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Functional Genomics Research in Aquaculture:
Principles and General Approaches

Shikai Liu, Yu Zhang, Fanyue Sun, Yanliang Jiang, Ruijia Wang,
Chao Li, Jiaren Zhang, and Zhanjiang (John) Liu

Abstract: Functional analysis has always been
more difficult, but it is nothing compared with
structural analysis. This is especially true when
the number of genes under study is increased
to cover various systems and pathways on a
genome scale. In this chapter, we provide an
overview of functional genomics focusing on
general approaches for functional genomics to
include (1) Functional inference based on ex-
pression profiling such as analysis of expressed
sequence tag (EST) analysis, microarray anal-
ysis, and RNA-Seq; (2) Functional inference
of gene functions based on positional anal-
ysis such as genome-wide association studies
(GWAS), quantitative trait loci (QTL) map-
ping, and expression quantitative trait loci
(eQTL) mapping; (3) Functional inference of
gene functions by comparative genome anal-
ysis; (4) Gene pathway analysis; and (5) Ex-
perimental determination of gene functions
using novel technologies, such as the zinc
finger nuclease (ZFN) technology. We also pro-
vide a section on epigenetics and analysis of
protein–DNA interactions. At the end of the
chapter, we offer our assessment of the po-
tential of various technologies for functional
genomics in aquaculture.

Introduction

Genomics as a branch of science started to
make headway during the early to mid-1980s.

At the beginning, it started with a major re-
search project “The Human Genome Project.”
As the genomic information was accumulated,
and data was analyzed, a series of specific ge-
nomic methodologies were developed. With
the rapid advances in technology, particularly
the advances in PCR and sequencing technolo-
gies, a series of highly efficient approaches for
genomic studies were developed. As a result of
scientific demand and technological advances,
a very specific branch of science evolved that is
now called Genomics.

To gain better understanding of genomics,
we must examine its roots. The term “genome”
itself is more than 75 years old and refers
to the entire genetic material of an organ-
ism, or its complete set of genes located on
chromosomes (Hieter and Boguski, 1997). In
1986, “genomics” was coined by Thomas Rod-
erick to describe the scientific discipline of
mapping, sequencing, and analyzing genomes
(Mckusick, 1989). The term of genomics has
become universally accepted over the past two
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decades. However, genomics is now undergo-
ing a transition or expansion from the mapping
and sequencing of genomes to an emphasis on
genome functions. To reflect this shift, genome
analysis may be generally divided into “struc-
tural genomics” and “functional genomics.”
Structural genomics represents an initial phase
of genome analysis, studies the structure, or-
ganization, and evolution of genomes, while
functional genomics, which studies expression
and functions of the genomes. Structural ge-
nomics has a clear end point—the construc-
tion of high-resolution genetic, physical, and se-
quence maps of an organism. The ultimate map
of an organism is its complete DNA sequence
with a resolution of every single base pair
(Hieter and Boguski, 1997). Although, ge-
nomics in its major research objectives can
be divided into structural genomics and func-
tional genomics, there is no clear separation
of these subdisciplines. Furthermore, struc-
tural genomics is the basis for functional
genomics.

Functional genomics represents a new phase
of genome analysis (Hieter and Boguski, 1997).
It requires the development of innovative tech-
nologies that make use of the vast resource
of structural genomics information. Specifi-
cally, functional genomics refers to the devel-
opment and application of genome-wide exper-
imental approaches to assess gene functions by
making use of the information and reagents
provided by structural genomics. It is char-
acterized by high throughput or large-scale
experimental methodologies combined with
statistical and computational analysis of the
results. The fundamental strategy in a func-
tional genomics approach is to expand the
scope of biological investigation from studying
single gene or protein to studying all genes or
proteins at once on a genome-wide scale. Such
operations allow the generation of tremen-
dously large data sets that demand additional
capacities of data analysis to draw information
relevant to biology. Assistance is needed from
all areas of biology, and more so from disci-
plines outside biology that can handle large

data sets. Computer sciences and mathematics
are among the first disciplines genomics has de-
manded cooperation from. Computational bi-
ology will play a critical and expanding role in
this area: structural genomics has been char-
acterized by data generation and management,
whereas functional genomics will be character-
ized by mining the data sets for valuable biologi-
cal information. Functional genomics promises
to rapidly narrow the gap between sequence
and function and to yield new insights into
the behavior of biological systems (Hieter and
Boguski, 1997).

The goal of this chapter is to provide some
basic concepts of functional genomics, and pro-
vide a general description of approaches for
functional genomics research in aquaculture.

The Concept of Functional Genomics

Genes and Gene Functions

Most eukaryotic organisms harbor tens of thou-
sands of genes, and in most cases, perhaps more
than 20,000 but fewer than 40,000 genes. Each
gene has its own functions. Historically, gene
functions were determined by observations of a
phenotypic mutation followed by genetic map-
ping of the mutated phenotype and eventually
trace to the gene controlling the trait. Such
an approach is usually considered to be a for-
ward genetics approach. This approach is highly
straightforward; however, mutations, whether
as a result of spontaneous mutation, or induced
mutation, are rare and mutated phenotypes
are oftentimes difficult to be observed in the
first place. With the rapid progress of DNA
sequencing technologies, scientists started to
know much quicker about a specific gene se-
quence and its protein structures than the func-
tions of the gene. As a result, a new set of re-
verse genetics approaches was developed. In
reverse genetics, the simple concept is to inacti-
vate the gene, and then determine the changes
of the phenotypes; alternatively, to add more
of the gene products, and then determine the
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changes of the phenotypes. In the former, genes
can be specifically targeted to “knockout” the
gene. This worked really well with some model
species where embryonic stem cell technology
is available. For instance, with rat or mouse, a
specific gene can be knocked out in an embry-
onic cell line, and then individuals can be de-
veloped from the cells, and phenotypes can be
observed in the “knocked out” animals. How-
ever, this approach is to date not applicable
to aquaculture species because embryonic stem
cell technologies have not been developed for
aquaculture species.

In recent years, the discovery of RNA in-
terference (RNAi) has lent research tools for
the study of gene functions. RNAi is an RNA-
dependent gene silencing process that has
been applied to knockdown gene expression
(Hannon, 2002). This is particularly useful for
some aquaculture species, as RNAi technolo-
gies have been applied to investigate gene func-
tion as well as to develop antiviral agents to
combat various infections in some fish and
crustaceans species (Acosta et al., 2005; Copf
et al., 2006; Liu et al., 2006; Wargelius et al.,
1999; Kelly and Hurlstone, 2011). For in-
stance, the highly efficient gene knockdown
was observed to result in similar embryonic
defects to the known mutant phenotypes in
zebrafish (Wargelius et al., 1999). In a study
of genes expressed differentially in freshwater
crayfish infected with the white spot syndrome
virus (WSSV), the anti-lipopolysaccharide fac-
tor gene (AF) was shown to protect against
WSSV infection, and knockdown of AF by
RNAi specifically resulted in higher rates of
viral propagation (Liu et al., 2006).

In addition to gene knockout and knock-
down technologies, transgenic technology has
been widely used to demonstrate the func-
tions of genes. The basic principle is that if a
gene has certain functions, its over-expression
should cause changes in phenotypes. Such an
approach was best demonstrated by transgenic
fish harboring the growth hormone gene that
grow much faster and bigger than their non-
transgenic controls (Du et al., 1992; Gross et al.,

1992; Devlin et al., 1994; Rahman et al., 1998;
Rahman et al., 2001).

All the traditional approaches for the study
of gene functions are effective, but they have
fatal problems that include the following:

1. Not all genes can cause a visible phenotype.
2. Knockout of one gene may cause numerous

other changes in genome expression; many
of these are compensatory or consequen-
tial, making analysis of gene functions very
difficult.

3. Functional study of gene function by “one
gene at a time” is too laborious, too expen-
sive, and too slow.

As a result, scientists have explored to study
gene functions on the genomic scale that leads
to the emergence of functional genomics.

Concept of Functional Genomics

Functional genomics can be defined as a disci-
pline for the understanding of gene functions
and regulation on a genome-wide scale. It is
a field of molecular biology that attempts to
make use of the vast wealth of data produced by
genomic projects (such as genome sequencing
projects) to describe gene (and protein) func-
tions and their interactions. Unlike structural
genomics and proteomics, functional genomics
focuses on the dynamic aspects such as gene
transcription, translation, and protein–protein
interactions and interactions between proteins,
DNA, and RNA. As opposed to the static as-
pects of the genomic information such as nu-
cleotide and amino acid sequences or struc-
tures, functional genomics attempts to answer
questions about the functions of DNA at the
levels of genes, RNA transcripts, and protein
products (Hackett and Clark, 2007). The ulti-
mate goal for functional genomics is to bridge
the gap between the blueprint (genome se-
quence or genotype) and the living organism
(trait or phenotype) under various environmen-
tal conditions (Cogburn et al., 2007). Spawned
by the technological revolution in genome
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sequencing (Venter et al., 1996; Rowen et al.,
1997), functional genomics studies currently
are greatly stimulated by the high-throughput
sequencing and screening technologies. There-
fore, a key characteristic of functional ge-
nomics studies is the genome-wide approach
generally involving high-throughput technolo-
gies rather than the traditional “gene-by-gene”
approach.

Goals of Functional Genomics

The goals of functional genomics are to gain
better understanding of the roles of func-
tional elements in the genome that directly
or indirectly affect the development, growth,
metabolism, immunity, behavior, reproduction,
and various other processes of an organism.
One of the primary tasks of functional ge-
nomics is assigning specific functions to genes,
noncoding RNAs, and cis-Acting DNA ele-
ments involved in the processes explained ear-
lier (Hackett and Clark, 2007). The goals of
functional genomics vary depending on organ-
ism and project. In the broad sense, functional
genomics studies are conducted with the fol-
lowing objectives:

1. To discover functional elements from ge-
nomic sequence of organisms, including pro-
tein coding genes and regulatory noncoding
regions;

2. To obtain the global assessment of how the
expression of all genes in the genome varies
under changing conditions;

3. To generate resources and develop method-
ologies for genome-wide mutagenesis de-
ducing the functions of novel genes by
mutating them and studying the mutant
phenotype;

4. To genetically manipulate organisms for
specific purposes;

5. To understand the evolution of genomes in
relation to biology of organisms across a
spectrum of evolutionarily-related species.

