this species’ basic biology and genome make-up so that they can be exploited to improve

farm productivity of this species.

Genomics approaches are now being applied widely to elucidate genetic factors
conferring economically significant traits and/or phenotypes and to manage genetic diversity
in cultured crustacean species (Staelens et al. 2008; Robalino et al. 2009; Wu et al. 2009; Du
et al. 2010). Whilst their application to cultured fish species has produced significant
production gains, such gains are only beginning to be realized in penaeid species
(Tassanakajon et al. 2006; Lyons et al. 2007; Hamasaki & Kitada 2008; Leekitcharoenphon
et al. 2010; Leu et al. 2011), and no detailed genetic analyses have yet been reported for M.
rosenbergii. Such basic information is essential to better understand a species’ biology and to
devise strategies to improve productivity in culture. DNA microsatellites (Chand et al. 2005;
Divu et al. 2008; See et al. 2009) and mitochondrial DNA sequence comparisons (Miller et al.
2005) have been used to examine the phylogeography of M. rosenbergii (de Bruyn et al.
2004; de Bruyn et al. 2007) sampled from Asia and northern Australia and genes potentially
associated with pathogen defence responses (Baruah et al. 2009; Cam et al. 2009; Sung et al.
2009) and sexual maturation traits (Ngernsoungnern et al. 2009) have also been identified.
However, more genome-wide or transcriptome-wide datasets have yet to be generated as a
basis for functional genomics approaches (Vera et al. 2008; Wheat 2008; Bai et al. 2011a;
Bai et al. 2011b) aimed at improving the aquaculture performance of this species.

Roche 454 Genome Sequencing FLX technology is particularly useful as a shotgun
method for generating data broadly across novel genomes, and it is relatively cheap (Emrich

et al. 2007; Vera et al. 2008; Parchman et al. 2010) and exceptionally accurate (Margulies et
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al. 2005; Emrich et al. 2007; Vera et al. 2008; Wheat 2008; Bai et al. 2011a; Bai et al.
2011b). Here it was used to characterize the transcriptome of M. rosenbergii using cDNA
prepared from mRNA isolated from muscle, ovary and testis tissues. Expressed sequence tag
(EST) sequences generated were assembled and annotated with putative functions where
possible, and database searches were performed to identify candidate protein domains, genes
and gene families potentially involved with growth. A variety of markers potentially useful
for genomic population studies including simple sequence repeats (SSRs) located within
coding regions and single nucleotide polymorphisms (SNPs) detected amongst deep coverage

sequence regions reads are also reported.

MATERIALS AND METHODS
Tissue samples

M. rosenbergii with variable growth phenotypes were sampled from cohorts that were reared
in a GFP stock improvement program in Vietnam (Dinh et al. 2012). Muscle and ovary tissue
was sampled from adult females from high and low growth performance families and tissues
preserved in 95% ethanol (454 sequencing run #1). Muscle was not sampled from males as
their growth performance is confounded by social factors (Thanh et al. 2009). Muscle and
ovary tissue from adult females and testis and eye-stalk tissue from adult males preserved in

RNAIlater (Ambion) were also analysed (454 sequencing run #2).

RNA extraction

In 454 sequencing run #1, TRIzol® reagent (Invitrogen) (Chromczynski & Mackey 1995) was
used to extract total RNA from either muscle tissue or ovary tissue pooled from the three
heaviest females from the high growth performance cohort and from the three lightest
females from the low growth performance cohort. In 454 sequencing run #2, total RNA was
extracted similarly from muscle/ovary (female) and testis/eye-stalk (male) from groups of
three prawns in the same growth categories as used in 454 sequencing run #1. Total RNA
was purified further using a RNA Easy Kit (QIAGEN). RNA yields and quality were checked
using both a Bioanalyzer nanochip (Agilent) and a Nanodrop spectrophotometer (Thermo).
Equal amounts of total RNA purified from each tissue type were pooled and mRNA was
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isolated using the MicroPoly(A) Purist™ Kit (Ambion) according to the manufacturer’s

protocol.

Library construction and 454 pyrosequencing

mRNA purified from pooled muscle, ovary, testis and eye-stalk total RNA from males and
females of high and low growth performance were sent to the Australian Genome Research
Facility (AGRF), Brisbane, Australia, for cDNA synthesis using a cDNA Rapid Library
Preparation Kit (Roche) and subjected to 454 GS-FLX sequence analysis. Due to issues with
poor RNA and cDNA quality and low vyields from eyestalk tissue, this tissue was excluded
from the cDNA library. The cDNA library sequenced thus comprised a pool of cDNAs
prepared from muscle tissue from the three heaviest females, ovary tissue from the three
heaviest and three lightest females and testis tissue from the three heaviest males. Each
cDNA was normalized prior to pooling to reduce sequence coverage of high copy number
mRNAs and samples tagged for downstream identification. cDNA vyields were quantified
using a Quant-iT RiboGreen fluorometer (Invitrogen) and average lengths were determined
by analysis of an aliquot (1 pl) on the Bioanalyzer (Agilent) using a LapChip 7500.
Oligonucleotide adapters A and B (Roche) were ligated to cDNA 5' and 3' ends and cDNA
was amplified by PCR using the same primers and a proof reading polymerase. Emulsion
PCR (emPCR) set up, breaking, enrichment and pico-titer plate (PTP) loading steps were
performed according to Roche protocols (Margulies et al. 2005; Emrich et al. 2007). Each of
the two sequencing runs employed half of a PTP and was sequenced twice using Roche 454

GS FLX chemistry (Roche) according to the manufacturer’s protocol.

Sequence cleaning and assembly

All sequence reads taken directly from the 454 GS-FLX sequencer were run through the sff
file program (Roche) to remove sequencing adapters A and B, poor sequence data and
barcodes. Contigs and singletons were renamed in a format ‘A (M, O, T)_000001" where
prefix ‘A’ was used for all assembled contigs derived from M, O, T cDNA libraries, with M
(Muscle), O (Ovary), and T (Testis) standing for an individual library and assembly, and
000001 standing for the first arbitrary contig assignment number. In the case of singletons,

the same prefix codes (A, M, O, T) for cDNA library origin(s) were added in front of each
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read name (e.g. A_G1OHI9PTO1AFOI7). Sequences containing homopolymers of a single
nucleotide comprising >60% of the read and that were >100 nucleotides in length were
discarded. Trimmed sequences were assembled de novo using the default parameters of
Newbler 2.5.3 (Roche). Each dataset of mMRNA sequences from muscle, ovary and testis
tissue was considered separately as being representative of the transcriptome of that tissue
type at the time of sampling. On the assumption that some transcripts would be replicated
across tissue-type datasets, these were merged in the combined dataset. After initial quality
filtering, AGRF provided assembled contig and singleton datasets for analysis.

Annotation of mMRNAs

BLASTX searches (Altschul et al. 1997) of the GenBank non-redundant (nr) database hosted
by the National Center for Biotechnology Information (NCBI)

(http://www.ncbi.nlm.nih.gov/) were performed on all contigs and singletons to identify

putative mRNA functions (E-value threshold <1e™) as well as new ESTs. Numbers of ESTs
that were either unique or shared among the libraries were visualized using a 3-way Venn
diagram constructed using Venny (Oliveros 2007). Total EST numbers in the Venn diagram
quadrants excluding abundant ESTs for ribosomal proteins counted redundant ESTs only
once. The Blast2GO software suite (Gonesa et al. 2005; G6tz et al. 2008) was used to predict
functions of individual ESTs, assign Gene Ontology terms (The Gene Ontology Consortium
2000 & 2008), and to predict metabolic pathways using Kyoto Encyclopaedia of Genes and
Genome (KEGG) (Kanehisa et al. 2006; Kanehisa et al. 2008). To identify protein domains,
all translated sequences were interrogated against the InterPro  databases

(http://www.ebi.ac.uk/Tools/pfa/iprscan/) using the InterProScan tool (Hunter et al. 2009).

The numbers of contigs annotated with each GO term for each library were quantified using
WEGO (Ye et al. 2006).

Identification of EST-SSR motifs and EST-SNPs

All EST sequences were searched for SSR motifs using the QDD program (Meglécz et al.
2010). Default settings were employed to detect perfect di-, tri-, tetra-, penta-, and hexa-
nucleotide motifs (including compound motifs). To be assigned, dinucleotide SSRs required a

minimum of 6 repeats, and all other SSR types a minimum of 5 repeats. The maximum
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interruption between 2 neighbouring SSRs to consider it being a compound SSR was set at
100 nucleotides. Perl script modules linked to the primer modelling software Primer3 (Rozen
& Skaletsky 2000) were used to design PCR primers flanking for each unique SSR region
identified.

Multiple nucleotide sequence alignments of contigs identified among the EST
libraries derived from individual M. rosenbergii with divergent growth phenotypes were
undertaken to identify putative SNPs. Alignments employed methods developed previously
for plants and other species of agricultural importance (Bekal et al. 2008; Gorbach et al.
2010; Parchman et al. 2010) and included assessments of raw data alignments used in the
initial assembly of contigs. Since no reference sequences were available, SNPs were
identified as superimposed nucleotide peaks where 2 or more reads contained polymorphisms
at the variant allele. SNPs were identified using default parameters in gsMapper (Roche) to
align contigs from the individual and merged tissue type and prawn phenotype datasets and
SNPs were predicted with high confidence when (i) the difference existed in at least three
non-duplicated reads, (ii) the difference occurred in both the forward and reverse sequence
reads unless present in at least seven same direction reads with quality scores over 20 (or 30
if the difference involves a 5-mer or more) and (iii) the difference comprised a single-base
overcall or undercall forming a consensus differing from the each contig reference. Indels
were segregated into simple types containing an insertion or deletion of at least one
nucleotide compared with the reference sequence or complex types also containing
nucleotides substitutions.

For the merged EST dataset, loose or strict criteria to maximize the discovery of rare
alleles or to minimize the possibility of false-positive identifications were not considered
(Vera et al. 2008; Gorbach et al. 2010). In addition, only an overall transition vs transversion

(Ts/Tv) ratio was calculated across the dataset.

Data deposition

All M. rosenbergii EST sequences obtained were submitted to NCBI Sequence Read Archive
under Accession no. SRP007672.
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RESULTS AND DISCUSSION
Roche 454 GS-FL X sequencing and contig assembly

cDNA prepared to mRNA purified from muscle, ovary and testis tissues from M. rosenbergii
were sequenced using the 454 GS-FLX platform. Sequences that passed basic quality
standards were clustered and assembled de novo. In 454 sequencing run #1, a total of 121,214
EST sequences (total = 36.45 Mb) were assembled from mRNA isolated from either muscle
or ovary tissue sampled from 6 adult females and preserved in ethanol prior to analysis.
Average EST length was 295 nucleotides (nt). Assembly of high quality ESTs generated
1983 contigs averaging 673 nt in length. Due to technical issues with the first 454 GS-FLX
run, the expected amount of data (200 Mb) was not retrieved. Therefore a second 454
sequencing run was conducted to increase genomic data, including the addition of testis-
derived RNA. In 454 sequencing run #2, a total of 666,517 EST sequences were assembled
from mRNA isolated from muscle and ovary from 9 adult females and 3 adult male testis
tissues and preserved in RNAlater solution (Ambion) prior to analysis. Eyestalk-derived
RNA was also extracted, but ultimately excluded from sequencing run #2 as quality control
indicators suggested it contained PCR and proteinase inhibitors leading to failure of cDNA
fragmentation, as detected in the bioanalyzer traces (samples were not fragmented). For the
remaining three tissue types, the average EST length was 311 nt in 454 sequencing run #2.
After removing adaptor sequences, the combined run #1 and #2 dataset contained 244.37 Mb
of sequence comprising 787,731 reads averaging 310 nt in length, and the average coverage
depth was 29.85 sequences per nucleotide position (Table 1). This average EST read length is
longer and the sequencing coverage depth is substantially higher than has been reported in
similar 454 sequencing analyses in non-model species including Glanville fritillary (197 nt at
2.3 x coverage; Vera et al. 2008), flooded or rose gum (245 nt; Novaes et al. 2008) or shore
pine (306 nt at 3.6 x coverage; Parchman et al. 2010). As shown in Figure 1, assembly of
high quality M. rosenbergii EST sequences generated 8,411 contigs varying in length from
40 nt to 7,531 nt (average 845 nt; total 212,142,540 nt), with 5,724 (68%) being >500 nt in
length. The long individual read lengths combined with the 29.85-fold average coverage
contributed to this high proportion of long contig sequences. Singletons ranged from 50 nt to
773 nt in length (average 279 nt, total 32,228,442 nt) (Figure 1). To our knowledge, this is the
first comprehensive study of the transcriptome of M. rosenbergii.
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Comparative analyses of ESTs

From BLASTX searches of M. rosenbergii EST coding sequences, 3,757 of the 8,411
(46%) contigs and 21,965 of the 115,123 (19%) singletons possessed significant similarity (E
value <1e™) with proteins in the GenBank non-redundant (nr) database (Table S1). As might
be expected, coding sequences in the majority of contigs (80%) and singletons (84%)
matched well to crustacean and other arthropod proteins (Figure 2) which are in agreement
with previous prawn studies (Leekitcharoenphon et al. 2010; Leu et al. 2011). After
redundant and ribosomal protein sequences were excluded, 2,448 contig and 10,627 singleton
sequences were identified as putative genes based on BLASTx matches.

Species most represented in the BLASTX searches included some penaeid shrimps,
crabs and freshwater and marine crayfish species including giant tiger shrimp (Penaeus
monodon), green mud crab (Scylla paramamosain), fleshy shrimp (Fenneropenaeus
chinensis), Kuruma shrimp (Marsupenaeus japonicas), white leg shrimp (Litopenaeus
vannamei), red swamp crayfish (Procambarus clarkia), and American lobster (Homarus
americanus). Similarities in EST coding sequences are indicative of close evolutionary
relationship of M. rosenbergii with other crustaceans. Only a few contig (1.8%) or singleton
(3.9%) coding sequences matched protein sequences reported for M. rosenbergii, and again
this was expected due to the limited number of M. rosenbergii EST (2365) and protein
sequences (373) currently available in the NCBI databases. The M. rosenbergii EST
sequences generated here thus will vastly expand the number of genes identified in this

species.

More putative gene ESTs were detected in mRNA isolated from ovary tissue than
from muscle or testis tissue (Figure 3). Only around 4% of the 3,757 contigs and 14% of the
21,965 singletons significantly matched either predicted or hypothetical genes (E value <1e™)
due to the limited genomic information available for prawn species in the public database
(Table S1). A significant number of M. rosenbergii ESTs did not possess coding sequences
matching any sequences in the GenBank nr database which is not surprising for prawn EST
studies (Leekitcharoenphon et al. 2010; Leu et al. 2011). Whilst most of these likely
represent ESTs spanning only untranslated mRNA regions, chimeric EST sequences derived

from assembly errors or ESTs containing non-conserved protein regions, as reported in other
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transcriptome analyses (Wang et al. 2004; Liang et al. 2008; Mittapalli et al. 2010), it is also

possible that some may constitute novel genes unique to this species.

Amongst ESTs derived from muscle tissue, coding sequences with homology to
arginine kinase, ATP synthase, eukaryotic translation initiation factor, myosin heavy and
light chain, sarcoplasmic calcium-binding protein, tropomyosin, and troponin were most
abundant. Amongst ESTs derived from ovary tissue, coding sequences with homology to
aldehyde dehydrogenase, ATP binding, cd63 antigen, cell division cycle, Chkl checkpoint-
like protein, e3 ubiquitin, eukaryotic translation initiation factor, ovary development-related
protein, serine threonine-protein kinase, transmembrane protein, and WD repeat-containing
protein were most abundant. Amongst ESTs derived from testis tissue, coding sequences with
homology to eukaryotic translation initiation factor, kazal-type proteinase inhibitor, male
reproductive-related protein, serine proteinase inhibitor, and viral A-type inclusion protein
were most abundant. ESTs detected commonly across the 3 tissues included actins,
elongation factors, eukaryotic translation initiation factor, heat shock protein, NADH
dehydrogenase, reverse transcriptase, RNA-binding protein, senescence-associated protein,
tubulin, ubiquitin and zinc finger protein (Figure 3, Table S1). Although this work was
mainly focused on finding putative genes related with muscle development and growth,
several putative functional transcripts identified here will lay the foundation for future studies
aimed at investigating the role of sex determination, reproduction-related and xenobiotic
genes which have been studied successfully in other species (Vera et al. 2008; Hale et al.
2009; Hale et al. 2010). These findings could be the best source for deciphering the putative
function of novel genes in each tissue but further studies need to be conducted to understand

the molecular functions of specific reported genes.

Gene Ontology assignments

Gene Ontology (GO) terms could be assigned to 8411 M. rosenbergii contigs based on
BLAST matches to proteins with known functions (Figure 4, Table S2). EST coding
sequences were assigned to cellular components (4,550 sequences, Figure 4A), molecular
function (6,055 sequences, Figure 4B) and biological processes (8,806 sequences, Figure 4C).
Amongst ESTs assigned molecular functions, many were assigned binding (45.9%) or
catalytic functions (32.3%), predominantly actin and zinc ion proteins (Table S2). Recent

studies of crustaceans have highlighted the importance of actin in constructing muscle tissues
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and that it shows variable expression in different muscle types (Hooper & Thuma 2005; Zhu
et al. 2005; Hooper et al. 2008; Kim et al. 2009). The cellular component assignments
showed many EST coding sequences to likely possess cell (22.8%) and cell part (22.5%)
functions, whilst those assigned biological functions were mostly predicted to be involved in
cellular (17.6%) or metabolic processes (16.5%) including proteolysis, carbohydrate
metabolism or oxidation-reductive functions. Analyses of the transcriptomes of other
crustaceans have identified ESTs possessing similar arrays of potential metabolic functions
(Tassanakajon et al. 2006; Leelatanawit et al. 2009; Leekitcharoenphon et al. 2010; Leu et al.
2011).

KEGG analysis

Many of the coding sequences present in the M. rosenbergii EST contig dataset were
identified to occur in KEGG pathways; metabolic pathways (n = 320), biosynthesis of
secondary metabolites (n = 135), oxidative phosphorylation (n = 66), biosynthesis of
phenylpropanoids (n = 59), and biosynthesis of alkaloids derived from histidine and purine (n
= 51) (Table S3). Metabolic pathways, implicated in the kinetic impairment of muscle
glutamine homeostasis in adult and old glucocorticoid-treated rats (Minet-Quinard et al.
2004), showed the highest number of transcripts here. A skeletal muscle structure in rat
intrauterine growth restriction indicated that changes in metabolic pathways were involved in
obesity (Huber et al. 2009). A total of 66 transcripts were involved in oxidative
phosphorylation. The integrity of the inner membrane and the associated complexes is
essential to oxidative phosphorylation to generate ATP to supply readily-available free
energy for the body (Lesser 2006). However, malfunction of oxidative phosphorylation could
accentuate ATP depletion with the basic energy conservation system due to anoxic conditions
in the tissues which could lead to metabolic failure (Gnaiger et al. 2000).

Interestingly, we recovered a high number of transcripts that were mapped to the
phenylpropanoids biosynthesis pathway (59). Phenylpropanoids not only play an important
role in contributing to all aspects of plant responses towards biotic and abiotic stimuli (Vogt
2010) but also have a potential dietary importance from plant derived compounds (Ferrer et
al. 2008). A total of 51 transcripts also were predicted to the alkaloid biosynthesis pathway
from histidine and purine in the M. rosenbergii EST contig dataset. Alkaloids, regarded as
basic plant derived metabolites, are important components of plant defence, growth and
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development systems (Hagel et al. 2008; Ziegler & Facchini 2008). In a study of sponges and
ascidians, an abundance of alkaloids was reported that displayed biological activities such as
metabolites (Kashman et al. 2010). Considering the omnivorous dietary habit of M.
rosenbergii, finding these pathways was not surprising. Although not all of the major genes
reported in putative KEGG pathways were found in the current study, this information
provides insight into the specific responses and functions involved in molecular processes in

M. rosenbergii metabolism and muscle contraction against biotic and abiotic stimuli.

Protein domains

InterProScan searches identified 19,036 protein domains among the 8,411 M. rosenbergii
contigs (Table S4). Consistent with similar analyses in insects and other crustaceans
(Leekitcharoenphon et al. 2010; Leu et al. 2011: Bai et al. 2011a), domains that dominated
occur in RNA-binding proteins, protein kinases and transcription factors (zinc finger
domains) (Table 2) that are essential for cellular processing functions including signal
transduction and transcription regulation, regulation of RNA stability and translation control
(RNA recognition motifs), innate immunity, cell division, proliferation, apoptosis and cell
differentiation (McNeil et al. 2001; Sutherland et al. 2005).

The most common DNA-binding motifs present in eukaryotic and prokaryotic
transcription factors (Bouhouche et al. 2002) were prevalent in the M. rosenbergii sequences,
with 179 C2H2-type and 102 C2H2-like zinc finger (Znf) domains identified. Transcription
factors usually contain several Znf domains capable of making multiple contacts with DNA
(Wolfe et al. 2000), and can also bind to RNA and protein targets (Brayer & Segal 2008). A
total of 112 nucleotide-binding a-B plait domains found in RNA-binding domains from
various ribonucleoproteins or in viral DNA-binding domains (Bochkarev et al. 1995;
Kielkopf et al. 2004) were predicted to exist among the M. rosenbergii EST coding
sequences. In addition, 108 Armadillo-type fold and 84 Armadillo-like helical domains which
form structural domains consisting of a multi-helical fold comprised of 2 curved layers of a-

helices (Kraemer et al. 1999), were predicted.

Among M. rosenbergii EST coding sequences, 104 domains containing WD40/YVTN
repeat-like sequences, 90 domains containing WDA40-repeat sequences and 88 domains
containing WDA40 repeat-like sequences were predicted. These domains are involved in a

variety of functions ranging from signal transduction and transcription regulation to cell cycle
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control and apoptosis (Smith 1999; Li & Roberts 2001). A total of 86 Ran GTPase families
which are involved in regulating GTP hydrolases (Bourne et al. 1990), contain GTP-binding
domains (Bourne et al. 1991) and regulate receptor-mediated transport between the nucleus
and the cytoplasm (Scheffzek et al. 1995; Rush et al. 1996) were also predicted, as were 84
immunoglobulin (1g)-like fold domains. Ig-like fold domains are involved in a variety of
functions including cell-cell recognition, cell-surface receptors, muscle structure and the
immune system (Teichmann & Chothia 2000), and are often involved with protein-protein
interactions mediated by their B-sheets as in other Ig-like domains (Teichmann & Chothia
2000; Potapov et al. 2004). Other domains identified abundantly included Serpin (serine
proteinase inhibitor) domains (n = 79) and NAD(P)-binding domains (n = 72). Interestingly,
few PAZ (n = 3) or PIWI (n = 8) domains believed to be important components of the
dsRNA-induced silencing complex were identified. The relative absence of ESTs with such
domains is perplexing based on the detection of genes encoding Dicer and Argonaut type
proteins in penaeid shrimp (Dechklar et al. 2008; Su et al. 2008; Wu et al. 2010) and the
clear demonstration of effective RNAi-mediated knockdown of gene expression in shrimp
(Dechklar et al. 2008). Similar transcriptome analyses of other tissues including haemocytes
from the lymphoid organs for example that are primary mediators of pathogen defence
responses (Leekitcharoenphon et al. 2010; Soonthornchai et al. 2010; Leu et al. 2011) might
be useful for indentifying if expression of ESTs encoding putative RNAi-related domains are
more cell specific than domains required broadly for cell functioning. Although an original
aim of this study was to identify candidate genes, gene families or gene domains potentially
involved with growth phenotypes and/or other production traits important for M. rosenbergii
aquaculture, none were differentiated from cell function or pathogen defence type activities.
The identification of such ESTs has been confounded in most studies of shrimp to date
focussing on the identification and characterisation of pathogen defence-related genes
(Leekitcharoenphon et al. 2010; Soonthornchai et al. 2010; Leu et al. 2011). Thus genes
mediating growth performance and potentially of value in selective breeding programs await

discovery.

