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Dedication

In memory of

Kenjiro Ozato
1938-2006

This monograph on aquaculture biotechnology is dedicated to the memory of Professor Kenjiro Ozato. He
was one of the first pioneers to exploit the use of gene transfer to fish as a means of altering phenotypes and,
thus, helped to pave the way to greater understanding of tissue-specific gene expressions.

At the time of his passing, in 2006, Kenjiro Ozato was Emeritus Professor at Nagoya University. He retired
in 2002 and became an honorary member of his former laboratory, the Laboratory of Freshwater Fish Stocks at
the Bioscience and Biotechnology Center of Nagoya University, where he continued his research on medaka.

Kenjiro graduated from the Department of Zoology in the Faculty of Science at Kyoto University in
1962 and joined the Graduate School of Science to study chicken embryogenesis under the tutelage of Dr.
Tokindo S. Okada. In 1967, he was awarded an Assistant Professorship at the Biological Laboratory, Yoshida
College, Kyoto University. Shortly after taking up this position, he spent a period of time studying cell culture
techniques under the tutelage of Dr. James D. Ebert, a renowned embryologist at the Carnegie Institute. Upon
returning to Japan, he was encouraged by Dr. Tokindo S. Okada to study the developmental biology of fish.
Dr. Okada was convinced that “[t]he time of fish biology will come in 15 years.” At that time (1970s), this



P1: SFK/UKS
BLBS089-fm

P2: SFK
BLBS089-Fletcher October 3, 2011 9:55 Trim: 246mm X 189mm Printer Name: Yet to Come

aspect of fish biology was in its infancy. There is no question that tremendous advances have been made in
molecular and developmental biology since that time. Kenjiro Ozato became a pioneer in this field.

Kenjiro established an in vitro cell culture system for fish pigment cells using goldfish and attempted
to understand the molecular mechanisms associated with pigment cell transformation in the Xiphophorus
fish-hybrid melanoma system. However, Xiphophorus, being viviparous, complicated in vitro analyses of
the cellular mechanisms. Consequently, he shifted his attention to medaka, an oviparous fish, and developed
methods to introduce foreign genes into medaka eggs in order to elucidate gene function in vivo. In 1986,
he successfully demonstrated the expression of the chick §-crystalline gene in medaka embryos (Ozato
et al. 1986). This was the first direct evidence for transgene expression in fish: a demonstration that helped
encourage a fledgling group of like-minded biologists to follow in his footsteps. Subsequently, Kenjiro
produced a great volume of work in the field of fish developmental biology using transgenic and nuclear
transfer techniques.

In 1994, Kenjiro moved to the Laboratory of Freshwater Fish Stocks at the Bioscience Centre of Nagoya
University, where he began his genetic studies of Professor Hideo Tomita’s collection of living natural medaka
mutants. During this time, he successfully helped establish a strain of transparent medaka, “see-through
medaka,” within which the internal organs could be observed without the need for dissection (Wakamatsu
et al. 2001). Kenjiro was also eager to advance the use the medaka as a disease model as evidenced by his
final contribution to fish biology with his research on polycystic kidney disease, which was well received by
researchers in a variety of medical fields (Mochizuki et al. 2005).

Kenjiro introduced medaka as an animal model for research around the world (Ozato et al. 1992). He
collaborated with other investigators in assessing the influence of endocrine disrupters on wild animal taxa
using medaka (Wakamatsu and Ozato 2002) and contributed to research efforts involving the use of this model
for research on space exploration. He helped convene two international symposia on medaka research and
was very active in encouraging and supporting Asian scientists in the development of their research programs
on fish by visiting them in their own countries and welcoming them to participate in workshops at Nagoya
University (Japan 1996).

Kenjiro was a kind, generous gentleman who showed true humility with regard to his many accomplish-
ments. His considerable achievements and gentle manner earned him high regard and endearment from
researchers worldwide.

Excerpted from The Fish Biology Journal MEDAKA (2007), Vol 11, pp 1-4, with permission.
Yuko Wakamatsu

Laboratory of Freshwater Fish Stocks, Bioscience and Biotechnology Center

Nagoya University, Nagoya, Japan
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Preface

The culture of fish began in ancient Egypt and China
several thousand years ago. However, it was not un-
til the 1950s and 1960s that modern aquaculture for
food and profit had its beginnings (Beveridge and
Little 2002). Today, it is the fastest growing ani-
mal food production sector worldwide. This rapid
expansion of aquaculture was, and still is, a boon
to biologists as well as engineers because of its re-
quirements for highly qualified personnel with the
skill sets required to solve problems essential to the
development of this important and essential food
resource.

A sustainable and profitable aquaculture indus-
try is technology and innovation driven. The rapid
expansion of the industry motivated by increasing
demands for product and profit required the devel-
opment of appropriate low-cost feeds, efficient feed-
ing systems, and increasingly sophisticated culture
facilities on land and in the water to ensure contain-
ment and to minimize environmental contamination.

All cultured food fish and shellfish were at some
point captured in the wild, and many are only now
going through the process of domestication: selec-
tion of the fittest to survive, grow, and reproduce
in an aquaculture environment. Not all genotypes
lend themselves to survival in contained culture fa-
cilities, let alone reproduce successfully and grow
at a cost-effective rate sufficient to satisfy investors.
This general issue led to the first successful innova-
tion of benefit to aquaculture: the introduction of se-
lective crossbreeding programs for Atlantic salmon
in Norway in the early 1970s (Gjedrem 1997). This
program clearly demonstrated that fish, in common

X1

with other domesticated animals, had desirable traits
with strong heritable components.

The first major biotechnology products to prove
essential to industry were antibiotics, where they
were credited with preventing a total crash of the
salmon culture industry in Norway in the 1980s. This
technology has, to a large extent, been superseded
by the development of efficacious vaccines; the first
ones being simple products consisting of inactivated
bacterial cultures that eventually gave way to the use
of live attenuated vaccines and more recently subunit
or recombinant vaccines (Sommerset et al. 2005).

A quantum leap in interest by the scientific com-
munity to look for biotechnological ways to improve
aquaculture production took place with the 1982
publication by Palmiter and colleagues, demonstrat-
ing that the addition of a few extra growth hormone
genes could dramatically increase the growth rates
of mice. This prompted a number of scientists to try
and duplicate this success by experimenting with
gene transfer in fish. However, at that time, very
few fish genes were available, so most researchers
had to resort to the use of the available mammalian,
chicken, bacterial, and viral nucleotide sequences to
build gene constructs. The only exception was the
Davies, Hew, and Fletcher group, who were fortu-
nate enough to be conducting research on fish an-
tifreeze protein genes (Fletcher and Davies 1991).
Few of these early gene transfer studies proved of
value to aquaculture. However, they did serve as a
“proof of concept” by showing that genes could be
transferred to fish, expressed appropriately, and in-
herited in a stable Mendelian fashion.
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In addition to the paucity of knowledge about
genes in fish in the 1980s, the lack of a simple and
effective method for detecting transgene integrants
in tissues served as a second major bottleneck to the
successful development of biotechnology tools for
the benefit of aquaculture. The only reliable tech-
nique available during those early years was ge-
nomic Southern blotting; a difficult and slow proce-
dure when one considers that there can be hundreds
to thousands of samples to screen. This particular
hurdle was overcome by a key technological leap
in the 1980s: the invention and widespread appli-
cation of PCR techniques. This revolutionized the
field of molecular biology and provided an effective
and essential technique to genetic engineers for the
detection of transgene integrants.

The nextadvancement of considerable value to the
development of biotech tools for aquaculture was the
establishment of zebrafish as a vertebrate model in
the 1990s (Grunwald and Eisen 2002). Although this
development did not take place with aquaculture in
mind, it did bring widespread international attention
to the value of research on fish.

Once zebrafish and later the Japanese Medaka
were established as important vertebrate models, all
of the discoveries in molecular biology that occurred
in the 1970s (e.g., reverse transcriptase, restriction
enzymes, recombinant DNA, and DNA sequencing
technologies), the 1980s (e.g., automated DNA se-
quencing), and the 1990s (e.g., DNA microarrays,
c¢DNA, and genomic DNA libraries) were widely ap-
plied to the study of fish. These developments helped
train a “critical mass” of scientists that could apply
their expertise to solving problems.

Today, genome sequences are available for five
model fish species (fugu, tetraodon, zebrafish,
medaka, and stickleback), and genome sequencing
projects for aquaculture species such as Atlantic
salmon and catfish are well underway (Davidson
et al. 2010; Liu 2011). These genomic technologies
show great promise with regard to the discovery
of genes that could alleviate aquaculture produc-
tion constraints such as growth rates, disease and
stress resistance, low or high temperature tolerance,
and for the carnivorous species, the ability to uti-
lize plant sourced feeds. Such discoveries could be
used to modify the genome and phenotype of the
animal, or facilitate the development of molecular

markers for selecting broodstock with production-
relevant traits.

At present, the practical application of gene
biotechnologies to commercial aquaculture that
bring a return on the investment in research is largely
restricted to the development of vaccines, brood-
stock selection markers, and disease diagnostics.
This is, to a large extent, due to difficulties govern-
ment agencies have had in developing an acceptable
process for the approval of animal food products
developed by biotechnological means. Observe the
fact that it took from 1994, when Aqua Bounty Tech-
nologies first met with FDA USA, until 2009 for the
agency to codify the procedures required to review
an application to market a growth hormone trans-
genic salmon product (FDA 2009). It took another
year for the agency to announce that the product
was safe to eat (FDA 2010). However, at the time
of writing this book, the FDA has yet to approve
the product for sale. Investment by the company in
this product is in excess of $20 million; much of it
is attributable to the lack of regulatory precedents.
Therefore, it is apparent that, once the guidelines for
the approval of aquaculture biotechnological prod-
ucts have been established, they will serve as a road
map for corporate researchers to follow.

This will provide investors with the confidence
that investment in such endeavors is worthwhile.

This monograph brings together the major
biotechnological advances that are relevant to the
enhancement of aquaculture to date. It is divided
into nine parts. Part 1, consisting of four chapters,
deals with genomic approaches to improving fish
and shellfish broodstock. Genomics is, in essence,
fundamental to identifying functional genes that can
be used as markers for selective breeding programs
and/or genetic modification.

Part 2 deals with cytogenetic tools for genome
mapping and the localization of protein-coding
genes and transgenes on fish and shellfish chromo-
somes.

Part 3 concentrates on fish health with chapters
on the physiological aspects of adaptive immunity
in fish, the application of genomics to understand
the health of fish, and the discovery of fish antimi-
crobials that could serve as therapeutants.

Part 4 consists of two chapters. The first chap-
ter deals with proteomics and structural biology
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techniques, mass spectrometry in particular, that
can be used to study the viral protein structure,
function, and virus-host interactions. The second
chapter outlines progress toward the development of
DNA vaccines for viral diseases of farmed fish and
shellfish.