Approaches to Functional Genomics

Numerous approaches with sophisticated
experimental techniques have been developed
for functional genomics studies. The huge
numbers of genes, and even larger numbers of
transcripts contribute to the complexity of func-
tional genomics analysis. Such complexities are
amplified again by an even greater diversity
of polypeptides and their post-translational
modifications, the variation in expression from
different tissues under different developmental
stages, and under various environmental condi-
tions (Hackett and Clark, 2007). High through-
put methodologies are required to simultane-
ously examine the expression and functions of
all genes of an organism. Clearly, high-speed
computation is an essential feature of most
functional genomics techniques. In the later
sections, we describe some of the general ap-
proaches currently used in functional genomics
studies, with the understanding that more
powerful methods are constantly emerging,
especially as computational power continues to
improve. The improvements include tools and
instruments for digital recording of informa-
tion and newer algorithms for sorting and
analyzing information developed as our under-
standing of gene function increases. Because
of the large quantity of data generated by these
techniques and the desire to discover biolog-
ically meaningful patterns, bioinformatics is
crucial to functional genomics data analysis
(Hackett and Clark, 2007).

While whole genome sequencing is now a
routine, functional analysis continues to be
a great challenge. There are several general
strategies for elucidating the functions and
regulation of gene expression. In terms of
strategies, functional genomics approaches
can be divided into four general categories:
(1) Functional correlation of gene expression
and thereby inference of gene functions;
(2) Functional correlation of gene positions
and thereby inference of candidate gene func-
tions; (3) Functional assignment by association
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with gene pathways; and (4) Direct testing of
gene functions.

Functional Correlation of Gene
Expression Profiling

Short of direct testing that is often very difficult,
gene functions can be inferred from their cor-
relations of expression with function, or their
correlations of position with function. The basis
for functional inference from expression corre-
lation is expression profiling. The idea is that
if a gene is involved in a specific trait, e.g., de-
fense response, its expression would respond to
infection. Gene expression profiling is the mea-
surement of expression levels for thousands
of genes to paint a general global picture of
gene expression under a specific developmen-
tal stage, environmental condition, or treat-
ment. In practice, gene expression profiling ex-
periments often involve measuring the relative
amount of mRNA expressed in two or more
experimental conditions (“treatment”). The
correlation of “treatment” and gene expres-
sion profile could provide inference on gene
functions.

Various technologies have been devel-
oped to quantify gene expression, including
hybridization-based and sequence-based ap-
proaches. Hybridization-based approaches typ-
ically involve incubating fluorescently-labeled
complementary DNA (cDNA) with custom-
made microarrays or commercial high-density
oligo microarrays. In contrast to microarray
methods, sequence-based approaches deter-
mine gene expression levels by directly se-
quencing cDNAs. The relative abundance of
cDNAs reflect gene expression levels. Initially,
Sanger sequencing of cDNA or expressed se-
quence tag (EST) libraries were used (Gerhard
et al., 2004), and then tag-based methods were
developed to improve the throughput, includ-
ing serial analysis of gene expression (SAGE)
(Velculescu et al., 1995; Harbers and Carninci,
2005) and massively parallel signature sequenc-

ing (MPSS) (Brenner et al., 2000). These tag-
based sequencing approaches are high through-
put and can provide precise, digital gene
expression (DGE) levels. Recently, the devel-
opment of high-throughput DNA sequencing
technologies provides additional strengths for
gene expression profiling. This method, termed
as RNA-Seq, has clear advantages over pre-
vious sequence-based approaches and is ex-
pected to revolutionize the manner in which
transcriptomes are analyzed for both gene dis-
covery and global gene expression profiling.

In terms of functional genomics, the largest
portion of published literature to date involves
gene expression profiling through sequencing-
based approaches such as EST analysis, SAGE,
MPSS, and more recently developed RNA-Seq,
and hybridization-based microarray analysis.
We will limit our discussion to EST analysis, mi-
croarrays, and RNA-Seq as these are the most
commonly used approaches.

Analysis of Expressed Sequence
Tags (ESTs)

ESTs are single-pass sequences of random
cDNA clones from cDNA libraries. They are
traditionally generated using Sanger sequenc-
ing and therefore the resultant sequences are
approximately 500 to 800 base pairs in length.
Several years ago, because sequencing was
relatively cheap, large numbers of ESTs can be
generated at a reasonably low cost from either
the 5′ or 3′ end of a cDNA clone to get an in-
sight into transcriptionally active regions. ESTs
were used as a primary resource for human
gene discovery (Adams et al., 1991). There-
after, there has been an exponential growth in
the generation and accumulation of EST data
in public databases for various organisms, with
approximately 71 million ESTs now available in
public databases (http://www.ncbi.nlm.nih.gov/
dbEST/, September 2011, all species). Readers
can refer to Chapter 2 of this volume for avail-
ability of ESTs among various aquaculture
species.
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EST analysis is an effective genomic ap-
proach for rapid identification of expressed
genes, and has been widely used in genome-
wide gene expression studies in various tissues,
developmental stages or under different en-
vironmental conditions (Adams et al., 1995;
Ronning et al., 2003). In addition, the avail-
ability of cDNA sequences has accelerated fur-
ther molecular characterization of genes of in-
terest and provided sequence information for
microarray construction and genome annota-
tion (Bailey et al., 1998; Lo et al., 2003; Kim
et al., 2006).

Gene expression analysis plays an impor-
tant role in identifying differentially expressed
genes under different environmental condi-
tions and gene expression regulation, shed-
ding light on gene functions. EST analysis
has been demonstrated effective for detec-
tion of differential expression and regulation
of certain genes. Without normalization or
subtraction in library construction, the num-
ber of the sequenced ESTs for a given gene
reflected the abundance of the gene expres-
sion at the corresponding scenario (e.g., en-
vironmental conditions, developmental stages,
treatments, etc.).

Direct EST sequencing is inefficient in dis-
covery of rarely expressed genes. To solve this
problem, the method to construct normalized
cDNA libraries was developed (Soares et al.,
1994; Bonaldo et al., 1996). The basic princi-
ple is using hybridization to reduce redundant
genes and increase the representation of rarely
expressed genes.

Initial annotation of ESTs can be conducted
by simple sequence similarity comparisons.
Further annotation analysis can be carried out
after obtaining the consensus sequences (puta-
tive unigenes), such as determination of gene
identity based on homology search, open read-
ing frame (ORF) identification, Gene Ontology
(GO) annotation and gene-enrichment analysis
(e.g., Nakaya et al., 2007).

In order to assign gene identity to con-
tigs and singletons, homology search is widely
used. Such an approach is especially help-

ful for newly-studied species. BLAST is the
most widely used program to obtain high
throughput EST analysis and annotation re-
sults. BLAST package provides different fla-
vors of algorithm for sequence similarity
searching. BLASTX is used to search against
protein database by translated consensus EST
sequences while BLASTN is used to search
against nucleotide sequence databases. NCBI,
ENSEMBL and Swiss-Prot are three impor-
tant databases for BLAST search. For in-
stance, Swiss-Prot database have fully manu-
ally curated and annotated unigene database,
Uniprot, which can be used for identifying
putative function for unigene by BALSTX.
NCBI provide dbEST database that can be
used to search novel transcript by BLASTN.
dbEST is a main ESTs resource database in-
cluding ESTs for over 200 aquaculture species.
ENSEMBL database can provide chromosome
location information of genes, which is a use-
ful tool for comparative genome analysis. How-
ever, BLAST sequence similarity comparison
provides only sequence homology information,
and one cannot purely rely on BLAST for gene
identification. Detailed phylogenetic analysis
and/or orthology analysis is needed to deter-
mine the identities of genes.

For a greater level of annotation, ORF is
identified to determine the full or portion of
coding region in the unigene. The unigene
with a full ORF usually represent a full-length
cDNA. There are some useful tools for ORF
detection. For example, ESTScan (Iseli et al.,
1999) can extract coding regions from low-
quality ESTs and correct frame shift errors.
OrfPredictor (Min et al., 2005) is another pro-
gram for identification of protein-coding se-
quences from ESTs through predicting most
probable coding regions from all the six trans-
lation frames.

GO annotation can provide description of
gene products behaving in a cellular con-
text. Gene functions are placed into three
categories: biological processes, cellular com-
ponents, and molecular functions. Consen-
sus sequences can be linked to GO terms
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and assigned a possible function by Blast2GO
(Conesa et al., 2005).

GO enrichment analysis is to cluster most
relevant GO terms associated with certain bio-
logical pathway. GOEAST (Zheng and Wang,
2008), Ontologizer (Bauer et al., 2008), Gene-
Trail (Backes et al., 2007), and DAVID func-
tional annotation tool (Huang et al., 2009) are
useful tools for these analysis.

EST analysis is an efficient approach for
gene discovery and gene identification. For in-
stance, during 2001 to 2007, catfish ESTs in-
creased from 10,000 to 44,000 and the putative
genes number increased from 5905 to 25,000
(Li et al., 2007). In Pacific oyster (Crassostrea
gigas), 40,845 high-quality ESTs represented
29,745 unique transcribed sequences (Fleury
et al., 2009). In gilthead sea bream (Sparus au-
ratus), 30,000 ESTs represented 18,196 puta-
tive unigenes (Louro et al., 2010). Currently,
there are over 180 aquaculture species having
more than 100 ESTs in dbEST (see Chapter 2
of this volume on existing genome resources for
details).

EST analysis can provide comparisons of
gene expression profiling in different tissues
and conditions. For instance, in a recent study
with rainbow trout (Oncorhynchus mykiss),
Kondo et al. (2011) sequenced over 30,000
ESTs from rainbow trout adipose tissue. These
ESTs were used to search adipokine-related
genes. The result showed that none of them
encoded adipokine and PPAR-� gene, which
play important roles in mammalian adipocytes.
Further qRT-PCR result confirmed EST anal-
ysis results, that is, rainbow trout adiponectin
transcripts were weakly detected in adipose tis-
sue but strongly detected in muscle, suggesting
the difference of energy metabolism between
fish and mammal (Kondo et al., 2011). Chini
et al. (2008), constructed normalized cDNA
libraries from liver, ovary and testis in blue
fin tuna (Thunnus thynnus), identifying several
sequences with known function in other or-
ganisms, but not previously described in this
species. Also, sequences were described being
expressed in one, two, or more tissue libraries.

Similarly, Zou et al. (2011) constructed nor-
malized cDNA libraries from testis, ovary, and
mixed organs of mud crab (Scylla paramamo-
sain). Through EST analysis, sex-specific tran-
scripts were identified.

EST resources provide sequence informa-
tion for microarray development. For instance,
in a recent study, Booman et al. (2011) de-
veloped a large-scale oligonucleotide microar-
ray platform containing 20,000 features (20K),
which was used to study immune response of
the Atlantic cod spleen with stimulation of
formalin-killed, atypical Aeromonas salmoni-
cida (Booman et al., 2011). Similarly, oligo mi-
croarray for gilthead sea bream (Sparus aurata)
was developed based on ESTs, and the mi-
croarray was used to identify 1050 differentially
expressed genes between two developmental
stages (Ferraresso et al., 2008).