Putative genes affecting muscle development and/or function

The M. rosenbergii EST sequence database was mined for coding sequences with domains

involved potentially with muscle development and function (Table 3). Despite recent
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advances in sequencing technologies, few genes with such functions have been characterised
from any crustaceans, and only 2365 ESTs assigned to M. rosenbergii and 5536 ESTs
assigned to Macrobrachium were available in NCBI databases before this study. However,
the 123,534 ESTs from the M. rosenbergii individuals selected from high and low growth
performance cohorts should contain genes potentially expressed differentially and with
functional characteristics suggestive of roles in muscle mass accumulation and other growth-

related functions.

In the current study, both actin and myosin proteins including tropomyosin and
troponin showed a high number of transcripts. It has been reported that actins are expressed
in abundance as they are critical to formation of muscle filaments (Kabsch &
Vandekerckhove 1992; Dominguez & Holmes 2011). Different actin isoforms have been
identified in various crustaceans (Zhu et al. 2005), and are likely to be involved in playing
important roles in cytoskeletal structure, cell division and mobility, and muscle contraction
(Zhu et al. 2005; Hooper et al. 2008; Kim et al. 2009). The large super-family of myosin
proteins interact with actin filaments by hydrolysing adenosine triphosphate that combine to
form thick muscle filaments (Hayashida et al. 1991). Myosin heavy chain (MHC) isoforms
differ in their shortening velocity compared with other isoforms due to the enhanced ability
of the myosin head to hydrolyse ATP (Schiaffino & Reggiani 1996). Multiple MHC isoforms
are expressed ubiquitously in all eukaryotic cells and they are the most abundant contractile
protein present in skeletal muscle (DeNardi et al. 1993; Jung et al. 1998). If growth rates of
M. rosenbergii are dictated primarily by the efficiency at which feed is converted into muscle
mass, it is likely that myosin gene expression levels could provide a good molecular marker
of individual growth potential, as found in the Atlantic pink shrimp Farfantepenaeus
paulensis (Kamimura et al. 2008). In studies of other crustaceans, high expression levels of
genes encoding fast and slow myosin isoforms have been found to be accompanied by
elevated expression of other genes encoding for example, actin, myofibrillar protein,
tropomyosin, troponin I, and troponin T (Medler et al. 2004; Medler et al. 2005; Abdel
Rahman et al. 2010). According to Perry et al. (2009), differences in expression levels of
myofibrillar protein isoforms correlate well with individual body size in crabs, with changes
in expression spanning several orders of magnitude occurring at different life stages.
Tropomyosins comprise a family of closely related proteins present both in muscle and non-
muscle cells (MacLeod 1987). In striated muscle, tropomyosin mediates interactions between

the troponin complex and actin to mediate muscle contraction (Wolska & Wieczorek 2003).
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A high number of actin and myosin protein transcripts observed here may regulate muscle
development and function in M. rosenbergii. However, further studies are needed to confirm

these observations.

High occurrence of calponin and transgelin was also observed in the transcriptome of
M. rosenbergii. Calponin is a smooth muscle-specific protein capable of binding actin,
tropomyosin and calmodulin and is also involved in mediating muscle contraction (Strasser et
al. 1993) as its interaction with actin inhibits actomyosin Mg-ATPase activity. In previous
studies of invertebrates and vertebrates, caldesmon and calponin were shown to interact with
actin, tropomyosin, and Ca**-calmodulin (Meyer-Rochow & Royuela 2002; Hooper &
Thuma 2005; Hooper et al. 2008). In addition, transgelin is a calponin which is expressed
exclusively in smooth muscle-containing tissues in adult animals and is one of the earliest

markers of differentiated smooth muscle cells (Prinjha et al. 1994; Solway et al. 1995).

The current study reports a number of putative genes, transcription factors, and early
regulators that are potentially involved in muscle development and function in M. rosenbergii.
Further studies need to be performed, however, to learn the molecular functions of these
reported genes which were observed to be expressed more abundantly in adult female and
male prawns compared with earlier developmental stages or slow growth performance

individuals.

Genes of interest related to growth

The transcriptome of M. rosenbergii was examined primarily to identify genes associated
functionally with individual growth. For this reason, an EST dataset was compiled from
tissues of individuals from high and low growth performance families (Table 3). Amongst
these, a putative cyclophilin was identified. Although cyclophilins possess diverse functions
and have been linked to innate immunity (Belfiore et al. 2004; Towers 2007) and testicular
development (Vogt 2010), expression levels of cyclophilin-like proteins have also been found
to be highly correlated with body-weight in the shrimp P. monodon (Tangprasittipap et al.
2010).

Intracellular fatty acid-binding proteins (FABPs), identified in the current
transcriptomic study, are members of a lipid-binding protein super-family that occur in both

invertebrates and vertebrates, and together with acyl-CoA-binding protein (ACBP) are
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involved in lipid metabolism (Zimmerman & Veerkamp 2002). Few FABPs have been
identified in invertebrates (Zimmerman & Veerkamp 2002; Esteves & Ehrlich 2006), and
their physiological roles remain largely unknown. However, in the locust Schistocerca
gregaria, FABP expression has been reported to be strictly adult specific and is controlled by
fatty acids in adult muscle (Haunerland et al. 1993). Locust flight muscle employs fatty acids
exclusively as the energy source for sustained flight and it is likely that FABP is involved in

intracellular fatty acid transport (\Van der Horst 1990).

In the current study, we found high occurrence of LIM domain proteins, which play
important biological roles in cytoskeleton organisation, cell fate determination and organ
development (Bach 2002). Previously, one LIM domain gene (ISL1) has been identified as a
positional candidate for obesity and for controlling leptin levels, and is suggested to be
involved in body weight regulation and glucose homeostasis (Barat-Houari et al. 2002). In a
study of the red crab Gecarcoidea natalis, two genes encoding LIM proteins, a paxillin-like
transcript (pax) and a muscle LIM protein (mlp), were up-regulated in muscle of crabs in the
wet season (Postel et al. 2010). These proteins could play a fundamental role in muscle
development and reconstruction, and their comparative up-regulation is consistent with a

remodelling of leg muscle needed for migration during the wet season (Postel et al. 2010).

Physiologically, O-methyltransferase (OMT) plays an important regulatory role in
plant and animal growth, development, reproduction and immune response (lbrahim et al.
1998; Kuballa et al. 2007). OMT transcripts observed in the current study could represent a
potential candidate gene for developing novel traits in prawns. Methyl farnesoate (MF), the
sesquiterpenoid precursor of insect juvenile hormone 111 (JH 111), is produced and released by
mandibular organs in decapod crustaceans (Borst et al. 1987; Laufer et al. 1987a; Tamone et
al. 1997). The physiological function of MF, however, is not well understood in crustaceans,
but by analogy with established functions of JH 11l in insects, MF has been suggested to play
an important role in regulation of growth and reproduction in crustaceans (Laufer et al. 1987a,
b). In some crustaceans, circulating titer and biosynthesis of MF appear to be correlated
positively with maturation of the ovary (Laufer et al. 1987b; Sagi et al. 1991). MF has also
been suggested to play a role in delaying onset of molting in larval crustaceans (Borst et al.
1987; Sagi et al. 1991). This evidence implicates MF in both crustacean growth and
reproduction. Farnesoic acid O-methyltransferase (FAMeT; also known as S-adenosyl-
methionine: farnesoic acid O-methyltransferase) is the enzyme that catalyses the final step in

the MF biosynthetic pathway in crustaceans (Feyereisen et al. 1981; Wang et al. 1994).
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Studies of crustacean FAMeT indicate that it may directly or indirectly (through MF)
modulate reproduction and growth in crustaceans (Gunawardene et al. 2003; Ruddell et al.
2003; Holford et al. 2004; Hui et al. 2008) by interacting with eyestalk neuropeptides as a
consequence of its presence in neurosecretory cells in the X-organ-sinus gland. It is also
believed that MF is the crustacean homolog for insect juvenile hormone, a molecule that may
also regulate growth and reproduction in crustaceans (Hui et al. 2008). If growth rates of M.
rosenbergii are dictated primarily by the efficiency at which feed is converted into muscle
mass, it is likely that FABP, LIM domain and FAMeT gene expression levels could provide

candidate molecular markers of individual growth potential.

Another interesting finding in the current study is the expression of profilin, a small
actin-binding protein found in eukaryotic cells that are critical for cytoskeletal dynamics
(Critchley et al. 1999; Pollard 2008). Profilins are potent regulators of actin filament
dynamics and promote exchange of ADP to ATP on actin and by affinity to profilin—actin
complexes for actin filament ends (Buss et al. 1992). Profilins have diverse roles in cellular
processes, including membrane trafficking, small-GTPase signalling and nuclear activities,
neurological diseases, and tumor formation (Witke et al. 1998; Rawe et al. 2006; Birbach
2008). Genetic studies have shown the importance of profilins for cell proliferation and
differentiation. Profilin gene disruption leads to grossly impaired growth, motility and
cytokinesis, and embryonic lethality in multicellular organisms, for example in insects and
mice (Magdolen et al. 1988; Haugwitz et al. 1994; Verheyen & Cooley 1994).

The current study identified a number of putative genes that are potentially involved
with growth in M. rosenbergii. However, further studies are needed to understand the
molecular functions of these putative genes with growth performance and development in M.

rosenbergii.

Putative Molecular Markers

SNPs in M. rosenbergii EST contigs were identified from alignments of multiple sequences
used for contig assembly. Of the 834 SNPs detected, 555 were putative transitions (Ts) and
279 were putative transversions (Tv), giving a mean Ts : Tv ratio of 1.99 : 1.00 across the
transcriptome (Figure 5, Table S5). The SNP types A« G and C <> T were most common
and SNP densities varied among genes, possibly due in part, to the effects of strong historical
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selection and the relative functional importance of individual genes. The Ts : Tv ratio can
help identify genes affected by selection (Morton et al. 2006). Although alignments also
identified a total of 1198 indels across the transcriptome (Figure 5, Table S5), this must be
treated with caution because of technical problems associated with 454 pyrosequencing
(Margulies et al. 2005; Hale et al. 2009).

Moreover, a total 658 simple sequence repeats (SSRs) or microsatellites comprising
61.85% dinucleotide repeats, 35.87% trinucleotide repeats and 2.28% tetra/penta/hexa-
nucleotide repeats were detected (Figure 6, Table S6) in the contigs as well as singletons.
PCR primers could be designed for almost all predicted polymorphic SSRs (Table S6) but
these have yet to be validated as markers useful for examining M. rosenbergii adaptation and
ecology as has been done with other non-model species (Morin et al. 2004; Barbzuk et al.
2007; Kim et al. 2011). In addition, SNPs and SSRs detected here are likely to be highly
transferable to other closely related species as has been found for other crustacean species
(Ellis & Burke 2007; Gorbach et al. 2010; Kim et al. 2011). It is envisaged that the potential
markers identified here within the ESTs will provide an invaluable resource for studying the
evolution and molecular ecology of Macrobrachium species and for genome mapping and
quantitative trait loci (QTL) analysis. However, many of the putative M. rosenbergii SNPs
identified could simply represent allelic variants and future studies are planned to validate
which are real. As ESTs were generated from 3 different tissue types, differential expression
of different tissue-specific alleles is possible. However, this is rare as it requires somatic

mutation or chimerisms between tissues.

CONCLUSION

Here we report the first comprehensive EST dataset covering the transcriptome of the giant
freshwater prawn M. rosenbergii, a non-model prawn species for which little molecular
knowledge currently exists. The 123,534 putative ESTs (115,123 singletons and 8,411
contigs) identified and assembled will enable gene discovery in M. rosenbergii, assist in
evolutionary studies and with the significant number of putative growth-related genes
identified should facilitate genomics approaches to improving the growth performance of
domesticated GFP stocks used for aquaculture. In addition, the large number of SNPs and
SSRs detected provide targets for identifying polymorphisms across M. rosenbergii

populations useful for parentage assignment and for managing inbreeding in cultured
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populations. Moreover, the EST sequences reported should prove invaluable for gene mining
and annotation and phylogenetic analyses as well as provide a resource that can be exploited
as molecular markers and in gene expression studies in this commercially important

aquaculture species.
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TABLES and FIGURES

Table 1. Summary of 454 pyrosequencing, assembly and analysis of M. rosenbergii

transcriptomic sequences.

Dataset name All Muscle Ovary Testis

Total number of bases (Mp) 244.37 114.38 86.06 43.94

Average read length (bp) 310 311 308 311

No. of reads Total 787,731 367,379 279,393 140,959
Assembled 645,837 323,044 189,771 112,271
Singleton 115,123 33,622 77,455 24,995
Repeat 276 136 197 77

No. of contigs | Total contigs 8,411 1,723 5,346 1004
Average contig 845 1,027 796 848
read length (bp)
Largest contig (bp) 7,531 7,304 6,955 7,530
No. of large 5,724 1,171 3,559 683
Contigs > 500bp

Average coverage (x) 29.85 59.56 14.92 43.09
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Figure 1. Summary of M. rosenbergii transcriptomic sequences. The contig sequences are

represented by solid bars and the singleton sequences by open bars.
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Top 30 hit species distribution
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Figure 2. Top 30 hit species distribution based on BLASTx. E value cut-off is 1™ and top
30 hit species distribution of gene annotations showing high homology to the Arthropoda
(Insecta and Crustacea) phylum with known genome sequences. Only contig sequences were

used. Bold text indicates non-Arthropod homology.
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Figure 3. Comparative summary of M. rosenbergii transcriptomic sequences among three
libraries. Putative sequence descriptions were counted using BLASTX results (E-value <1e™)
after excluding ribosomal proteins and redundant ones. Bold numbers indicate contigs and

numbers in italics indicate singletons.
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Figure 4. Gene ontology (GO) terms for the transcriptomic sequences of M. rosenbergii and
comparison of among libraries. (A) cellular component, (B) molecular function and (C)

biological process.
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Table 2. Summary of top 20 domains predicted in M. rosenbergii sequences.

IPR Domain name Domain description Occurrence
accession
IPR0O00504 RRM_dom RNA recognition motif domain 188
Se/Thr_prot_kinase- Serine/threonine-protein kinase-like
IPR017442 like_dom domain 180
IPR000719 Prot_kinase_cat_dom Protein kinase, catalytic domain 180
IPRO07087 Znf_C2H2 Zinc finger, C2H2-type 179
IPRO04000  Actin-like Actin-like 150
Ser/Thr_prot_kinase_do  Serine/threonine-protein kinase
IPR002290 m domain 144
IPR012677 Nucleotide-bd_a/b_plait  Nucleotide-binding, alpha-beta plait 112
IPR016024  ARM-type_fold Armadillo-type fold 108
WDA40/YVTN_repeat- WD40/YVTN repeat-like-containing
IPR015943 like_dom domain 104
IPR011009 Kinase-like_dom Protein kinase-like domain 104
IPR015880  Znf C2H2-like Zinc finger, C2H2-like 102
IPR017986  WD40_repeat_dom WD40-repeat-containing domain 90
IPR011046  WDA40 _repeat-like_dom  WDA40 repeat-like-containing domain 88
IPR002041 Ran_GTPase Ran GTPase 86
Serine/threonine-protein kinase,
IPRO08271 Ser/Thr_prot_kinase_AS active site 84
IPRO13783 Ig-like_fold Immunoglobulin-like fold 84
IPRO11989  ARM-like Armadillo-like helical 84
IPR023796  Sepin_dom Serpin domain 79
IPRO13083 Znf_RING/FYVE/PHD  Zinc finger, RING/FYVE/PHD-type 72
IPR016040 NAD(P)-bd_dom NAD(P)-binding domain 72
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Table 3. Genes of interest for growth and muscle development in M. rosenbergii sequences.

Candidate genes

Contig IDs

Length (bp)

Actin

A000585; A000586; A000587; A000588; A000763;

A000764; A000765; A000766; A001338; A001339

1329; 1318; 1306;
1295; 1679; 1676;
1641; 1638; 930; 738

Alpha skeletal
muscle

A000008; A000407,
A002969

A000408; A000807; A002601,

710;  1141;
1110; 1474; 1166

1016;

Calponin/calponin

A002718; A002875; A006133

1383; 1232; 518

transgelin

Cyclophilin a A001348; A001349 811; 850

Farnesoic acid O-  A002527 1587

methyltransferase

Fatty acid binding  A004382 728

protein

Lim domain A000448 2610

binding

Muscle lim protein  A000421; A000422; A000423; A000424; A000425 5788; 5694; 4595;

4501; 1716

Myosin heavy A000009; A000016; A001103; A001282; A001283; 612; 1510; 672; 942;

chain A002073; A003870; A004348; A004442; A007715; 916; 711; 828; 733;
A008193 717; 383; 277

Myosin heavy A000018; A000968; A000969; A001363; A008338; 1512; 5609; 2201,

nonmuscle or A008352 730; 156; 148

smooth muscle

Myosin light chain  A008264; A008271; A008339 220; 209; 155

Myosin light chain
smooth muscle

A000639; A000783; A000785

3309; 2919; 1544

Profilin

A002454; A003703

Skeletal muscle
actin 6

A000022; A000409;
A008308; A008374

A005595; A006187; A007119;

Transforming
growth factor beta
regulator 1

A006817

Tropomyosin

A000105; A000106;
A000110; AO000111;
A000115; AO000116;
A007719

A000107; A000108; A000109;
A000112; A000113; A000114,
A001463; A002025; A002026;

1696; 872

853; 522; 574; 512;
433; 177; 122

458

2777; 2769; 2770;
2768; 2762; 2760;
2773; 2775, 2765;
2767; 1962; 1954

377; 1391; 110; 383

" Prefix “A” in ContigIDs indicates all merged contig from three libraries.
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Others (Tetra/Penta/Hexa)
AAC/ACAICAA
ACTICTATAC
AGCIGCAICAG
AGGIGAGIGGA
AGTIIGTAITAG
ACGICGAIGAC
CATIATCITCA
CCAICACIACC
CCGICGCIGCC
CCTICTCITCC
CTGITGCIGCT
CTTITTCCT
GAA/AAGIAGA
GAT/ATGITGA
GTTTGTTTG
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Figure 6. Distribution of simple sequence repeat (SSR) nucleotide classes among different

nucleotide types found in M. rosenbergii sequences. Both contig and singleton sequences are
used to predict the SSR loci.

135



CAHPTER 4: A candidate gene association study for growth
performance in an improved giant freshwater prawn
(Macrobrachium rosenbergii) culture line

- Presented at the 2012 World Aquaculture Society ‘Global aquaculture securing our future’
1-5 September 2012, Prague, Czech Republic.

- Accepted in Marine Biotechnology (2013).

136



Preface to Chapter 4

This study was undertaken to assess correlations between a set of candidate gene SNP
markers (CGSMs) in growth-related candidate genes with individual growth performance in
an improved GFP culture line. 28 SNPs from 23 growth-related candidate genes were
confirmed using SEQUENOM in broodstock representing fast and slow growth performance
GFP lines in Vietnam (N=200). Significant correlations with expected breeding values
(EBVs) within subjected samples by analysing interactions of multiple CGSMs with pairwise
interactions for markers in additive model were observed. This is the first largest set of
CGSMs reported for M. rosenbergii and will be useful in future genetic analyses including
for dissecting of complex traits, tracing relationships in breeding programs, and monitoring
genetic diversity in commercial and wild populations of M. rosenbergii. In particular, some
unique SNPs identified across diverse geographical panels may also be useful in other
Macrobrachium species and provide nuclear markers for systematic studies and for detection

of interspecific hybridization among congeners.
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ABSTRACT

A candidate gene approach using Type | single nucleotide polymorphism (SNP) markers can
provide an effective method for detecting genes and gene regions that underlie phenotypic
variation in adaptively significant traits. In the absence of available genomic data resources,
transcriptomes were recently generated in Macrobrachium rosenbergii to identify candidate
genes and markers potentially associated with growth. The characterisation of 47 candidate
loci by ABI re-sequencing of 4 cultured and 8 wild samples revealed 342 putative SNPs.
Among these, 28 SNPs were selected in 23 growth-related candidate genes to genotype in
200 animals selected for improved growth performance in an experimental GFP culture line
in Vietnam. The associations between SNP markers and individual growth performance were
then examined. For additive and dominant effects, a total of three exonic SNPs in glycogen
phosphorylase (additive), heat shock protein 90 (additive and dominant) and peroxidasin
(additive), and a total of six intronic SNPs in ankyrin repeats-like protein (additive and
dominant), rolling pebbles (dominant), transforming growth factor-f induced precursor
(dominant) and UTP-glucose-1-phosphate uridylyltransferase 2 (dominant) genes showed
significant associations with the estimated breeding values (EBVS) in the experimental
animals (P = 0.001-0.031). Individually, they explained 2.6—4.8% of the genetic variance (R?
= 0.026—0.048). This is the first large set of SNP markers reported for M. rosenbergii and
will be useful for confirmation of associations in other samples or culture lines as well as

having applications in marker-assisted selection in future breeding programs.