Part 5 consists of four chapters on the fundamental
issues concerning fish embryogenesis and stem cells
that range from the egg transcriptome to germ cell
transplantation.

Part 6 deals with issues pertinent to gene trans-
fer. Despite the 30-year history behind the appli-
cation of this technique to aquaculture, there have
been few advances. The efficiency of gene trans-
fer is still very low; targeted integration of single
copy genes has yet to be achieved and the ability to
accurately predict expression levels at the transcrip-
tion and translation level is nonexistent. At present,
our hopes lie in research on model fish, such as ze-
brafish, that could point to ways of resolving these
issues. It is for this purpose that this part begins with
a chapter on the regulation of transgene expression
in zebrafish. The remaining four chapters present
examples of the range of research that is currently
being carried out using gene transfer techniques. The
first chapter points to the difficulties involved in pro-
ducing freeze-resistant fish, and the remaining three
chapters outline progress toward the generation of
zebrafish for environmental monitoring, tilapia for
the production of human insulin expressing islets for
xenotransplantation, and follistatin transgenic trout
to understand fish muscle growth.

Part 7 deals with cryopreservation, a technique
that is essential for the preservation of unique geno-
types.

The monograph is completed with two chapters on
environmental and ethical issues (Parts 8 and 9, re-
spectively) that should be considered when planning
to apply biotechnological advances to aquaculture.
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Figure 5.1. (A) Localization of 5S rRNA genes (labeled in red) in the rainbow trout karyotype.
Note that there are two chromosomal pairs (20 and sex) with 5S rDNA with the largest amount of
signal on the short arms of the X chromosomes (last chromosome pair in bottom row). (B)
Localization of the ID1B gene to rainbow trout chromosome Omy7 (last chromosome pair in top
row) using a BAC probe containing ID1B (labeled in red) and the 10H19 centromere probe
(labeled in green), which is specific to several chromosome pairs including Omy?7. (C)
Localization of the growth hormone construct OnMTGH1 (labeled in red (arrow)) on the telomere
of a single acrocentric chromosome in the transgenic coho strain 5750. (D) Identification of a YY
individual in coho salmon using the GH-Y probe (labeled in red). Arrows show the location of the
two Y chromosomes in this fish.
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Figure 9.3. Localization and structure of WSSV envelope protein of VP26 and VP28. Purified
WSSV virion was treated with 0.1% Tween 20 and then was immunogold labeled with VP26 and
VP28 antibodies. Panels from A to D show VP26 antibody specifically binding to the outer surface
with the gold particles localized on the outer surface of virions (A-i & C-i), semi-separated
envelope (B-i), and completely separated envelope (envelope vacuoles, A-ii, C-ii, and D-i). Panel E
shows that immunogold-labeled VP28 is also localized on the outer surface of the envelope.
Surface-protruding structures (arrow) clearly appeared on some of the envelope and vesicles.
The inset in panel D shows a large view of the surface protrusions. Panel F shows a very low
level of nonspecific binding when a preimmune rabbit antibody or gold-conjugated secondary
antibody was used. The image possibly also shows the process of vesicle formation. Panel G and
H are the ribbon diagram of the VP26 and VP28, respectively. (Figures modified from Tang et al.
2007; Bar = 100 nm.)
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Figure 10.1. Research targets in DNA vaccine development.
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Figure 11.1. (A) Schematic representation of maternal and zygotic gene activities during
zebrafish embryonic development. Mid-blastula transition (MBT) is indicated. (B) Degradation
patterns of maternal mRNAs throughout embryonic development. Slow (D1), medium (D2), and

fast (D3) degrading patterns are shown.
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Figure 12.2. Targeted incorporation of pTG-Neo-DsRed-ntl or pTG-Neo-DT-ntl into zebrafish ES

cells. The DsRed- or DT- colony is a candidate for homologous recombination.
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pTG-pac-DsRed-DT-hag

C sl e T

DT hag 5'arm Pac-DsRed hag 3'arm

Figure 12.3. Diagram of
pTG-pac-DsRed-DT-hag (A). In
addition to puromycin (pac)
selection, DsRed is used to
visualize the colonies that had
undergone targeted plasmid
insertion by homologous
recombination (B).

A
153781 162079 172516 176542
(Accession #BX890575) (BX890575)
5 *3’

dnd promoter Neo-DsReD dnd3 UTR

Figure 12.5. Diagram of
pdnd-Neo-DsRed plasmid (A).
The expression of Neo-DsRed
fusion protein is controlled by the
PGC specific promoter dnd and
its 3'UTR. (B) The plasmid was
injected into 1-cell embryos and
later the embryos were used to
initiate cultures. Following G418
selection, the DsRed expressing
colonies were identified (B).
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Pac-DsRed nancs 3'UTR

T7 promoter

Figure 12.6. Diagram of T7-Pac-DsRed-nanos-3'UTR construct (A). A vasa::GFP embryo injected
with pac-DsRed-nanos-3'UTR mRNA showing co-expression of green (1) and red (2) fluorescence
specifically in PGCs (B). Taken from Figure 7 of Fan et al. (2008) and used with kind permission
from Mary Ann Liebert, Inc.

Figure 13.1. Dissection and isolation of head kidney cells from rainbow trout. (A) Dissected
trout showing long trunk kidney with head kidney at the most anterior end (white arrow).

(B) Head kidney placed inside of nylon mesh folder. (C) Pipetting dispersed cells after squeezing
head kidney between nylon mesh. (D) Cells plated on 60 mm poly D-lysine treated plates.

(E) Water-jacketed CO, incubator with cooling bath shown on right side.
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Figure 13.2. Left—Microscopic (360x) changes in rainbow trout mononuclear phagocytes
undergoing spontaneous differentiation under in vitro conditions. Cells from head kidney
homogenates were plated and allowed to adhere for 24 hours after which the nonadherent cells
were removed. Inset in bottom panel is high magnification of several differentiated cells.
Right—Comparative SYBR Green quantitative PCR analysis of the expression of tumor necrosis
factor & (TNFa); MARCO; and CSF1R in trout macrophages with or without 25 ng/mL of E. coli
LPS for 24 h and assayed at 24, 72, or 120 h. Results are shown as the mean of the fold difference
of each of the samples vs. the 24 h controls + SE (n = 2). Note that, the ordinate in panel A is
logarithmic and the numbers above the histogram columns show the actual fold difference
values for the respective samples.
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Figure 13.3. Phagocytosis of zymosan by primary trout mononuclear phagocytes. Adherent
cells from trout head kidney were cultured for 5 days prior to exposure to zymosan particles.

(A) Phase contrast imaging of cells exposed to zymosan for 30 h. Zymosan particles are indicated
with arrows. (B) Fluorescent micrographs of trout macrophages stained with DAPI (a nucleic acid
stain). Images include zymosan-exposed and control, nonapoptotic and apoptotic (treated with
wortmannin, a PI3 kinase inhibitor) macrophages. Briefly, cells were fixed with 4%
paraformaldehyde, washed with PBS, stained, and mounted on microscope slides. Following
several washes, zymosan particles remained associated with the cells, indicating that the
particles had been internalized. Comparison with the control apoptotic and nonapoptotic cells
shows that although the morphology of the nucleus of the phagocytotic cell has been altered,
the structure of the chromatin appears to be intact (e.g., it is still composed of clearly discernible
heterochromatic and euchromatin regions in contrast with the condensed chromatin of the
apoptotic cells). This demonstrates that the cells are highly phagocytic. It also suggests that,
following phagocytosis of allogenic material, trout macrophages are able to survive and remain
transcriptionally active for a prolonged period, a characteristic of antigen-presenting cells.

No primary Ab

Ab a okGLUT4

Figure 13.6. Subcellular localization of endogenous GLUT4 in trout muscle cells.

(A). Immunofluorescence of trout GLUT4 in cells at day 5 of culture using the anti-okGLUT4
(salmon GLUT4) (Capilla et al. 2004) as primary antibody and AlexaFluor488-conjugated
antibody. (B) Background fluorescence (in the absence of primary antibody), indicating that the
staining in Fig. 13.3A was not due to a nonspecific signal from the secondary antibody.
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Figure 14.2. Primordial germ cells of
rainbow trout transfected with the vasa-GFP
gene. Photograph of the ventral side of the
peritoneal cavity. The fluorescent cells
aligned in two rows along the dorsal wall are
primordial germ cells.
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Figure 14.1. Principle for
production of eggs and sperm
of a different species in
surrogate parents by germ cell
transplantation.

Figure 14.3. Microinjection of germ cells into
the peritoneal cavity of newly hatched
embryos.
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Figure 14.6. Cross sections of testis triploid
masu salmon. Upper panel is of a normal
triploid salmon. No sperm are present. Lower
panel is of a recipient triploid salmon into
which rainbow trout spermatogonia had been
transplanted. Scale, 20 um.

Figure 14.7. Ovaries of
triploid masu salmon recipients
into which rainbow trout
spermatogonia had been
transplanted. The top is a
bright field image, and the
bottom is a fluorescent field
image.
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Figure 15.1. Generating transgenic zebrafish using Tol2-mediated transgenesis. The
transposase mRNA is injected with the plasmid construct containing a spinal cord-specific
promoter region and the reporter gene, green fluorescent protein (GFP), into fertilized eggs. The
Tol2 construct will be excised from the plasmid before the promoter-GFP construct is inserted
into the fish genome. The injected fish are grown to adulthood and mated for germline
transmission of the transgene. The founder fish are mosaic and will have a mix of nontransgenic
and hemizygous transgenic F1 progeny. (Figure modified from Kawakami 2007).
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Figure 15.2. (A) Structure of a gene containing exons, a promoter region, and enhancers. The
enhancers can be found upstream, within an intron, or downstream of the coding sequence.

(B) Tissue-specific expression of a transgene can be obtained by generating a gene construct in
which regulatory elements are controlling expression of the transgene of interest. Transcription
factors will specifically bind DNA regulatory sequences based on their DNA-binding affinity
preferences. In this example, the brain cells contain the proper combination of transcription
factors to bind to regulatory sequences, whereas the fin cells do not. Transcription factor binding
increases the frequency of transcription initiation at the promoter leading to higher mRNA and
subsequent protein production within the cell.
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Figure 15.3. The Gal4-UAS
binary system for
tissue-specific expression of
transgenes. The Gal4
transgene expression is
controlled by tissue-specific
regulatory elements
(enhancer/promoter). The
transgene of interest,
Transgene X, is under the
control of a Gal4-responsive
regulatory element called
upstream activating sequence
(UAS). Individual transgenic
fish are generated for each
construct. These transgenic
fish are mated to produce
animals containing both
constructs. The Gal4 protein
(circles) will be produced in
those cells where the
regulatory elements are
active and will bind to the
UAS of Transgene X to
stimulate its transcription.