Although EST analysis has been important
for transcriptome characterization, it is now
becoming expensive, relative to several of the
most recently developed approaches, as de-
scribed in the following text. However, EST
resources still have a great value to serve as ref-
erence for RNA-Seq analysis. We found that
ESTs are essential for high-quality reference-
guided assembly of next-generation sequencer-
generated short reads (Liu et al., 2011).

Microarrays

Microarray is a powerful tool that allows analy-
sis of global gene expression in individual cells
or tissues under different conditions (Schena
et al., 1995). The core principle of microarray
is dense placement of gene target sequences
in a small area and hybridization. Tens of
thousands of DNA sequences termed probes
are anchored or spotted onto the solid sur-
face of a chip. Fluorescence-labeled probes
are used to hybridize with the features on
the microarray. Microarray combines simple
nucleic acid hybridization with high-density
spotting robots, fluorescence-based signal de-
tection and high-resolution laser scanners
(Peatman and Liu, 2007). High-density spotting
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robots and photolithography allow each fea-
ture to be placed accurately on the slide in high
densities. Fluorescence-labeled probe provides
much clearer signal than the traditional radi-
ation labeling. Moreover, the high-resolution
laser scanner allows accurate fluorescence-
signal quantification.

Based on the construction and sample la-
beling, there are two primary approaches to
DNA microarray used in aquaculture species:
the spotted arrays (or printed arrays) and the
in situ arrays. Spotted arrays are constructed by
spotting cDNA, small fragments of PCR prod-
ucts or long oligos using robot. This technique
is adapted by most researchers to produce “in-
house” printed microarray, because it is rela-
tively low-cost and flexible. The researchers can
decide the probes, generate their own probes,
spot the array, hybridize the samples to the ar-
ray, and scan the arrays with their own machine.
However, it is labor-consuming. The number
of spots (features) is limited to avoid cross-
contamination. Two-color fluorescence, such
as Cy3 and Cy5, are usually used for sample
labeling for spotted array (Schena et al., 1996).

In situ arrays are constructed by synthesizing
short oligos directly onto the slide surface by
photolithography instead of depositing intact
sequences. The oligo probes may be longer, like
65-mer (Mathavan et al., 2005), or shorter, like
24-mer (Peatman et al., 2007). Longer probes
are more specific, whereas the shorter ones are
cheaper and can be spotted in higher densities.
In order to overcome the short probes to im-
prove the specificity and sensitivity, in situ ar-
rays contain high-density features, usually mul-
tiple probes per target (Miller and Tang, 2009).
A perfect match (PM) and mismatch (MM) sys-
tem is used to further improve the specificity
(Irizarry et al., 2003; Han et al., 2004). MM
probes contain one or more mismatched nu-
cleotides within the PM probe sequences and
act as a negative control to detect the false-
positive signal resulted from the nonspecific
cross hybridization.

Affymetrix (http://www.affymetrix.com/) is
one of the most widely known industries for in

situ array. Semiconductor-based photochemi-
cal synthesis and photolithographic masks are
used to synthesize oligo probes for Affymetrix
GeneChip. The photolithographic masks either
block or allow light to reach the microarray
surface. In the area the mask covers, the addi-
tion of the nucleotides will be prevented since
the UV light has been blocked, whereas in the
area exposed to the UV light, the specific nu-
cleotide can be added. After many cycles of
unmasked, addition of nucleotide and masked,
the sequences of every oligo probes are fully
constructed. Another commercial microarray
manufacturer Roche NimbleGen (http://www
.nimblegen.com/) has developed a maskless ar-
ray synthesis, which uses digital mirrors instead
of the photolithographic masks (Nuwaysir
et al., 2002) at a significantly low start-
up cost. Agilent Technologies construct the
oligo probes for in situ array use glass slides
and inkjet printing, neither photolithographic
masks nor digital mirrors. Instead of Cy3/Cy5
labeling system, the sample using in situ array
is usually Biotin–Streptavidin labeled. No mat-
ter which platform is used, spotted array or in
situ array, the basic procedure for gene expres-
sion experiment is similar, starting with RNA.
As shown in Figure 1.1, the RNA is extracted
from the sample that we are interested and re-
verse transcribed to cDNA after quantification
and quality check. The cDNA is fluorescently
labeled and hybridized to the probes on the mi-
croarray. The hybridization will result in flu-
orescence signal, which can be measured by
a fluorescence scanner and then be analyzed
by using software, e.g., R/Bioconductor (http://
www.bioconductor.org). Background correc-
tion and data normalization are conducted then
to minimize variation caused by nonbiological
effects (Xiang and Chen, 2000), followed by
cluster analysis (Eisen et al., 1998), which es-
tablish gene expression patterns and define the
relationships between gene expression profiles
across different samples (e.g., treatment sam-
ple vs. control sample).

When starting the microarray experiment,
researchers need to keep in mind that all
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Figure 1.1 A schematic presentation of microar-
ray experiment where expression of two samples are
compared with A being the sample under treatment,
and B being the sample for control. RNA is sepa-
rately isolated from the samples, and fluorescently-
labeled probes are made separately with different
labels, e.g., cy3 for treatment (green), and cy5 for
control (red). The probes are simultaneously used
to hybridize an array containing the features rep-
resenting the transcripts of the organism. After hy-
bridization, signals are scanned and analyzed. If the
signals are high in the treatment, green will be de-
tected, and if the signals are high in control, red will
be detected; if the signals are equal, yellow will be
detected. Based on the relative signals of red and
green, expression levels are determined. See color
insert.

designs should meet the standards of the
Microarray Gene Expression Data Society
(MGED) and be compliant with the Minimum
Information About a Microarray Experiment
(MIAME) guidelines (http://www.mged.org/
Workgroups/MIAME/miame.html). Depend-

ing on biological questions they are interested
and availability of the financial and genetic
resources, the researchers need to make ap-
propriate decisions to construct the microarray
experiment.

In recent years, along with more and more
genetic resources available, such as ESTs, tran-
scriptome sequences, whole genome sequences
and so on, microarray technologies have been
dramatically advanced and broadly applied. A
variety of microarrays including low-density
or high-density cDNA arrays and oligo arrays
have been developed in aquaculture species,
such as zebrafish (Ton et al., 2002; Mathavan
et al., 2005), Salmonidae (von Schalburg et al.,
2005; Koop et al., 2008), catfish (Li and
Waldbieser, 2006; Peatman et al., 2007), Ata-
lantic cod (Booman et al., 2011; Edvardsen
et al., 2011), shrimp (Wongsurawat et al., 2010;
Aoki et al., 2011; Leelatanawit et al., 2011),
oyster (Wang et al., 2010; Dheilly et al., 2011),
and so on. See Chapter 2 for information on
the detail microarray resources. The appli-
cations of microarray in aquaculture species
are mainly focused on the following aspects:
(1) Development: Determining how genes inter-
act and change the expression level during de-
velopmental process has been the main goal for
development biology. Microarray, an efficient
technology to globally identify the patterns of
gene expression, is well utilized in aquaculture
for development especially embryogenesis. Ton
et al. (2002) constructed a zebrafish cDNA ar-
ray to reveal dynamic change in levels of gene
expression involved in development (Ton et al.,
2002). An Atlantic cod cDNA microarray rep-
resenting 7000 genes were used to analyze the
temporal activity of the transcriptome during
early cod embryogenesis (Drivenes et al., 2011).
(2) Immunity or disease resistance: Many studies
have been done by using microarray to screen
and identifying genes that are involved in the
immune system and disease resistance. For in-
stance, Meijer et al. (2005) use a zebrafish
oligo array containing 16K features to analyze a
host transcriptome response to mycobacterium
Mycobacterium marinum infection at the
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organismal level (Meijer et al., 2005). 28K
oligo arrays have been developed in catfish
to identify immune-related genes in catfish
(Peatman et al., 2007). (3) Response to environ-
mental variation or stress: Environmental varia-
tions, such as hypoxia, water temperature, and
salinity, will cause changes in physiology, ge-
nomics, and gene expression for aquaculture
species. A microarray containing 8046 medaka
unigenes was developed to measure gene ex-
pression profiling in the brain, gill, and liver
of medaka after exposed to hypoxia (Ju et al.,
2007). Microarray analyzes also have been con-
ducted on gene expression change in water
temperature (Kassahn et al., 2007; Hirayama
et al., 2008). (4) Reproduction: Reproduction
is an important trait in aquaculture industry.
Karoonuthaisiri et al. (2009) utilized a cDNA
microarray to screen reproduction-related
genes in giant tiger shrimp, and several tran-
scripts were identified that play important roles
during shrimp ovarian development.

Currently, microarrays are mainly used to
accelerate gene expression analysis under var-
ious experimental conditions. In the future, it
looks promising to use microarray for single nu-
cleotide polymorphisms (SNP) analysis, quan-
titative trait loci (QTL) mapping, and disease
diagnosis. However, microarray study in aqua-
culture species is in its infancy, mostly because
of the incomplete whole genome sequences in
most aquaculture species. It is an essential task
for the aquaculture community to exploit and
adapt the advances for their respective species.

High Throughput Sequencing of mRNA
(RNA-Seq)

RNA-Seq takes advantage of high-throughput
DNA sequencing technology to capture the
complete set of mRNA transcripts in a cell
of an organism (Nagalakshmi et al., 2010). In
this approach, mRNA is reverse transcribed
into cDNA and fragmented, then sequenced
using a next-generation technology to gener-
ate reads that can be assembled to cover a

good portion of the transcripts, if not the
full length of transcripts (see illustrations in
Figure 1.2). Based upon different choices of
sequencing technology, the sequencing yields
and read lengths vary.

Currently, three main next-generation
sequencing platforms are widely used in the
RNA-Seq, the 454, Illumina and ABI SOLiD.
Among these platforms, the throughput varies
from hundreds of thousands of reads for the
454 system to hundreds of millions of reads
for the Illumina and ABI SOLiD systems
(Marguerat and Bahler, 2010). The read
lengths typically range from 30–100 bp for
Illumina and SOLiD to 200–500 bp for 454.
In general, Illumina and SOLiD platforms are
relatively inexpensive, while the 454 technology
offers longer reads, but is more expensive per
run. Illumina, SOLiD and 454 technologies
can be combined in a “hybrid assembly”
strategy: short reads that are sequenced at a
greater depth are assembled into contigs, and
long reads are subsequently used to scaffold
the contigs and resolve variants (Martin and
Wang, 2011).