Keywords: Macrobrachium rosenbergii, transcriptome, ABI re-sequencing, growth-related

candidate genes, SNPs, associations, estimated breeding values
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INTRODUCTION

Growth is an important fitness trait fundamental to proliferation in all living cells and animal
development, and is a factor that can affect survival and fecundity in a wide range of taxa
(Arendt 1997). Selecting for optimal growth rate or body weight is a key breeding objective
in many aquaculture stock improvement programs. Growth and/or growth rate is a
quantitative trait that can be correlated with body weight under a polygenic inheritance model,
and can show moderate heritability. It can also be influenced by both prenatal and postnatal
maternal effects (Falconer 1996), life-history traits including development rate and size at
specific ages (Mangel & Stamps 2001), and environmental factors (Sundstrom et al. 2005).
Currently a major challenge in biology is to understand the genetic basis of variation in
quantitative traits because clearly defined relationships between variation in genotypes and
phenotypes can provide crucial information for increasing the rate of genetic gains in
selective breeding programs in agriculturally important organisms and for predicting adaptive
evolution (Mackay et al. 2009). In crustaceans, a number of internal and external factors in
addition to genetic factors can also contribute to phenotypic variation for growth. These
include nutritional status, stocking density, water temperature and salinity, dissolved oxygen
levels, age, sex, social rank (i.e. competition), moulting stage, seasonal changes, and/or
hormonal expression (Jung et al. 2013). Most factors have not, however, been studied in any
detail in most species produced in commercial aquaculture. A few potential candidate genes
associated with individual growth performance have been identified, with only actin and
crustacean neuropeptide family (crustacean hyperglycaemic hormone [CHH] and moult-
inhibiting hormone [MIH]) having been studied with respect to growth in more than a single
crustacean species (De-Santis & Jerry 2007; Tangprasittipap et al. 2010; Jung et al. 2013).
Despite rapid progress with DNA sequence analysis, little is known currently about the

genetic control of growth in crustaceans.

Understanding multi-gene interactions affecting growth will require a large number of
gene-associated markers. For many species, ESTs provide a primary resource of nuclear
DNA sequence data for developing Type | molecular markers, in particular SNPs (Bouck &
Visoion 2007). SNPs are biallelic gene markers that have become the marker of choice for
many applications in genetics and genomics due to their abundance, high genotyping
efficiency and data quality, and analytical simplicity (Kruglyak & Nickerson 2001; Morin et
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al. 2004; Seeb et al. 2011). Recent advances in sequencing technologies have enabled the
cost-effective and rapid generation of massive amounts of genomic data, including ESTs
derived from transcriptomic studies in non-model organisms (Metzker 2010; Ekblom &
Galindo 2011). SNP markers are becoming an increasingly important addition to molecular
genetics and molecular ecology toolkits in many non-model organisms (Seeb et al. 2011) as

well as for evaluating variation in quantitative trait loci (QTL).

QTLs are regions of the genome that affect polygenic phenotypic traits that show
continuous variation (McClelland & Naish 2010) and can usually be located in the genome
by conducting marker-trait association analysis using specific marker genotypes (Lynch &
Walsh 1998). As a first step to identifying gene(s) with functional roles in growth, genome
scans provide an effective method for detecting QTLs for growth traits when a fine linkage
map is available. When a linkage map is not available, however, a candidate gene approach
(CGA) is more practical for detecting genetic correlations between traits. In general, CGA
can more precisely assess genotype-phenotype associations (Hu et al. 2009) than using
anonymous markers (Lynch & Walsh 1998). The targeting of key candidate genes of known
physiological function can enhance identification and characterisation of specific functional
mutations that affect variation in a specific phenotype (De-Santis & Jerry 2007; Jung et al.
2013). Furthermore, a statistical correlation found between specific alleles in a candidate
gene of known function, increases the likelihood of finding meaningful trait associations.
Where significant associations are detected, this indicates that the gene is either involved
directly in genetic control of the specified trait or that the functional polymorphism is
sufficiently close to the marker so that the two loci are in linkage disequilibrium (Lynch &
Walsh 1998). While CGA has been used to detect genotypic associations with phenotypic
performance in several well-studied livestock and a few cultured fish species (Goddard &
Hayes 2009; McClelland & Naish 2010; Wang et al. 2010), few genetic variants associated
with quantitative traits have been identified in organisms where genetic and/or genomic
information is limited or is not currently available. A recent study, however, applied 418 SNP
markers in Pacific white shrimp, (Litopenaeus vannamei), to develop a gene map and to
identify QTLs for economically important traits (Du et al. 2010). A number of SNPs in
anonymous genes were reported to show significant associations with weight gain, growth
rate, survival, and/or pathogen resistance in these populations (Ciobanu et al. 2010). This
study demonstrates the value of identifying markers located within functional genes. While

genomic data for marine shrimps has been expanding rapidly, the same is not true for
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freshwater prawns used in culture. A recent practical strategy, however, suggested by Jung et
al. (2013) for identifying a number of growth-related candidate genes has provided an
excellent starting point for future genomic studies of giant freshwater prawn (GFP) growth

performance.

M. rosenbergii (GFP) supports one of the largest culture industries for any crustacean
species farmed in inland waters across the world with production value in 2009 exceeding
US$ 1 billion annually across Asia alone (FAO 2010). Recently, research has been directed at
improving the relative productivity of GFP culture lines to assist industry development
(Schwantes et al. 2009; Thanh et al. 2010a). While a number of stock improvement programs
have been initiated recently for GFP, notably in Vietnam and India (Dinh et al. 2012, 2013;
Pillai et al. 2011), to date genetic information on this species is very limited. A traditional
phenotype-based selection approach is the accepted method used to select for growth traits,
but requires several generations to optimize genetic gains. To date, only a single CGA study
has applied SNP markers to evaluate variation in quantitative trait loci (QTL) in a freshwater
prawn species (Thanh et al. 2010b). This study identified four SNPs in the CHH gene that
were associated significantly with three growth traits (body weight, carapace length and
standard length). More gene-based markers will be required, however, to increase the
accuracy of estimation of phenotypic traits. Recently, transcriptomes were generated from M.
rosenbergii using 454 pyrosequencing and the analysis has identified a large number of ESTs
as putative functional genes, including some potentially involved with growth and muscle
development traits (Jung et al. 2011). These markers will need to be validated and tested,

however, before being applied potentially to stock improvement.

The main objectives of the current study were: a) to validate SNPs previously
identified in candidate genes and further characterise these candidate gene regions to identify
other potentially useful markers; b) to generate a SNP panel for genotyping animals in a GFP
culture stock; c) to use the resulting multi-locus genotypic data to undertake an association
analysis of validated SNPs with growth traits in a GFP line selected for fast growth in

Vietnam.
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MATERIALS AND METHODS
Study populations and morphological data

A test panel comprising 12 GFP individuals was used to test SNP primers and for DNA re-
sequencing. These included eight GFP individuals collected in Indonesia (Bengawan R),
Thailand (Tapi R), Malaysia (Bahand R), Bangladesh (Meghna R), India (Gujarat Narmada
R), India (Chalakudy R), and Vietnam (Dongnai R), and four individuals from a hatchery
stock in Vietnam (characterised as fast and slow growth performance individuals) (Dinh et al.
2012, 2013).

In 2007, three GFP culture strains (two native Vietnamese, Dong Nai and Mekong,
and an exotic strain from Malaysia) were sourced as founder populations at the Research
Institute for Aquaculture No. 2 in Vietham (RIA2). They were used to produce the GO
generation (year 2008), the G1 (year 2009), G2 (year 2010) and G3 (year 2011) generations,
and all matings were made between genetically unrelated brood stock (in order to minimize
inbreeding levels) to produce full-sib and (paternal) half-sib families using a complete 3 x 3
diallel cross (Dinh et al. 2012, 2013). In each generation, approximately 70 families that
showed highest mean breeding value or estimated breeding values (EBVs) for harvest weight
were chosen as founders for the next generation. From each family, five to eight males and
females with the highest EBVs were selected as parents (the Selection line) for the following
generation. Controls in each generation in the current study consisted of individuals within
the selected line that had the mean EBVs for that generation.

Following the above strategy, approximately 1,200 prawns from the G2 (same age
class) were cultured in a single pond (in order to minimize environmental effects) and were
assessed for six growth traits at harvest, including body weight, body length, cephalothorax
length, abdominal length, cephalothorax width and abdominal width (Dinh et al. 2013). The
linear mixed animal model in the ASReml program (Gilmour et al. 2009) was used to
examine the magnitude of both genetic and environmental effects (Dinh et al. 2013).
Complete details of the environmental effects fitted as variables in the model, founder
populations, mating design and family selection are available in Dinh et al. (2013). As a
result, EBVs were derived for all G2 animals (Dinh et al. 2013). EBVs were then used to
rank all individuals from families chosen at random. For the current study, a total of 200
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extreme growth performance individuals, 100 individuals with the highest EBVs and 100
individuals with the lowest EBVs from the selected line, were sampled for the SNP
association studies. The 200 individuals were taken from the 89 families in the selected line
based on EBV ranking. Individuals were then genotyped as growth-rate extreme classes (top
and bottom families within the selected line) for the SNP trait association study. Each family
contributed 1 to 7 individuals to the 200 individuals genotyped. An analysis of skewness
produced an estimate of 0.31 with a Kurtosis value of -0.91 (P = 0.04). Further statistical
analyses were conducted using only the highest and lowest growth performance individuals
ranked by EBV within the selected line. Thus, the Control for high growth individuals was

individuals with the mean population performance in each generation at harvest.

PCR primer design

Two criteria were used to select sequences for design of PCR primers from EST sequences
taken from a recent GFP transcriptome dataset (Jung et al. 2011). They were; the contigs
must contain SNPs identified in the initial 454 pyrosequencing run, and must have a putative
function related to muscle development and growth (Jung et al. 2011, 2013). All selected
contigs were annotated provisionally (i.e. exon, intron and untranslated regions identified) via
BLASTx and ORF searches of public databases. Oligo 7 software (Molecular Biology
Insights) was used to design primers to amplify short products (36800 bp)  including the
SNP sites screened initially in the 454 sequencing runs. For longer contigs that had putative
functions related to muscle development and growth, the forward primer was designed in the
3" end of the coding sequence and the reverse primer in the 3' untranslated region (UTR) to
minimise the potential for amplifying anonymous introns. Primer pairs were designed to
amplify 100 SNP loci.

DNA extraction and sequencing

Tissues were preserved in 95 % ethanol and stored at room temperature. DNA was extracted
from periopods (walking legs) tissue using a modified salt extraction method (Miller et al.
1998). All amplification reactions were performed in 35 ul reaction volumes in an Eppendorf
Mastercycler EPgradientS thermocycler (Eppendorf). Each reaction contained 25 ul dH,0, 8
ul 5x MyTaq Red Reaction Buffer (BIOLINE), 0.5 ul each primer (10 puM), and 0.1 ul
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MyTag HS DNA Taq polymerase (BIOLINE). All PCR reactions consisted of an initial
denaturation of 5 min at 95 °C, followed by 35 cycles of denaturation at 95 °C for 45 s,
annealing at 57—64 °C (depending on the amplicon, Table 1) for 45 s, extension at 72 °C for
45 s, and a final extension of 10 min at 72 °C. PCR products were examined by
electrophoresis on 1.5 % agarose gels stained with Gel Red Nucleic Acid Stain (Biotium) to
confirm amplification of the target region. Primer sequences and amplicon details are

summarised in Table 1.

Amplicons were purified for sequencing using PCR product clean up kit (BIOLINE)
according to the manufacturer’s protocol. Sequencing of each sample was conducted in both
directions with the primers used for amplification and the ABI BigDye® Terminator v3.1
Cycle Sequencing Kit (Applied Biosystem) under the following conditions: initial
denaturation of 1 min at 96 °C, followed by 30 cycles of 96 °C for 10 s, 50 °C for 5 s, and
60 °C for 4 min. Sequences were analysed on a ABI 3500 capillary sequencer (Applied

Biosystem).

Sequences were edited and aligned using Lasergene v10 software (DNASTAR).
Forward and reverse sequences were aligned to produce a consensus sequence including 454
contigs and haplotypes. A multiple sequence alignment of individual consensus sequences
including the sequence used to design the primers was undertaken to detect SNPs and
insertions/deletions (indels). Haplotype and nucleotide diversity (m) were estimated from
diploid sequences using the PHASE algorithm (Stephens & Donnelly 2003) implemented in
Dnasp 5.10 (Librado & Rozas 2009). SNPs were classified as coding, intron, or UTR SNPs.
Total number of non-synonymous (Ka), synonymous (Ks), transitions (Ti) and transversions
(Tv) were calculated in MEGADS (Tamura et al. 2011).

Molecular data used in association studies

A total of 30 candidate gene loci were selected from transcriptomic data generated in an
earlier study (Jung et al. 2011). Candidate gene selection was based on four criteria: 1)
associations between genes and growth previously reported in crustaceans, 2) growth-related
genes involved with moulting, 3) muscle development and degradation genes involved in
moulting, and 4) demonstrated association with growth traits in farmed terrestrial animal

species for which orthologs were present in crustacean species. Further details are provided in
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Jung et al. (2013). SNPs were selected for screening based on three criteria: 1) SNPs in
coding rather than in non-coding regions, 2) non-synonymous vs synonymous mutations, 3)
SNPs identified in both 454 pyrosequencing and ABI-resequencing analyses. DNA samples
from 200 adult females with extreme growth phenotypes (fast and slow) were sent to the
Australian Genome Research Facility (AGRF) in Brisbane for allele separation. Thirty pre-
selected SNPs were multiplexed using a MassARRAY platform according to the
manufacturer’s protocols (SEQUENOM) and manual inspection was conducted at AGRF
using MassARRAY TYPERAnalyzer v3.4 (SEQUENOM). Assay information is presented in
Table 2.

Statistical analyses

To examine individual SNPs from the MassARRAY platform, allele frequencies were
calculated and Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) were
tested in GENEPOP v4.0.10 with 1000 iterations and 100 Markov Chain approximations
(Raymond & Rousset 1995: Rousset 2008). Where appropriate, significance values for each
test were adjusted to account for family-wise error using Bonferroni correction (Rice 1989)
and a False Discovery Rate Procedure (FDR) (Benjamin & Hochberg 1995; Verhoeven et al.
2005) for the analysis of individual SNP marker quality test, and for multiple comparisons
via ANOVA (Tukey-Kramer) (Hayter 1984; Rafter et al. 2002) for the analysis of SNP
association test.

All significant environmental effects on body weight of all animals were taken into
account in the large genetic experiment (Dinh et al. 2012, 2013) and the genetic values of
individuals (EBVS) were used to rank animals. Therefore, the EBVs of body weight of 200
extreme growth animals were used for the SNP trait association analyses. For single SNP-
trait association analyses, both arbitrary dominant and additive effect models (Genissel et al.
2004) were investigated using the ANOVA of the EBVs. The dominance model (Model 1)

Was:
Yij = 1t + SNP;; + ejj (Model 1)

where y;; is the trait measured in the ith individual; p is the overall mean; SNP;; is the
fixed effect for the SNP genotype j (j = 1, 2 or 3 corresponding to GG, GA, or AA); and e;j is
the error term of the jth individual. The additive model (Model 2) was similar to the
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dominance model except that SNP genotype was fitted as a covariate, corresponding to a
simple linear regression of growth data on the number of “A” alleles present in each
individual animal tested (i.e. the additive effect of allelic substitution). Both additive and
dominance models were performed using PROC GLM in SAS package version 8 (SAS
Institute 2002). Since the SNP was the only effect in the GLM model, the R? value in the
GLM model indicates the proportion of genetic variance explained by the SNP. In order to
test multiple SNP-trait associations, the analyses were also performed with all SNPs fitted
simultaneously in the models and then using the stepwise selection method (both forward and
backward) to identify a subset of SNPs that contributed most to genetic variation for body

weight.

RESULTS
Candidate gene markers

As unrelated animals were used in the initial pyrosequencing experiment (Jung et al. 2011),
an essential step was validation of putative SNPs in the current study population. To this end
we utilized standard Sanger sequencing (ABI 3500) to confirm the predicted SNP in genomic
DNA and in the process we could identify novel SNPs not previously characterized in the
pyrosequencing, as they were either not present in the earlier cohort of animals or were

present within non-coding elements (introns) not present in the initial transcriptomic data.

Successful PCR amplification of a single clear product was achieved in all tested
individuals for 75 of the 100 target loci screened (75 %). Re-examination of the 25 PCRs that
had failed to amplify suggested three reasons for failure; 1) the original PCR primers
designed from EST data were anchored on an exon-intron boundary and/or alternative splice
exon regions were unable to anneal to the genomic DNA template; 2) the presence of very
large and/or numerous introns in the target amplicons interrupted effective amplification
under standard screening conditions; or 3) priming site polymorphisms caused inferior or
erratic amplification. From 75 amplicons, 47 were chosen to survey patterns of intraspecific
polymorphisms after re-sequencing and 28 loci were not included due to large intron(s)
insertion or sequencing difficulties due to presence of indels. While all 47 amplicons proved
to be the correct (target) loci, two amplicons showed a possible alternative splice event and
another amplicon showed a possible frame shift and/or alternative splice site (Table 1). Even
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with these potential changes, the putative functions of the three loci were not affected based
on BLASTX hit results. Summary of the SNPs and alignment of the sequenced amplicons
(454 pyrosequencing and ABI re-sequencing) including fasta files are presented in Electronic
supplementary material 1, 2. Both files are ordered alphabetically based on putative gene
names (same order in Table 1) and sequence region numbers presented in an excel file and
are based on actual sequenced regions from ABI re-sequencing data. In the case of the fasta
file, each gene name came first and abbreviation of 454Con (consensus from 454
pyrosequencing), 454Hap (haplotype from 454 pyrosequencing), TF1 (top femalel), TF2 (top
female2), BF1 (bottom femalel), BF2 (bottom female2), 13-35 (Indonesia3-35), T2-45
(Thailand2-45), M1-43 (Malaysial-43), B2-24 (Bangladesh2-24), 1G-33 (India Gujarat-33),
V2-2 (Vietnam2-2), IDF1 (India Kerala 1) and IDF2 (India Kerala 2) was followed in order.
In the case of the excel file, additional sample locations with abbreviation (including SNP
calling, coding/non-coding/UTR regions and amino acid change) were added immediately

before the same abbreviation used in the fasta file.

Of the 47 amplicons characterized (coding sequence region 9,158 bp total), 44
contained predicted coding sequences and of these, 43 contained SNPs in coding regions (127
synonymous and 75 non-synonymous) out of 342 putative SNPs. A single indel was observed
across characterised sequences in the inhibitor of growth (ING) gene as a possible frame shift
or alternative exon splice (Table 1). Intron sequences obtained from 15 amplicons (3,509 bp
total) contained 126 SNPs and 29 indels, respectively. Six amplicons contained UTR (1,167
bp) that showed 14 SNPs and 22 indels, respectively. As expected, the most common SNP
mutation types were G-T (39.48 %) and A—~G (27.78 %), while incidences of other SNP
types were significantly lower: G-G (8.48 %), GoT (8.48 %), A—C (7.89 %), and A—T
(7.89 %) (Figure 1). Average n, Ka/Ks ratio and Ti/Tv ratio across all amplicons were
0.00722, 0.59 and 2.05, respectively. Analysis of individual amplicons is presented in Table 1.
Overall, SNPs were observed in all but a single amplicon (Cyclophilin A). Re-sequencing of
47 amplicons using an ABI 3500 sequencer revealed a large number of regionally specific
SNPs not identified in the 454 pyrosequencing run, but only 42 of 61 putative SNPs were
confirmed with the ABI sequencer. In addition, two amplicons (B-actin and glycogenin)
showed a possible alternative splice event and/or transposable element, and a single amplicon
(ING) showed a possible frame shift and/or alternative splice site. In a comparison of SNP

heterozygosity among samples, four cultured samples from the G2 showed signs of reduced
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diversity compared with eight wild samples as 0.68/1 ratio (See Electronic supplementary

material 2).

When PCR primers were designed in the middle sections of coding regions, this
resulted in a large number of intron insertions as exon-primed intron-crossing (EPI1C) markers.
Of the 47 amplicons re-sequenced, 17 introns were observed in 15 amplicons and this
included some amplicons that contained multiple introns (ANK-like protein and glutamate-
gated chloride channel) (Table 1). Of the 17 introns identified as EPIC markers, 5 were
inserted in the first codon, 2 were inserted in the second codon, and 10 were inserted in the
third codon position, but exon-intron boundaries for all amplicons followed Chambon’s rule
(GT/AG) for splice donor and acceptor sites (Table 1).

SNP genotyping

Sequences for 28 of 30 pre-selected SNPs in candidate gene markers were successfully
amplified and they were used to genotype 200 GFP female brood-stock individuals
representing fast and slow growth phenotypes. The detailed SNP sources and positions are
summarised in Table 2. Of the 28 SNPs screened, only a single SNP (C SNP in Ferritin)
failed to show polymorphisms and the remaining 27 polymorphic SNPs were located in 18

exons (15 synonymous and 3 non-synonymous), eight in introns and one ina 3' UTR.

Results of observed and expected homozygosity and heterozygosity estimation at each
SNP and the significance of HWE are summarised in Table 3. The majority of SNPs detected
in the current study did not deviate (P > 0.05) from HWE except for ANK-like protein_Al (P
< 0.05) in the slow growth performance population, GluCl_A1 (P < 0.001), TGF-BIP_A2 (P
< 0.001) in both slow and fast growth performance populations, and Zasp52 (P < 0.001) in
the fast growth performance population. While the actual positions of each SNP in the GFP
genome are not known, five pairs from different genes (NHCP/VAIPRCP, ANK-like
protein_A2/Cathepsin L, Cathepsin L/Calreticulin, GP/ING, and ING/TGF-BIP_A2) and four
pairs from the same genes (ANK-like protein, GIuCl, TGF-BIP, and UGP2) showed
significant LD (P < 0.001).

When comparing SNP allele frequencies between fast and slow growth individuals
(Table 3), most observed SNP allele distributions were not significantly different between the
two groups except for ANK-like protein_Al (P = 0.001), ING (P = 0.03) and Zasp52 (P =
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0.04) (Fisher’s exact test). Interestingly more than three genotypes were observed at the
ANK-like protein_A2 and TGF-BIP_A2 (high homology with Fasciclin) loci.

SNP-trait associations

Both additive and dominant genetic inheritance models were examined for associations
between individual SNPs and the genetic values (EBVSs) for body weight in 200 animals
(Table 4). Under an additive model, two exonic SNPs in the GP (P = 0.022) and HSP90 (P =
0.002) genes, and two intronic SNPs in ANK-like protein_Al (P = 0.021) and _T_A2 (P =
0.017) genes showed significant associations with the EBVs for body weight.

Individually they explained 2.6-4.7 % of the genetic variance for body weight (R? = 0.026 to
0.047, Table 4). Under a dominance model, the exonic SNP in the HSP90 gene (P = 0.002)
and three intronic SNPs in ANK-like protein_Al (P = 0.008) and _T_A2 (P = 0.018), and
TGF-BIP_T_A2 (P = 0.017) genes were associated significantly with body weight (Table 4),
explaining 4—4.8 % of the genetic variance (R* = 0.040 to 0.048). Both models identified that
the exonic SNP in HSP90 and two intronic SNPs in ANK-like protein_ Al and T _A2 (P =
0.017-0.021) had both significant additive and dominant genetic associations with body
weight. In addition, the SNPs in ANK-like protein_A_A2, GAPDH, GP, ING and NCHP
genes showed marginal associations with body weight (P = 0.057-0.070) under both models.

R? values were relatively weak, however, and ranged from 0.017 to 0.028 (Table 4).