Figure 15.4. The tetracycline-off
system for induction of transgene
expression. Expression of the
tetracycline activator, tTA, is
driven by brain-specific regulatory
elements. In the brain, the tTA is
expressed and will bind to the
tetracycline-induced promoter
tetO, stimulating transcription of
Transgene X. In the presence of
tetracycline, the ability of the tTA
to bind the tetO is blocked and
Transgene X will not be
transcribed.
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Figure 15.5. Activation of

. P'““"_ + P“’"“’“""’."""ﬁm: "~ transgene expression by the Cre
Brain-specific
enhancer

recombinase. Transgenic fish with

cell-specific Cre expression are
Brain cell All other cell types crossed to fish transgenic for a

Y floxed Transgene X construct.

Presence of a transcriptional stop
or polyadenylation sequence
(hexagon) between the floxed
sequences prevents transcription
of Transgene X. In transgenic fish
containing both transgenes, CRE
will recognize the loxP sequences
(arrows) and excise the
transcriptional stop sequence in a
cell-specific manner. This allows
for transcription to be initiated in
Cre-expressing cells but not in
others.

Skin

Figure 16.5. Tissue and cellular localization of AFP production in gill and skin epithelia of
Newfoundland winter flounder. (A) Whole-mount in situ hybridization showing distribution of
skin type AFP mRNA expression (dark stain) on gill filament lamellae. The lightly stained
lamellae served as the control (Murray et al. 2002). (B) High magnification of a gill filament
showing the cellular distribution of AFP-producing cells. (C) Extracellular localization of skin type
AFP in the epidermis of winter flounder. (D) Control skin. All scale bars 100 um. AFP in gill and
skin samples was detected using antisera to skin type AFP. Normal rabbit serum was used as a
control (Murray et al. 2002, 2003).



P1: SFK/UKS
BLBS089-CP

P2: SFK
BLBS089-Fletcher October 3, 2011 13:54 Trim: 246mm X 189mm Printer Name: Yet to Come

Untreated

E2-treated

—4—1st treatment —o—2nd treatment

Transferred to E2-free water

LE I S

Averaged GFP
expression levels

—

n' T T T T T T T
051 2 3 4567012357 81116192528 32
Exposure and postexposure time (day)

Figure 17.1. Tg(mvtg1:gfp) transgenic medaka. (A) Live adult male (top) and female (bottom)
transgenic fish. Note that GFP expression is only in the liver of female transgenic fish. (B)
Induction of GFP expression by exogenous 17g-estradiol (E2). Transgenic male fish were
immersion-treated with 1 ug/L E2 for more than 12 hours and GFP expression was observed in
the liver (bottom), while no GFP expression was observed in the liver area (circled) in untreated
transgenic male fish (top). (C) Time course of GFP induction in transgenic male fish. Ten
transgenic male fish were treated with 5 ng/L E2 for 7 days and GFP expression was induced to a
relatively high level by 1 week. Thereafter, all of the fish were transferred into E2-free water on
day 8 (or day 0 for E2-free water). GFP expression gradually decreased and was completely
invisible by day 32 (see the 1st treatment curve with closed triangles). These fish were kept in
estrogen-free water for another week and then treated with a second dose of E2 at the same
concentration and GFP expression was reinduced (see the 2nd treatment curve with open
squares). The details of the experiments and the estimation of relative levels of GFP expression
have been described in our original publication (Zeng et al. 2005). Pictures and data are modified
from Zeng et al. (2005).
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Figure 17.2. Use of fluorescent transgenic embryos/larvae for toxicological screen. (A-F)
Estrogen-induced developmental toxicity in Tg(nkx2.2a:mEGFP) embryos. Transgenic embryos
were treated with E2 at concentrations of 0 ug/L (ethanol vehicle) (A, D), 1.9 ug/L (B, E), and

2.7 ug/L (C, F) from 3 to 96 hpf (hour postfertilization). Panels A-C were captured under normal
light while panels E-H were the same embryos/larvae captured under excitation light for GFP
observations. Panels D-F show decreasing fluorescence and morphological disruption in the
brain and spinal cord by increasing concentrations of E2. Arrows indicate the junction of brain
and spinal cord. (G-l) Effect of E2 on vascularization and liver development in embryos from
two-color double transgenic strain, Tg(Fli:gfp; Ifabp:rfp). Transgenic embryos were treated with
E2 at concentrations of 0 ug/L (ethanol vehicle) (G), 1.4 ug/L (H), and 2.7 ug/L (I) from 3 to 96 hpf.
Pictures were taken under conditions appropriate for GFP observation in the blood vessels and
thus RFP expression in the liver is displayed in yellow (panel G) (arrows) under this condition.
Decreasing fluorescence was observed in the liver with increasing concentration of E2, indicating
affected vascularization and liver size.
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Figure 19.6. GFP protein
synthesis in the muscle tissue of a
GFP transgenic fish (bottom). No
GFP was detected in the muscle
tissue of control fish (top).

Figure 20.1. Sperm
freezing process: (A) trout
sperm extraction by
canulation, (B) dilution in
a cryoprotectant extender,
(C) loading in 0.5 cc
French straws (insert with
different straws, cryovials,
and PVA powder for straw
sealing), (D) freezing over
a floating device in a
styrofoam box containing
NI, (E) storage in a N,l
tank, (F) female stripping,
(G) sperm thawing in a
water bath, and (H-J)
fertilization.
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Figure 20.2. Turbot embryo at the tail bud
stage showing the different envelopes and
compartments: chorion (arrow), yolk syncytial
layer (arrowhead), yolk sac (ys), periviteline
space (pvs), and embryo compartment (ec).

Figure 21.1. Atlantic salmon sea cage operation in Fortune Bay, Newfoundland, Canada.
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Chapter 1

Genomic Tools for Understanding
the Molecular Basis of
Production-Relevant Traits in Finfish

Marije Booman and Matthew L. Rise

OVERVIEW

Significant genomic resources (e.g., expressed se-
quence tag (EST) databases, DNA microarrays,
single nucleotide polymorphism (SNP) genotyping
platforms, bacterial artificial chromosome (BAC)
libraries and BAC end sequences, genetic linkage
maps, and physical maps) have been generated for
several finfish species of importance to global aqua-
culture. Over the last few years, numerous articles
(e.g., Cerda et al. 2008; Koop et al. 2008), reviews
(e.g., Douglas et al. 2006; Canario et al. 2008; Goetz
and MacKenzie et al. 2008; Martin et al. 2008), and
book chapters (e.g., Palti 2009; Rise et al. 2009;
and several chapters in book Aquaculture Genome
Technologies, 2007, edited by Z. Liu) have been
published on the creation and application of fin-
fish genomics resources. With the advent of next-
generation sequencing (NGS) technologies, it is an-
ticipated that finfish genomic resources will continue
to expand.

For species of key importance to global aqua-
culture and fisheries (e.g., Atlantic salmon (Salmo
salar), rainbow trout (Oncorhynchus mykiss),
Atlantic cod (Gadus morhua), channel -catfish

(Ictalurus punctatus), and common carp (Cyprinus
carpio)), complete “genomics toolboxes” will be
needed in order to take full advantage of the power of
genomics in aquaculture research (e.g., for marker-
assisted selection (MAS) of superior broodstock, de-
velopment of optimal and sustainable feed formula-
tions, development of maximally effective vaccines
and therapeutants, etc.). Complete, high-quality
reference genome sequences are critically important
components of these toolboxes, and whole-genome
sequencing projects are already underway for At-
lantic salmon (Davidson et al. 2010) and catfish (Lu
etal. 2011). As aquaculture finfish species’ genomes
are sequenced and assembled, and as we move into
a postgenomics era for these species, bioinformatics
will undoubtedly play an ever-increasing role in the
success of aquaculture genomics research.

Because of the aforementioned publications on
aquaculture finfish genomic resources, we do not
attempt to provide an exhaustive summary of the
field. Rather, the aim of this chapter is to cover
new territory. Since we have been involved in the
Atlantic Cod Genomics and Broodstock Develop-
ment Project (CGP, http://codgene.ca), we use CGP

Aquaculture Biotechnology, First Edition. Edited by Garth L. Fletcher and Matthew L. Rise.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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examples to illustrate different aspects of finfish
functional genomics tools. In Section “Targeted,
Trait-Relevant Gene Discovery,” we discuss CGP
examples of how suppression subtractive hybridiza-
tion (SSH) cDNA libraries were employed for dis-
covery of Atlantic cod genes that were involved in
defense responses. In Section “The Application of
Microarray Technology in Finfish Aquaculture and
Research,” we discuss microarray technology, in-
cluding brief overviews of current finfish microar-
ray platforms, the construction of the CGP Atlantic
cod oligonucleotide microarray focusing on trait-
relevant transcripts, and software for the analysis
of microarray data. We discuss how these functional
genomics tools will likely play key roles in genomics
toolboxes by allowing the identification of the best
targets for MAS of superior aquaculture broodstock.
We end the chapter with recommendations and fu-
ture directions for finfish microarray (and other ge-
nomics) research.

TARGETED, TRAIT-RELEVANT
GENE DISCOVERY

Normalized (e.g., Rise et al. 2004b; Gahr et al.
2007), unnormalized (e.g., Goetz et al. 2009), and
SSH (e.g., Rise et al. 2008, 2010; Feng et al. 2009;
Horietal. 2010) cDNA libraries have been utilized in
large-scale gene discovery efforts for several aqua-
culture finfish and shellfish species (see Chapters
2 (by Robalino et al.), 7 (by Douglas), and 8 (by
Dixon and Becker) of this book for information on
targeted gene discovery in aquaculture species). The
numbers of ESTs currently in GenBank for selected
aquaculture fish species are shown in Table 1.1.
For each aquaculture-relevant finfish species,
ESTs are generally contributed from several re-
searchers or genomics projects (e.g., see Rise
et al. 2007 for information on origins of salmonid
EST resources). Each of the large-scale aquacul-
ture finfish genomics research projects to date has
employed a particular strategy for cDNA library

Table 1.1. Expressed Sequence Tag (EST) Collections of Selected Aquaculture

Fish Species.
Examples of Aquaculture Species With Number of ESTs

Selected Orders of Teleosts Genomic Resources in GenBank*

Superorder Acanthopterygii

Perciformes Nile tilapia (Oreochromis niloticus) 117,222
Gilthead seabream (Sparus aurata) 67,670
European seabass (Dicentrarchus labrax) 55,835
Yellow perch (Perca flavescens) 21,968

Superorder Ostariophysi

Siluriformes Channel catfish (Ictalurus punctatus) 354,466
Blue catfish (Ictalurus furcatus) 139,475