Two main approaches can be used for RNA-
Seq data analysis. One way is to map the result-
ing reads to a reference genome or reference
transcriptome. This is usually taken in well-
studied species with sequenced genome. The
other way is to do the de novo assembly for
species without reference genome or transcrip-
tome. Consequently, a genome-scale map that
is composed of both the transcriptional struc-
ture and/or level of expression for each gene
can be generated (Wang et al., 2009).

RNA-Seq, as a way of high-throughput se-
quencing method, is being widely used in func-
tional genomics studies in aquaculture species
and their related model fish species such as
zebrafish (Hegedus et al., 2009; Aanes et al.,
2011; Bontems et al., 2011; Ordas et al., 2011;
Rosel et al., 2011; Vesterlund et al., 2011),
catfish (Liu et al., 2011), Japanese sea bass
(Xiang et al., 2010), Atlantic cod (Johansen
et al., 2011), large yellow croaker (Mu et al.,
2010), rainbow trout (Lewis et al., 2010; Salem
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Figure 1.2 A schematic presentation of RNA-Seq. The extracted RNA is first converted into a library of
complementary DNA (cDNA fragments through either RNA fragmentation (left) or DNA fragmentation
(right). Sequencing adaptors (depicted by short red bars and short purple bars) are subsequently ligated to
each cDNA fragment (green lines) and short sequence reads (single end or paired ends) from each cDNA are
generated using high-throughput sequencing technology. The resulting sequence reads [short lines beneath the
genome sequence with three genes shown (fat blue bars)] are aligned with the reference genome to evaluate
gene expression by counting mapped reads. In the given example, the gene on the very left are expressed at a
very high level, and the gene in the middle is expressed at a relatively lower level. See color insert.

et al., 2010; Purcell et al., 2011), European eel
(Coppe et al., 2010), and spotted gar (Amores
et al., 2011). The applications of RNA-Seq in
aquaculture species are focused on these as-
pects: (1) Gene expression profiling, (2) Tran-
scriptome characterization and gene annota-
tion, and (3) Identification of gene-associated
markers.

RNA-Seq can be used to identify differen-
tially expressed genes under different treat-
ments by measuring the expression level.
For instance, in the study of transcriptome
changes in zebrafish with mycobacterium infec-
tion (Hegedus et al., 2009) and zebrafish em-
bryos with Salmonella infection (Ordas et al.,
2011), Illumina’s DGE system revealed the
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high degree of transcriptional complexity of
the host response to both infections and re-
sulted in the discovery of a common set of
infection-responsive genes with induced ex-
pression in infected individuals. Stockhammer
et al. (2010) used the combination of microar-
ray analysis and whole transcriptome deep se-
quencing to analyze the response to bacte-
rial infection with emphasis on identification
of a gene set whose responsiveness during in-
fection is highly dependent on Traf6. In a
study with large yellow croaker infected with
Aeromonas hydrophila, changes of multiple sig-
naling pathways involved in immunity were re-
vealed, which will facilitate the comprehensive
understanding of the mechanisms involved in
the immune response to bacterial infection (Mu
et al., 2010). Deep sequencing-based transcrip-
tome profiling analysis of bacteria-challenged
Japanese sea bass provided insight into the
immune-relevant genes in marine fish. In the
study, over 1000 strong infection-responsive
transcripts were identified as significantly up- or
down-regulated genes, suggesting the consider-
able alteration of the host transcriptome profile
after the Vibrio harveyi infection (Xiang et al.,
2010). In a study focusing on gene expression
changes during development, RNA-Seq is used
to compare the transcription profiles of four
early developmental stages in zebrafish on a
global scale. An enrichment of gene transcripts
with molecular functions of DNA binding, pro-
tein folding and processing as well as metal ion
binding was observed with progression of de-
velopment (Vesterlund et al., 2011).

Transcriptome characterization and gene
annotation is another area RNA-Seq can
be applied. Transcriptome data generated
through RNA-Seq can provide accurate and
effective reagents for annotating the protein-
coding genes. Despite the availability of com-
plete genome sequences, a complete genome
annotation would require knowledge of all
transcription start and polyadenylation sites,
exon–intron boundaries, splice variants, and
regulatory sequences (Morozova et al., 2009).
Because of its longer read lengths compared

with other new sequencing technologies, 454
has been effectively used for de novo assem-
bly of the transcriptome in several aquaculture
species including lake sturgeon (Hale et al.,
2009), rainbow trout (Salem et al., 2010), At-
lantic cod (Johansen et al., 2011), and Yesso
scallop (Hou et al., 2011). In an early study
to characterize gene expression of gonad tran-
scriptome in polyploid lake sturgeon using 454
sequencing, thousands of contigs were assem-
bled and characterized from 454 reads provid-
ing an overview of transcription in lake stur-
geon gonads, including the discovery of the
genes and SNPs (Hale et al., 2009). High-
throughput sequencing of the rainbow trout
transcriptome using 454 sequencing technol-
ogy significantly increased the suite of ESTs
available for rainbow trout, allowing improved
assembly and annotation of the transcriptome
(Salem et al., 2010). A more recent study in the
guppy, de novo assembly of the guppy (Poecilia
reticulata) transcriptome using 454 sequence
reads were conducted to detect sex-specific
transcripts and provide a reference for gene
expression analysis (Fraser et al., 2011).

Although shorter reads produced by Illu-
mina or SOLiD compared with the 454 tech-
nology may be more challenging for de novo
sequence assembly, the preexisting ESTs pro-
duced by Sanger sequencing can be used to
facilitate the assembly (Liu et al., 2011), and
the algorithms for short reads de novo as-
sembly are being developed (e.g., Grabherr
et al., 2011). Xiang et al. assembled the short
reads from Illumina RNA-Seq deep sequenc-
ing to generate the nonredundant consensus
which is subsequently used as references for
DGE profile analysis (Xiang et al., 2010). RNA
deep sequencing of the Atlantic cod transcrip-
tome was conducted using the combination of
454, Illumina and ABI SOLiD platforms to
increase the efficiency of assembly (Johansen
et al., 2011).

RNA-Seq has been extensively used for
the identification of gene-associated markers.
In catfish, hundreds of thousands of gene-
associated SNPs have been identified by deep
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sequencing of RNA from many individuals of
both channel catfish and blue catfish, which will
be used in development of high-density catfish
SNP chips for genome-wide association stud-
ies (GWAS) (Liu et al., 2011). In the study to
understand the adaptive divergence between
dwarf and normal lake whitefish species, 454
sequencing was used with the aim to generate
a set of SNP markers, 89 SNPs showed pro-
nounced allele frequency differences between
sympatric normal and dwarf whitefish (Renaut
et al., 2010).

Comparisons of Gene Expression
Profiling Techniques

Hybridization-based approaches represented
by microarrays are currently most popular for
gene expression profiling and are readily af-
fordable for many laboratories. Various com-
mercial and academic microarray platforms
have been developed that vary in genome cov-
erage, availability, specificity, and sensitivity
(e.g., Affymetrix, Agilent, and NimbleGen).
Microarray approaches are high throughput
and relatively inexpensive. However, these
methods have several limitations, including re-
lying on prior knowledge about genome se-
quence; high background levels owing to cross-
hybridization (Royce et al., 2007); and a limited
dynamic range of detection because of both
background and saturation of signals. More-
over, comparing gene expression levels across
different microarray experiments is often diffi-
cult and can require complicated normalization
methods (Wang et al., 2009), although metage-
nomic analysis is possible.

In contrast to microarrays, direct sequenc-
ing of cDNAs was a digital method for gene
expression measurement by counting mRNA
molecules in the sample. Sequencing of cDNA
or EST libraries was initially conducted using
Sanger sequencing technology (Gerhard et al.,
2004), but Sanger sequencing is relatively low
throughput, expensive, and laborious. There-
fore, EST analysis using Sanger sequencing for

gene expression profiling is no longer a good
choice.

More recently, RNA-Seq has become an al-
ternative to microarrays (Wang et al., 2009).
RNA-Seq provides many advantages over the
traditional tag-based transcriptome analysis or
microarray analysis including (1) Similarity be-
tween traditional SAGE analysis and MPSS,
where RNA-Seq does not require any prior
knowledge of genome sequence information;
(2) Its extremely high throughput greatly im-
proves the coverage of the transcriptome. Cur-
rently, Illumina HiSeq 2000 can generate over
200 million reads per lane, and the reads can
be increased three times more using the newest
chemistry, i.e., over 600 million reads per lane,
allowing capture of the vast majority of tran-
scriptome including many of the rarely ex-
pressed transcripts; (3) It overcomes many of
the shortcomings of microarrays such as biases
introduced during hybridization of microar-
rays; (4) Its cost is relatively low. One lane
of RNA-Seq costs approximately $4000 while
the construction of a comprehensive microar-
ray often costs more; (5) The high through-
put of reads allow technical assembly of se-
quences into contigs for additional studies such
as gene structures. However, such a strength is
also a weakness as assembly of RNA-Seq reads
without reference genome or transcriptome
poses challenges. De novo assembly, in partic-
ular, requires a greater level of bioinformatic
expertise.

While microarrays have limitations for in-
depth gene expression analyzes, they have
the advantage being very useful for the
high throughput analysis of multiple samples
(Reinartz et al., 2002). Therefore, it may be
helpful to consider the microarray and RNA-
Seq as being complementary in nature which
can be used as different tools for different types
of experiments. For instance, to generate in-
depth and quantitative gene expression data
for species lacking genome information such as
most of aquaculture species, RNA-Seq would
be the best technology of choice. After the gen-
eration of expressed sequence data, it may be
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necessary to examine whether sets of genes are
differentially expressed in a large number of
samples (e.g., individual gene expression varia-
tion) or under different conditions (e.g., differ-
ent treatments), microarray analysis may be a
better choice in terms of results and costs.

Functional Correlation of
Gene Positions

In addition to expression correlation, gene
functions can also be inferred from correla-
tions of gene positions with the traits that are
genetically also mapped to the same genomic
location. In order to locate the positions of
genes that are responsible for a certain trait,
GWAS can be conducted. GWAS is a quan-
titative approach to analyze the association of
whole genome DNA polymorphisms and a phe-
notypic trait, thereby localizing the genes un-
derlining the trait.