When all SNP effects were examined simultaneously in the same model using a
multi-SNP analysis approach, the analyses showed that under the additive model, the
significant associations with body weight were only supported for two SNPs (GP, P = 0.023
and HSP90, P = 0.003). Under the dominance model, apart from three SNPs already
identified from individual SNP analyses (ANK-like protein_Al [P = 0.009], ANK-like
protein_T_A2 [P = 0.004], HSP90 [P = 0.001]), two new SNPs in RP (P = 0.010) and UGP2
(P = 0.013) genes also showed significant dominant associations with body weight.

When the multi-SNP regression analysis with a stepwise selection method was
performed on all SNPs, the results suggested five SNPs (an exonic SNP in HSP90 gene [P =
0.002], ANK-like protein_A1 gene [P = 0.010], GP gene [P = 0.028], peroxidasin gene [P =
0.031] and TGF-BIP_A1 gene [P = 0.065]) had significant additive genetic effects on body
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weight. Together they explained 12.2 % of genetic variance for body weight. There were no

significant marker interactions identified among the five markers.

DISCUSSION
Candidate gene markers

In the current study we identified and validated 100 SNP markers within putative candidate
genes, and examined the associations between 27 selected SNPs and individual growth
performance in an improved GFP culture line. A 75 % PCR success rate was similar to that
reported for Pacific white shrimp (79 %), Litopenaeus vannamei (Gorbach et al. 2009) but
less than that previously reported for the same species (87 %) (Ciobanu et al. 2010). PCR
failures mainly resulted from unexpected intron insertions. Whole genome sequencing
projects offer the prospect of developing large numbers of null-free Type | loci, but it is still
difficult to obtain them for most aquatic invertebrates (Audzijonyte & Vrijenhoek 2010; Kim
et al. 2011) because of time and labour costs. In the current study of 47 loci, we observed an
average of one SNP per 40 bp sequenced in the sampled gene regions in M. rosenbergii, and
this frequency is similar to that reported in other aquatic invertebrate species including;
oysters (one SNP per 20—-60 bp), nematode (one per 20 bp) and ascidian (one per 20 bp)
(Cutter et al. 2006; Sauvage et al. 2007; Small et al. 2007; Zhang & Guo, 2010; Kim et al.
2011). This SNP frequency was high, however, compared with the SNP frequency (one per
285 bp) reported for an improved hatchery line of Pacific white shrimp (G7 to G9) (Ciobanu
et al. 2010). This difference may in part, be explained by 1) different sample sources
including the geographical panels used (hatchery vs wild), 2) different location of primers in
the genome and 3) different sequencing approaches (454 pyrosequencing vs Sanger
sequencer). In the case of SNP heterozygote diversity, G2 individuals studied here already
showed a sign of reduced frequency compared with wild samples despite being exposed to
only a short period of selection. Abundant SNPs and indels as observed in the M. rosenbergii
populations could provide useful information for a number of potential genetic applications,
but can also be a significant obstacle to marker development and selection of individual SNPs
as targets for high-throughput screening. In particular, the k-mer approach and homopolymer
errors in 454 de novo assembly could potentially identify false putative SNPs. Applying

third-generation sequencing technologies that can generate longer average read length could
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be a potential solution to address these issues but its wider application requires further

technology maturation.

Association studies

Among the 27 SNPs genotyped successfully here using SEQUENOM, both individual and
multi-SNP analyses identified two exonic SNPs in HSP90 and GP, and an intronic SNP in
ANK-like protein_Al that showed significant additive genetic effects on body weight.
Among them, HGP90 explained the most genetic variation for body weight (4.7 %). In
addition both individual and multi-SNP analyses also showed that SNP markers in ANK-like
Al, T_A2, HSP90, RP, and UGP2 had significant dominant effects on body weight. Since the
success of a genetic improvement program applying marker-assisted selection largely relies
on additive effects of genetic markers, the markers with both favourable additive and

dominant effects have potential to contribute most to genetic gains in a selection program.

The genes identified here represent clear candidates for possessing roles in growth in
M. rosenbergii. All findings in the current study represent new discovery of direct and/or
indirect evidence of these candidate genes related to growth in crustacean species. For
example, ankyrin repeats (ANK) are necessary for providing effective protein-protein
interactions (Rubtsov & Lopina, 2000; Mosavi et al. 2004; Barrick et al. 2008). In pig,
polymorphisms in ANK-like protein showed significant associations with growth and carcass
traits (porcine loin depth and meat firmness) (Sun et al. 2011), and in crustaceans they have
been implicated in moulting (Chithr & Devaraj 2012). While an ANK gene was reported to
be involved in early developmental regulation, especially brachyurization regulation in
Chinese mitten crab (Li et al. 2009), the current study has provided the first direct evidence
for significant association with growth in a crustacean. HSPs protect endogenous proteins
during stressful conditions, preventing their irreversible aggregation and assist in protein
refolding (Feder & Hofmann 1999; Hartl & Hayer-Hartl 2002; Liberek et al. 2008). In
crustaceans, most studies of HSP forms have been conducted to assess relationships with
innate immune responses and/or environmental stress, but some studies have provided
substantial evidence for their involvement in crustacean muscle atrophy over the moult cycle
(muscle degradation) in American lobster (Spees et al. 2003) and Pacific white shrimp (Cesar
& Yang 2007). The first direct evidence for HSPs related to growth in crustacean suggests

that putative functional role of HSPs should not be limited to only innate immune responses
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and/or environmental stress but must be expanded to include moulting and growth. TGF-BIP
(high homology with Fasciclin) is believed to be involved in mediating cell growth and
differentiation, and also inhibits epidermal growth factor receptor signalling during insect
development (Mao & Freeman 2008). The first confirmed evidence for an association
between TGF-BIP with growth in a crustacean was consistent with previous studies in
livestock, where this gene was suggested to be associated significantly with some production
traits (Bennett et al. 2007; Chen et al. 2012a).

Glycogen phosporylase (GP) is an important regulator of muscle glycogen levels
(Greenberg et al. 2006; Irimia et al. 2012). A recent study suggests that GP may also play a
similar role in crustaceans by meeting heightened energy demand and metabolite state during
environmental fluctuations (Oliveira et al. 2004; Bacca et al. 2005), and may influence
glycogen accumulation in specific tissues, including during moulting (Reddy et al. 2007;
Nagai et al. 2011; Babu et al. 2012). Discovery of a new GP identified here provides a

starting point for exploring its physiological role(s) in crustaceans.

Peroxidasin (PXDN), closely related to chordate peroxidase and peroxinectin, has not
been identified in crustaceans previously but has potential roles in antimicrobial defence,
extracellular matrix formation and/or extracellular inhibitors of axonal regeneration, and
consolidation at various developmental stages (Tindall et al. 2005; Gotenstein et al. 2010;
Soudi et al. 2012). Peroxinectin deduced peptide has previously been characterised in
crustaceans during innate immune defence experiments, and has as an overall similarity with
PXDN (Sritunyalucksana et al. 2001; Hsu et al. 2005; Dong et al. 2009). While results of the
current study suggest the first direct evidence for a role in growth, the exact physiological
role(s) of PXDN in crustacean species remain to be resolved. UTP-glucose-1-phosphate
uridylyltransferase (UGP), also known as UDP-glucose pyrophosphorylase (UDPGP), is a
ubiquitous enzyme in nature, and an obvious gene candidate for growth traits given its central
roles in carbohydrate interconversion and glycogen synthesis (Thoden & Holden 2006).
Rolling pebbles (RP) or Rols isoform are recognised as muscle-specific founders. Recent
studies suggest it has molecular interactions during myogenesis and may regulate cell fusion,
in the tubules that lead to cell intercalation during organ formation (Denholm & Skaer 2009),
myotube enlargement (Menon et al. 2005) and/or myoblast fusion (Avirneni-Vadlamudi et al.
2012). While results from the current study represent new findings for GP, UGP and RP
genes, considering their known physiological roles, significant associations with crustacean

growth is not surprising. Despite requiring further validation, markers identified in candidate
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genes here will be informative not only for pinpointing signals in biological pathways
mapping (i.e. growth) in the future via molecular networks, but also potentially could be
useful in GFP breeding because of their important physiological roles. As it currently stands,
this study represents the first direct evidence for genetic variation in the genes identified here

being associated with growth in crustacean species.

Since there is neither whole genome sequence information nor gene locations on
chromosomes available for GFP, it is impossible to locate the SNPs examined here to specific
GFP chromosomes. While it is possible that one or more of the SNPs identified here could be
potentially located on sex chromosomes because only females were studied here, it is not
possible to determine their chromosome locations. However, evidence of no interactions
among significant SNPs with additive effects suggests that the SNPs do not occur on the
same chromosome(s) and therefore, can be selected independently or jointly. Despite this fact,
any SNPs associated with individual growth performance potentially can be applied in future
GFP breeding programs and used to increase the efficiency of the selection process in this
species. Furthermore, the markers can contribute to future linkage mapping, population

genetic studies, and phylogenetic analyses of wild and cultured GFP genetic resources.

Although M. rosenbergii culture has been practiced since the 1970’s, information on
response to selection and/or the heritability of growth-related traits, defined as the proportion
of additive genetic variance over the total phenotypic variance, are very rare because stock
improvement of GFP culture lines has only been trialled recently (Thanh et al. 2009; Aflalo
et al. 2012; Dinh et al. 2012). In addition, most research has focused on traditional
quantitative genetics studies of genetic parameters (heritabilities, genetic correlations) of
phenotypic traits and selection response per generation (Aflalo et al. 2012; Dinh et al. 2013;
Kitcharoen et al. 2012; Luan et al. 2012). In a recent study of Fenneropenaeus indicus,
however, the proportion of genetic variance (R?) for growth was estimated to be 0.07 based
on random amplified polymorphic DNA (RAPD) markers (Rezvani Gilkolaei et al. 2011). In
addition, R* was estimated at 0.02—0.30 for body mass, 0.02—0.25 for standard length and
0.03—0.36 for body height using microsatellite markers in yellow croaker Larimichthys
crocea, (Liu et al. 2012). R? estimation identified for significant candidate loci in the current
study (Type | EST markers) ranged from 0.026—0.048, a level that is similar or lower than
previously reported for other Type Il markers (Rezvani Gilkolaei et al. 2011; Liu et al. 2012).
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Candidate gene association analyses have been successful approaches for identifying
the genetic basis of phenotypic correlations between hatch timing, shape, skin, weight, length
and growth rate in some aquaculture species including; Arctic charr (Tao & Boulding 2003),
Kuruma prawns (Lyons et al. 2007), Atlantic salmon (Boulding et al. 2008), coho salmon
(McClelland & Naish 2010), Pacific white shrimp (Ciobanu et al. 2010), and GFP (Thanh et
al. 2010b). Exonic SNPs from ESTs have been the main target of association studies in the
past because SNPs are likely to affect the physiological functions of target genes by altering
amino acids present in resulting proteins (i.e non-synonymous mutations) (Genissel et al.
2004). Intronic SNPs have been suggested to be potential regulatory elements that can affect
splicing, thereby resulting in phenotypic variation, and they have also been implicated in
producing phenotypic variation including in production traits in aquatic species (Tao &
Boulding 2003; Thanh et al. 2010b) as well as genetic disorders in humans (Pagani &
Barralle 2004; Hastings et al. 2005; Hull et al. 2007). Since most conserved motifs near
exon-intron boundaries act as critical splice signal sites, a number of intronic SNPs have been
suggested to be involved in regulating normal splicing of exonic sequences (Pagani & Baralle
2004). A few intronic SNPs identified at exon-intron boundaries in the current study (< 50bp
from exon) were associated with genetic values for body weight, including ANK-like protein
Al, T_A2 and TGF- BIP_T_A2. Therefore, intronic SNPs are likely to be an important
component of future association studies in GFP due to their relative abundance compared
with exonic SNPs (Liu 2007; De-Santis & Jerry 2007; Jung et al. 2013). A recent study has
suggested that both synonymous and non-synonymous SNPs in exonic regions can be equally
useful for genetic applications (i.e. mapping and association studies) because synonymous
SNPs also can contribute to phenotypic variation (Kimchi-Sarfaty et al. 2007). Synonymous
polymorphisms in HSP90 and GP showed significant correlations with EBVs in the current
study but require further validation to provide robust evidence for a direct role in growth in
GFP.

It is worthwhile to mention that the SNP effects identified here were estimated using
the polygenic component of genetic variance for body weight (i.e. EBVS) in extreme growth
phenotypes for 200 adult GFP females. Therefore R was in fact the proportion of additive
genetic variance explained. The estimates could have been different if the residuals for body
weight from the mixed animal model in the large experiment (Dinh et al. 2012, 2013) had
been used for the association study, and the variance from the residuals of an animal model

would explain all other non-polygenetic genetic variation in the population. The majority of
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SNPs detected in the current study did not deviate (P > 0.05) from HWE, but ANK-like
protein_Al, GIuCl_A1, TGF-BIP_A2 and Zasp52 indicated a potential for selection pressure
on growth performance between slow and fast groups even though this only involved effects
over two generations (only G2). Relatively intense selection for growth rate was used in the
Dinh et al. study (2012, 2013), so detection of significant deviations from HWE for
individual SNPs may provide a marker for specific sites in candidate genes where selection
has had a major effect. While several SNP markers in the current study were in significant
LD (FAP, FAMeT, TGF-BIP, GIuCl, ING, PHLCFM2, RP, and UGP2) (P < 0.001), the
multi-SNP trait analysis did not identify any significant linkage among these SNPs and body
weight. While this shows that much larger validation populations would be required to
accurately study the associations in the future, this is the first large set of genetic markers
reported for M. rosenbergii and will be useful for confirmation of associations in other

samples or lines.

Evolutionary pressures

Evolutionary response is generally determined by a combination of phenotypic variation, the
strength and direction of selection, the underlying genetic variation within a population and
the genetic covariance between traits (Falconer & Mackay 1996). Estimates of allele
frequencies, non-synonymous (Ka)/synonymous (Ks) ratio and transition (Ti)/tranversion
(Tv) ratio have been used widely to understand selection pressure during molecular evolution
and to monitor long-term effective population size. These findings, however, will require
further validation in diverse test populations (wild and several breeding generation stocks)
because the current data were observed under growth selection pressure using only EBVs
from G2 adult females (body weight). Therefore, future studies should consider different
forms of selection driven by reproduction and at different developmental stages because of
potential differential impacts on epigenetic, epistatic, pleiotropic factors among genes which
often act unevenly among genes and genomic regions (McClelland & Naish 2010; Loukovitis
et al. 2011; Chen et al. 2012b; Gruber et al. 2012).

Identification of combinations of functional molecular polymorphisms that differ in
frequency among populations that utilise different environments or that possess different
phenotypic ranges could facilitate MAS in the target species. Little is known, however, about

natural genetic diversity in M. rosenbergii. To date, only a few microsatellite markers have
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been utilised to evaluate genetic diversity in wild and cultured strains (Hurwood et al. 2012;
Schneider et al. 2012) in M. rosenbergii. Genetic diversity is a critical resource in animal
breeding because highly inbred populations are likely to respond much more slowly or
potentially not at all to stock improvement (Ciobanu et al. 2010). Significant differences in
polymorphism levels at marker sites between fast and slow growth lines can potentially be
used as tags for monitoring stock productivity over time (i.e. genetic diversity, inbreeding and
genetic drift). In addition, it would be interesting to identify whether the sources of large
differences in allelic frequency are signatures of selection acting on a particular trait or
simply random effects of genetic drift. A few studies conducted in shrimps and prawns have
reported that some negatively correlated traits (pathogen resistance and growth) may have
resulted from selection of certain allelic variants acting in opposing ways (Gitterle et al.
2005; Ciobanu et al. 2010; Panphut et al. 2011) that result from possible mutations and drift
forces. The markers (i.e. EST-SNP and EPIC) identified here could be useful in future
analyses of other complex traits, for tracing pedigree relationships in breeding programs,
detection of inter-/intra-specific variation among congeners, and for monitoring genetic

diversity in commercial and wild populations of M. rosenbergii.

Conclusions

A major result of the current study was identification of polymorphisms in ANK-like protein,
GP, HSP90, Peroxidasin, RP, TGF-BIP and UGP2 genes that showed associations with
individual body weight in female GFP. While the candidate gene SNP markers need to be
confirmed using different breeding lines to overcome two criticisms of CGA (lack of
replication and thoroughness), SNPs associated with growth performance have potential
applications in MAS/GS programs not only for developing fast-growth GFP lines but also to

identify brood-stock that possess the best genetic potential for fast growth.

ACKNOWLEDGEMENTS
Authors wish to thank to Dr. Woo-Jin Kim, Dr. Peter Prentis and two anonymous reviewers
for useful comments. This research forms a part of Hyungtaek Jung’s PhD project, and is

supported by an International Postgraduate Research Scholarship (Australia) and a

157



Queensland University of Technology Postgraduate Award (N7333978). Additional funding
for this work was provided by Queensland University of Technology awarded to Peter B.
Mather (VC NPSG award).

ELECTRONIC SUPPLEMENTARY MATERIAL

E1. Alignment of the sequenced 47 loci amplicons (454 pyrosequencing and ABI re-

sequencing) — Fasta file format

E2. The number of polymorphic sites detected in the sequenced 47 loci amplicons and

their annotation results (455 pyrosequencing and ABI re-sequencing) — Excel file format

158



REFERENCES

Aflalo ED, Raju DVSN, Bommi NA, Verghese JT, Samraj TYC, Hulata G et al. (2012)
Toward a sustainable production of genetically improved all-male prawn
(Macrobrachium rosenbergii): Evaluation of production traits and obtaining neo-
females in three Indian strains. Aquaculture 338-341: 197-207.

Arendt JD (1997) Adaptive intrinsic growth rates: an integration across taxa. Quarterly
Review of Biology 72: 149-177.

Audzijonyte A, Vrijenhoek RC (2010) Three nuclear genes for phylogenetic, SNP and
population genetic studies of molluscs and other invertebrates. Molecular
Ecology Resources 10: 200-204.

Avirneni-Vadlamudi U, Galindo KA, Endicott TR, Paulson V, Cameron S, Galindo RL
(2012) Drosophila and mammalian models uncover a role for the myoblast fusion
gene TANCL1 in rhabdomyosarcoma. Journal of Clinical Investigation 122: 403—
407.

Babu KN, Pallavi PN, Reedy DC, Kalarani V (2012) Effect of 5-hydroxytryptamine and
dopamine on the carbohydrate metabolism in the shrimp, Penaeus monodon
(Fabricius). World Journal of Fish and Marine Sciences 4: 586-593.

Bacca H, Huvet A, Fabioux C, Daniel JY, Delaporte M, Pouvreau S et al. (2005) Molecular
cloning and seasonal expression of oyster glycogen phosphorylase and glycogen
synthase genes. Comparative Biochemistry and Physiology 140B: 635-646.

Barrick D, Ferreiro DU, Komives EA (2008) Folding landscapes of ankyrin repeat proteins:
experiments meet theory. Current Opinion in Structural Biology 18: 27-34.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society B
57: 289-300.

Bennett AK, Hester PY, Spurlock DM (2007) Relationships of a transforming growth factor-
B2 single nucleotide polymorphism and messenger ribonucleic acid abundance
with bone and production traits in chickens. Poultry Science 86: 829-834.

Bouck A, Vision T (2007) The molecular ecologist’s guide to expressed sequence tags.
Molecular Ecology 16: 907-924.

Boulding EG, Culling M, Glebe B, Berg PR, Lien S, Moen T (2008). Conservation genomics
of Atlantic salmon: SNPs associated with QTLs for adaptive traits in parr from
four trans-Atlantic backcrosses. Heredity 101: 381-391.

Cesar JRO, Yang J (2007) Expression patterns of ubiquitin, heat shock protein70, a-actin and
B-actin over the molt cycle in the abdominal muscle of marine shrimp
Litopenaeus vannamei. Molecular Reproduction and Development 74: 554-559.

Chen K, Hawken R, Flickinger GH, Rodriguez-Zas SL, Rund LA, Wheeler MB et al. (2012a)
Association of the porcine transforming growth factor beta type | receptor
(TGFBR1) gene with growth and carcass traits. Animal Biotechnology 23: 43-63.

Chen R, Irwin DM, Zhang YP (2012b) Differences in selection drive olfactory receptor genes
in different direction in dogs and wolf. Molecular Biology and Evolution Online
version.

Chithra C, Devaraj H (2012) Purification and characterisation of a 48 kDa protein involved in
the moulting cycle of Penaeus monodon. Food Chemistry 134: 15-20.

Ciobanu DC, Bastiaansen JWM, Magrin J, Jiang DH, Yu N, Geiger B et al. (2010) A major
SNP resource for dissection of phenotypic and genetic variation in Pacific white
shrimp (Litopenaeus vannamei). Animal Genetics 41: 39-47.

159



Cutter AD, Baird SE, Charlesworth D (2006) High nucleotide polymorphism and rapid decay
of linkage disequilibrium in wild populations of Caenorhabditis remanei.
Genetics 174: 901-913.

Denholm B, Skaer H (2009) Bringing together components of the fly renal system. Current
Opinion in Genetics and Development 19: 526-532.

De-Santis C, Jerry DR (2007) Candidate growth genes in finfish: Where should we be
looking? Aquaculture 272: 22-38.

Dinh H, Coman G, Hurwood DA, Mather PB (2012) Experimental assessment of the utility
of visible implant elastomer tags in a stock improvement programme for giant
freshwater prawn (Macrobrachium rosenbergii) in Vietnam. Aquaculture
Research 43: 1471-1479.

Dinh H, Vu NT, Nguyen NH, Ponzoni RW, Hurwood DA, Mather PM (2013) Quantitative
genetic parameter estimates for body and carcass traits in a cultured stock of giant
freshwater prawn (Macrobrachium rosenbergii) selected for harvest weight in
Vietnam. Aquaculture 404-405: 122-129.

Dong B, Liu F, Gao H, Wang B, Xiang J (2009) cDNA cloning and gene expression pattern
following bacterial challenge of peroxinectin in Chinese shrimp Fenneropenaeus
chinensis. Molecular Biology Reports 36: 2333-23309.

Du ZQ, Ciobanu DC, Onteru SK, Gorbach D, Mileham AJ, Jaramillo G et al. (2010) A gene-
based SNP linkage map for pacific white shrimp, Litopenaeus vannamei. Animal
Genetics 41: 286-294.

Ekblom R, Galindo J (2010) Application of next generation sequencing in molecular ecology
of non-model organisms. Heredity 107: 1-15.

Falconer DS, Mackay TFC (1996) Introduction to Quantitative Genetics. Prentice Hall: San
Francisco, CA

FAO (2010) Fisheries Statistical Database, Global Aquaculture Production (Fisheries Global
Information System, online query).

Feder ME, Hofmann GE (1999) Heat—shock proteins, molecular chaperones, and the stress
response: evolutionary and ecological physiology. Annual Review of Physiology
61: 243-282.