Cypriniformes Common carp (Cyprinus carpio) 34,067

Superorder Paracanthopterygii

Gadiformes Atlantic cod (Gadus morhua) 229,090

Superorder Protacanthopterygii

Salmoniformes Atlantic salmon (Salmo salar) 498,212
Rainbow trout (Oncorhynchus mykiss) 287,967
Chinook salmon (Oncorhynchus tshawytscha) 14,173
Sockeye salmon (Oncorhynchus nerka) 11,389
Coho salmon (Oncorhynchus kisutch) 4,942

*Numbers of ESTs were acquired from NCBI Entrez Taxonomy on November 4, 2010.
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construction and gene discovery. For example, the
CGP generated over 138,000 ESTs from a total of
23 normalized libraries and over 20,000 ESTs from
a total of 19 SSH libraries (Bowman et al. 2011).
Of the ~158,000 ESTs generated by the CGP, ap-
proximately 45,000 were from cDNA libraries that
were designed for the discovery of cod transcripts
that responded to pathogens or pathogen-associated
molecular patterns (PAMPs) (Bowman et al. 2011);

of these, approximately 10,000 ESTs came from cod
SSH libraries that were enriched for transcripts that
respond to nodavirus and/or polyriboinosinic polyri-
bocytidylic acid (pIC, a synthetic double-stranded
RNA that induces interferon pathway genes; Rise
et al. 2008, 2010; Bowman et al. 2011), and over
4300 ESTs came from cod SSH libraries enriched
for transcripts that respond to bacterial antigens
(Feng et al. 2009; Fig. 1.1). Many of the transcripts

Atlantic cod SSH libraries enriched with
Pathogenic
bacteria- Heat stress-
Virus-responsive  responsive responsive
transcripts: transcripts: transcripts:
~10,000 ESTs >4300 ESTs >6000 ESTs
Contribute to QPCR assay Complete cDNA Characterization of
20,000 gene development characterization contigs without
(20K) cod *Virus-responsive of selected significant BLAST
cligonuclectide transcripts contigs with hits (i.e. Unknowns)
microarray * Bacteria- significant * Bidirectional RACE,
responsive BLASTx hits cloning, sequencing,
transcripts against stress etc. in progress.
* Heat stress- and immune-
responsive relevant genes.
Applications of transcripts Examples:
20K microarray *IRF1
* Responses to *NR-13
pathogens, * Mcl-1
heat stress * Bel-X

Figure 1.1. Functional genomics workflow in the Atlantic Cod Genomics and Broodstock
Development Project (CGP). Suppression subtractive hybridization (SSH) libraries were designed
for the targeted discovery of cod transcripts that respond to virus (Rise et al. 2008, 2010),
bacterial antigens (Feng et al. 2009), or heat stress (Bowman et al. 2011; Hori et al. 2010). Many
trait-relevant genes identified in SSH libraries were included on the CGP 20K oligonucleotide
microarray (Booman et al. 2011), making this a valuable new resource for defense-relevant
functional genomics research on Atlantic cod. Quantitative reverse transcription — polymerase
chain reaction (QPCR) assays were developed and used to study transcript expression of many
SSH-identified cod genes (e.g., Feng et al. 2009; Rise et al. 2008, 2010; Booman et al. 2011; Hori
et al. 2010). In addition, several SSH-identified defense-relevant transcripts (e.g., interferon
regulatory factor 1 (IRF1) and anti-apoptotic Bcl-2 family genes NR-13, Mcl-1, and Bcl-X1) were
further characterized using bidirectional rapid amplification of cDONA ends (RACE) and other
molecular techniques. (From Feng et al. (2009) and Feng and Rise (2010).)
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identified in the CGP’s cDNA libraries designed for
targeted discovery of immune-relevant genes were
included on the CGP 20,000 gene (20K) oligonu-
cleotide microarray (Booman et al. 2011; see section
of this chapter entitled “Design of a New Microar-
ray for Aquaculture Research: The Atlantic Cod 20K
Oligonucleotide Microarray”), making this microar-
ray platform a valuable new tool for functional ge-
nomics research on Atlantic cod defense responses.

An obvious goal of any large-scale, gene discov-
ery project is to identify all of the genes in the
species of interest. Although the EST collections
of some aquaculture finfish species are quite large
(e.g., >200,000 ESTs for Atlantic salmon, channel
catfish, rainbow trout, and Atlantic cod; Table 1.1),
it is likely that they are still missing important, trait-
relevant transcripts. For example, if high-quality
cDNA libraries enriched for gill transcripts that are
responsive to infection by a fungal pathogen are
not incorporated into a finfish species’ genomics
research plan, then that species’ EST collection
may be missing defense-relevant transcripts that re-
spond specifically to fungi. The same may be said
of species for which ¢cDNA libraries enriched with
transcripts that respond to toxicants (e.g., dioxins,
heavy metals, pesticides) or other stressors (e.g., heat
stress, cold stress, hypoxia, etc.) have not been built
and characterized. Presumably, with adequate bioin-
formatics support, complete genome sequencing,
reference genome assembly, and next-generation-
based deep sequencing of transcripts will facilitate
the complete characterization of finfish transcrip-
tomes. However, until these resources are available,
targeted gene discovery tools (e.g., SSH libraries)
can be extremely effective means of ensuring that
key genes involved in production-relevant traits of
interest (e.g., enhanced growth rate, resistance to
heat stress, and resistance to pathogens) are repre-
sented in aquaculture species’ EST collections and
the genomics resources arising from those EST sets
(e.g., DNA microarrays and SNP genotyping plat-
forms).

THE APPLICATION OF MICROARRAY
TECHNOLOGY IN FINFISH
AQUACULTURE AND RESEARCH

The establishment of large EST collections (e.g.,
Table 1.1) has facilitated the development of finfish
DNA microarrays that have become important tools

in finfish aquaculture genomics research. In this sec-
tion, we give an overview of the microarray plat-
forms that are currently described in the literature.
We briefly discuss the development of the CGP 20K
Atlantic cod oligonucleotide microarray as an ex-
ample of a platform focusing on trait-relevant tran-
scripts for aquaculture research. Next, we discuss
tools for microarray data analysis. Finally, we end
this section with future perspectives and some rec-
ommendations for future microarray research.

Overview of Microarray Platforms and Their
Use in Aquaculture

A search through NCBI's PubMed and Gene Expres-
sion Omnibus (GEO) databases shows that there are
over 40 finfish species that have been studied us-
ing microarrays and that research areas vary from
biomedicine and ecotoxicology to nutrigenomics
and immunology. The largest numbers of microarray
platforms are available for zebrafish and salmonids.
Some microarray platforms are most useful in spe-
cific research areas as they are limited to transcripts
from specific tissues or developmental stages, or
contain only transcripts involved in specific func-
tions or transcripts responsive to a specific treat-
ment or condition. Other microarray platforms rep-
resent the transcriptome of multiple tissues, devel-
opmental stages, treatments, and conditions and are
useful for a wider range of research areas. These
platforms are often made available either through
companies like Agilent, Affymetrix, and Nimble-
Gen or through research institutes, as with the con-
sortium for Genomics Research on All Salmonids
(cGRASP) arrays (Rise et al. 2004b; von Schalburg
et al. 2005; Koop et al. 2008) and the CGP 20K
Atlantic cod oligonucleotide microarray (Booman
et al. 2011). Table 1.2 gives an overview of selected
finfish species and microarray platforms on the basis
of their economic importance and their usefulness
in aquaculture research.

Microarrays have successfully been used to study
multiple aspects of finfish biology that are of interest
to aquaculture. Examples are the response to stress
such as hypoxia (e.g., van der Meer et al. 2005), tem-
perature changes (e.g., Vornanen et al. 2005; Chou
et al. 2008), or handling (e.g., Krasnov et al. 2005;
Wiseman et al. 2007); the immune response to dif-
ferent types of pathogens such as bacteria (e.g., Rise
et al. 2004a; Gerwick et al. 2007), viruses (e.g.,
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MacKenzie et al. 2008; Workenhe et al. 2009), or
parasites (e.g., Morrison et al. 2006; Skugor et al.
2008; Young et al. 2008); the influence of nutrition
(e.g., Leaver et al. 2008; Murray et al. 2010); and
gene expression profiles related to egg quality (e.g.,
Bonnet et al. 2007) and growth (e.g., Rise et al.
2006; Gahr et al. 2008; Devlin et al. 2009). As pre-
viously mentioned, there have been several reviews
and chapters on the applications of finfish DNA mi-
croarrays (e.g., Douglas 2006; Rise et al. 2007, 2009;
Goetz and MacKenzie et al. 2008). Other chapters
in this book review literature pertaining to the use of
finfish microarrays to study fish egg and embryonic
gene expression (Chapter 11, Traverso et al.) and fish
immune responses (Chapter 6, Johnson and Brown).
We refer the reader to these sources for reviews of
the microarray-related aquaculture literature.

Design of a New Microarray for Aquaculture
Research: The Atlantic Cod 20K
Oligonucleotide Microarray

For most aquaculture-relevant finfish species, a
whole-genome sequence is unavailable, and se-
quences for microarray construction are provided
by EST collections. Therefore, the possibilities for
application of a newly developed microarray plat-
form in aquaculture research largely depend on the
characteristics of the underlying EST collection and
the process of selection of sequences from that col-
lection.

An example of a microarray platform that was
specifically designed for aquaculture research is the
CGP Atlantic cod 20K oligonucleotide microar-
ray platform (Booman et al. 2011). It is based on
the CGP EST collection, discussed earlier in this
chapter, which contains over 150,000 ESTs (Bow-
man et al. 2011). This EST collection represents 42
cDNA libraries from 12 tissue types and 4 develop-
mental stages; some of the libraries were constructed
with tissues sampled from fish that were exposed to
stressors or to bacterial or viral immunostimulants.
This diversity, together with its size, made the CGP
EST collection very well suited for the construc-
tion of a microarray that contains a wide range of
trait-relevant transcripts for aquaculture research. To
prevent redundancy on the microarray and maintain
the sequence diversity, the ESTs were first clustered
and assembled into unique transcripts, which were

then used to design oligonucleotide probes. For the
selection of the final set of 20,000 probes, sequences
were given priority if they had an informative anno-
tation, if they were represented by a large number
of ESTs, or if they were unannotated but repre-
sented by a large number of ESTs from the SSH
libraries enriched for stress- or immune-responsive
transcripts. This selection process ensured not
only that the microarray contains enough annotated
genes to enable functional interpretation of results
but also that it contains unannotated, and therefore
possibly novel, genes that have a possible role in
traits relevant to aquaculture, such as resistance to
stress and pathogens. Within the CGP, this microar-
ray is currently being used in a number of different
projects to identify transcripts associated with egg
quality, response to heat stress, and response to viral
and bacterial immunostimulation.