Genome-Wide Association
Studies (GWAS)

GWAS is a holistic whole-genome approach
to robustly determine the association of DNA
polymorphisms with correlated phenotypic
traits. Most often, GWAS requires use of
genome-wide polymorphic markers such as
SNPs and at least hundreds of individuals with
the phenotype information. We must stress the
number of markers used because the more the
markers, the better the markers over the en-
tire genome; we also must stress the number
of individuals because use of fewer than 200
individuals does not provide the confidence
for the association. Many scientists feel that
SNP association studies that are conducted on
fewer than 200 animals that do not have ei-
ther a confirmation population or functional
data to support the association data are not
reliable (e.g., James Reecy, Iowa State Univer-
sity, personal communication). The basis for
GWAS analysis is that on a genome scale, most

SNPs are distributed randomly in relation to
the trait of interest, and only those SNPs tightly
linked with the genes underlining the traits are
in linkage disequilibrium (LD) in relation to the
trait. GWAS usually involve tens or hundreds of
thousands of SNPs that are tested on hundreds
or thousands of individuals. These studies nor-
mally compare the DNA of two groups of par-
ticipants: individuals with the trait, e.g., resis-
tant fish, and individuals without the trait, e.g.,
susceptible fish.

GWAS has been extensively used for human
disease research. For instance, in 2005, an asso-
ciation was found between age-related macular
degeneration (ARMD) and a variation in the
gene for complement factor H (CFH). Comple-
ment is a protein that regulates inflammation.
Use of variation in the CFH gene, along with
four other variants, can predict half the risk
of ARMD between siblings, and this work was
regarded as among the most successful exam-
ples of GWAS (Klein et al., 2005). Similarly,
a GWAS involving genotyping of around 400K
SNPs in a French case–control cohort allowed
detection of an association between Type 2 di-
abetes and a variation in several SNPs in the
genes TCF7L2, SLC30A8 and others (Sladek
et al., 2007), which can explain a substantial
portion of disease risk. In 2007, the Wellcome
Trust Case Control Consortium carried out a
GWAS of 14,000 cases of seven common dis-
eases including coronary heart disease, Type 1
diabetes, Type 2 diabetes, rheumatoid arthritis,
Crohn’s disease, bipolar disorder, and hyper-
tension. This study was successful in uncover-
ing many new disease genes underlying these
diseases (The Wellcome Trust Case Control
Consortium, 2007).

In spite of being very powerful, GWAS has
not been applied to aquaculture species. The
primary reason was the lack of genome-wide
polymorphic markers until recently. Now that
a large number of SNPs are available for a num-
ber of aquaculture species, future application of
GWAS in aquaculture species is clearly techni-
cally feasible. However, challenges related to
low funding with aquaculture species are still
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paramount as genotyping of a large number of
polymorphic markers with a large number of
individuals is expensive.

The problems associated with functional in-
ference based on genomic positions come from
the inaccuracy of GWAS analysis. On the one
hand, the genomic location that are “in suspi-
cion” to be involved in the trait can still involve
large genomic segments, e.g., millions of base
pairs that include many genes within the seg-
ment. On the other hand, GWAS may point to
several or even many genomic locations for the
trait of interest, complicating further functional
analysis.

Analysis of Quantitative Trait Loci (QTL)

QTL analysis reveals statistically significant
linkage between phenotypes and genotypes,
thereby providing explanation for the genetic
basis of variation in complex traits (Falconer
and Mackay, 1996; Lynch and Walsh, 1998). In
a sense, QTL analysis can be viewed as “incom-
plete” GWAS analysis with limited number of
markers that does not cover the entire genome.
As such, if one or few QTLs are found, there
may be more QTLs in the genome to be dis-
covered. More importantly, in the absence of
closely linked markers in the genomic regions
containing significant QTLs for the trait, the
most significant genes responsible for the trait
can be missed. However, because of historical
reasons such as the lack of genome-wide mark-
ers, or the lack of funding, QTL analysis is still
very important for aquaculture.

Many QTL studies have been conducted
with aquaculture species. Most of these stud-
ies were conducted in salmonids. Table 1.1 lists
some examples of QTL studies of aquaculture
species.

For functional inference, QTL analysis pro-
vides limited power, as the resolution is low.
However, in some cases, fine mapping of QTLs
has allowed identification of causation genes
or candidate genes for important aquaculture
traits (see Table 1.1 for references).

Expression Quantitative Trait
Loci Analysis

Studies have shown that mRNA levels for many
genes are inheritable, thus amenable to ge-
netic analysis (Brem et al., 2002; Cheung et al.,
2003; Schadt et al., 2003). In the past few years,
genetic and gene expression approaches have
been brought together, in what has been coined
“genetical genomics,” to study the genetic basis
of gene expression (Jansen and Nap, 2001), or
expression quantitative trait loci (eQTL).

In the context of eQTL, gene expression, as
measured by transcript abundance, is consid-
ered as a quantitative trait or phenotype, and
in combination with genetic markers spaced
across the genome, QTL are deciphered
that account for variation in gene expression
(Jansen and Nap, 2001). In other words, eQTL
are genomic loci that regulate expression levels
of mRNAs or proteins (http://en.wikipedia.org/
wiki/Expression_quantitative_trait_loci-cite_
note-0; Consoli et al., 2002).

Expression traits differ from most other clas-
sical complex traits in one important respect
that the measured mRNA or protein trait al-
most always is the product of a single gene with
a specific chromosomal location. eQTLs can be
in either cis or trans with respect to the gene of
interest. cis-Acting QTLs that map to the ap-
proximate location of their gene-of-origin are
sequences flanking the gene (e.g., the promoter
region) that regulate gene expression or tran-
script stability. On the other hand, trans-Acting
QTLs are thought to involve transcription fac-
tors or other modulators, which map far from
the location of their gene-of-origin, and can
be on different chromosomes (Hansen et al.,
2008).

eQTL analysis is the straightforward integra-
tion of traditional linkage analysis and global
gene expression profiling. Both gene expres-
sion data and DNA marker data are collected in
tissue samples from genetically related individ-
uals. The expression level of each of the thou-
sands of genes is treated as a separate quanti-
tative trait, just like traits such as body weight
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Table 1.1 Some examples of QTL studies of aquaculture species.

Species Traits References

Atlantic salmon Body weight and condition factor Reid et al., 2005
Atlantic salmon Adaptive traits Boulding et al., 2008
Atlantic salmon Growth Baranski et al., 2010
Atlantic salmon Resistance against IPV Houston et al., 2008; Moen et al., 2009;

Gheyas et al., 2010; Houston et al., 2010
Atlantic salmon Resistance against ISA Moen et al., 2007
Atlantic salmon Flesh colour Baranski et al., 2010
Atlantic salmon Life history Vasemagi et al., 2010
Coho salmon Hatch timing, weight, length and

growth
McClelland and Naish, 2010

Rainbow trout Upper thermal tolerance Jackson et al., 1998; Danzmann et al.,
1999; Perry et al., 2001; Perry et al., 2005

Rainbow trout Life history Leder et al., 2006
Rainbow trout Spawning time O’Malley et al., 2003; Colihueque et al.,

2010
Rainbow trout Osmoregulation capacities Le Bras et al., 2011
Rainbow trout Development rate Robison et al., 2001; Easton et al., 2011
Rainbow trout Whirling disease resistance Baerwald et al., 2011
Rainbow trout Growth Wringe et al., 2010
Rainbow trout Smoltification Nichols et al., 2008
Arctic charr Body weight, condition factor and

age of sexual maturation
Moghadam et al., 2007; Kuttner et al.,
2011

Arctic charr Salinity tolerance Norman et al., 2011
Asian seabass Growth Wang et al., 2006, 2011
European seabass Body weight, morphometric traits

and stress response
Massault et al., 2010

Gilthead Sea bream Sex determination and body growth Loukovitis et al., 2011
Tilapia Sex determination Shirak et al., 2006; Cnaani et al., 2007
Common carp Muscle fiber-related QTL Zhang et al., 2011
Eastern oyster Disease resistance Yu and Guo, 2006
Pacific Oyster Growth Guo et al., 2011
Pacific oyster Resistance against summer mortality Sauvage et al., 2010
Zhikong scallop Size-related traits Zhan et al., 2009
Pacific abalone Growth-related traits Liu et al., 2007
Blacklip abalone Growth Baranski et al., 2008

or disease resistance. The genomic loci that af-
fect steady-state levels of each transcript are
then determined by conventional QTL analy-
sis. In this case, a significant QTL means that
different genotypes at a polymorphic marker
locus are associated with different expression

levels. With the availability of an assembled
genome sequence and genome-wide DNA mi-
croarray, this approach could be more pow-
erful, simpler to implement, and used for any
quantitative trait (Wayne and McIntyre, 2002).
The advent of high-throughput array-based
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methods to measure mRNA abundance in the
early 2000s catalyzed an impressive number
of expression QTL studies in plants, animals,
and humans (Schadt et al., 2003; Morley et al.,
2004; Bystrykh et al., 2005; Chesler et al., 2005;
Hubner et al., 2005; Lan et al., 2006). Be-
cause RNA-Seq can provide the more accu-
rate assessment of expression, a recent sugges-
tion is to extend this technology to studies in
eQTL analysis (Majewski and Pastinen, 2011).
RNA-Seq could provide a platform indepen-
dent and objective standard compared with the
microarray approach. Recent eQTL studies us-
ing RNA-Seq technology have both confirmed
and further clarified previous microarray re-
sults (Montgomery et al., 2010; Pickrell et al.,
2010).

Mapping eQTLs is conducted using stan-
dard QTL mapping methods that examine the
linkage or association between variation in ex-
pression and genetic polymorphisms. The only
special consideration is that eQTL studies can
involve a million or more expression micro-
traits. Genomic regions with a high propor-
tion of eQTL could represent areas with genes
that have common transcriptional regulators,
which control important biological pathways
(Cogburn et al., 2007). The ability to identify
trans-Acting loci is particularly attractive be-
cause it is difficult to identify expression regu-
lators even with a complete genome sequence.
Standard gene mapping software packages can
be used, although it is often faster to use custom
code such as QTL Reaper or the web-based
eQTL mapping system GeneNetwork (Wang
et al., 2003; Wu et al., 2004). GeneNetwork
hosts many large eQTL mapping data sets and
provide access to fast algorithms to map single
loci and epistatic interactions. As is true in all
QTL mapping studies, the final step in defining
DNA variants that cause variation in traits is
usually difficult and requires additional rounds
of experimentation. This is especially true for
trans eQTL that do not benefit from the strong
prior probability that relevant variants are in
the immediate vicinity of the impacted gene.
Statistical, graphical, and bioinformatic meth-

ods are used to evaluate positional candidate
genes and entire systems of interactions (Lee
et al., 2009).