Genissel A, Pastinen T, Dowell A, Mackay TFC, Long AD (2004) No evidence for an
association between common nonsynonymous polymorphisms in Delta and
bristle number variation in natural and laboratory populations of Drosophila
melanogaster. Genetics 166: 291-306.

Gilmour AR, Gogel BJ, Cullis BR, Thompson R (2009) ASReml user guide release 3.0. VSN
International Ltd., Hemel Hampstead, HP11ES UK.

Gitterle T, Salte R, Gjerde B, Cock J, Johansen H, Salazar M et al. (2005) Genetic
(co)variation in resistance to White Spot Syndrome Virus (WSSV) and harvest
weight in Penaeus (Litopenaeus) vannamei. Aquaculture 246: 139-149.

Goddard ME, Hayes BJ (2009) Mapping genes for complex traits in domestic animals and
their use in breeding programmes. Nature Review Genetics 10: 381-391.

Gorbach DM, Hu ZL, Du ZQ, Rothschild MF (2009) SNP discovery in Litopenaeus
vannamei with a new computational pipeline. Animal Genetics 40: 106-109.

Gotenstein JR, Swale RE, Fukuda T, Wu Z, Giurumescu CA, Goncharov A et al. (2010) The
C. elegans peroxidasin PXN-2 is essential for embryonic morphogenesis and
inhibits adult axon regeneration. Development 137: 3603-3613.

Greenberg CC, Jurczak MJ, Danos AM, Brady MJ (2006) Glycogen branches out: new
perspectives on the role of glycogen metabolism in the integration of metabolic
pathways. American Journal of Physiology Endocrinology and Metabolism 291:
E1-ES.

160



Gruber JD, Vogel K, Kalay G, Wittkopp PJ (2012) Contrasting properties of gene-specific
regulatory, coding, and copy number mutations in Saccharomyces cerevisiae:
Frequency, effects, and dominance. PLoS Genetics 8: e1002497.

Hartl FU, Hayer-Hartl M (2002) Molecular chaperones in the cytosol: from nascent chain to
folded protein. Science 295: 1852-1858.

Hastings ML, Resta N, Traum D, Stella A, Guanti G, Krainer AR, (2005) An LKB1 ATAC
intron mutation causes Peutz-Jeghers syndrome via splicing at noncanonical
cryptic splice sites. Nature Structural and Molecular Biology 12: 54-59.

Hayter AJ (1984) A proof of the conjecture that the Tukey-Kramer multiple comparisons
procedure is conservative. Annals of Statics 12: 61-75.

Hsu PI, Liu CH, Tseng DY, Lee PP, Cheng W (2006) Molecular cloning and characterisation
of peroxinectin, a cell adhesion molecule, from the giant freshwater prawn
Macrobrachium rosenbergii. Fish and Shellfish Immunology 21: 1-10.

Hu X, Gao Y, Feng C, Liu Q, Wang X, Du Z et al. (2009) Advanced technologies for
genomic analysis in farm animals and its application for QTL mapping. Genetica
136: 371-386.

Hull J, Campino S, Rowlands K, Chan MS, Copley RR, Taylor MS et al. (2007)
Identification of common genetic variation that modulates alternative splicing.
PLoS Genetics 3: 1009-1018.

Hurwood DA, Singh S, Dammannagoda ST, Nandlal S, Mather PB (2012) Experimental
evaluation of the culture performance of three exotic and a ‘local’ giant
freshwater prawn (Macrobrachium rosenbergii, De Man 1879) culture strain in
Fiji. Aquaculture Research Online Version.

Irimia JM, Rovira J, Nielsen JN, Guerrero M, Wojtaszewski JFP, Cusso R (2012) Hexokinase
2, glycogen synthase and phosphorylase play a key role in muscle glycogen
supercompensation. PLoS One 7: e42453.

Jung H, Lyons RE, Dinh H, Hurwood DA, McWilliam S, Mather PB (2011) Transriptomics
of giant freshwater prawn (Macrobrachium rosenbergii): De novo assembly,
annotation and marker discovery. PLoS One 6: e27938.

Jung H, Lyons RE, Hurwood DA, Mather PM (2012) Genes and growth performance in
crustacean species: A review of relevant genomic studies in crustaceans and other
taxa. Reviews in Aquaculture In Press.

Kim WJ, Jung HT, Gaffney PM (2011) Development of Type | genetic markers from
expressed sequence tags in highly polymorphic species. Marine Biotechnology
13: 127-132.

Kimchi-Sarfaty C, Oh JM, Kim IW, Sauna ZE, Calcagno AM, Ambudkar SV et al. (2007) A
“silent” polymorphism in the MDR1 gene changes substrate specificity. Science
315: 525-528.

Kitcharoen N, Rungsin W, Koonawootrittriron S, Na-Nakorn U (2012) Heritability for
growth traits in giant freshwater prawn, Macrobrachium rosenbergii (de Mann
1879) based on best linear unbiased prediction methodology. Aquaculture
Research 43: 19-25.

Kruglyak L, Nickerson DA (2001). Variation is the spice of life. Nature Genetics 27: 234-
236.

Li P, Zha J, Huang H, Zhang Z, Sun H, Song D et al. (2009) Identification, mRNA
expression and characterization of a novel ANK-like gene from Chinese mitten
crab Eriocheir japonica sinensis. Comparative Biochemistry and Physiology
153B: 332-339.

Liberek K, Lewandowska A, Zigtkiewicz S (2008) Chaperones in control of protein
disaggregation. EMBO Journal 27: 328-335.

161



Librado P, Rozas J (2009) DnaSP v5: a software for comprehensive analysis of DNA
polymorphism data. Bioinformatics 25: 1451-1452.

Liu Z (2007) Single nucleotide polymorphism (SNP). In: Liu, Z. (Ed.), Aquaculture Genome
Technologies. Blackwell, USA, pp. 59-72.

Liu XD, Zhao GT, Cai MY, Wang ZY (2012) Estimated genetic parameters for growth-
related traits in large yellow croaker Larimichthys crocea using microsatellites to
assign parentage. Journal of Fish Biology Online Version.

Loukovitis D, Sarropoulou E, Tsigenopoulos CS, Batargias C, Magoulas A, Apostolidis AP
et al. (2011) Quantitative trait loci involved sex determination and body growth
in the gilthead sea bream (Sparus aurata L.) through targeted genome scan. PLoS
One 6: €16599.

Luan S, Yang G, Wang J, Luo K, Zhang Y, Gao Q et al. (2012) Genetic parameters and
response to selection for harvest body weight of the giant freshwater prawn
Macrobrachium rosenbergii. Aquaculture 362-363: 88-96.

Lynch M, Walsh B (1998) Genetics and Analysis of Quantitative Traits. Sinauer Assoc Inc.,
Sunderland, MA, USA.

Lyons RE, Dierens LM, Tan SH, Preston NP, Li Y (2007) Characterization of AFLP markers
associated with growth in the Kuruma prawn, Marsupenaeus japonicas, and
identification of a candidate gene. Marine Biotechnology 9: 712-721.

Mackay TFC, Stone EA, Ayroles JF (2009) The genetics of quantitative traits: challenges and
prospects. Nature Reviews Genetics 10: 565-577.

Mangel M, Stamps J (2001) Trade-offs between growth and mortality and the maintenance of
individual variation in growth. Evolutionary Ecology Research 3: 583-593.

Mao Y, Freeman M (2008) Fasciclin 2, the Drosophila orthologue of neural cell adhesion
molecule, inhibits EGF receptor signalling. Development 136: 473-481.
McClelland EK, Naish KA (2010) Quantitative trait locus analysis of hatch timing, weight,
length and growth rate in coho salmon, Oncorhynchus kisutch. Heredity 105:

562-573.

Menon SD, Osman Z, Chenchill K, Chia W (2005) A positive feedback loop between
Dumbfounded and Rolling pebbles leads to myotube enlargement in Drosophila.
Journal of Cell Biology 169: 909-920.

Metzker M (2010) Sequencing technologies: the next generation. Nature Reviews Genetics
11: 31-46.

Miller SA, Dykes DD, Polesky HF (1998) A simple salting out procedure for extracting DNA
from human nucleated cells. Nucleic Acids Research 16: 1215.

Morin PA, Luikart G, Wayne RK, Grp SW (2004). SNPs in ecology, evolution and
conservation. Trends in Ecology and Evolution 19: 208-216.

Mosavi LK, Cammett TJ, Desrosiers DC, Peng ZY (2004) The ankyrin repeat as molecular
architecture for protein recognition. Protein Science 13: 1435-1448.

Nagai C, Nagata S, Nagasawa H (2011) Effects of crustacean hyperglycaemic hormone
(CHH) on the transcript expression of carbohydrate metabolism-related enzyme
genes in the kuruma prawn, Marsupenaeus japonicas. General and Comparative
Endocrinology 172: 293-304.

Oliveira G T, Rossi IC, Kucharski LC, Da Silva RS (2004) Hepatopancreas gluconeogenesis
and glycogen content during fasting in crabs previously maintained on a high-
protein or carbohydrate-rich diet. Comparative Biochemistry and Physiology
137A: 383-390.

Pagani F, Baralle FE (2004) Genomic variants in exons and introns: indentifying the splicing
spoilers. Nature Reviews Genetics 5: 389-396.

162



Panphut W, Senapin S, Sriurairatana S, Withyachumanarnkul B, Flegel TW (2011) A novel
integrase-containing element may interact with Laem-Singh virus (LSNV) to
cause slow growth in giant tiger shrimp. BMC Veterinary Research 7: 18.

Pillai BR, Mahapatra KD, Ponzoni RW, Sahoo L, Lalrinsanga PL, Nguyen NH et al. (2011)
Genetic evaluation of a complete diallel cross involving three populations of
freshwater prawn (Macrobrachium rosenbergii) from different geographical
regions of India. Aquaculture 319: 347-354.

Rafter JA, Abell ML, Braselton JP (2002) Multiple comparison methods for means. Society
of Industrial and Applied Mathematics 44: 259-279.

Raymond M, Rousset F (1995) GENEPOP (version 1.2): population genetics software for
exact tests and ecumenicism. Journal of Heredity 86: 248-249.

Reddy PS, Reddy PR, Pushpalatha T (2007) Differential mode of action of hyperglycaemic
hormones obtained from crab (Crustacea) and millipede (Myriapoda) in the crab,
Oziotelphusa senex senex. Journal of Biological Sciences 7: 141-152.

Rezvani Gilkolaei S, Safari R, Laloei F, Tagavi J, Matinfar A (2011) Using RAPD markers
potential to identify heritability for growth in Fenneropenaeus indicus. Iranian
Journal of Fisheries Sciences 10: 123-134.

Rice WR (1989) Analyzing tables of statistical tests. Evolution 43: 223-225.

Rousset F (2008) Genepop’007: a complete reimplementation of the Genepop software for
Windows and Linux. Molecular Ecology Resources 8: 103-106.

Rubtsov AM, Lopina OD (2000) Ankyrins. FEBS Letters 482: 1-5.

SAS Institute (2002). SAS OnlineDoc, Version 8.2. SAS Institute Inc.: Cary, NC, USA.

Sauvage C, Bierne N, Lapégue S, Boudry P (2007) Single nucleotide polymorphisms and
their relationship to codon usage bias in the Pacific oyster Crassostrea gigas.
Gene 406: 13-22.

Schneider KJ, Tidwell JH, Gomelsky B, Pomper KW, Waldbieser GC, Saillant E et al.
(2012) Genetic diversity of cultured and wild populations of the giant freshwater
prawn Macrobrachium rosenbergii (de Man, 1879) based on microsatellite
analysis. Aquaculture Research Online Version.

Schwantes VS, Diana JS, Yi Y (2009) Social, economic, and production characteristics of
giant freshwater prawn Macrobrachium rosenbergii culture in Thailand.
Aquaculture 287: 120-127.

Seeb JE, Carvalho G, Hauser L, Naish K, Roberts S, Seeb LW (2011) Single-nucleotide
polymorphism (SNP) discovery and applications of SNP genotyping in nonmodel
organisms. Molecular Ecology Resources 11S1: 1-8.

Small KS, Brudno M, Hill MM, Sidow A (2007) Extreme genomic variation in a natural
population. Proceedings of the National Academy of Sciences of the USA 104:
5698-5703.

Soudi M, Zamocky M, Jakopitsch C, Furtmiller PG, Obinger C (2012) Molecular evolution,
structure, and function of peroxidasins. Chemistry and Biodiversity 9: 1776-1793.

Spees JL, Chang SA, Mykles DL, Snyder MJ, Chang ES (2003) Molt cycle-dependent
molecular chaperone and polyubiquitin gene expression in lobster. Cell Stress
and Chaperones 3: 258-264.

Sritunyalucksana K, Wongsuebsantati K, Johansson MW, Sdderhall (2001) Peroxinectin, a
cell adhesive protein associated with the proPO system from the black tiger
shrimp, Penaeus monodon. Developmental and Comparative Immunology 25:
353-363.

Stephens M, Donnelly P (2003) A comparison of Bayesian methods for haplotype
reconstruction. American Journal of Human Genetics 73: 1162-1169.

163



Sun L, Dong X, Fan B, Liu B (2011) The association of ANKRD2 with loin depth and
muscle firmness in pigs. Journal of Animal Veterinary Advances 10: 1462-1468.

Sundstrom LF, Lohmus M, Devlin RH (2005) Selection on increased intrinsic growth rates in
coho salmon, Oncorhynchus kisutch. Evolution 59: 1560-15609.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011) MEGAJ5: Molecular
evolutionary genetics analysis using maximum likelihood, evolutionary distance,
and maximum parsimony methods. Molecular Biology and Evolution 28: 2731-
2739.

Tangprasittipap A, Tiensuwan M, Withyachumnarnkul B (2010). Characterization of
candidate genes involved in growth of black tiger shrimp Penaeus monodon.
Aquaculture 307: 150-156.

Tao W, Boulding EG (2003). Associations between single nucleotide polymorphisms in
candidate genes and growth rate in Arctic charr (Salvelinus alpines L.). Heredity
91: 60-69.

Thanh NM, Ponzoni Rw, Nguyen NH, Vu NT, Barnes A, Mather PB (2009) Evaluation of
growth performance in a diallel cross of three strains of giant freshwater prawn
(Macrobrachium rosenbergii) in Vietnam. Aquaculture 287: 75-83.

Thanh NM, Nguyen NH, Ponzoni RW, Vu NT, Barnes AC, Mather PB (2010a). 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. Aquaculture 299: 30-36.

Thanh NM, Barnes AC, Mather PB, Yutao L, Lyons RE (2010b). Single nucleotide
polymorphisms in the actin and crustacean hyperglycemic hormone genes and
their correlation with individual growth performance in giant freshwater prawn
Macrobrachium rosenbergii. Aquaculture 301: 7-15.

Thoden JB, Holden HM (2006) The molecular architecture of glucose-1-phosphate
uridylyltransferase. Protein Science 16: 432—-440.

Tindall AJ, Elizabeth M, Pownall E, Morris ID, Issacs HV (2005) Xenopus tropicalis
peroxidasin gene is expressed within the developing neural tube and pronephric
kidney. Developmental Dynamics 232: 377-384.

Verhoeven KJ, Simonsen KL, Mcintyre LM (2005) Implementing false discovery rate
control: increasing your power. Oikos 108: 643-647.

Wang S, Peatman E, Abernathy J, Waldbieser G, Lindquist E, Richardson P et al. (2010)
Assembly of 500,000 inter-specific catfish expressed sequence tags and large
scale gene-associated marker development for whole genome association studies.
Genome Biology 11: R8.

Zhang L, Guo X (2010) Development and validation of single nucleotide polymorphism
markers in the eastern oyster Crassostrea virginica Gmelin by mining ESTs and
resequencing. Aquaculture 302: 124-129.

164



TABLES and FIGURES

Table 1. Summary of SNPs identified in M. rosenbergii amplicons from 454 transcriptome and ABI re-sequencing data.

Locus? Amplicon Primers (5' — 3" Ta Amplicon  Intron n° # of # of GenBank E-value' Similarity '
length (bp) (°C)®>  content®  features® Ka/Ks'  Tilmv?® reference” (BLASTX) (%)

Actin 1 158 GTCCTATGAACTTCCCGATGGTC 59 E 0.02363 6/8 11/3 AF100986 0] 99
TCCTGATATCAATGTCGCACCTC

Actin 6 174 CTTTGCTACATTGCCCTGGACTAC 62 E 0.02057 27 5/4 JN006040 2.4E-146 98
ACCGGCAGATTCCATACCAAG

ADP/ATP 277 ATCTCGGGCATCATCTCGTA 62 E 0.00781 3/4 3/4 DQ874397 0 95

translocase GGAGGATAGAGGGAGGGAGTTACT

Adrift-like 252 CATGCTGGAAGTACTTTGTCTGA 61 E 0.00587 2/2 5/0 GJ062549 4.83E-94 55

(FTS))? TTCCAGCCAGTTCTCCCTAA XM001506876

ANK-like 614 GGCACCCATTGAGGAACTGAA 59 E/I/E/N/E 3 /1% 0.00722 0/1 21/6 EU999949 8.01E-180 88

protein A GAGCAGTGTACCCAATTTCGTCCC GT-AG

ANK-like 353 GACGCCAGTGATGAGCCCCTTAGA 59 E/lIE 31 0.00490 0/3 8/3 EU999949 8.01E-180 88

protein B GGATTGGCGCCGTATGAAAGCA GT-AG

B-actin 270 CCTCGCGCCGTCTTCCCTTCC 62 E 0.02158  4/15 11/7 AM886165 9.31E-68 86

(AS)" SEEET TG ECCTTE CETTE AR

Calreticulin 371 GTCCAGGCACTAAAAAGGTTCAT 62 E 0.00463 1/5 4/2 JQ682618 0 97
CCATTCACCGTCCATTTCAT

Cathepsin L 523 GATGATAGGGGCTTTGTGGATGTC 62 E/lIE 1% 0.00208 0/4 6/3 JQ682618 1.76E-180 98
AAACCAAAGGATAGGATGCAGCAC GT-AG

CHF 231 CCGTAAGGGCGTAGGTGAAGAGTG 62 E/3'U 0.00302 1/2 3/0 GQ497446 6E-10 53
CGTCGCGGAAGATTCAGTCAAAC

Cyclophilin A 284 CTAATGCTGGACCCAACACC 62 E 0.00000 0/0 0/0 JX258127 4.79E-87 90
CCTCCACTCCAATTCTAGCTGTAA

ELOVL6 A 225 CGTCTGCATGAACTACCTGGTG 61 E 0.00187 1/1 1/1 GL453806 8.04E-105 76
GTGTACATGAGGAGGGAAATCTTG

ELOVL6 B 252 CAAGGACACGGCTATTCAGAAC 61 3'U 0.00509 0/0 1/3 GL453806 8.04E-105 76
ATGCTCTTATGCTCGAATCGTTT

FAMeT 430 GGAGTACCGAGAGTTCTGGATTG 64 E/I/E 1% 0.00481 0/3 5/4 JN704303 0 98
ATCGGTGTGGTTTCCTCAG GT-AG
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Ferritin 214 CGAGCTGGACCAACTGGACTT 60 E/3U 001167 1/4 7/1 Q670927 3.34E-108 100
CATTCAGCACCAAAGAACCACAG

FLCS 275 CATAAGCAAAAGAGGAGGAGTGAC 62 3U 0.00510  0/0 4/1 FJ446525 1.75E-69 76
GGCCACAGCTCTTATGAACAAA

FAP 289 AGGAAGAGGCATCTGCAAAA 59 E 0.00647  6/2 414 XM001310210  1.18E-8 47
GCAGTGGACTGTTCCTTTCC

GAPDH 175 GCCGGCATTCAGCTCAGCAAAAC 62 E/3U 0.00499 172 212 HM157285 0 98
CCCTCCTTTCATTCGCATCCACC

GluCl 731 CGGAAGTGTTGTCGAAGTTGG 59 ENENE  19/3© 0.00801  0/3 203  NMO001177762  1.71E-55 61
ATCCGGAATGTCATGTCAAGAGT GT-AG

GS 221 CCTCCTCCATCCACGACTTC 62 E 0.00366  0/3 2/1 JF738076 0 96
AGGTAGGCAGGTGTATGATTGTTG

Glycogenin 487 GACTCTGCCCACCTTTCACTACTT 57 E/IIE Pz 0.00159  0/1 212 KB030947 1.43E-59 57

(AS) T CAAGAGCTGTCCATATGTGTCG GT-AG

GP 222 GAGTCTCCATCAACCCTTCTTCTA 59 E 0.00388  3/1 212 AB596876 0 96
GTCCAACTGCACAAATCAATC

HSP90 236 TGAAGGTGCAGATGGTGTTGAGA 61 E 0.00308 072 2/0 HQ162267 0 98
GTACGAAGAGGAGGGCACGAAAT

HMGBa 236 GCCTTCTTCTTCTACGCCAACGAC 59 E 0.00648  1/5 412 HQ228174 6.66E-89 85
GGGTGTCCATTGCTAGCCTTCATC

ING 449 CCGGGTCGCAAGAAACAGAAAAG 61 E/IIE 2L 0.00942  0/4 12/5  XMO002428624  1.82E-42 88

(FSIAS) TGTCAACCCAACGCATGCAAAA GT-AG

LDLR 230 GGTCCAAAGGGTTATATGAAGTGC 62 E 0.00169  0/1 1/0 XMO001867854  2.29E-52 55
CTCCACCACTAACTTTTGCGTATC

METTL7A 217 TCTACGAGCACATCCACGAGTTC 62 E 0.00575  2/3 41 NMO001193711  4.21E-17 62
GGCTTGATGATCTGGAATATGAGG

MHCTaAl 347 CAGCGAGATGTTTGAGAAGCAG 59 E/IIE 3™ 0.00193  1/0 02 AB758443 0 87
TCCTTGGTAGCCTTGTCCTCC GT-AG

MHCTaA2 307 CCGTGTCATCTCCCAGCAGCCTCT 59 E/E e 000272 12 2/1 AB758443 0 87
TGCATGTCCTCGCCGTCGTCAAT GT-AG

MHCTaA3 162 CTGCTGGGTCCCTCATCCTAC 60 E 0.00294  1/0 01 ABT758443 0 87
GACATGTCCTCGCACTTCTCGTAT

MHCTbB1 158 TGCTGTCAAGACCGGTAAGAAG 62 E 0.01000  4/0 212 ABT758442 0 87
CGTCGGACTGGAAGGTGA

MHCTb B2 411 AGACCCTGACTGCTTCCAATGC 59 E/IIE 3™ 0.00400  2/0 2/5 ABT758442 0 87
GATGCTGTTCACCTCCTGCTCA GT-AG

MLC2 171 AAGTCTGGAGGAGGAAGCAATGTC 59 E 0.00795  6/3 5/4 HM486526 9.9E-28 79
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GTCGAGCTCCTGGTCTGTGG