Microarray Data Analysis Tools

Most data acquisition programs such as Imagene
(BioDiscovery) or GenePix (MDS Analytical Tech-
nologies) offer basic functionality for data normal-
ization and visualization. For a more in-depth anal-
ysis of the acquired microarray data, specialized
commercial software packages are available (e.g.,
Agilent’s GeneSpring GX), which provide full data
analysis functionality, including data normalization,
identification of differentially expressed genes, and
pathway analysis. Most commercial software is rel-
atively easy to use with a good graphical user in-
terface, but it is also expensive and often after the
release of a new version, the older versions are no
longer supported. Part of the functionality of these
packages, such as functional analysis or pathway
analysis, relies on the annotation options provided
by the package, which are usually limited to model
species.

There are noncommercial, free alternatives for
most commercial programs (summarized in Table
1.3), such as Significance Analysis of Microarrays
(SAM) (Tusher et al. 2001) for class comparison
and Gene Set Analysis, and Genesis (Sturn et al.
2002) for clustering. A large source of noncommer-
cial microarray analysis tools is the Bioconductor
project, an open source software project “to pro-
vide tools for the analysis and comprehension of
genomic data” (Gentleman et al. 2004). These tools
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Table 1.3. Microarray Data Analysis Noncommercial Software.

Program Reference URL

Data visualization and processing

marray Yang and Paquet 2005 www.bioconductor.org

limma Smyth 2005 www.bioconductor.org

Statistical analysis of gene expression differences

limma Smyth 2005 www.bioconductor.org

Siggenes Schwender et al. 2006 www.bioconductor.org

multtest Pollard et al. 2005 www.bioconductor.org

Significance analysis of Tusher et al. 2001 www-stat.stanford.edu/~tibs/SAM/
microarrays

Clustering

Cluster/TreeView Eisen et al. 1998 http://rana.lbl.gov/eisen/?page_id=42

Cluster 3.0 de Hoon et al. 2004 http://bonsai.ims.u-tokyo.ac.jp/~

Java TreeView Saldanha 2004

Genesis

Functional analysis of gene lists
Gene set analysis
Gene set enrichment analysis

DAVID Huang et al. 2009
GenMAPP Salomonis et al. 2007
Blast2GO Gotz et al. 2008

Sturn et al. 2002

Efron and Tibshirani 2007
Subramanian et al. 2005

mdehoon/software/cluster/
http://jtreeview.sourceforge.net/
genome.tugraz.at/genesisclient/

genesisclient _description.shtml

www-stat.stanford.edu/~tibs/GSA/
www.broadinstitute.org/gsea/
david.abcce.nciferf.gov/
www.genmapp.org/
www.blast2go.org

are based on the statistical computing language R (R
Development Core Team 2010). Since most do not
have a graphical user interface, they have a steeper
learning curve than most commercial software, but
there is very strong community-based support. Also,
Bioconductor and R tools are customizable, so they
could be adapted to work with custom array for-
mats and nonmodel species. Following is a short
description of the programs listed in Table 1.3 by
category.

DATA VISUALIZATION AND PROCESSING

The Bioconductor packages marray (Yang and
Paquet 2005) and limma (Smyth 2005) both contain
functions for data visualization and normalization.
Both packages share the same origins and so there
is some overlap, but their functions for data visu-
alization and normalization are mainly complemen-
tary. Limma has an optional graphical user interface
(limmaGUI; Wettenhall and Smyth 2004).

A typical first step in quality control of array data
would be to plot several measurements as a color
range onto a spatial image (such as signal or back-
ground intensity, spot size or shape, or quality flags;
the marray package has more options for spatial im-
age plotting than limma). In a spatial image, the lay-
out of the array is shown as a collection of squares,
each representing a single spot location. Plotting, for
instance, the background signal intensities onto this
spatial image gives a quick overview of spatial arti-
facts present on the array. There are also functions
for creating box plots and scatter plots, such as the
typical M—A plots, with optional smoothed fits.

Both packages have several options for data
normalization. The results from the various plots
will help determine what type of normalization is
necessary (e.g., a global normalization or a normal-
ization per print-tip).

The limma package has additional functionality
for different types of background correction and the
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assignment of quality weights to spot measurements.
It also has gene expression analysis functionality
(discussed in the next section).

STATISTICAL ANALYSIS OF GENE EXPRESSION
DIFFERENCES

When determining which genes are differentially ex-
pressed between two groups in a microarray experi-
ment, performing a simple #-test on each gene is not
allowed. Because a high number of genes are tested
at the same time, more sophisticated statistics are
needed, e.g., to correct for multiple testing. Statisti-
cal analysis can also be complicated by the experi-
mental design, such as when analyzing a time series.
Several software packages are available for microar-
ray analysis. Some provide only basic functionality
and require considerable statistical knowledge from
the researcher, while others are very user-friendly
and guide the researcher through the process.

The Bioconductor package multtest (Pollard et al.
2005) is an example of a basic statistical package.
When comparing gene expression levels between
two groups, this package can be used to run para-
metric or nonparametric tests, and it provides sev-
eral methods for applying multiple testing correction
to the results. However, the package does not give
much guidance as to which test statistic and which
correction procedure are best suited for the specific
dataset, and there is a large number of parameters
that must be set correctly for each test. Therefore,
help from a statistician is recommended when using
this package.

The limma package (Smyth 2005) can be used to
determine differentially expressed genes in a vari-
ety of experimental setups such as one-color arrays,
universal reference designs, and direct comparisons.
It uses linear model fitting, empirical Bayes smooth-
ing, and multiple testing correction. It also includes
methods to deal with arrays that contain duplicate
spots. As mentioned, it includes an optional graphi-
cal user interface for more convenient analysis.

One of the most widely used software packages
for gene expression analysis is SAM (Tusher et al.
2001). It is supplied as an add-in for Microsoft Ex-
cel, which makes it very easy to use, even for inex-
perienced researchers. It can correlate gene expres-
sion differences to a variety of response variables,
including two-class comparisons (e.g., control ver-
sus treatment), multiclass comparisons (e.g., differ-

ent types of treatment), quantitative variables (e.g.,
weight), and time-course experiments. It can also
handle one-class experiments, which are used in case
of a direct comparison experiment (e.g., where con-
trol and treatment samples are hybridized together
on the same array). The user has control over which
test statistic is used (parametric or nonparametric).
SAM uses repeated permutations of the response
variables to determine g-values (which are repre-
sentations of p-values that are corrected for multiple
testing) and false discovery rates (FDRs), and the list
of genes that are significantly associated with the
response variable is determined by a user-defined
cutoff value for the FDR. The effect of changing the
FDR cutoff on the list of significant genes is visual-
ized by a SAM plot, which allows the user to make
the best decision to acquire desired results. Apart
from the control over the FDR, the user can also
add an optional fold change requirement for the list
of significant genes. When very large datasets must
be analyzed, the Excel add-in might become very
slow or even unresponsive. For analysis of these
large datasets, the Bioconductor package siggenes
(Schwender et al. 20006) is available, which enables
users to run the SAM algorithm in R.

CLUSTERING

Clustering of microarray data is used to identify
groups of samples or genes with related gene expres-
sion patterns. Often, the whole dataset is used in a
process called unsupervised hierarchical clustering,
where there is no information provided to the clus-
tering algorithm regarding specific sample classes or
gene classes. Using unsupervised hierarchical clus-
tering, one can gain information on whether there
are specific subgroups within the total sample set,
and on which genes show similar expression pat-
terns over all samples. Clustering of genes is of-
ten used as a starting point for finding genes that
are involved in specific pathways or share similar
functions. Clustering can also be performed using a
list of differentially expressed genes. This can pro-
vide more information on, e.g., the heterogeneity of
sample subgroups. The results of hierarchical clus-
tering are often displayed as a heat map, where the
gene expression values are represented by colors.
Apart from hierarchical clustering, there are a
number of other clustering algorithms such as k-
means clustering (where the user specifies a desired
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number of clusters), self-organizing maps (SOM),
and principal component analysis (PCA). In order
to cluster the data, the user has to choose a distance
or similarity measurement (e.g., Pearson correlation
or Euclidian distance) and a clustering algorithm.

The most well-known clustering programs for mi-
croarray analysis are Michael Eisen’s Cluster (for
clustering) and TreeView (for visualization of the
clustering results) (Eisen et al. 1998); the original
programs have been continued as open-source ver-
sions Cluster 3.0 (de Hoon et al. 2004) and Java Tree-
View (Saldanha 2004). These programs can perform
hierarchical, SOM, k-means, and PCA clustering us-
ing a number of parametric and nonparametric dis-
tance measurements. The output of the Cluster pro-
gram is numerical and the output files can be loaded
into TreeView to visualize the results in a heat map.

A second program that is recommended for clus-
tering is Genesis (Sturn et al. 2002). This is a Java-
based program that can perform a large number of
different clustering algorithms using a variety of dis-
tance or similarity measurements. Advantages of
Genesis are detailed control over the visualization
of the results and convenient options for marking
samples or genes and for selecting a specific cluster
for further analysis, e.g., to turn it into a separate
gene list or to investigate behavior of genes in this
cluster in other clustering algorithms.

FUNCTIONAL ANNOTATION OF GENE LISTS

The final step in microarray data analysis is to make
biological sense of the acquired data. When a sig-
nificant gene list has been determined using gene
expression analysis, as described in Section “Statis-
tical Analysis of Gene Expression Differences,” it
is often not easy to discover the biological meaning
behind the selected genes.

There are programs available that can annotate a
list of differentially expressed genes and determine
if certain annotations are overrepresented by com-
paring the proportion of genes with a specific anno-
tation in the list of significant genes to the propor-
tion of genes with the same annotation in the back-
ground gene list (often representing either the whole
genome or the complete list of genes present on the
array platform). One such program is the Database
for Annotation, Visualization and Integrated Dis-
covery (DAVID; Dennis et al. 2003; Huang et al.

2009), which can be used online. It uses a modified
Fisher-exact p-value to determine overrepresenta-
tion of annotations in the list of significant genes.
It can also analyze overrepresentation of gene sets.
Furthermore, it is a very useful program to easily an-
notate a list of genes with information from a large
number of different databases.

Another option is to perform a gene set enrich-
ment analysis. This differs from the previously dis-
cussed overrepresentation analysis because it does
not require that a list of significant genes be deter-
mined first; instead, it uses the complete dataset. In
a gene set enrichment analysis, instead of identi-
fying single genes that are differentially expressed
between two groups, the genes are first grouped into
gene sets that can be provided by the user (e.g., based
on biological functions, pathways, or transcription
factor-binding sites) and then the analysis deter-
mines which of these gene sets show significant con-
cordant differences between two sample groups. The
advantage is that, although multiple genes from one
pathway may not reach statistical significance on
their own, they might be significant when regarded
as a group. Examples of programs that can perform
gene set enrichment analysis are GSA (Efron and
Tibshirani 2007), which is available as a module in
SAM (Tusher et al. 2001), and GSEA (Mootha et al.
2003; Subramanian et al. 2005), which is available
as a Java-based program (Subramanian et al. 2007)
or as an R package.