Despite successes in other species, eQTL
studies have not been conducted with aqua-
culture species due largely to the lack of tech-
nology in the past. However, it is important
to point out that eQTL studies can be very
expensive, and therefore, may not be suited
well for aquaculture species. Even for the fu-
ture, some caution should be considered before
implementing eQTL analysis for aquaculture,
similarly as had been pointed out for poultry
(Cogburn et al., 2007). First, only one or a few
tissues and time points are monitored in an in-
dividual, which provides a limited snapshot of
the complete transcriptome. This must be kept
in mind when results are interpreted (Cogburn
et al., 2007). Second, how to properly analyze
the data can be a significant challenge (Gibson
and Weir, 2005). Current methods are limited
in their ability to handle nonadditive, epistatic,
or other complex gene effects. Third, experi-
mental designs that do not have sufficient sta-
tistical power can compound the analysis. Only
genes with large expression variation can be
mapped because of the limitation of statistical
power (Cogburn et al., 2007). It is widely recog-
nized that gene expression measurements are
subject to “noise,” but without biological and
technical replicates, one cannot determine the
source of the problem. With regard to this is-
sue, readers are referred to an excellent review
by Rosa et al. (2006) for experimental design
strategies for using microarrays in genetical ge-
nomics studies. Related to this limited statis-
tical power is the ability to determine whether
cis-Acting QTL are truly cis, where gene expres-
sion is regulated by the gene sequence itself, or
the inability to separate out trans-Acting eQTL,
which are closely linked (Cogburn et al., 2007).
Finally, a large eQTL analysis project with a
large number of genotyping and microarray as-
says represents an expensive venture that is not
affordable for most laboratories working with
aquaculture species. Although new and im-
proved technologies with lower costs per data
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point are available, the cost of genotyping and
genome-wide transcriptional profiling needs to
be reduced for implementation in aquaculture.

Functional Inference by Comparative
Genome Analysis

A variation of position-based functional infer-
ence is functional inference through compara-
tive genome analysis. With this approach, gene
orthologies and conserved genome syntenic re-
gions are first identified between the species of
interest with well-studied model species. If the
functions of a specific gene were well charac-
terized in the model species, by inference, the
orthologous gene would have the same or sim-
ilar functions in the species under study. Given
the large numbers of genes and the difficul-
ties involved in determining the functions of
genes, this approach could be the most popular
approach for aquaculture species for the vast
majority of genes. Genome-wide comparative
analysis enables the transfer of genome annota-
tion from better-annotated species to a newly-
sequenced, related species. However, caution
need to be exercised because: (1) Gene func-
tions may have evolved through evolution such
that the orthologous gene now may have dif-
ferent functions; (2) for important aquaculture
traits, there would be no known “functional
equivalent” in the model species. For instance,
the enteric septicemia disease of catfish exists
only in catfish, and it would become obscure as
to what genes we should look after in zebrafish
for potential candidate genes.

Theoretical Basis for Functional Inference
Based on Orthologies

The evolution of life on earth, which appears
to have begun billions of years ago, is recorded
in the genome of modern organisms. Since the
organisms are more likely to be negatively af-
fected by mutations in functional regions, the
genes and other functional elements undergo
mutation at a slower rate than the rest of

the genome. Therefore, the genomes of cur-
rent organisms inherited from their ancestral
counterparts preserve conservation because of
the evolutionary pressure. Based on this prin-
ciple, comparative genomics approaches have
been applied to not only study the evolution
of genome, but also to expand our knowl-
edge of biological processes across multiple
species by projecting high-quality annotations
from one genome to another. This is a promis-
ing direction in current functional genomics re-
search as all the genomes of many different
species are being sequenced. For instance, re-
searchers have learned a great deal about the
function of human genes by examining their
counterparts in simpler model organisms such
as the mouse (Lee et al., 2004; Crozat et al.,
2010). Because the research resources invested
in model species are far greater than those in-
vested in aquaculture species, transferring the
genome information from well-characterized
species can significantly advance our knowl-
edge in aquaculture species. Comparative ge-
nomics approaches have been proven to be
very effective in identifying homologous genes
and functional elements in complex genomes
(Cogburn et al., 2007). With the aid of ac-
tively developed bioinformatics tools, genome
sequence similarity, chromosomal location and
organization, and conserved sequences are in-
tegrated to effectively detect and annotate
novel genes in newly-studied organisms, such
as aquaculture species.

Conserved Synteny and Orthology

An important concept of comparative genomics
is conserved syntenies, i.e., conserved gene se-
quences and their chromosomal organization.
During the course of evolution, chromosome
rearrangement, gene duplication, gene diver-
gence, and gene loss have occurred. However,
in vertebrates, gene arrangement in chromo-
somes is usually conserved, and can be classi-
fied into conserved syntenies. Strictly speaking,
conserved syntenies are conserved segments
that are uninterrupted by other chromosomal
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segments, and conserved order of genes in
the same linear orientation on the chromo-
some (Andersson et al., 1996). However, in
many cases, as the genomic region of con-
served segments extends, the exact gene order
and orientation of genes may vary among re-
lated species (Eichler and Sankoff, 2003; Hurst
et al., 2004).

Orthology refers to a gene in two or more
species that has evolved from a common ances-
tor. As evolutionary studies are often from in-
ference rather than tested by experiments, the
evolutionary origin of a gene is mostly inferred
from conserved syntenies.

For functional inference, if orthologies can
be established, and assuming the orthologous
genes have similar functions in related species,
then functions of a gene in aquaculture species
can be inferred from its closely-related model
species. In this regard, the fish model zebrafish
is highly useful because many genes can be
tested on their functions.

Another application of comparative ge-
nomics is to identify regulatory sequences that
control gene expression (Cogburn et al., 2007).
Regulatory sequences are cis-Acting modules
(i.e., promoters and enhancers) that govern the
spatiotemporal expression of genes. Identifica-
tion of regulatory sequences in the genome is
far more difficult than prediction of genes. In
the absence of systematic biochemical analy-
sis, the prediction of functional elements in the
genome of a new organism depends heavily on
computational and comparative analysis (Jones
and Pevzner, 2006). Genome sequences har-
boring these functional elements seem to be
conserved among related species. The align-
ment of genome sequences of several related
species allows the identification of evolution-
ary conserved sequences containing transcrip-
tion regulatory elements. Comparative analy-
sis of the human with mouse, rat, and dog
genomes sequences have identified many com-
mon regulatory motifs in human promoters and
3′-untranslated regions (Xie et al., 2005). Var-
ious computational tools have been developed
and assessed for the efficiency in predicting

transcription factor-binding site (TFBS) mo-
tifs in genome sequence (Tompa et al., 2005).
However, because of the nature of the regu-
latory sequences being short, species-specific
and variable, not all TFBS can be identified
by comparative or computational approaches
unless accompanied by robust statistical confir-
mation and experimental validation (Elnitski
et al., 2006; GuhaThakurta, 2006). The most
reliable approach to detect regulatory regions
with transcription factor binding is ChIP-chip
analysis (Horak and Snyder, 2002; Valouev
et al., 2008), and more recent ChIP-Seq which
allowed genome-wide detection of TFBS with
unprecedented sensitivity and specificity (Hu
et al., 2010; Schmidt et al., 2010).

Gene Pathway Analysis

In order to effectively mine EST, microarray,
or RNA-Seq data for meaningful biological
information, gene set enrichment analysis
(GSEA) has been recently adopted to provide
clues as to what gene pathway may be turned on
or turned off under a specific treatment (e.g.,
He et al., 2011; Kim et al., 2011b; Zhang et al.,
2011). A number of pathway analysis soft-
ware packages are available such as Pathway
Studio (http://www.ariadnegenomics.com/),
and MetaCoreTM (http://www.genego.com/
metacore.php). In such software packages, the
algorithms calculate the statistical significance
of the expression changes across every group or
pathway in the database, thus, allowing identi-
fication of groups or pathways most strongly
affected by the observed expression changes
(http://www.ariadnegenomics.com/technology-
research/pathway-analysis/). In simple terms,
such software finds the genes mostly up- or
down-regulated, and then places them into the
gene pathways these genes are involved in,
and then pins down the gene pathways that are
operating under the specific condition of the
“treatment.”

Although gene pathway analysis has been
fruitful for studies involving mammals, it has
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not yet been extensively used in aquaculture
species. Recently, a few studies were con-
ducted with fish (Olsvik et al., 2008; Wang
et al., 2010; Sanchez et al., 2011; Thomas et al.,
2011). These studies demonstrated the useful-
ness of GSEA for functional genomics analysis
in aquaculture species.

Profiling of DNA–Protein Interactions
and Epigenetic Modifications

The control of gene expression mostly oc-
curs at the level of transcription, so informa-
tion on genome-wide chromatin profiles and
DNA–protein interactions is essential to deci-
pher the inherent logic of transcriptional reg-
ulation (Schones and Zhao, 2008). The study
of epigenetics focuses on heritable changes
in gene expression that does not involve the
underlying DNA sequence but the epigenetic
modifications such as DNA methylation and
histone modification. Recent research has im-
plicated the importance of epigenetic modi-
fications in development, cell differentiation,
and oncogenesis, setting the grounds for the
Human Epigenome Project (HEP) initiative,
which aims to catalog DNA methylation pat-
terns on a genome-wide scale (Esteller, 2006).
Genome-wide mapping of epigenetic modifica-
tions and protein–DNA interactions is essential
for a full understanding of transcriptional reg-
ulation, and there is a growing recognition that
systematic profiling of the epigenomes in multi-
ple cell types and stages may be needed for un-
derstanding developmental processes and dis-
ease states (Bernstein et al., 2007).

The main approach for investigating epige-
netic mechanisms is chromatin immunoprecip-
itation (ChIP), which is a technique for as-
saying protein–DNA binding in vivo (Solomon
et al., 1988). In ChIP, antibodies are used to
select specific proteins or nucleosomes, which
enriches for DNA fragments that are bound
to these proteins or nucleosomes (see illustra-
tions in Figure 1.3). The introduction of mi-
croarrays allowed the fragments obtained from

ChIP to be identified by hybridization to a
microarray (ChIP–chip), therefore enabling a
genome-scale view of DNA–protein interac-
tions (Ren et al., 2000). Briefly, chromatin frag-
ments are isolated using antibodies that are spe-
cific to a particular histone modification and
the isolated fragments are amplified to gener-
ate micrograms of fluorescently labeled DNA,
which is subsequently hybridized to DNA
microarrays.

The rapid technological developments in
next-generation sequencing enabled the combi-
nation of ChIP with massively parallel sequenc-
ing (ChIP–Seq), which allows researchers to
survey more of the genome in less time and
promises to unveil new aspects of biology
(Johnson et al., 2007; Robertson et al., 2007). In
ChIP–Seq, the DNA fragments of interest are
sequenced directly instead of being hybridized
on an array. Briefly, chromatin fragments are
isolated using antibodies that are specific to
a particular histone modification, and the iso-
lated ChIP DNA is ligated to a pair of adap-
tors and subjected to high throughput sequenc-
ing. The number of sequenced reads mapped
to a genomic locus is directly proportional to
its modification level. In contrast to ChIP-chip,
ChIP-Seq requires less PCR amplification and
does not rely on the efficiency of probe hy-
bridization, it is probably more quantitative and
the modification levels at different genomic re-
gions can be directly compared (Schones and
Zhao, 2008).