NHCP 343 ATGAGAATAAACCCAAGCGTC 61 E/I/E 3™ 0.00246  1/0 31 XM001741858  1.89E-9 85
CCTTCATAGCCTTTTCATACTCTG GT-AG

Peroxidasin 158 CAACTGAAGGAGCTGCACAAAG 62 E 0.00566  2/2 4/0 GL436239 8.62E-114 58
GGGCTTAAGCTGTAGTCTCCAATC

PHLCFM2 623 TAGGAGGTGGTGAAGCATCTGGAC 64 E/I/E 2" 0.00713  0/2 6/7 GL440840 2.24E-18 57
TAGTAGCTGGAAGGCATGAGGTCG GT-AG

PRDM5 208 TCGCCAGCCACTTGAAGACC 62 E 0.00238 1/1 2/0 CHA471056 5.86E-8 56
TGCATCTCCACAGTCACCGAATAC

RhoA 174 TCTGCGAAATGATGCCACT 60 E 0.00395 372 1/4 HM581521 8.37E-114 97
GCAGCCTTTGTAGCAGTTTCA

RP 451 GTTGCTGCTGCTTCTAATGGACAT 62 E/l/IE 3™ 0.00414  4/2 11/3 XM964803 0 71
GCTGCGACTAATGCTGTGTGG GT-AG

SERCA 175 GTGATTATGGCTGTGGTCGTGAC 59 E 0.01164 4/1 312 AF025849 0 95
AATACTTCTTTGCGGGGAGGGT

SMA 3/5 200 GATGAACGTTGCTGCTGCCTCCTC 62 E 0.01522  2/6 6/2 FJ217208 7.21E-163 96
GGTCCTTCCTGATGTCGATGTCGC FJ217210

SMA 6/8 162 ATGAGGCCCAGAGCAAGAGAG 59 E 0.02637  4/7 10/1 FJ217211 4.35E-165 96
GGGGAGCCTCAGTAAGCATTGTA FJ217213

TGF-BIP 398 TGGAGTCACCTGGGGCCTTCAC 62 E/l/IE 3™ 0.00521 0/2 713 XM002402435  5.18E-118 58
CGTTGTGTCCCTGATGCCTGGTTT GT-AG XMO003494674

Tropomyosin 312 CCCACTACTATAACTCCTCCTCCT 60 3'u 0.00149 0/0 0/1 GU369816 8.37E-81 100
CGGAAGCTGATGATACTAAAACAC

UGP2 360 GCCTTCTGTGGAGTGGAGTGATA 62 E/l/E 3™ 0.01479  3/7 13/6 XMO001847430 0 84
GCTGGACAGTGAGATCTAAAAACG GT-AG

VAIPRCP 177 TTCGAGCTAGCTAGGCAGTTTGAG 60 E 0.00380 2/3 3/2 XM001024253  4.27E-11 47
CACTTGTTCCATTGTCGCTTCTG

Zasp52 141 AGGTAGTGCCGTGTTTGTCTTGTG 62 E 0.00360 0/1 0/1 JN034422 1.26E-53 63
GCCTGAAGCCCCATGATGC XM001862132

Locus®: Locus symbol is abbreviated according to the gene name of the best BLAST match for each sequence. ANK-like protein, Ankyrin
repeats-like protein; CHF, Crustacean hematopoietic factor; ELOVL6, Elongation of very long chain fatty acid protein 6; FAMeT, Farnesoic
Acid O-methyltransferase; FAP, Fimbriae-associate protein; FLCS, Ferritin light chain subunit; FTSJ, methyltransferase domain-containing
protein 1-like; GIuCl, Glutamate-gated chloride channel; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; GP, Glycogen phosphorylase;
GS, Glutamine synthetase; HMGBa, High mobility group box a; HSP90, Heat shock protein 90; ING, Inhibitor of growth; LDLR, Low-density
lipoprotein receptor; METTL7A, Methyltransferase-like protein 7A; MHCTa/b, Myosin heavy chain type a/b; MLC2, Myosin light chain 2;
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NHCP, Non-histone chromosomal protein; PHLCFM2, Pleckstrin-like protein domain-containing family M member 2; PRDM5, PR domain
containing 5 isoform CRA_c; RP, Rolling pebbles; SERCA, Sarco endoplasmic reticulum Ca2" atpase; SMA, Skeletal muscle actin; TGF-BIP,
Transforming growth factor beta induced precursor (high homology with Fasciclin); UGP2, UTP-glucose-1-phosphate uridylyltransferase 2;
VAIPRCP, Viral A-type inclusion protein repeat containing protein, Zasp52, Z-band PDZ-motif protein 52 isoform 1.

Ta": Annealing temperature

Amplicon content®: Exon, 5' or 3'UTR, and Intron

Intron features®: Intron inserted position in triple codons and start-end sequences.

7°: Nucleotide diversity

Ka/Ks": Non-synonymous (Ka) and synonymous (Ks) mutations

Ti/Tv?: Transition (Ti) and tranversion (Tv)

GenBank hits": Top BLASTX hit (gene accession number)in GenBank

E-value/Similarity’: E-value and similarity of top BLASTX hit in GenBank

"FS indicates frame shift and AS indicates alternative splice. 454 consensus and 454 haplotype sequences were not included for nucleotide
diversity analysis.
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Table 2. MassARRAY primers used for genotyping in M. rosenbergii.

Locus?

SNP position
& type”

SNP
source®

Location

SINS/NAY

Protein change

Primer sequences

ANK-like protein_ Al

62_TIC

ABI

Intron

NA

PCR1: ACGTTGGATGGTGCGGTGCAAATGTTAGTG
PCR2: ACGTTGGATGGACGTTTGGGAGAGAAAGTG
EXT: CGGTGCAAATGTTAGTGTTAAGTAA

ANK-like protein_ A2

213_AIT/G

ABI

Intron

NA

PCR1: ACGTTGGATGGTAACGGCGTCTTTCACCTG
PCR2: ACGTTGGATGTGGCATATAAGATTCTCTCC
EXT: AGAGTTGTTTATGCAAACAGAT

ANK-like protein_B

285_AJG

ABI/454

Exon

PCR1: ACGTTGGATGCGAACCCAAATGCGAGATAC
PCR2: ACGTTGGATGTATGAAAGCAGGAGGTCCAG
EXT: CCACTGCGAGATACTTCTTCGGCTC

Cathepsin L

351 _T/C

ABI/454

Exon

PCR1: ACGTTGGATGATCCTCGGTAGTGCCATAAC
PCR2: ACGTTGGATGTACAGTGATCCAGACTGCTC
EXT: ACATCAAGAACTCCATGATCCAA

Calreticulin

290_A/G

ABI/454

Exon

PCR1: ACGTTGGATGGGAATGTGCTCTGGTTGATC
PCR2: ACGTTGGATGAGAAGCCAGCAAACCTGACG
EXT: CTCTGGTTGATCCCAATC

CHF

94_AIG

ABI

Exon

PCR1: ACGTTGGATGACTGCGGGACGTATCAATAG
PCR2: ACGTTGGATGCTATAGGGCTGATCTGTGAC
EXT: AAGAAATAGGCCCTGCAATAACCTTG

FAP

167_AIG

ABI

Exon

NS
Iso 2> Met

PCR1: ACGTTGGATGCAGATCTTTCCTCTTTTTCAG
PCR2: ACGTTGGATGCTGATGATAAATATGAAACAG
EXT: CTTGCCTTTCCAAGACTTACATCTTC

FAMeT

335_T/C

ABI/454

Exon

S

PCR1: ACGTTGGATGAACAGCGATGACAGCTTGAC
PCR2: ACGTTGGATGAAGCTAAGTGGGCGTCATTG
EXT: CCATCGATGACAGCTTGACCTACAACTT

Fasciclin/TGF-BIP_A1l

307_T/C

ABI/454

Exon

PCR1: ACGTTGGATGGATCCTTGAGAAGCCAGATG
PCR2: ACGTTGGATGCATCCGACAGAAGTTTGGTG
EXT: GTGGAACCCTAGCAATCC

Fasciclin/TGF-BIP_A2

71_AITIC

ABI

Intron

NA

PCR1: ACGTTGGATGCGCCAACTTCACGACTTTTG
PCR2: ACGTTGGATGGAAGCCTTTGACGTAAGAGC
EXT: CATAAATATAAGAAGTATAATCCACCA

Ferritin

36_T/C

ABI

Exon

S

PCR1: ACGTTGGATGGGCTATGATGAAGGTTTAGTG
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All CT

PCR2: ACGTTGGATGATGATCACCAAGCTGAAGCG
EXT: CCCAAGTGCAGTTCCTTGTC

FLCS

69_AIG

ABI/454

3'UTR

PCR1: ACGTTGGATGAGCCAAATTTATAGCATGA
PCR2: ACGTTGGATGGAGTGACTCATGTGGTTAAG
EXT: GTTAATTACTGAGGAACAAATTTC

GAPDH

69_T/G

ABI/454

Exon

PCR1: ACGTTGGATGGCATGTGCTTCAAGAGATCG
PCR2: ACGTTGGATGTTCGTGAAGGTCGTCTCTTG
EXT: GTGCGTCAAGAGATCGATGACGCGGTG

GluCl_Al

66_T/C

ABI

Intron

PCR1: ACGTTGGATGTCCTCAAGTGAGACCATCGG
PCR2: ACGTTGGATGGAAAATGACTTAACAAAGA
EXT: CATCGGTTAACAATGGTATG

GIuCl_A2

326_AIT

ABI

Intron

PCR1: ACGTTGGATGATGGACGTCGATGATGTAG
PCR2: ACGTTGGATGGCCGTGCTAAGTAAAGCATT
EXT: CGATGATGTAGACATGGT

GP

149 _TIC

ABI/454

Exon

PCR1: ACGTTGGATGAGCAGTATGGTAACCAGGAG
PCR2: ACGTTGGATGAAGGCTAATCCAGGTGGTTC
EXT: CCAGCTTTTCCTCCAATCAT

HMGBa

87 _GIC

ABI/454

Exon

PCR1: ACGTTGGATGTCTCGTACTTCAGCTTCTCG
PCR2: ACGTTGGATGAACCCGGACTTCTCCGTAG
EXT: GGGAGGTCAATTCGTTCCACTGGCGGCC

HSP90

94_TIC

ABI/454

Exon

PCR1: ACGTTGGATGCTGAAGATGAAGAACTCAAC
PCR2: ACGTTGGATGTCCTCAGAGATGTCATCAGG
EXT: CTACCTCAACAAAACCAAGCCACT

ING

84_AIG

ABI

Exon

PCR1: ACGTTGGATGTTGGGATCCACAGGCATGTC
PCR2: ACGTTGGATGGAAACAGAATCTGCCATTGC
EXT: TGTCCAGTACGTCTGA

METTL7A

63_T/C
Failed*

ABI

Exon

NS
Phe = Leu

PCR1: ACGTTGGATGAACCACGCCTTCAGGAGG
PCR2: ACGTTGGATGTTCAGGATGTCCCTGTTGAG
EXT: TAGGCGCCTGCAGAGC

NHCP

230_T/C

ABI

Intron

NA

PCR1: ACGTTGGATGCTTCCCATTCCTGAATAAAG
PCR2: ACGTTGGATGAAATGATGTTTACTGTAGC
EXT: CTTCCCTTCATGGACAC

Peroxidasin

113 _T/C

ABI

Exon

NS
Leu = Pro

PCR1: ACGTTGGATGTTCAAGATTCCGAGCTCGAC
PCR2: ACGTTGGATGCTTGCCAAGGGCTTAAGCTG
EXT: CACGAGCTCGACTAATTCTC
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68_A/C ABI Exon S PCR1: ACGTTGGATGTTGTCATCTTGGAAGCCTGC
PCR2: ACGTTGGATGACAGCTACTCATGTACTCTG
PHLCFM2 EXT: GATCGTGGAAGCCTGCTTATTTCAT

192_T/C ABI Intron NA PCR1: ACGTTGGATGTATTTAGCAACTCAACTGC
PCR2: ACGTTGGATGGGTAGTTTAGTTCATTAAC
RP EXT: CCTCCACTCAACTGCAAGCACA

58_TI/C ABI Exon NS PCR1: ACGTTGGATGTGATTATGGCTGTGGTCGTG
Ser - Phe PCR2: ACGTTGGATGCGAGATCCATATCTTCTGGC
SERCA EXT: TCGTTGCCTTGCCCT

136_C/G ABI/454  Exon NS PCR1: ACGTTGGATGGTTGGCCTTTGGGTTAAGGG
Failed® Ser = Cys PCR2: ACGTTGGATGTCTGGTACCACACCTTCTAC
SMAZ3/5 EXT: CCCTCAGTAAGCATTGTAGGG

200_T/C ABI/454  Exon S PCR1: ACGTTGGATGATCTGTTTCTCCTGCAGGTG
PCR2: ACGTTGGATGCCACCACCAACTTATTTAAC
UGP2_Al EXT: GACATGCAGGTGAGGAAATATGC

84_AIC ABI Intron NA PCR1: ACGTTGGATGTCACAGGAATCACAACAATG
PCR2: ACGTTGGATGGATATACAGAAGCTCCCTGG
UGP2_A2 EXT: AATCACAACAATGAATAAACTCA

57_AIG ABI/454  Exon S PCR1: ACGTTGGATGTTGACTTCGTCCACATTTGC
PCR2: ACGTTGGATGCAGTTTGAGCCTGAGTTCAC
VAIPRCP EXT: CTTTAATTACCTCTACTCGTTC

38_AIT ABI/454  Exon S PCR1: ACGTTGGATGATCAGGTAGTGCCGTGTTTG
PCR2: ACGTTGGATGTTCTTGGTTGGGTGAATCGC
Zasp52 EXT: GTGAGAGAGAGACGCT

Locus®: Locus symbol is abbreviated according to the gene name of the best BLAST match for each sequence. See Table 1 for description.
SNP position & type”: SNP position based on each contig length sequenced (Supporting information).

SNP source®: Source of initial SNP identification. ABI, Sanger sequencing; 454, 454 pyrosequencing.

S/INS/NA®: S, Synonymous; NS, Non-synonymous; NA, Not applicable.

All C™: All homozygosity C genotyped in SEQUENOM. Not considered any further analysis.

Failed*: Genotyping failed in SEQUENOM. No further analysis performed.
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Figure 1. Classes of SNPs detected in 47 amplicons in M. rosenbergii. A) Total number of transversion and transition. B) Percentage of
polymorphism variation.

172



Table 3. Summary of SNPs in growth and muscle development candidate genes in M. rosenbergii. Ho: observed heterozygosity, He: expected
heterozygosity.

Locus SNP Fast Slow Allele frequency
type H, H. HWE H, H. HWE Fast Slow Overall
(P-value) (P-value)
TT 52 54.66 0.20 45 40.21 0.05° 0.74 0.63 0.69
T/C 44 38.68 37 46.59 - - -
ANK-like protein_Al CC 4 6.66 18 13.20 0.26 0.37 0.31
AA 48 47.50 0.21 40 35.28 0.16 0.69 0.60 0.64
AIT 36 34.67 35 42.46 - - -
TT 4 6.16 15 12.49 0.25 0.35 0.30
AlG 6 8.32 4 5.98 - - -
TIG 6 3.02 6 3.57 - - -
ANK-like protein_ A2 GG 0 0.33 0 0.22 0.06 0.05 0.06
AA 69 70.49 0.45 73 73.04 1.00 0.84 0.86 0.85
AlG 30 27.02 25 24.92 - - -
ANK:-like protein_B GG 1 2.49 2 2.04 0.16 0.14 0.15
TT 97 97.01 1.00 91 91.18 1.00 0.98 0.95 0.97
TIC 3 2.97 9 8.64 - - -
Cathepsin L CcC 0 0.02 0 0.18 0.02 0.05 0.03
AA 71 71.34 1.00 67 63.92 0.07 0.85 0.80 0.82
AIG 27 26.32 26 32.16 - - -
Calreticulin GG 2 2.34 7 3.92 0.15 0.20 0.18
AA 77 76.51 0.64 67 68.82 0.29 0.88 0.83 0.85
AlG 21 21.99 32 28.36 - - -
CHF GG 2 1.5 1 2.82 0.12 0.17 0.15
AA 16 13.94 0.40 18 13.57 0.09 0.38 0.37 0.37
AlG 43 47.11 38 46.86 - - -
FAP GG 41 38.95 44 39.57 0.62 0.63 0.63
TT 6 5.43 0.78 10 7.46 0.22 0.24 0.28 0.26
TIC 35 36.14 35 40.08 - - -
FAMeT CC 59 58.43 55 52.46 0.76 0.72 0.74
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TT 0 0 NA 0 0 NA 0 0 0
T/C 0 0 0 0 - - -
Ferritin cC 100 100 100 100 100 100 100
AA 18 17.52 1.00 20 15.09 0.06 0.42 0.39 0.41
AIG 48 48.96 38 47.82 - - -
FLCS GG 34 33.52 42 37.09 0.58 0.61 0.59
T 38 37.09 0.83 26 30.68 0.07 0.61 0.55 0.58
T/G 46 47.82 59 49.64 - - -
GAPDH GG 16 15.09 15 19.68 0.39 0.45 0.42
TT 32 17.10 0.00* 41 23.88 0.007 0.42 0.49 0.45
T/C 19 48.80 16 50.23 - - -
GluCl_A1 cC 49 34.10 43 25.89 0.58 0.51 0.55
AA 33 37.09 0.09 44 43.45 0.83 0.61 0.66 0.63
AIT 56 47.82 44 45.10 = = 2
GluCl A2 TT 11 15.09 12 11.45 0.39 0.34 0.37
TT 66 66.35 1.00 55 52.46 0.21 0.81 0.73 0.77
TIC 31 30.30 35 40.08 - - -
GP cC 3 3.35 10 70.46 0.19 0.27 0.23
GG 0 0.14 1.00 0 0.23 1.00 0.04 0.05 0.04
GIC 8 7.72 10 9.55 - - -
HMGBa cC 92 92.14 90 90.22 0.96 0.95 0.96
TT 0 1.63 0.36 0 0.60 1.00 0.13 0.08 0.11
TIC 26 22.74 16 14.80 - - -
HSP90 cC 74 75.63 84 84.60 0.87 0.92 0.89
AA 6 9.81 0.10 16 11.79 0.07 0.32 0.35 0.33
AIG 51 43.37 37 45.42 = = 2
ING GG 43 46.82 47 42.79 0.68 0.65 0.67
TT 0 0.14 1.00 0 0.46 1.00 0.04 0.07 0.05
T/C 8 7.72 14 13.08 - - -
NHCP cC 92 92.14 86 86.46 0.96 0.93 0.95
TT 74 75.63 0.36 70 71.34 0.45 0.87 0.84 0.86
T/C 26 22.74 29 26.32 = = 2
Peroxidasin cC 0 1.63 1 2.34 0.13 0.16 0.14
AA 34 31.24 0.32 29 32.94 0.15 0.56 0.58 0.57
PHLCFM2 AIC 44 49.52 57 49.12 - - -
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cC 22 19.24 14 17.94 0.44 0.42 0.43
TT 9 11.11 0.38 9 13.21 0.09 0.34 0.37 0.35
T/C 49 44.78 55 46.59 - - -
RP cC 42 44.11 36 40.20 0.66 0.63 0.65
TT 18 15.48 0.30 21 22.44 0.68 0.40 0.47 0.43
TIC 43 48.04 53 50.12 - - -
SERCA cC 39 36.48 26 27.44 0.60 0.53 0.57
TT 5 6.41 0.60 11 7.74 0.13 0.25 0.28 0.27
T/C 41 38.18 34 40.52 - - -
TGF-BIP Al cC 54 55.41 55 51.74 0.75 0.72 0.73
AA 33 27.96 0.03" 32 25.38 0.007 0.53 0.51 0.52
AIT 23 22.90 18 24.87 - - -
T 5 454 11 5.91 0.22 0.24 0.23
AIC 17 27.17 19 25.37 - - -
T/IC 10 11.02 9 12.31 - - -
TGF-BIP A2 cC 12 6.41 11 6.16 0.25 0.25 0.25
T 9 6.41 0.19 9 8.02 0.63 0.26 0.29 0.27
TIC 33 38.18 39 40.96 - - -
UGP2 Al cC 58 55.41 52 51.02 0.74 0.71 0.73
AA 15 15.09 1.00 8 9.19 0.64 0.39 0.31 0.35
AIC 48 47.82 45 42.61 - - -
UGP2 A2 cC 37 37.09 47 48.20 0.61 0.69 0.65
AA 18 13.57 0.09 21 17.94 0.23 0.37 0.42 0.40
AIG 38 46.86 43 49.12 - - -
VAIPRCP GG 44 39.57 36 32.94 0.63 0.58 0.60
AA 71 66.35 0.00* 72 73.04 0.68 0.82 0.85 0.83
AIT 21 30.30 27 24.92 - - -
Zasp52 T 8 3.35 1 2.04 0.18 0.15 0.17

“Significant P value after FDR

*Significant P value after Bonferoni correction
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Table 4. Estimated individual SNP effects on the genetic values of body weight estimated breeding values (EBVs) in M. rosenbergii under
additive and dominance models.

Additive model Dominant model
SNP in loci Geno- Num- Effect+s.e®  P-value R® SNP in loci Geno- Num- Effect+s.e®  P-value R?
type®  ber type? ber
ANK-like 1,23 200 -0.070 £0.030 0.021° 0.026 ANK-like TT 97 0.158+0.029 0.008° 0.048
protein_Al protein_Al T/IC 81 0.154 + 0.032
CC 22 -0.047 £ 0.061
ANK-like 1,23 200 0.054 +0.028 0.057" 0.018 ANK-like A/G/AG 98 0.166 +0.029 0.018" 0.040
protein_A_A2 protein T_ A2 TG/TA 83 0.136 + 0.031
TT 19 0.039 + 0.066
ANK-like 1,23 200 -0.075+0.031 0.017 0.029 GP CcC 13 0.005+0.080 0.070" 0.026
protein_T_A2 CIT 66 0.098 + 0.035
TT 121 0.168 + 0.026
GAPDH 1,23 200 -0.057 £0.030 0.062" 0.017 HSP90 CC 158 0.102+0.023 0.002° 0.047
CIT 42 0.255 +0.044
GP 1,23 200 0.076 £ 0.033 0.022° 0.026 ING GG 90 0.117+0.030 0.058" 0.028
GA 88 0.179 £ 0.031
AA 22 0.023 + 0.061
HSP90 12,3 200 0.153+0.049 0.002° 0.047 NHCP CC 178 0.147 £0.022 0.067" 0.017
CIT 22 0.027 + 0.062
NCHP 1,23 200 -0.120+0.065 0.0677 0.017 TGF- A/C/AC 124 0.140+0.026 0.017° 0.041
BIP T A2 TAITC 60 0.172 + 0.037
TT 16 -0.058 + 0.072

Genotype®: refers to the number of copies of a SNP allele for dominance model.

PEstimated SNP allele substitute effect under additive model and estimated individual genotype effect under dominance model. s.e — standard
error. '0.05<P<0.7.