A third group of functional annotation pro-
grams are the pathway analysis programs. These
programs use databases of known pathways,
such as Kyoto Encyclopedia of Genes and
Genomes (KEGG; www.genome.jp/kegg) and Bio-
carta (www.biocarta.com), and project the gene ex-
pression data onto these pathways to give a visual-
ization of the regulation of all the genes within one
pathway. A good example is GenMAPP (Doniger
et al. 2003; Salomonis et al. 2007). This program
can also be used to construct new pathways and to
perform overrepresentation analysis.

There is one drawback to annotation-based anal-
ysis programs for aquaculture research. They all
work with a certain “standard” annotation that they
use to couple gene expression data to the gene sets
and pathways. Most programs use Unigene or En-
trez human gene symbols. Some have additional
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databases for other model organisms such as mouse,
and some also contain databases to convert, for in-
stance, Affymetrix probeset IDs to their standard an-
notation. If these tools are to be used for aquaculture
research, the researcher needs to be able to convert
the ID used on the aquaculture microarray platform
to one of these standard identifiers. In most cases,
this will probably mean that the array must be an-
notated with the closest human putative orthologs.
Therefore, these tools must be used with caution,
as putative orthologs do not always share the same
function.

For researchers working on nonmodel species,
there is a program, Blast2GO, that can provide au-
tomated Gene Ontology (GO) annotation for a large
set of sequences (Conesa et al. 2005; Gotz et al.
2008). This program uses the NCBI Blast database
to annotate the sequences and then uses the Blast re-
sults to map the sequences to GO terms and KEGG
pathways. Functional analysis is provided by the
program in the form of charts, graphs, and over-
representation analysis. In addition, the annotations
provided by Blast2GO can be used for further anal-
ysis by the tools discussed.

Recommendations and Future Directions

There are some recommendations to make for future
microarray research. First of all, the research com-
munity would benefit greatly if the platforms that
are developed would be made publicly available.
This would reduce the redundancy of platforms that
are produced from the same oligo sets, such as is
currently seen with the zebrafish oligo arrays. Hav-
ing a small number of “standard,” widely applica-
ble arrays per species would also make comparison
of results between studies (metadata analysis) more
feasible. Second, although we are aware that not
all journals currently require it, all published mi-
croarray data should be entered into a database such
as NCBI's GEO. The standardization of information
that is required and provided by a database like GEO
ensures that there is unambiguous and detailed infor-
mation available about microarray experiments and
that they are compliant to the Minimum Information
About a Microarray Experiment (MIAME) standard
(Brazma et al. 2001). In the case of platform entries,
this would also benefit researchers searching for a
suitable platform for their experiments.

The development of well-annotated whole tran-
scriptome microarrays for all aquaculture finfish
species would be very beneficial for aquaculture re-
search. Currently, the finfish species with the most
complete microarray platforms is the zebrafish, be-
cause this species is well characterized both on a
genomic and transcriptomic level. (For example,
NCBI’s Taxonomy Browser shows 1,481,936 pub-
licly available Danio rerio ESTs.) To reach the same
goal for other finfish species, large EST databases
must be established. To ensure that these databases
cover the entire transcriptome, they should include
ESTs from a variety of cDNA libraries (e.g., normal-
ized tissue- and developmental stage-specific cDNA
libraries; SSH libraries enriched for transcripts of
interest, e.g., immune- and stress-responsive tran-
scripts), subjected to deep sequencing using a NGS
platform such as Roche/454’s GS FLX Titanium,
Illumina/Solexa’s GA, or Life/APG’s SOLiD 3 (re-
viewed by Metzker 2010). Combined with high-
throughput NGS-based characterization of aquacul-
ture finfish whole genomes, this should enable the
development and annotation of whole transcriptome
microarrays for species important in aquaculture re-
search.

When high-quality reference genome sequences
are available for aquaculture finfish species, high-
throughput NGS-based transcriptome analysis (i.e.,
RNA-seq) will be utilized for some global transcript
expression studies. However, DNA microarrays will
likely continue to be utilized for global gene expres-
sion studies for finfish species lacking high-quality
reference genome sequences. In addition, microar-
rays will likely continue to be utilized for com-
plex experimental designs (e.g., multiple treatments,
sampling time points, etc.), as they currently allow
global transcript expression studies to be performed
on large numbers of biological replicates at reason-
able costs using established data analysis methods
(e.g., Booman et al. 2011).

The development of functional genomics re-
sources such as targeted gene discovery tools
(e.g., SSH libraries) and gene expression mi-
croarrays, combined with complementary tech-
nologies (e.g., NGS and quantitative reverse
transcription—polymerase chain reaction (QPCR)),
are helping researchers to take a large step toward
identifying genes that are involved in traits that are
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important in aquaculture, such as resistance to dis-
ease and stress and good growth characteristics. For
example, suites of trait-relevant genes (e.g., upregu-
lated in pathogen-resistant Atlantic cod spleen com-
pared to pathogen-susceptible Atlantic cod spleen)
identified using functional genomics experiments
can be validated and further studied at the tran-
script expression level in numerous individuals and
families using high-throughput QPCR. In addition,

trait-relevant candidate genes (exons, introns, and
regulatory regions) can be subjected to NGS-based
targeted resequencing with pooled templates from
individuals in families enrolled in broodstock de-
velopment programs to identify SNPs that may be
used in MAS of finfish with superior production
traits (Fig. 1.2). Aquaculture genomics projects can
increase the likelihood of identifying useful, trait-
correlated SNPs for MAS if high-throughput SNP

Examples of
traits of interest

Examples of
experimental
approaches to
identify genes
contributing to
traits of interest

Goal of gene
expression
studies

Next steps

Outcome

Enhanced
growth rate

Compare fast-growing
and slow-growing
family/individual
transcriptomes
using genomic
technigues such as:

1. S5H library
construction and
charactenzation;
2. DNA microarray
hybridization; and
3. Next-generation
sequencing.

v

Identify a
comprehensive
set of growth-
relevant genes

v

— SNP discovery
— Map all growth-
relevant genes
- QTL studies with
high-throughput

genotyping

\

SNP markers for
selecting fast-

growing broodstock

Resistance to
heat stress

Compare heat stress-
resistant and heat
stress-susceptible

family/individual
gene expression
responses to heat
stress using genomic
techniques such as:
1. SSH library
construction and
characterization;
2. DNA microarray
hybridization; and
3. Next-generation
sequencing.

\/

Identify a
comprehensive
set of heat siress-
relevant genes

\

— SNP discovery

— Map all heat siress-
relevant genes

— QTL studies with
high-throughput
genotyping

\

SNP markers for
selecting heat stress-
resistant broodstock

Resistance to
pathogens

Compare pathogen-
resistant and pathogen-
susceptible family/
individual gene
expression responses
to pathogen or PAMP
using genomic
techniques such as:

1. S5H library
construction and
charactenzation;
2. DNA microarray
hybridization; and
3. Next-generation
sequencing.

v

Identify a
comprehensive
set of immune-
relevant genes

\

— SMP discovery
— Map all immune-
relevant genes
— QTL studies with
high-throughput

genotyping

\

SNP markers for
selecting pathogen-

resistant broodstock

Figure 1.2. Examples of experimental approaches to (1) identify genes contributing to
aquaculture-relevant traits (e.g., rapid growth, or resistance to pathogens or environmental
stressors); and (2) identify single nucleotide polymorphisms (SNPs) associated with trait-relevant
candidate genes (e.g., exonic, intronic, or in regulatory regions) that may be useful in
marker-assisted selection (MAS) of finfish with superior production traits.
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genotyping (e.g., using SNP platforms by compa-
nies such as Illumina) is employed to screen large
numbers of candidate SNPs with large numbers of
individuals.

In addition to previously mentioned applications,
functional genomics studies (e.g., using gene expres-
sion microarrays) will also be helpful in the devel-
opment of nonlethal diagnostic tests for pathogen
infection and carrier state. To help diagnosis of
pathogen infection and to increase our understand-
ing of biological processes that take place during
infection of finfish, some pathogen-specific microar-
rays have been developed (Chen et al. 2006; Nash
et al. 20006).

Most current finfish microarray platforms are used
for gene expression analysis. However, regulation
takes place on many other levels, such as at the
protein level or by epigenetic mechanisms. In the
future, other array technologies such as antibody
arrays or ChIP-on-chip arrays should be able to give
amore complete view of gene and protein regulation
associated with important traits.
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Chapter 2

Advances in Genomics and Genetics
of Penaeid Shrimp

Javier Robalino, Robert W. Chapman, Enrique de la Vega,
Nuala A. O’Leary, Danielle M. Gorbach, Zhi-Qiang Du,
Max F. Rothschild, Craig L. Browdy, Gregory W. Warr,
and Yannick Labreuche

INTRODUCTION

Penaeid shrimp constitute one of the most important
groups of species for aquaculture worldwide, rank-
ing second overall in value in 2006 (FAO 2007). Sus-
tainable development of this industry could greatly
benefit from progress in our basic knowledge of
genetics, genomics, and molecular immunology of
shrimp. Recently, the application of high-throughput
molecular tools and approaches has led to signifi-
cant developments in these fields. This chapter de-
scribes the current status of efforts to catalog the
transcriptome of shrimp through the collection, cu-
ration, database development, and analyses of ex-
pressed sequence tags (ESTs) and through analysis
of differential gene expression. Advances in the de-
velopment of other genetic resources such as genetic
maps and genomic libraries are also discussed. We
emphasize how these tools can provide, and are pro-
viding, new molecular information about biological
processes of relevance to shrimp aquaculture, such
as immune responses and reproductive physiology.
We then consider the contributions of reverse ge-
netics through RNA-mediated interference (RNA1),

which is now being used to test the involvement of
specific genes in aquaculture-relevant traits. Proof-
of-concept studies also demonstrate that RNAI is a
promising approach to the development of antiviral
therapies. Future developments in shrimp genetics
and genomics that will further contribute to advanc-
ing biotechnological applications in aquaculture are
also discussed throughout this chapter.

EST COLLECTION AS AN APPROACH TO
GENE DISCOVERY IN SHRIMP

ESTs are short DNA sequences generated by large
scale, single-pass sequencing of randomly picked
cDNA clones from libraries. They generally rep-
resent a single tissue or condition of interest at a
given time, thus providing a “snapshot” of the phys-
iological status of a cell, tissue, or an organism.
EST sequencing projects can provide an efficient
and rapid means for discovering new genes, alleles,
and polymorphisms, thereby providing data on gene
expression and regulation, and for the development
of genome maps.