Application of these techniques has led to
great advances in our understanding of how
epigenetic phenomena are regulated and how
they affect gene expression. Epigenetic stud-
ies are currently solely limited to human and
some other model species such as mouse, fruit
fly, and yeast. However, the advances of high
throughput microarray and next-generation se-
quencing can make these techniques feasible to
decipher epigenetic mechanism in aquaculture
species. In the following text, we give a sum-
mary of the applications of these techniques in
model species. Interested readers are referred
to the excellent reviews published in the last
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Figure 1.3 A schematic presentation of Chromatin immunoprecipitation (ChIP) combined with microarray
(ChIP-Chip) and high-throughput sequencing techniques (ChIP–Seq). The first step of ChIP is to cross-link
bound proteins to DNA, then isolate the chromatin and shear DNA, precipitate chromatin with protein-
specific antibody, and lastly, reverse cross-link and digest protein to release the bound DNA. In ChIP-Chip
(left lower panel), the ChIP DNA is then amplified to obtain sufficient DNA followed by hybridization to a
DNA microarray. The microarray probes can then be mapped to the genome to yield genomic coordinates;
in ChIP–Seq (right lower panel), the ChIP DNA ends are repaired and ligated to a pair of adaptors, followed
by high throughput sequencing. The resulting sequence reads are mapped to a reference genome to obtain
genomic coordinates that correspond to the immunoprecipitated fragments. See color insert.

several years (Ren et al., 2000; Holliday, 2006;
Goldberg et al., 2007; Henikoff, 2008; Schones
and Zhao, 2008; Suzuki and Bird, 2008; Park,
2009; Laird, 2010).

DNA Methylation

DNA methylation is defined as the addition of
a methyl group to the cytosine in a CpG dinu-
cleotide. This covalent modification is known
to have an important role in genome func-
tion, such as gene regulation, chromosomal
stability, and parental imprinting (Bird, 2002).
CpG islands, GC-rich regions within mam-
malian genomes, are resistant to methylation

and are associated with most human genes
(Ng and Bird, 1999). Gene inactivation can be
observed by de novo methylation of promot-
ers that contain CpG islands (Bird, 2002), and
DNA methylation of TBFS can influence their
binding (Tate and Bird, 1993; Bell et al., 1999).

Studies of DNA methylation on a genome
scale primarily rely on “local” techniques com-
bined with global approaches such as DNA mi-
croarrays or high-throughput sequencing. The
most important local techniques include ge-
nomic mapping of cleavage sites by restriction
enzymes that differentiate between methylated
and unmethylated CpG DNA sequences. Se-
quencing of DNA after treatment with sodium
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bisulphite, which converts all unmethylated
cytosines to uracils, allows differentiation of
methylated and unmethylated sites. Affinity pu-
rification can be used to isolate protein-bound
DNA with methylcytosine DNA-binding do-
main (MBD) proteins, and immunoprecipita-
tion of DNA with an antibody that recognizes
5-methyl cytosine (known as MeDIP, mDIP
or mCIP) (Schones and Zhao, 2008). In the
past few years, immunoprecipitation of methy-
lated DNA has been combined with microar-
rays to study DNA methylation at a genome
scale in human cells (Weber et al., 2005; Keshet
et al., 2006). Recently, MeDIP has been com-
bined with tiling microarrays to provide a DNA
methylation map of the Arabidopsis thaliana
genome (Zhang et al., 2006; Zilberman et al.,
2007), and with high-density promoter arrays
to map the human promoter methylome (Shen
and Waterland, 2007; Weber et al., 2007).

Histone Modifications

Histone proteins play important roles in gene
regulation process. In general, genes those are
active have less bound histones, while inactive
genes are highly associated with histones dur-
ing interphase. Histone proteins are subject to
a number of covalent post-translational mod-
ifications, primarily at their N-terminal tails,
including methylation, acetylation, phosphory-
lation, ubiquitylation, and ADP-ribosylation.
Histones undergo post-translational modifica-
tions that alter their interaction with DNA
and nuclear proteins, which affect their func-
tion of gene regulation (Schones and Zhao,
2008).

The most prevalent technique used to map
histone modifications at a genomic scale has
been the combination of ChIP with DNA
microarrays (ChIP-chip). The first ChIP-chip
studies of histone modifications in Saccha-
romyces cerevisiae (Bernstein et al., 2002;
Robyr et al., 2002) and Drosophila melanogaster
(Schubeler et al., 2004) suggested that his-
tone modifications are associated with distinct
genomic regions and with distinct transcrip-

tion states. Subsequent studies with higher
resolution tiling arrays in yeast (Liu et al.,
2005; Pokholok et al., 2005) reinforced the
concept of redundancy in histone-modification
maps. ChIP-chip has also been used to
profile histone modifications in mammalian
genomes (Bernstein et al., 2005; Heintzman
et al., 2007).

More recently, ChIP-Seq is used to profile
histone modifications. The first applications of
ChIP-Seq were done in CD4+ T cells (Barski
et al., 2007) and mouse embryonic stem (ES)
cells (Mikkelsen et al., 2007).

Numerous genome-wide profiles of histone
modifications have been conducted in various
model organisms. In studies using yeast, the
histone H3 lysine 4 methylation (H3K4me)
and histone acetylation were found positively
correlated with transcription levels, and are
highly enriched in promoter regions and ex-
tend into the transcribed regions significantly
(Liu et al., 2005; Pokholok et al., 2005). A gen-
eral concept is now emerging in which distinct
genomic regions (e.g., enhancers, promoters
and genes) have distinct histone-modification
patterns (Heintzman et al., 2007). Genome-
wide distribution patterns of histone acety-
lation have allowed successful identification
of functional enhancer elements (Roh et al.,
2007). Novel transcription units and functional
transcription start sites have also been deter-
mined based on modification patterns (Barski
et al., 2007). It has become apparent that hi-
stone modification patterns can be a useful
means to facilitate a more precise annotation
of the human and other genomes.

DNA–Proteins Interactions

Gene expression is often regulated by proteins
that activate or repress transcription by bind-
ing to short, specific DNA sequences. Such
cis-Acting sites are usually located close to
the promoter (TFBS) for the regulated gene.
In a ChIP-Seq experiment for DNA-binding
proteins, DNA fragments associated with a
specific protein are enriched and sequenced.
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The earliest reports using ChIP-Seq focused
on identification of DNA-binding sites for the
transcription factors NRSF (neuron-restrictive
silencer factor) (Johnson et al., 2007) and
STAT1 (Signal transducer and activator of
transcription 1) (Robertson et al., 2007).
Genome-wide mapping of many transcription
factors has now been reported (Jothi et al.,
2008; Valouev et al., 2008; Wederell et al.,
2008). Many of these studies show that TBFS
are found upstream of the transcription start
site, downstream of the termination signal,
within introns and exons of genes and in ge-
nomic regions far away from any annotated
genes. Such diversity in DNA-binding site lo-
cations highlights the power of genome-wide
analysis and our need to better understand
mechanisms of gene regulation. As thousands
of DNA-binding sites are normally found for
each transcription factor, determining the func-
tions of protein–DNA interactions can be dif-
ficult. Gene expression profiling can be used to
determine whether the associated gene is ex-
pressed in the cells or tissues. In addition, pat-
terns of specific histone modification around
TFBS can be used to evaluate whether the
site is acting to activate or repress transcrip-
tion (Heintzman et al., 2007; Koch et al., 2007).
By combining transcription factor binding anal-
ysis with gene expression profiling and histone
modification, a detailed picture of binding site
activity can emerge (Cullum et al., 2011).

Direct Test of Gene Functions

Traditional Approaches

Gene functions can be directly tested with for-
ward genetics or reverse genetics approaches.
In forward genetics, the phenotype is already
known, usually from a mutant with visible or
measurable phenotype. The genes responsible
for the mutation can be mapped and charac-
terized. The basic concept of the forward ge-
netics approaches is that if a mutant phenotype
is mapped to a locus where a gene mutation

is found, then the gene harboring the muta-
tion is responsible for the mutant phenotype.
In this way, functions of many genes have been
determined. In zebrafish, mutant libraries have
been created to study the genes responsible for
the mutation (e.g., Ellett and Lieschke, 2010;
Lessman, 2011; Peal et al., 2011). However, its
limitation is the inability for generation of mu-
tants with a visible phenotype, particularly for
aquaculture traits. Functional genomics using
forward genetics approaches are well reviewed
by Hackett and Clark (2007), and interested
readers are referred to his review.

Reverse genetics approaches have also been
used for the study of gene functions. Transgenic
technology and knockout/knockdown tech-
nologies are among the most used approaches.
With transgenic technology, enhanced growth
rate was clearly demonstrated with the trans-
fer of growth hormone genes (Du et al.,
1992; Gross et al., 1992; Devlin et al., 1994;
Rahman et al., 1998; Rahman et al., 2001). The
basic concept of functional analysis through
transgenesis is that if a gene has a specific
function, then the introduction of the gene
or an increase in its copy numbers in the
genome should generate a noticeable pheno-
typic change. While transgenic technology is
very effective for the analysis of gene functions,
genome-wide test of functions of many genes
may be difficult because the inefficiency of
transgenic technology, screening for transgenic
animals, and the associated time, efforts, and
costs.

There are still no effective knockout sys-
tems in aquaculture species, but knockdown
using RNAi and morpholinos have been con-
ducted in many studies (e.g., Huang et al.,
2008; Anastasaki et al., 2011). For instance,
RNAi was employed to knockdown three sub-
units of the gonadotropin alpha (GtHalpha),
follicle-stimulating hormone beta (FSHbeta),
and luteinizing hormone beta (LHbeta) genes.
Expression of GtH mRNA was obviously and
more efficiently depressed by GtHalpha RNAi
expression. A GtHalpha morpholino analysis
showed that the GtHalpha morpholino led to
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Figure 1.4 Presentation of engineered zinc finger nuclease (ZFN). The sequence specificity is determined
by individual ZFN1 and ZFN2 fingers. The Fok I endonuclease domain introduces double-stranded breaks
after sequence-specific DNA binding. (This figure was adopted from Dr. Stephen C. Ekker (2008) with his
permission.) See color insert.

suppression of embryonic development and the
production of embryonic mutants as a result
of an injection of GtHalpha–shRNA (Huang
et al., 2008). However, these approaches are by
no means ideal for functional genomics stud-
ies in aquaculture species. The main problems
of knockdown technologies are their inability
to provide sufficient knockdown. The level of
suppression of gene expression by these tech-
nologies may vary depending on the systems.