“Bold characters: P<0.05 after adjusting Tukey-Kramer Test.
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CHAPTER 5. General Discussion and Conclusions

The importance of aquaculture as a production industry especially in developing nations is
well recognised (Gjedrem 2012; Gjedrem et al. 2012) and in the future this industry will
follow the lead of terrestrial agriculture where farming improved breeds becomes the industry
standard. Traditional approaches to genetic improvement of livestock, crop and aquatic
organisms has been very successful (Thornton 2010; McAndrew & Napier 2011; Morrell et
al. 2012), but can be inexact, inefficient, and/or time-consuming, with many traits difficult to
estimate and/or measurable only after the target organism has reached maturity (Bastiaansen
et al. 2012; Borner & Reinsch 2012). Breeding values including relative inbreeding level and
declines in genetic diversity can be predicted and estimated potentially more accurately using
genomic information for target organisms, an approach known as marker-assisted selection
(MAS) or genetic/genomic selection (GS) (Goddard & Hayes 2007; Bastiaansen et al. 2012;
Hayes et al. 2013). While MAS s still a relatively new approach in aquatic sciences, this
approach has already been used successfully to increase the rate of improvement in some
farmed stocks of aquatic species (Miller 2010; Wheeler et al. 2010; Morrell et al. 2012;
Varshney et al. 2012; Hayes et al. 2013). While a number of traits provide potential targets
for improvement in modern breeding programs in aquaculture species, to date genomic
studies have focused mainly on improving growth rate with some programs producing
significant production gains in particular species including for Atlantic salmon, carp, catfish,

rainbow trout, and tilapia (McAndrew & Napier 2011).

A fundamental requirement of any efficient modern breeding program will not only
be to accumulate a large enough reference population of several phenotypes but also to
identify critical genes and provide basic genomic information. In particular, a large amount of
genomic resources can be indispensible for a successful GS. At the time the current project
commenced (2010), a well established stock improvement program for GFP was on going in
Vietnam applying family selection that could provide reference phenotype resources for the
current study. Therefore, the aim of the current study was to provide genomic resources for a
non-model aquaculture species to develop a foundation for future trialling of GS. Using this
resource, we explored several putative growth-related candidate genes in a transcriptome

dataset based on criteria addressed in Chapters 2 and 3, and assessed the correlations between
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candidate gene SNP markers and individual growth performance in an improved GFP culture
line in Chapter 4. The current study is the first large-scale analysis of CGA targeted at stock
improvement of GFP. The main focus was on growth traits using data generated from the
earlier comprehensive study of a GFP transcriptome. Validation of SNP markers within
selected families in Vietnam demonstrates the potential for these markers to be used in the
selective breeding program in the future. Traditional selective breeding of GFP in Vietnam
has already generated a fast growth line that is now available for the culture industry, and this
development should improve profitability for farmers that culture this species (Dinh et al.
2012, 2013). Knowledge obtained in the current study suggest that MAS/GS can be
integrated into this program in the future to increase the rate of genetic gains for M.
rosenbergii, and the approach can also potentially be applied to other economically important

cultured crustacean species.

5.1. Genomic selection

GS is the selection of individuals for breeding on the basis of availability of a large number
of genome-wide markers, without a requirement for measuring external phenotypes (Hamblin
et al. 2011). DNA genotype variation and/or genome-wide molecular markers recorded from
a target organism can be used to calculate EBVs by predicting potential performance early in
life so that individuals with the best potential phenotype can be identified earlier than with
traditional breeding approaches (based on pedigree and phenotype alone), and in doing so
accelerate breeding for optimized product quality and commercial return (Rothschild &
Plastow 2008; Hayes et al. 2013). MAS and/or GS can be used to increase the rate of genetic
gains in modern breeding programs but a fundamental difference between MAS and GS is the
scale at which they can be implemented. MAS is limited in its ability to predict EBVs as only
a small number of QTLs are normally assessed that are tagged by markers with well-defined
associations with production phenotypes. Furthermore, MAS has largely been practiced on
simple traits that are difficult to score and the approach is not usually appropriate for complex
polygenic, quantitative traits (Gupta et al. 2010; Calus et al. 2012; Nakaya & lIsobe 2012).
GS, in contrast, applies a dense set of molecular markers that are distributed widely across
the entire genome. This approach virtually guarantees that all detectable QTLs are likely to
be in LD with at least one SNP marker (Goddard & Hayes 2009; Eggen 2012). GS also offers
breeders the opportunity to decrease the generation interval, and to reduce inbreeding levels
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over time because organisms can be selected accurately early in life, based on genomic
predictions (Borner & Reinsch 2012; Cleveland et al. 2012; Heslot et al. 2012; Hayes et al.
2013). This can then provide more accurate EBVs for complex polygenic, quantitative traits
compared with MAS (Gupta et al. 2010; Calus et al. 2012; Nakaya & Isobe 2012) because
GS relies on LD between the markers and the polymorphsisms that cause variation in

important traits.

Simulations and actual empirical studies of GS in livestock and crop species have
shown levels of accuracy sufficient to generate rapid genetic gains per unit of time and cost
(Borner & Reinsch 2012; Cleveland et al. 2012; Heslot et al. 2012) because a linear
prediction equation, based on the marker genotypes, can predict the cumulative effect of
many causal variants on the additive genetic value or breeding value of the organism (Hayes
et al. 2013; Taylor 2013). Considering that most economically important traits are potentially
influenced by epistatic and/or pleiotropic interactions from gene-gene or gene-environment
interactions, a large amount of genetic/genomic data are often required to accurately estimate
individual gene effects on a target trait. A key feature of GS, therefore, is that dense
molecular marker coverage is possible across the whole genome so that most of the genetic
variation in a trait can be explained potentially by the linked markers (Goddard & Hayes
2007). The generality of genetic interactions affecting most quantitative traits is, however,
not always transparent and defining the source of variation can be very challenging, even
when a large amount of molecular markers available. Another key factor when detecting
epistatic relationships between genes is not only the number of markers employed but also
the training sample size used (Jiang et al. 2011; Park & Lehner 2013). In the case of selection
in aquatic species, manageability of breeding programs can provide a biased vision of genetic
interactions. Therefore, the focus should be on understanding the stability and heritability of
epistatic variation to determine whether this variation can effectively be captured in breeding
programs, or whether it may be too unstable for practical use due to unpredictable responses

to environmental variation (Xu et al. 2011; Springer 2013).

5.2. Selection of candidate genes related to growth performance in crustacean species

Understanding gene function and genetic effects on expressed phenotypes will be
fundamental to developing better aquaculture production systems in the future. The criteria

adopted here for selecting potential candidate genes, as discussed previously in Chapter 2,
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was based on knowledge of the direct physiological roles of key genes that are regarded as
being important in regulating crustacean growth, moulting and muscle development.
Therefore, expanding this to include genes that affect cellular energy states, metabolic flux,
ecdysteroid biosynthesis, and sexual maturation could provide a more comprehensive set of
growth-related gene candidates since most growth-related phenotypes are complex traits that
result from multi-gene interactions. When a reference genome sequence is available for GFP,
genome based prediction (GBP) and genome wide association studies (GWAS) (Villanueva
et al. 2012; Ober et al. 2012), could offer new opportunities for investigating patterns of
variation among potentially hundreds of genes that influence important economic traits. The
recent availability of large panels of SNPs in agricultural and domestic species has given new
momentum to the search for mutations that underlie variation in complex traits (Goddard &
Hayes 2009; Rubin et al. 2010; vonHoldt et al. 2010; Jiao et al. 2012; Morrell et al. 2012). In
particular, gene-associated high-density SNP arrays have been suggested as an efficient,
powerful and cost-effective means for addressing genetic applications including improving
the accuracy of estimating EBVs in catfish and Atlantic salmon (Wang et al. 2010b; Liu et al.
2011; Houston et al. 2012). While many genes involved in growth rate phenotypes are likely
to be identified in the future, gene sequences identified here in GFP that include; 5-HT, Actin,
a-AMY, CatL, CHH, Cyps, FABPs, GAPDH, HSPs, MF, MIH, MSTN, MYC, STAT,
SPARC, and TRAX are primary targets as candidate genes that affect growth phenotypes
more widely in crustacean species. Their specific roles in GFP growth and moulting remain
to be determined, but their widespread effects on these important traits in other species,

identifies them as potential major gene targets on which more focus should be applied.

5.3. Transcriptomic data and GFP growth

At the start of the current project, all GFP tissue samples were transported from Vietnam
preserved via RNA-later treatment. While RNA extraction was conducted on heptatopancreas
and eyestalk tissues which at the time were considered to be important organs affecting
crustacean growth (Uawisetwathana et al. 2011; Asusena et al. 2012; Brady et al. 2012; Zara
et al. 2013), these tissue libraries were not included in the current study due to relative
quantity/quality and pigmentation issues. In addition, muscle was not sampled from males as
their growth performance was considered to be confounded by social factors (Thanh et al.
2009). Considering that males grow faster then females, a variety of male tissue samples will
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be required in the futureto develop a more comprehensive understanding of growth in GFP,
as well as to characterise the whole GFP genome and to determine the complexity of gene-
gene and gene-environment interactions. Until these data are available, progress can be made
by developing transcriptome data at a finer level of scale to gain insight into the genetic

effects on growth.

Although several high-throughput sequencing technologies have become available
over recent years, longer gene sequences were considered important for GFP in 2010,
because a genome reference is still unavailable making it difficult to generate high quality
contigs for de novo assembly from short sequences. Therefore, 454 sequencing technology
was employed in the current study in preference to other NGSTSs as this has proven to be the
platform of choice for similar studies in other non-model species (Hornett et al. 2012; Ma et
al. 2012). Even with longer reads, however, a large number of singletons were generated and
remain unassembled mainly due to the high number of repeat sequences, G/C content and
alternative splicing sequences obtained. Availability of longer sequence reads or paired
sequence reads with better read depth could simplify sequence assembly in a future GFP
study because they can overcome difficulties associated with repeat sequences. In particular,
the value of availability of long contigs, generated by pair-end shotgun sequencing using
plasmid and fosmid libraries, in the water flea assisted full genome sequencing and allowed a
better understanding of a number of biological processes including functional responses of
genes to environmental conditions (Colbourne et al. 2011). This approach has also yielded
important knowledge regarding the evolution of the adaptive immune system for vaccine
development and disease management in Atlantic cod. A BAC library shotgun and pair-end
library with 454 pyrosequencing and Illumina was applied (Star et al. 2011). In addition,
genes that respond to environmental stress and shell formation in Pacific oyster have been
examined via fosmid pooling strategies using short reads with Illumina technologies (Zhang
et al. 2012). While the current dataset does not represent a complete transcriptome for GFP,
because only three tissue libraries (taken mainly from adult females) were screened, it still
provides the best resource for deciphering the putative function of novel genes in each tissue
at this stage. A large transcriptome dataset characterised from diverse tissues could
eventually benefit future generations of genetic maps and genome studies by identifying
putative functions of novel genes in each tissue. While the majority of ESTs in the
transcriptome matched well to archived crustacean and other arthropod proteins based on

BLAST searches and GO annotations, many unmatched sequences still may constitute novel
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genes unique to the target species. It is not easy at this stage, however, to develop more
detailed genomic information for GFP because of the limited transcriptome data that are
available currently. Therefore, a wide range of tissue samples including those from different
developmental stages, different tissues and from both sexes will be required to understand the
molecular functions of specific genes identified here and to construct a fine transcriptome
dataset for GFP. Combining the current transcriptome dataset with that from EST libraries
generated using different NGS methodologies could also assist refining the existing
transcriptome by increasing average read length and depth of genome coverage in GFP
because more singletons could be scaffolded into larger contigs that would be more
informative for identifying more putative genes and structural variants in future studies. If
differential gene expression studies can also be included from RNA-Seq analysis, this will
increase the rate at which the molecular basis of growth and other traits are characterised in
GFP.

Understanding physiological characteristics of proteins with known functions from
GO, KEGG pathways and InterProScan searches is a powerful approach for deciphering the
roles of individual genes and for mapping functional relationships in new taxa. RNAI-
mediated knockdown has also emerged as a powerful tool for manipulating gene expression
in shrimp to identify key genes, gene families and gene domains because presence of a
dsRNA in eukaryotic cells can trigger the post-transcriptional gene-silencing mechanism. In
turn, this can lead to sequence-specific degradation of target MRNA (Krishnan et al. 2009;
Hirono et al. 2011). While we did not explore additional physiological roles for any of the
genes identified in GFP, more extensive studies will be required to develop a better
understanding of the genes, proteins and enzymes in GFP in particular for metabolic
pathways that show strong associations with growth and muscle development. Since most
studies of commercial crustaceans to date have focused on identification and characterisation
of pathogen defence-related genes (Dechklar et al. 2008; Su et al. 2008; Wu et al. 2010), the
current expression of ESTs for growth and muscle development can provide important
baseline information for discovery of new functional genes. Thus, genes that mediate growth
performance and that are potentially of value in MAS/GS breeding programs largely still
await discovery. Despite the fact that only limited data were generated from reproductive
tissues, several key gene sequences were identified in ovary and testis that provide a good
resource for studying reproductive traits because a few recent studies of M. rosenbergii have

indicated that individual reproductive quality is correlated with individual growth
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performance (Nhan et al. 2009, 2010). Other groups, notably in Israel, are currently studying
genomic control of reproduction and sex determination in GFP, so data on novel genes from
reproductive tissues in GFP identified here could also benefit this work (Ventura et al. 2011a,
b; Ventura et al. 2012; Ventura & Sagi 2012).

5.4. Development of candidate gene SNP markers

Regardless of whether MAS and/or GS is used to identify individuals of preferred phenotype
to increase the rate of genetic gain in modern breeding programs, a large number of gene-
based markers are required to determine EBVs in target organisms (based on a sufficiently
large reference pedigree and phenotype information) because complex traits (e.g. growth)
often result from multi-gene interactions. ESTs provide a primary resource for developing
Type | markers in many species (Bouck & Vision 2007). Data generated from NGST in the
current study identified a large number of EST-SSRs but not as many EST-SNPs in the GFP
transcriptome sequences. The small number of EST-SNPs could result from the small number
of samples which resulted in relatively low sequence coverage and poor SNP-calling
performance in possible CpG islands, promoter and UTR regions of the transcriptome which
is common when sequencing depth is low (Wang et al. 2011). Despite this, SNP variants
identified here provide essential genomic resources for future study of GFP. Many of these
putative SNPs could represent allelic variants but they would require validation before being
considered for future studies.

Limited numbers of suitable markers has been a major problem in the past for genetic
applications in M. rosenbergii, including for assessing genetic diversity and for screening
variation in geographically dispersed populations. Therefore, EPIC and EST-SNP markers
identified in this study potentially may provide better markers for several genetic applications.
Previous studies have shown that markers designed in or near highly conserved exons (EPIC,
EST-SNP and EST-SSR) tend to be more widely transferable among species (Bouck &
Vision 2007; Kim et al. 2011) and offer potential utility for examining genetic variation at
both the intra- and inter-specific levels simultaneously, a feature that is particularly useful for
studying species complexes (Li et al. 2010). Some of the markers recently identified fit these
criteria, and hence would likely overcome many problems currently encountered in molecular

ecological studies of GFP globally.
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5.5. Candidate gene association studies with individual growth performance

CGA characterises variation in genes of known biological function relevant to the trait(s) of
interest to investigate genotype-phenotype associations. This approach is being adopted
increasingly in livestock and crop breeding programs (Hu et al. 2009; Morrell et al. 2012).
Markers developed in putative growth-related genes in the present study could provide an
important starting point for conducting CGA analysis in GFP, an approach that has proven to
be effective for detecting genes and regions that underlie phenotypic variation in adaptively
significant traits (Nachman et al. 2003). Exonic SNPs have been a major target for estimating
the genetic basis of phenotypic correlations among production traits, but all SNPs should be
considered for future association studies regardless of where they occur in genomic regions
(coding vs non-coding regions) and the importance of polymorphisms (synonymous vs non-
synonymous) because of their potential influence on phenotypic variation, an issue that has
been addressed earlier in Chapter 4. In addition, a possible epistatic effect on EBVs from
stepwise selection analysis was observed for GFP but showed a low proportion of genetic
variance (R?) because only a limited number of SNPs were screened, and which did not cover
the GFP genome-based influence on EBVs. While relatively low R? could compensate for
advantages of Type | markers (e.g. EST-SNPs), genome wide abundance and a direct link to
physiological functions of genes, employing a genome-based high-density SNP genotyping
approach could be an effective way to estimate R* more accurately and to identify more
major and/or minor effect loci and/or SNPs that respond to selection (high, moderate and low

genetic heritabilities).

While the detection of statistically significant associations between EBVs and
individual SNP marker genotypes may be useful for making breeding decisions in GFP, a
cautious approach should be adopted because statistical associations do not provide direct
evidence for a real contribution to a phenotype (i.e. EBVS) (Beuzen et al. 2000). In addition,
the current estimations were made only for EBVs in adult female individuals using body
weight so their effects could be different when applied to other traits, to EBVs estimated from
other traits, or in males or other developmental stages because some of the same loci or
linked loci affect growth traits across all life-stages while some loci may be expressed only at
certain times. A good example of this has been reported in coho salmon, where pleiotropic
effects on length differed among ages (McClelland & Naish 2010). In particular, if the
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current GFP loci have pleiotropic effects across traits expressed at a specific age, periodical
moulting stages must be considered in crustaceans because this is a unique physiological
process essential for normal muscle development and/or muscle degradation in growth of
crustaceans. While this remains a novel area for study in crustacean species, a recent study
has provided a good example of the applicability of a high-throughput sequencing approach
for studying complex traits, including crustacean metamorphosis (Ventura et al. 2013).
Despite further validation being required with larger sample sizes and several generations for
new training populations, markers identified here potentially will be informative for
predicting BVs in GFP because of their important physiological roles as well as the data

presented here provide the first direct evidence for genetic variation in these functional loci.

Most breed improvement programs for aquatic species commence by focussing on
improving growth rates, and later progress to include additional traits that show favourable
correlations with growth rate (Gjedrem 2000; Nguyen et al. 2010a, b). In general, body
weight in animals shows high (either positive or negative) associations with other production
traits (Calus et al. 2012) as were observed for GFP where a positive relationship was evident
between body weight and carcass weight (Dinh et al. 2013). The detection of a QTL for
multiple traits in the same linkage group can be explained by either the linkage of two QTLs
(one for each trait), or the presence of a single QTL with pleiotropic effects (Baranski et al.
2010). In the case of Atlantic salmon, Reid et al. (2005) detected a QTL for both body weight
and condition factor in multiple linkage groups, suggesting that they may represent different
sets of genes due to low genetic correlations reported between the two traits previously. The
nature of this interaction was not clear and remains unresolved. Several markers identified in
the current study appear to be in LD (P < 0.001) which suggests they may be to be associated
with linked QTLs for related phenotypes, with epistatic and/or pleiotropic interactions. To
confirm this, it will be necessary to identify if the markers in LD are present on the same
chromosome in GFP. While a whole genome sequence for GFP will provide the ultimate
roadmap for showing these markers are in LD, as well as identifying more putative genes and
structural variants in future studies, development of a fine linkage map can also be an
efficient approach in the interim for identifying QTLs (including for mapping relative
locations on chromosomes and for understanding effects of recombination events) and to
determine new candidate genes that control quantitative trait variation. Identification of QTLs
and/or candidate genes that influence multiple traits could increase the efficiency of MAS/GS

and so lead to more rapid genetic gains (Upadyayula et al. 2006) as long as large reference
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populations (pedigree and phenotype information) are available. This approach will be
informative in creating marker panels for each QTL for use in GFP stock improvement in
addition to benefiting GFP culture industries by shortening the desirable selection interval,
reducing the overall labour time and saving running costs for future GS breeding programs in
this species because selection decisions can be predicted potentially before phenotypes of

selection candidates are measured.

5.6. Evolutionary pressures

Estimating allele frequencies and Ka/Ks and Ti/Tv ratios have been used widely to
understand selection pressure during molecular evolution and to monitor long-term effective
population sizes, but the current data were observed under growth selection pressure using
only EBVs from G2 adult females (body weight). Since the quality of the estimates can be
highly dependent on farmers’ breeding practices and undetected false positive associations
can also affect accuracy of their estimations, future studies should consider different forms of
selection driven by reproduction and at different developmental stages using several
generations because of potential differential impacts which often act unevenly among genes
and genomic regions (McClelland & Naish 2010; Loukovitis et al. 2011; Chen et al. 2012b;
Gruber et al. 2012).

Evolutionary response is determined by phenotypic variation, by the strength and
direction of selection, by the underlying genetic variation within a population and by the
genetic covariance between traits (Falconer & Mackay 1996). In particular, genetic
correlations between traits also have implications for adaptive evolution of a species, a
process that limits the potential number of trait combinations that are advantageous, and thus
constrains evolution of correlated phenotypes (McGuigan 2006). In general, body weight of
animals shows positive and/or negative correlations with other production traits (Calus et al.
2012). A few studies conducted in crustaceans have identified that some negatively correlated
traits (pathogen resistance and growth) may have resulted from selection of certain allelic
variants acting in opposing ways (Gitterle et al. 2005; Ciobanu et al. 2010; Bonami &
Widada 2011; Panphut et al. 2011). The nature of this interaction is not clear but if one trait is
segregating in the offspring but the other is not, pleiotropy may fail to be detected. In addition,
alleles may vary in their pleiotropic effect (Phillips & McGuigan 2006) so the identity of

alleles present in the parents may impact the pleiotropic effects at different loci. While the
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current study was not mainly focused on understanding evolutionary pressures on EBVS,
information and gene-based markers obtained here could benefit from a future comparison of
allele frequency across generations and among phenotypic traits. Identification of
combinations of functional molecular polymorphisms that differ in frequencies among
populations inhabiting different environments and/or generations, or with a different
phenotypic range could facilitate future GFP stock improvement programs by estimating
major/minor allele frequency, in particular for germplasm protection of endangered or for the

commercially improved lines.