Aquaculture Biotechnology, First Edition. Edited by Garth L. Fletcher and Matthew L. Rise.
© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Genomic research by EST analysis has been con-
ducted for several shrimp species, including Pe-
naeus monodon, Fenneropenaeus chinensis, Mar-
supenaeus japonicus, Litopenaeus setiferus, and
Litopenaeus vannamei (Table 2.1). Most of these
analyses have been small scale sequencing ef-
forts conducted by individual laboratories studying
mostly shrimp immunity and disease, and have con-
tributed to the identification of a significant number
of previously undescribed genes.

In contrast to small scale EST projects, when large
sequencing efforts are conducted, the rate of return
of novel genes rapidly decreases as sequencing pro-
gresses. This is caused by a small number of genes
producing large quantities of mRNA and appear-
ing as highly redundant in the EST clones being
sequenced. Therefore, for this kind of initiative, it
is recommended to use some form of normaliza-
tion or redundancy subtraction to maximize the rate
of gene discovery (Soares et al. 1994). We have
used a direct redundancy subtraction method, which
involves subtracting highly redundant genes from
arrayed cDNA libraries (de la Vega and O’Leary,
unpublished). Briefly, the process involves produc-
ing a typical cDNA library, which is then plated onto
large agar plates with antibiotic selection, and single
colonies are picked robotically into 384 well plates.
The resulting library is robotically spotted at high
density onto nitrocellulose membranes and direct re-
dundancy subtraction is achieved by sequencing 384
samples and identifying the most redundant clones.
These clones are then used to produce probes, which
are hybridized to the membranes, highly redundant
genes are thereby identified, and those clones that
did not hybridize to the probes are then ‘“cherry
picked” and rearrayed. This whole process yields
a low redundancy library, which increases the rate
of gene discovery (Fig. 2.1). This approach has been
used to sequence more than 150,000 ESTs from
hemocytes, gills, hepatopancreas, lymphoid organ,
ventral nerve cord, and eyestalk of L. vannameli,
resulting in the identification of around 15,000 uni-
genes. All of these ESTs are publicly available at the
NCBI EST database (http://www.ncbi.nlm.nih.gov/
dbEST) or at the Marine Genomics website (Www.
marinegenomics.org). This and other efforts have
contributed, as of January 2009, to a total of 179,032

ESTs for penaeid shrimp (http://www.ncbi.nlm.nih.
gov/dbEST/dbEST_summary.html).

Although the comprehensive annotation of the
now abundant EST data available for L. vannamei
is at a very early stage, it is expected to yield
a large number of novel genes involved in im-
munity, respiration, endocrinology, and digestion,
among other biological processes, providing an op-
portunity to better understand the physiology of
shrimp. In addition, large numbers of molecular
markers such as single nucleotide polymorphisms
(SNPs) or microsatellite markers are expected to be
mined out of these sequences, making them avail-
able for shrimp breeding programs interested in us-
ing marker-assisted selection. Some efforts in this
respect have already been reported (see discussion
later in this chapter) and show promise in the ability
to use this EST information for marker development.

MEDIUM- TO HIGH-THROUGHPUT
STUDIES OF DIFFERENTIAL EXPRESSION
AND GENE DISCOVERY

While ESTs can provide a “snapshot” of gene ex-
pression in a tissue of interest, it is not a cost-
effective approach to identifying differential gene
expression in multiple samples. Differential expres-
sion is often of particular interest as a first approach
to understanding gene function. The presumption
that expression of a gene is largely restricted to the
cell or tissue where it is needed, at the time when it is
needed, provides the rationale for the significant at-
tention given to this issue. In shrimp of aquaculture
significance, medium- to high-throughput methods
for assessing changes in gene expression have been
most intensively applied to studying the response to
pathogens and to stimulators of the immune system.

For species where the expected gene content
vastly exceeds the number of known genes (which
is the case in shrimp), methods of assessing changes
in gene expression that do not rely on previously
known sequence information are particularly useful.
Two widely used methods of this kind, suppression
subtractive hybridization (SSH; Diatchenko et al.
1996) and mRNA differential display (DD; Liang
and Pardee 1992), are aimed at the isolation of cDNA
fragments derived from differentially expressed
genes. Comparative analyses of ESTs, isolated
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Figure 2.1. Expected gene frequency distribution in an unmodified vs. a depleted or modified

cDNA library. Removing highly redundant gene sequences from a cDNA library results in a better
rate of return of unique sequences with the same sequencing effort.

from tissues or cells subjected to conditions of in-
terest, can also be used as a means of identifying
genes potentially regulated by such conditions (see
Table 2.1 for examples). All these methods are ex-
ploratory in nature, each subject to caveats and bi-
ases of their own, such that independent experimen-
tal confirmation of differential expression by direct
methods (such as quantitative reverse-transcription
PCR)is essential. SSH and DD are especially limited
in terms of direct discovery of new genes in under-
studied species, because they involve the isolation
of short cDNA fragments, rather than full-length
cDNAs. SSH and DD are also less amenable than
traditional EST mining to high-throughput sequenc-
ing, as the complexity of the cDNA pools obtained
by these methods is generally low.

Processes of interest to shrimp aquaculture that
have been studied using differential expression
cloning approaches include gametogenesis, abiotic
stress responses, and immune responses (Table 2.2).
Many of the sequences isolated from these studies
do not allow identification of genes with predictable
homology or function. Presumably, some of these
sequences correspond to novel genes, while oth-
ers represent poorly conserved and/or short regions
from otherwise conserved genes.

A markedly different approach to study differen-
tial gene expression at high-throughput is the use

of microarray technology. Microarrays are arrange-
ments of DNAs immobilized to solid supports in
such a way that each element in the arrangement cor-
responds to a single known DNA sequence. Probing
these arrangements with mRINA (or the correspond-
ing cDNA) obtained from animals of interest allows
a quantitative assessment of the expression of each
gene whose sequence is represented on the microar-
ray. Remarkably, thousands to millions of such DNA
elements can be simultaneously evaluated due to the
capacity of current technology to immobilize DNA
on surfaces at extremely high densities. Microarrays
with gene contents ranging from a few dozen to a
few thousand genes have been generated and used
to study the expression in L. vannamei, P. monodon,
L. stylirostris, M. japonicus, and F. chinensis. In
Table 2.3, some of these studies are summarized, in
terms of the nature of the microarrays developed,
and in terms of their most significant findings po-
tentially relevant to aquaculture.

New gene discovery and the identification of dif-
ferentially expressed genes provide only an initial
step toward better understanding the shrimp biol-
ogy and toward using such information to improve
shrimp aquaculture. For almost every shrimp gene
considered in the studies described in Tables 2.1,
2.2, and 2.3, the most critical experimental infor-
mation necessary to understand its function is still
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lacking. However, for some of the genes found to
be regulated during immune challenge, functional
follow-up studies have started to define their roles
in the defense from pathogens (see next section on
shrimp RNAI studies). These types of investigations
can begin to elucidate immune pathways, improving
our fundamental understanding of shrimp immunity.
Furthermore, such genes represent good candidates
for markers of disease resistance in breeding efforts
and for the development of tools useful to monitor
shrimp health in aquaculture settings. Thus, the dis-
covery of genes that are differentially expressed in
situations of interest, coupled with subsequent func-
tional characterization of the gene products, provide
important avenues to the development of biotechno-
logical tools for aquaculture.

RNAi-BASED APPLICATIONS IN SHRIMP
AQUACULTURE: FROM REVERSE
GENETICS TO CONTROL OF DISEASES

First described in nematodes (Fire et al. 1998)
and subsequently in most eukaryotes studied so
far, RNAi is a highly conserved nucleic acid-
based mechanism, mediating sequence-specific tar-
geted gene silencing. This machinery is initiated by
double-stranded RNA (dsRNA), which is processed
by a Dicer family member into small effector RNA
duplexes (e.g., siRNAs, miRNAs, esiRNAs, etc.).
The small RNAs are incorporated onto a multimeric
protein complex, the RNA-induced silencing com-
plex (RISC) and related complexes, which mediate
targeted degradation, translational repression, and
other silencing phenomena by means of complemen-
tary base-pairing. Because dsRNA or short interfer-
ing RNAs (siRNAs) can be supplied exogenously
to trigger specific gene silencing, RNAI has rapidly
become the most widely used gene-silencing tool in
a broad variety of eukaryotic organisms (reviewed
in Campbell and Choy 2005). In this section, we
review current RNAi-based research in shrimp and
discuss future applications of this phenomenon in
shrimp aquaculture.

RNAi Mechanisms in Shrimp

The existence of an intact RNAi machinery in
shrimp was first proposed by Robalino and collab-
orators, who demonstrated in L. vannamei that in
vivo administration of dsRNA induced a downreg-

ulation of endogenous or viral gene expression in
a sequence-specific manner (Robalino et al. 2005).
Additional evidence came from the identification
of possible RNAi pathway components in the black
tiger shrimp P. monodon: Pem-AGO (Dechklar et al.
2008); Pm-Ago, another member of the Argonaute
protein family (Unajak et al. 2006); and a Dicer nu-
clease, Pm-Dcrl (Su et al. 2008). However, more
work will be necessary to define the roles (if any)
played by each of these components in shrimp RNA.
Nevertheless, these results strongly suggest the exis-
tence of functional RNAI in shrimp and have opened
the possibility, for the first time, of using reverse
genetic approaches to understand gene function in
these organisms.

Methods to Trigger Gene Silencing by RNAi

in Shrimp

In shrimp, targeted gene silencing has been experi-
mentally induced by several methods: in vivo injec-
tion, in vitro delivery to primary cell cultures, and
feeding bacteria-carrying dsRNA in vivo.

INJECTION OF dsSRNA

Several studies have shown in different shrimp
species the ability of ectopic dsRNA to spread from
the site of injection (pereiopod, tail muscle) to dis-
tant tissues to mediate a potent depletion of cognate
mRNAs, thus facilitating reliable and reproducible
gene-silencing experiments (Table 2.4). However,
several factors that are likely to affect silencing effi-
ciency, such as target sequence selection and dSRNA
dose, are still in need of detailed study in the different
shrimp species. Altogether, injection of long dsSRNA
is to date the most widely used method for interrupt-
ing gene expression in shrimp in vivo.

Injections of siRNAs to induce knockdown of
target gene expression have also been reported in
shrimp (Table 2.4). Generated by cleavage of dsSRNA
by Dicer, siRNAs are 21~25-mer duplexes that con-
fer sequence specificity to the silencing complexes.
In mammals, siRNAs are extensively used not only
because of their great specificity and efficacy but also
because these duplexes are small enough to bypass
the induction of potent immune responses elicited by
longer dsRNAs (Elbashir et al. 2001). In shrimp, im-
portant discrepancies in obtained results have been
observed when using siRNAs in vivo (see Table 2.4).
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Results ranging from no silencing at all to highly ef-
fective silencing have been reported. The existence
of different mechanisms for uptake of siRNA, se-
lection and design methods of target sequences for
RNAI, or duration of siRNA activity in vivo have
been hypothesized to explain these inconsistencies
(Shekhar and Lu 2009). These issues warrant further
investigation.