Zinc Finger Nuclease (ZFN) Technology

A recently developed technology, the zinc fin-
ger nuclease (ZFN) technology, enables tar-
geted editing of the genome by introducing
double-strand breaks in DNA at specific loca-
tions by taking advantage of ZFNs. ZFN tech-
nology shows a great promise for functional
genomics research, including aquaculture
species.

ZFN technology is based on engineered
ZFNs. Engineered ZFNs are artificial restric-
tion enzymes composed of zinc finger (ZF)
DNA-binding domain and a DNA-cleavage do-

main (Kim et al., 1996). As depicted in Fig-
ure 1.4, the DNA-binding domain of ZFN de-
termines the specificity, while the endonuclease
Fok I cleave the DNA.

The ZF domains can be engineered to bind
target DNA sequences of interest (Segal and
Barbas, 2001; Beerli and Barbas, 2002), en-
abling the creation of double-strand DNA
breaks (DSBs) at targeted genome locations.
Repair of ZFN-induced DSBs can be a non-
homologous end-joining (NHEJ) event that is
error-prone and leads to efficient introduction
of insertion or deletion (indels) mutations at
the site of DSB (Figure 1.5).

Alternatively, repair of a DSB by homolo-
gous recombination (HR) machinery with sup-
plied DNA fragment as a template can pro-
mote efficient introduction of alterations or
insertions at or near the break site (Sander
et al., 2011)

With the popularity of ZFN technology, a
ZFN Consortium has been established: The
Zinc Finger (ZF) Consortium (http://www
.zincfingers.org/scientific-background.htm).
This Consortium is committed to developing
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Microinjection of mRNA
encoding selected ZFN

Targeted gene

Figure 1.5 Schematic presentation of the processes of making a targeted gene knockout in zebrafish using
ZFNs. mRNA encoding the selected ZFN is injected into one-cell zebrafish embryos. This custom ZFN
binds and makes a double stranded break at the specified locus. Cell repairs the double stranded DNA break
imprecisely to introduce mutations to the selected gene. The specific molecular lesion is clonally selected
and determined after genotyping the offspring from these mosaic founders. (This figure is adopted from
Dr. Stephen C. Ekker (2008) with his permission.) See color insert.

resources, software, and other tools for en-
gineering ZFs and for performing genome
engineering that are robust, user-friendly, and
publicly available to the academic scientific
community.

Approaches for engineering zinc-finger ar-
rays were developed to allow widespread adop-
tion and large-scale use of ZFN technology. As
summarized by Maeder et al. (2008), zinc-finger
engineering methods can be grouped into two
general categories: The first is “Modular as-
sembly,” which involves joining together single
fingers with pre-characterized specificities (Liu
et al., 2001; Beerli and Barbas, 2002; Bae et al.,

2003; Segal et al., 2003; Mandell and Barbas,
2006; Kim et al., 2011a). Modular assembly is
easy to perform, but the success rate is rela-
tively low (6%) (Ramirez et al., 2008), and can
yield ZFNs with low activities and/or high tox-
icities (Cornu et al., 2008; Pruett-Miller et al.,
2008). The second approach involves combina-
torial selection-based methods that yield multi-
finger domains possessing high DNA-binding
affinities and specificities (Greisman and Pabo,
1997; Isalan et al., 1997, 2001; Hurt et al., 2003)
and high activities and low toxicities when ex-
pressed as ZFNs in human cells (Cornu et al.,
2008; Pruett-Miller et al., 2008). The weakness
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of selection-based methods, as summarized by
Maeder et al. (2008) is that it requires con-
struction and interrogation of large numbers of
randomized libraries (typically �108 in size).
Recently, Maeder et al. (2008) developed a
method known as OPEN (Oligomerized Pool
ENgineering). The efficiencies of OPEN are
high, ranging from 1%–50%. Apparently, the
publicly available OPEN platform will enable
routine practice and further development of
ZFN technology.

Several software tools have been developed
including ZiFiT, ZiFDB, and ZFNGenome.
The ZiFiT software package identifies poten-
tial target sites in DNA sequences for which
ZF proteins may be engineered (Sander et al.,
2010a; 2010b; Sander et al., 2007). ZiFDB is
a web-accessible database of ZFs and engi-
neered ZF arrays, which organizes information
on both individual ZF modules and engineered
ZF arrays (Fu et al., 2009). ZFNGenome is a
GBrowse-based tool for identifying and visual-
izing potential target sites of OPEN-generated
ZFNs (Reyon et al., 2011).

ZFNGenome currently includes a total of
more than 11 million potential ZFN target sites
mapped within the fully sequenced genomes of
seven model species.

ZFN technology can be used for gene knock-
outs. For instance, ZFN-induced knockouts
have been created in the kdr gene in zebrafish
(Meng et al., 2008). In another study, NHEJ-
based repair of ZFN-induced DSBs were ex-
ploited to disrupt gol and ntl genes in zebrafish
to generate mutants (Doyon et al., 2008). These
results demonstrated the potential of this tech-
nology for reverse genetics applications. To
date, no published data are available for use of
ZFN technology in aquaculture species. How-
ever, heritable knockout lines of aquaculture
fish species have been produced (Dr. Qing-
shun Zhao, Nanjing University, China, Per-
sonal communications).

Because homologous recombination relies
on homologous DNA to repair the DSB, gene
“editing” can be achieved by providing an ex-
ogenous “donor” template (Reyon et al., 2011).

This results in replication of the “donor” DNA
sequence at the specified locus. Many studies
have taken advantage of this process to in-
troduce small mutations or large insertions in
plants and animals such as maize (Shukla et al.,
2009), fruit fly (Beumer et al., 2006) and human
(Zou et al., 2009).

Although most of previous ZFN works fo-
cus on model species, we can envision that
ZFN technology will be applied to aquaculture
species in the near future. The results derived
from the applications of ZFN technology in ze-
brafish will absolutely offer prior knowledge for
similar work in aquaculture fish species. At the
same time, more and more genome sequencing
projects of aquaculture species will provide the
fundamental genomic resources for the identi-
fication of potential target site and the design
of engineered ZF arrays.

Functional Genomics Approaches
Suitable for Aquaculture

Currently, the whole genome projects have
been “completed” in six fish species includ-
ing Zebrafish (Danio rerio), medaka (Oryzias
latipes), fugu (Takifugu rubripes), Tetraodon
(Tetraodon nigroviridis) Stickleback (Gasteros-
teus aculeatus), and Atlantic cod (Gadus
morhua). With the advances in next-generation
sequencing technology, more than 30 whole
genome sequencing projects are underway for
aquaculture species such as Atlantic salmon
(Salmo salar), rainbow trout (O. mykiss), nile
tilapia (Oreochromis niloticus), Half-smooth
tongue sole (Cynoglossus semilaevis), channel
catfish (Ictalurus punctatus), and many more.
For shellfish and crustaceans, a number of
species are also being sequenced such as Pa-
cific oyster (C. gigas), zhikong scallop (Chlamys
farreri), and Pacific white shrimp (Litopenaeus
vannamei). Although none of these genomes
has been completely finished to a stage that
sequences are assembled together into chro-
mosome, the huge-scale sequence resources
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generated during this process are valuable for
genome-scale functional genomics studies. For
species lack of genome projects, a wealth of se-
quence data exist which are largely from cDNA
sequencing projects (see Chapter 2 for EST and
RNA-Seq resources generated in aquaculture
species). Although all the technologies will con-
tinue to provide functional genomics informa-
tion, in the following text, we attempt to make
some assessment of the existing technology.

With the genome or transcriptome re-
sources, microarrays can be readily developed
for functional genomics research in aquacul-
ture species. While situation may vary, we antic-
ipate that microarrays will still have important
roles to play for functional genomics analysis,
especially for species with relatively larger re-
search communities.

In spite of its historical contributions, EST
analysis will become a limited approach be-
cause of its high cost. In contrast, the next-
generation sequencing based gene expression
analysis is increasingly feasible with the se-
quencing cost becoming lower and lower. We
see that RNA-Seq can be a very rapid and
technologically ready approach for aquaculture
functional genomics, but large-scale applica-
tion with many individuals may still be cost-
prohibitive presently.

With the increasingly more availability of
genome-scale SNP markers, the GWAS per-
haps will become the most important approach
among all for the determination of genes in-
volved in performance and production traits
important for aquaculture. Most aquaculture
species have high fecundities with the abil-
ity to produce a large number of progenies
in a single spawn, allowing genetic associa-
tions to be analyzed with minimal “noise” in
the system. On the other hand, because of
the aquatic living environment, phenotypes of
aquaculture species are more difficult to mea-
sure, making GWAS more challenging as well.
Traditional QTL analysis will continue to have
an important role in providing basic informa-
tion of genomic locations underlying various
traits.

Although many eQTL studies have been
conducted in plants and human as discussed in
the previous text, few studies were conducted in
aquaculture species. Recently, an eQTL analy-
sis conducted on the dwarf and normal white-
fish species pairs identified 253 genes differen-
tially expressed in white muscle between these
two coregonid ecotypes, 33 of which were as-
sociated with 53 eQTL (Derome et al., 2008).
However, as discussed in the previous text, ap-
plication of eQTL in aquaculture species will
prove to be difficult, not because of technical
reasons, but because of limitations of funding.

As the whole genome sequences are being
assembled with aquaculture species, compara-
tive genomics will perhaps be a very powerful
approach for functional inference, simply be-
cause it is not possible to determine functions
of genes in each species, related functions can
be inferred one another based on evolutionary
conservation of genes and their functions. In
this regard, work in model species will continue
to be useful for aquaculture species.

Epigenetics is a rapidly developing field of
functional genomics because of its recognized
role in determination of the phenotype. At
present, the worm, fruit fly, and mouse are
the most frequently used models in epigenet-
ics. Epigenetic study in aquaculture is still in
its infancy. Marbled crayfish (Marmorkrebs)
was recently proposed as a model organism
for research in epigenetics (Vogt, 2008). DNA
methylation studied for marbled crayfish re-
vealed that a global DNA methylation in the
hepatopancreas and abdominal musculature
varied from 1.52–1.94% and 1.77–2.09%, which
corresponds to roughly half of the values in hu-
mans (Vogt, 2008). In spite of its importance,
epigenetic studies in aquaculture species are
generally limited by funding at present.

Among many of the direct experimental ap-
proaches for the determination of gene func-
tions, the ZFN technology shows the greatest
promise for use in aquaculture species. Clearly,
investment should be made to develop ZFN
technology and its application with aquaculture
species.
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