5.7. Future directions for stock improvement in GFP
5.7.1. Traditional selection to advance GFP stock improvement

GFP has been domesticated for approximately 40 years but the culture industry still currently
relies on farming essentially wild/unimproved stocks (Thanh et al. 2009; Dinh et al. 2012). In
general, base populations used in selection programs require high levels of genetic diversity
in order to secure long-term genetic gains (Falconer & Mackay 1996). To improve brood-
stock resources, family selection combined with pedigree mating is now used to improve the
relative productivity of culture lines for expanding aquaculture industries (Thanh et al. 2009;
Nhan et al. 2010; Aflalo et al. 2012; Dinh et al. 2012). The stock improvement program for
Atlantic salmon initiated by AKVAFORSK in Norway and the GIFT stock improvement
program for Nile tilapia initiated by ICLARM (now World Fish Centre) provide excellent
examples of successful traditional genetic improvement programs for farmed aquatic species,
and highlight the importance of basing any stock improvement program on an initial broad
genetic base that includes genetic diversity sourced from different genetic populations
(Ponzoni et al. 2011; Gjedrem 2012). In the GFP stock improvement program in Vietnam, a
similar approach was applied but with fewer founding strains (two local Vietnamese and a
single exotic Malaysian strain) to develop the Vietnamese base population (Dinh et al. 2012,
2013). In order to secure high genetic variation levels and to reduce the inbreeding impact of
selection over the long-term in the Vietnamese program for GFP it may be necessary to
freshen up the gene pool periodically from external stocks as is practiced for the Norwegian

Atlantic salmon breed improvement program.
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While the major freshwater prawn producing countries are all in Asia (e.g.
Bangladesh, China, India, Myanmar, Taiwan, Thailand and Vietnam), selective breeding
programs for GFP initiated recently in India and Vietnam mainly constitute an initial step
towards long-term more sustainable production of GFP. Since GFP is an economically
important species, a few recent studies have demonstrated that family selection combined
with pedigree mating can be used successfully to improve the relative productivity of culture
lines and to expand aquaculture industries with genetic gains of 10% to 26% per generation
possible in the selected population compared with wild or base populations (Thanh et al.
2009; Nhan et al. 2010; Aflalo et al. 2012; Kitcharoen et al. 2012; Luan et al. 2012). An
average positive response, 7% per generation to selection (genetic gain) for growth rate was
reported in the Vietnamese stock improvement program (Dinh et al. 2012, 2013). Strains
developed this way will, however, require rigorous testing under real farming conditions and
in different production environments. While the traditional phenotype-based selection
typically used to select for desirable production traits requires several generations to optimize
genetic improvement, a well-designed stock improvement program in GFP must be in place
before MAS/GS is applied to increase the selection accuracy based on genomic predictions

over a short period.

5.7.2. Combination of genomic and traditional selection to advance GFP stock

improvement

More than just genomic tools, however, need to be put into place. In order for the potential of
genomics to be fulfilled, there needs to be parallel effort on collection of detailed trait
information from diverse phenotypes and this should also include the use of NGSTs to help
describe the environments where organisms are reared (Rothschild & Plastow 2008). In order
to achieve the ultimate goal of genome-assisted breeding, phenotypic values will need to be
measured in the training population and also in successive generations for new training to
avoid the loss of significant associations between phenotypes and markers due to
unpredictable effects from recombination. While traditional approaches to stock improvement
that employ family selection have been trialled widely and applied successfully to a wide
range of cultured aquatic species (McAndrew & Napier 2011), some recent studies have
reported that traditional family selection combined with pedigree matings utilising genetic

and/or genomic information can be more effective when multiple phenotypic traits are
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considered (Goddard & Hayes 2007; Varshney et al. 2009; McAndrew & Napier 2011;
Morrell et al. 2012). GS has been highlighted as a new approach for MAS in recent years
because GS is a form of MAS where selection of individuals is based on genomic EBVs
(Morrell et al. 2012) offering breeders the opportunity to determine EBVs more accurately

and rapidly than using time-consuming traditional methods.

Currently, GS has not been optimised for many farmed species, but it is a potent,
attractive and valuable approach for breed improvement in the future. New GS tools have
been trialled, however, in a wide range of farm species mainly in terrestrial and crop breeding,
although there have also been some recent applications in aquatic species including in
Atlantic cod, Atlantic salmon, carp, catfish, Pacific oyster, Penaeid shrimp and tilapia
(McAndrew & Napier 2011; Quinn et al. 2012: Robalino et al. 2012). Most breed
improvement programs in aquatic species, however, usually commence by focussing on
improving growth rate and only later progress to include additional production traits (e.g.
environmental tolerance, food conversion efficiency, body shape, sexual maturation, disease
resistance, flesh quality, carcass weight, and survival rate etc.) because these traits tend to
show favourable correlations with growth rate (Gjedrem 2000; Nguyen et al. 2010a, b). For
GFP, the breed improvement program in Vietnam has focused only on improving growth rate.
Additional traits including reproductive quality, sex ratio, proportion of edible to non-edible
meat (carcass ratio) and meat quality (e.g. protein, fat and moisture contests) are all potential
future targets for improvement and will in time be added to the breeding objectives. Results
in the second generation Vietnamese lines in the current study showed that the selection
response for both body weight and abdominal weight were approximately 7% (Dinh et al.

2013), indicating that the increase in both weight and carcass weight were linear over time.

While the benefits of applying genomic approaches to improving growth-related traits
is still openly debated, there is more general agreement about applying MAS/GS tools for
traits with low heritability traits, including disease resistance, or reproduction-related traits
because growth-related traits with moderate to moderate-high heritabilities often respond well
to selection in aquaculture organisms following traditional approaches (Wringe et al. 2010;
Séanchez-Molano et al. 2011; Sauvage et al. 2012b; Chiasson et al. 2013). In order to
integrate any new trait into a selection program, genetic parameters including heritability
estimates and correlations of each trait with body weight need to be investigated using both

approaches. It is important, however, that the number of traits to be added to new breeding
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objectives for GFP need to be restricted, to keep the breeding program focussed and the cost

of the program in balance with increases in productivity achieved.

The ultimate aim of genomic-assisted breeding is to increase the rate of genetic gains
in a variety of target environments, in less time and at lower cost compared with conventional
selection, based exclusively on expressed phenotypes. Nonetheless, it is critical to remember
that even with the availability of the best genotyping resources, genomic-assisted breeding
may not be successful in the absence of high quality phenotypic data (Varshney et al. 2012).
Taking advantage of genome information and new technologies combined with availability of
quality phenotypic data generated from conventional selections can increase the rate of

progress of genetic improvement of GFP brood stocks.

5.7.3. Sequencing resources for genomic selection to advance GFP stock improvement

While limited genomic or transcriptomic sequences generated from the current study can
provide base information for MAS in GFP, it will not be sufficient to develop and apply GS
methodology. In order to hasten the application of GS multiple resources are required
including a large number of markers, linkage/physical maps, BAC libraries, and
bioinformatics skills, which requires cost, time and effort. Completion of a whole reference
genome sequence would provide the ultimate roadmap for future breeding programs but full
genome sequencing of a large eukaryotic genome is not an easy task and is still a costly
exercise so currently it is not feasible for GFP. As an example in penaeid shrimps, a large
number of ESTs, differential gene expression experiments, microarray studies, and RNAI-
based experimental data have been compiled to develop shrimp genetic and genomic
resources that can further contribute to advancing biotechnological applications in
aquaculture (Robalino et al. 2012). While genomic data for marine shrimps has been
expanding rapidly, the same is not true for freshwater prawns used in culture. New
technological developments, however, including NGSTs and automated high-throughput SNP
genotyping technologies have largely eliminated the economic hurdles associated with
obtaining genomic information in a cost-effective way for aquatic non-model species
(Ekblom & Galindo 2011) and these developments will help to create the opportunity for
genomics to make more significant impacts on productivity of aquaculture species in general

in the future.
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While the current study suggested a new paradigm of NGST application in aquatic
species generating partial transcriptome data, there are several major obstacles to overcome
in order to achieve the ultimate goal of GS application. As a first perspective for GFP,
comprehensive transcriptome or EST sequences from diverse tissue samples using NGSTs
can provide a platform for identification and characterisation of full-length cDNAs that will
be important for ongoing studies of crustacean gene duplication and gene family structure.
Second, when these sequences are available, future studies should focus on identifying
expressed genes (i.e. characterisation and microarray) involved in various biological
processes because to date this approach has not been trialled in GFP, mainly due to limited
availability of ESTs. They can aid not only in shedding light on various fundamental
processes but also in annotation of GFP genome sequences via comparisons of GO
composition between full-length cDNAs and those from other Macrobrachium and/or
crustacean species. In addition, identifying the genetic and environmental factors that control
variation and elucidating the biochemical and physiological pathways that connect these
factors to the phenotype can provide a detailed understanding of trait biology (i.e.
quantitative traits) and would aid future genomics-assisted breeding approaches in GFP (i.e.
favourable correlations with growth rate). Eventually, data generated from these approaches
will provide a complete suite of gene-based markers (i.e. Type I markers) for identification of
genes and alleles responsible for production traits including growth, disease resistance, feed
efficiency and age at sexual maturation. The approach is likely to be integrated into many
practical breeding programs in the near future with further advances and the maturation of
relevant theory, which have already been successful in Atlantic cod (Star et al. 2011) and
Pacific oyster (Zhang et al. 2012) or are on-going projects in Atlantic salmon (Davidson et al.
2010) and catfish (Liu 2011).

5.7.4. Candidate gene approach

Considering most economic phenotypes in stock improvement programs are quantitative
traits influenced by multi-gene interactions, identifying key genes is an essential step. This is
not easy, however, when only limited genetic information is available. This is why CGA was
employed here based on a priori hypotheses about each gene’s potential physiological roles.
This approach has been widely acknowledged to take advantage of both the increased
statistical efficiency of association analysis with quantitative traits and the biological
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understanding of the phenotype, tissues, genes and proteins that are likely to be involved in
the traits (Tabor et al. 2002). In spite of their promise, CGAs have been subject to two
important criticisms, lack of replication and thoroughness (Tabor et al. 2002). In order to
overcome these issues, more diverse samples and breeding lines will be required to be
screened under a variety of environmental conditions to provide robust evidence for the
physiological roles of particular genes for each phenotypic trait. In the case of GFP, only
adult female GFP samples were screened here because growth performance is confounded by
social factors in male GFP (Thanh et al. 2009, 2010) and by developmental stage (i.e.
moulting). Therefore, testing the SNPs and genes identified here in male and in various GFP
developmental stage samples will be important to understand selection signatures between
genders and across ages. Furthermore, the current study was screened only for growth (EBV)
so expanding to other phenotypic traits will be important to provide better biological
understanding between genes and quantitative traits. Gene interactions, however, estimated
from widely spaced genetic markers that do not cover the target organisms’ genome

adequately can produce misleading results.

5.7.5. Linkage map and reproductive traits

To my knowledge, no attempt has been made yet to construct a linkage map for GFP. Time
and cost are the main reasons why this has not yet occurred. Restriction-site associated DNA
(RAD) genotyping using NGSTs, however, has recently become a feasible alternative
approach for identifying thousands of informative SNPs even in non-model species where
little or no previous genome data are available (Davey et al. 2011; Hohenhohe et al. 2011,
Wang et al. 2012a). RAD has also provided a powerful system capable of rapidly generating
chromosome specific data even for detection of putative sex chromosomes and reproductive
QTLs in aquatic species (Baxter et al. 2011; Anderson et al. 2012; Sauvage et al. 2012a).
Interest in the genetics of sex determination, in particular sexual dimorphism for growth rate
in aquaculture, is motivated by practical and commercial implications for production of
monosex progeny for use in stock improvement in addition to fundamental scientific curiosity.
Indeed, the enhanced yield achievable from monosex culture has been shown in case studies
in shrimps where females were shown to grow faster and reach higher weights than males of
equivalent age (Argue et al. 2002; Pérez-Rostro & Ibaraa 2003; Gopal et al. 2010). In GFP,
in contrast, males grow faster and reach larger body sizes, so culturing all-male GFP cohorts
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can result in significantly higher yields over a shorter culture period and provide improved
financial returns than that achieved from mixed-sex culture or all-female culture (Sagi et al.
1986; Cohen et al. 1988).

Another case study of M. rosenbergii reported about a 60% increase in net income to
growers when they cultured a hand-segregated, all-male population and discarded females
(Nair et al. 2006). For the Vietnamese GFP culture stocks used here, male GFP generally
reached significantly larger size and heavier body weight (approximately 93%) compared
with females (Dinh et al. 2013). Due to the potential for better financial returns to farmers, a
number of attempts have been made to sex juvenile GFP manually and to use biotechnology
(e.g. manipulating insulin-like androgenic gland hormone) at early developmental stages to
produce all-male GFP culture lines (Sagi & Aflalo 2005; Aflalo et al. 2006; Aflalo et al.
2012; Ventura et al. 2012; Ventura & Sagi 2012). Aflalo et al. (2012) recently suggested a
combined approach, with selective breeding used to produce a fast growing line combined
with neo-female technology to produce fast-growth, all-male cohorts for culture. In the
current study, growth rate in the Vietnamese GFP strain showed a cumulative improvement
of approximately 21% (Dinh et al. 2013), so potentially if neo-female technology was applied
to the improved strain there, the all-male stock that would result should have an even better
growth advantage than the improved line resulting from both selection and sex-related (all

male) phenotypes.

Sex determination can result from either genetic and/or environmental factors and to
date, farming single sex cohorts has been achieved either through manual sexing, direct
hormonal sex reversal or hybridization some of which often have significant disadvantages in
their application including high inbreeding rates that could result from using neo-females and
males (or vice versa) from a single strain (Liu et al. 2010; Aflalo et al. 2012). Thus, utilising
genome-based scale data including a high density linkage map developed by RAD
sequencing provides an option for addressing this issue in GFP, because RADs could be used
to reveal the underlying mechanism for sex determination or allow discrimination of loci
responsible. Once sex reversal has been perfected, all-male progeny could result in significant
increases in commercial returns with high production that will eventually accelerate future

GFP GS approaches to stock improvement.
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5.7.6. Biological pathway mapping in non-model species

Dissecting the genetic control of complex trait variation (i.e. growth) remains very
challenging, despite many advances in technologies. One approach has been to study
intermediate —omics data (e.g. transcriptome) as it can be useful for understanding the genetic
architecture of complex traits and for bridging the genotype-phenotype gap (Ehsani et al.
2012). Growth in crustaceans is a complex process where interactions occur between genes
and key developmental processes (e.g. moulting) at each level of biological organization from
cell to organism. While the current transcriptomic dataset has provided promising baseline
data for GFP, it is essentially fragmented and provides only scattered evidence for loci that
affect target traits. This can be resolved via functional mapping, systems mapping and
network mapping, which allow a comprehensive picture to be developed of the genetic
landscape of complex phenotypes that underlie economically important traits like growth
(Wang et al. 2012b), from a genome-wide perspective. This approach has proven very
powerful for addressing questions about the specific roles and functions of genes in livestock
species (Kemper & Goddard 2012).

Unlike livestock, this advance is more complicated in crustaceans because moulting,
sex determination, and some environmental factors and their interaction combine to affect
growth traits. This is a highly complex process that requires appropriate coordination and
integration. Loci involved in moulting and sexual dimorphism can affect the genetic
architecture of growth traits in crustaceans though most of these loci may have small effects.
Occasionally, however, loci may be present with moderate-to-large individual effects
segregating due to recent selection for the mutant allele through a biological signalling
pathway (Kemper & Goddard 2012). Epistatic and pleiotropic effects have long been
recognized as fundamentally important in understanding the structure, function, and
evolutionary dynamics of biological systems (Xu et al. 2011). Yet, little is known about how
their impacts affect specific traits even in model species (e.g. cattle). Despite limited
information, a number of attempts have been made in crustaceans to elucidate the hormones
and glands responsible for the process of enzyme cascades during sexual differentiation
(Ventura et al. 2012; Ventura & Sagi 2012) and moulting (Nakatsuji et al. 2009; Chang &
Mykles 2011) by filling in the gaps for genetic interactions in the key pathways. More
recently, availability of detailed transcriptomic data from crustacean studies exemplifies the
applicability of a high-throughput sequencing approach for studying complex traits, for

example metamorphosis, spermatozoa conservation, transport, maturation and capacitation
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(He et al. 2013; Ventura et al. 2013). It is unknown, however, whether these interactions are
linked in a single signalling pathway or are components of independent pathways activated

by different factors in crustaceans.

In reality, developing a comprehensive picture for interactive signalling pathways for
growth in GFP (i.e. metabolic processes, biosynthesis of secondary metabolites and
regulatory pathways) is not an easy task. Filling in the gaps, however, via mapping and
understanding of gene interaction networks among moulting, sex reversal, growth,
environmental factors and their interaction with growth traits is feasible as has been done for
sex determination and moulting pathways elsewhere (Chang & Mykles 2011; Ventura & Sagi
2012; He et al. 2013; Ventura et al. 2013). For this, researchers have to 1) generate vast
genomic and RNA-Seq data from a variety of tissue and developmental stage samples using
NGST, 2) conduct a large number of differential gene expression analyses (e.g. microarray
and SNPchips) to unravel the biological functions of each peptide under variable
experimental conditions and tissues, 3) silence target gene expression using RNA-i
techniques in different tissues and conditions as functional assays, 4) analyse accurate GO
annotations, 5) start to sort out priority pathways to map depending on research objectives
(e.g. apoptosis, cardiac muscle contraction, cell cycle, ecdysteroid synthesis, ErbB signalling,
glutamatergic synapse, glycolysis/gluconeogenesis, GnRH signalling, insect hormone
biosynthesis, insulin signalling, MAPK signalling, TGF-beta signalling, starch and sucrose
metabolism, and vascular smooth muscle contraction), 6) determine the co-occurrence and
co-absence of genes/proteins in animated KEGG pathway maps, 7) compare functional
compositions within and among the dataset, 8) analyse the statistically enriched pathways
across datasets, 9) build the pathway-to-pathway networks for each dataset, 10) explore
potential interaction/reaction paths between pathways, 11) identify common pathway-
pathway networks across the datasets, and 12) apply the identified genes (i.e. RNA-i) to
diverse species to understand key roles.

A gene set-based approach is an important step towards reconstruction of signalling
pathway structures from molecular profiling data. Since pathways are functional units that
result from the interplay of interacting genes, RNAs, proteins and small molecules, mapping
genes or proteins into pathway models can provide deep insights into their functions and
interactions in an organism. Given the strategy, a major breakthrough would be to predict and
interpret the effect of mutational and biochemical changes during crustacean growth and

understand how this signal is transmitted spatially (among tissues) and temporally (spanning
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development). Pathway-based approaches using prior biological knowledge on gene function
have facilitated more powerful analysis of GWAS datasets (Wang et al. 2010a) so combining
GWAS methodology with current strategies may be useful for understanding growth in

crustacean species.

5.7.7. Next-generation sequencing, bioinformatics and genomic databases

Effective management of wild and captive GFP populations is in general impaired by limited
knowledge about different aspects of this species’ biology. Recently, research on aquatic
species, has increased significantly, and ‘omics’ technologies have been applied to better
characterise reproduction, development, nutrition, immunity and toxicology in these species
(Cerda et al. 2010; Jiang et al. 2011; Liu 2011; McAndrew & Napier 2011). As a result of
recent significant reduction in sequencing costs, NGST approaches have become a powerful
method for production of extensive genomic and EST resources for finding desirable traits in
the genome of target species. These technologies are also powerful tools that allow efficient
gene discovery and gene identification and permit resolution of several genetic and molecular
regulation of biological processes in stock improvement studies that can pinpoint the signals
that control gene function for unique characteristics as well as assisting the resolution of
evolutionary lineages at the molecular level (Rothschild & Plastow 2008; Dheilly et al. 2011;
Houston et al. 2012; Morrell et al. 2012), and therefore, they have great relevance for GFP.
The advancement of NGSTs, however, has resulted in the generation of vast amounts of
biological data which has fuelled the need for computational systems and techniques to
manage large datasets as well as for improved data analysis methods (Quinn et al. 2012). On-
going, bioinformatics should include the development of computational tools for data
management, data manipulation and data mining for aquaculture species that mainly involve

non-model species.

The rapid evolution of analysis and processing methods is indicative of the
community effort to provide effective tools for understanding genomic data (Clarke et al.
2012). Large-scale data generation and analysis projects can benefit from an organised and
centralised data-management process by providing necessary support and infrastructure to the
public (Washington et al. 2011; Clark et al. 2012; Rosenbllom et al. 2012). The concept of
‘open data’, or public accessibility should be adopted online to prevent redundant work, to

enable research groups to build from the work of others, and to allow the potential for cross-
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species comparisons (Quinn et al. 2012). Eventually, availability of large EST resources for
most model species as well as a number of agriculturally important species could allow
efficient gene discovery and gene identification in GFP simply from online public databases.
Rapid progress can be made via comparative genome analysis in understanding structural,
organizational, and functional properties of the genome of this species that can still expedite
stock improvement objectives in GFP. Five great challenges lie ahead in GFP studies before
this approach can be replicated; 1) limited breeding objectives with few phenotypic traits
exposed to selection, 2) difficulties with dissemination of the improved stocks, 3) little
genomic information and the analytical challenges of genomics, 4) effective data
management and distribution to users, and 5) limited research budget issues. International
collaboration, however, can be an effective way to overcome these problems. In conjunction
with traditional breeding methods, sequencing the complete genome of GFP could have a
huge impact on the culture industry and also explore more fundamental scientific questions

about growth in crustaceans.

5.8. Conclusions

The current study has provided the first transcriptome dataset for GFP and has the potential to
promote development of MAS/GS in future giant freshwater prawn breeding programs.
While samples used in this study came from only a single improved culture line from
Vietnam, the overall results were promising in identifying genes with potential roles in
growth and growth-related traits in GFP. In particular, NGST was very effective at generating
a transcriptomic dataset for GFP where there was no prior genomic information. While the
current study focused on finding and evaluating growth-related genes in individual growth
performance in Vietnamese GFP stocks, the M. rosenbergii transcriptome data generated
from muscle, ovary and testis tissue samples should provide an invaluable resource in the
future for gene discovery in this species. These data will eventually instruct future functional
studies to manipulate or select for genes that influence growth and reproduction that should
find practical application in future GFP stock improvement programs. It is obvious that the
amount and quality of data available will grow rapidly for genomic analysis of GFP using
NGSTSs, the only question is from where and which genes we should look at first. As an effort
to stimulate increased research on the identification of growth-related genes in crustacean
species, three strategies are suggested here. The information in concert can provide a
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foundation for increasing the rate at which knowledge about key genes affecting growth traits
in crustacean species is gained. While different SNP allele distributions, violation of HWE
and significant LD in CGSM pairs were observed between the two growth performance
groups in Vietnamese GFP, these results will require detailed confirmation as to whether the
source of these polymorphisms are selection signatures for a particular trait or are simply

random effects as a result of chance.

The current project was also the first attempt to develop a large set of CGSMs for
assessing correlations between polymorphisms in growth-related candidate genes with
individual growth performance phenotype in female GFP. A number of SNPs in several
candidate genes showed significant and/or marginal associations with EBVs showing
measurable heritability. Multi-SNPs involvement in multi-genes identified here could be
involved in influencing growth traits in Vietnamese female GFP populations suggesting a
possible epistatic and/or pleiotropic effect. A whole genome sequence can be viewed as the
ultimate map of the genome, allowing researchers to mine the genes and genetic variation
associated with important production traits to improve stocks used in culture. Until this is
available for GFP, the current dataset potentially provides a fundamental resource for
application in future GFP stock improvement programs and may also provide a model for
how to adapt a MAS/GS approach to the GFP culture industry and even potentially for
crustaceans in general. As has been done for other aquaculture species, organising an
international collaboration to characterise the complete GFP genome could be the best
solution to allow rapid identification of candidate genes responsible for production and

performance traits in the future.
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