IN VITRO DELIVERY TO PRIMARY CELL CULTURES

Few studies have demonstrated in shrimp the appli-
cation of RNAI in transfection experiments (Tira-
sophon et al. 2005; Assavalapsakul et al. 2006;
Dechklar et al. 2008). Because of the unavailability
of clonal long-term cell lines in marine invertebrates
(Rinkevich 2005), gene-specific dsRNA transfec-
tion experiments have been performed into primary
cultures of lymphoid (Oka) cells, leading to down-
regulation of endogenous or viral cognate mRNAs.
Recently, Treerattrakool et al. described successful
RNAi-mediated knockdown by dsRNA adjunction
to P. monodon eyestalk ganglia and abdominal nerve
cord explant cultures (Treerattrakool et al. 2008).
These studies expand significantly the experimental
capabilities for exploring gene function in shrimp,
allowing the study of organ-specific phenomena out-
side of the context of the whole animal.

FEEDING OR BACTERIA-MEDIATED RNAI

Establishing RNAI by bacterial feeding was first en-
visioned in Caenorhabditis elegans (Timmons and
Fire 1998) and later in planarians (Newmark et al.
2003), plants (Tenllado et al. 2003), and insects
(Walshe et al. 2009). In shrimp, progress has been
made recently in the use of nonpathogenic bacte-
ria to induce gene silencing. Sarathi and colleagues
were the first to report the production of dsRNA
using prokaryotic expression systems for RNAi pur-
poses in P. monodon (Sarathi et al. 2008a). Later,
these authors investigated in vivo whether bacteri-
ally expressed dsRNA derived from viral sequences
could specifically interfere with viral infection fol-
lowing oral administration. Two different delivery
approaches were tested: animals were fed with pel-
let feed coated either with inactivated bacteria con-
taining overexpressed dsRNA or with bacterially ex-
pressed dsRNA entrapped onto chitosan nanoparti-
cles. Both feeding methodologies were conclusive,

the best results being obtained when feed was coated
with inactivated bacteria expressing dSRNA (Sarathi
et al. 2008b).

RNAI as a Tool to Unravel Gene Function
In Vivo

As previously discussed, EST mining and differen-
tial expression cloning have been applied in shrimp
to gain insight into gene function. Ultimately, how-
ever, experimental manipulation of expression is
necessary to directly address issues of function. In
shrimp, RNAI is to date the only reliable tool for
this type of experimentation. An increasing number
of studies have resolved, in the recent past, gene
functions involved in moulting, osmoregulation, re-
production, or glucose metabolism in shrimp by us-
ing gene-specific dSRNA/siRNA technology (Table
2.4). Although gene silencing by dsRNA can com-
plicate immunology studies in shrimp due to non-
specific stimulation of antiviral responses (Robalino
et al. 2004), it is possible to perform carefully de-
signed experiments to explore at least some aspects
of their immune system (de la Vega et al. 2008;
Shockey et al. 2009; Amparyup et al. 2009). These
studies are of great relevance to biotechnology in
aquaculture, as they pave the way to start defining
the relationship between known genes and traits of
commercial importance.

RNAI as a Tool to Promote Antiviral Protection

in Shrimp

The spread of infections due to geographically
widespread viruses has led to huge economic losses
in the shrimp farming industry, threatening its eco-
nomic viability and long-term sustainability in some
regions of the world (Lightner and Redman 1998;
Lightner et al. 2006). To control the occurrence
and spread of viral diseases, new strategies for dis-
ease prevention, such as exposure to inactivated
virus or viral proteins, are currently being devel-
oped (reviewed in Johnson et al. 2008). Because the
RNAIi machinery allows gene silencing in a highly
sequence-specific manner with little or no risk of
undesired off-target effects, injections of viral gene-
specific dsSRNA/siRNA into shrimp seem to be a
more powerful and attractive tool to inhibit viral
replication and/or protect shrimp from viral infec-
tions than by other methods. Indeed, this strategy
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has proven to be effective against three unrelated
viruses (Table 2.1; see Shekhar and Lu 2009 for a
review). Furthermore, as previously discussed, feed-
ing of dsRNA has already been proven as a feasible
approach to block viral pathogenesis in vivo (Sarathi
etal. 2008b), opening the door to the development of
dsRNA-based treatments applicable at a commercial
scale.

MARKERS, GENETIC MAPS, AND LARGE
INSERT GENOMIC LIBRARIES IN SHRIMP

The development of genetic markers for breed-
ing purposes has been an area of significant in-
terest among shrimp researchers for several years.
Several types of markers, including microsatel-
lites, restriction fragment length polymorphisms
(RFLPs), amplified fragment length polymorphisms
(AFLPs), and randomly amplified polymorphic
DNAs (RAPDs), have been developed, to different
extents, in several penaeid species (for examples see
Garciaetal. 1994; Xu et al. 1999; Wilson et al. 2002;
Meehan et al. 2003). Here, we focus mostly on how
the new genomic resources previously described in
this chapter have provided new opportunities for the
identification of SNPs. Some significant efforts in
the generation of genetic maps with large numbers
of markers of diverse types will also be mentioned.
Finally, we briefly comment on the status of large
DNA libraries for shrimp, a resource that will prove
essential for the future of genomics in these species.

Single Nucleotide Polymorphisms

Panels of genetic markers have been developed for
both L. vannamei and P. monodon, consisting pri-
marily of microsatellites and AFLPs, although a lim-
ited number of SNPs have also been reported (Glenn
et al. 2005). Little genomic data is currently avail-
able for shrimp species and most of the sequence
data has originated from EST libraries, which com-
monly may contain many sequencing errors. Con-
sequently, locating new polymorphisms is a slow
and arduous task, which is best completed through
the use of computer predictions or large-scale se-
quencing techniques. Because of the limited alter-
natives, the primary method for in silico prediction
of SNPs has been comparison of ESTs displaying
sequence similarity, despite the challenges of dis-
tinguishing sequencing errors from true base differ-

ences. One pipeline used for such predictions is to
cluster the available ESTs with CAP3 (Huang and
Madan 1999) and predict SNPs using SNPidenti-
fier (Gorbach et al. 2009), which has built-in quality
control measures to compensate for the inherent er-
rors in EST sequences. Thus far, this method has
produced the most validated SNPs in shrimp (768
in L. vannamei) of any published process. When
the same method was tried using ESTs from nine
other shrimp species and validated in vivo only in
L. vannamei, the success rate of SNP prediction was
decreased significantly (from 44% to 11%; Gorbach
et al., 2010).

A smaller-scale SNP identification method that
has also been utilized is sequencing candidate genes.
For a gene that is suspected to play a role in an im-
portant phenotype, primers are designed to sequence
a region of the gene. When successful, one or more
SNPs can be identified within the sequenced region.
This process has identified at least 12 SNPs in L.
vannamei and at least 3 SNPs in P. monodon (Glenn
et al. 2005; Yu et al. 2006; Zeng et al. 2008). One
of the SNPs discovered using this process has been
placed on the P. monodon linkage map (Maneerutta-
narungroj et al. 2006). Furthermore, sequences from
various other resources can also be used to identify
SNPs, e.g., short tandem repeats and AFLPs.

With the development of next-generation se-
quencing platforms, such as the Roche Genome
Sequencer FLX™  system, Illumina Genome
Analyzer™, and Applied Biosystems SOLiD™ se-
quencing system, large-scale SNP discovery has be-
come extremely fast and efficient, for a lower cost.
Currently, none of these technologies have been ap-
plied to shrimp, but this is certainly the future for
genomics in general and therefore where shrimp
genomics should go in the ensuing years.

Genetic Maps

Linkage maps based on microsatellite and AFLP
markers have been published for both L. vannamei
(Zhang et al. 2007) and P. monodon (Maneerutta-
narungroj et al. 2006). A more complete linkage map
for P. monodon has been constructed from AFLP
markers (Staelens et al. 2008). This map identi-
fied some 44 male and 43 female linkage groups
and, given the number of shrimp chromosomes (44;
Chow et al. 1990), is likely to include the majority



P1: SFK/UKS
BLBS089-c02

P2: SFK
BLBS089-Fletcher October 3, 2011 10:7 Trim: 246mm X 189mm Printer Name: Yet to Come
36 Aquaculture Biotechnology

of chromosomal linkage groups in this species. A
new linkage map for L. vannamei is currently un-
der construction (Du et al., unpublished), which
incorporates a large number of SNP markers, and
may be further extended with the output from next-
generation sequencing technology.

Large Insert Size Genomic Libraries

Since the development of cloning methods for large
DNA segments (O’Connor et al. 1989), bacterial ar-
tificial chromosomes (BACs) have become the pre-
ferred means for construction of libraries contain-
ing most, if not all, of the genome. Usually BACs
contain inserts of size 150-350 kbp, but can be as
large as 750 kbp. There are several reasons for con-
structing such large insert libraries, which include
reduced overlap of individual clones, reduction in
the number of clones that must be maintained for
complete genome coverage, efficiencies in DNA se-
quencing and genome mapping, and source mate-
rial for the creation of transgenic organisms. Un-
fortunately, generating a stable large insert BAC li-
brary for shrimp has proven to be difficult. Several
mid-sized (50 kbp) fosmid libraries have, however,
been generated and at least one of these is pub-
licly available (http://www.genome.clemson.edu/).
While these tools are available, they have not been
exploited and, thus, great opportunities are available
to the community in this area.

ANALYTICAL CHALLENGES IN
GENOMICS AND GENETICS OF SHRIMP

A well-described characteristic of genomics stud-
ies is the generation of massively paralleled data
sets, which will pose unprecedented analytical chal-
lenges. The well-known problems are how to man-
age large quantities of data and mine these data
for significant biologically meaningful signals (Warr
et al. 2007). These are issues for all genomics stud-
ies regardless of the species or the research area of
interest, and the topic is frequently reviewed in the
literature. Rather than rehash the issue, we chose
to discuss a different topic that may be able to ad-
dress some problems specific to shrimp aquaculture
and potentially revise the way selective breeding in
cultured species is prosecuted.

It is well known that phenotypic selection for
quantitative traits in shrimp is hampered by the

low observed heritabilities of certain desired traits
(Perez-Rostro and Ibarra 2003) as opposed to typi-
cal values in agriculture species. This observation is
consistent with what one might expect in a species,
e.g., shrimp, which do not have a long history of do-
mestication and inbreeding. For a trait like growth,
which is likely influenced by a large number of genes
and the environment, the absence of a long history
of domestication reduces the probability that many
loci will have gone to fixation by chance alone. This
in turn makes it more difficult to detect the influence
of individual genes that remain polymorphic in the
population.

The high dimensionality of massive genomics
data imposes a heavy burden on the analytical
methods. How does one identify the important ge-
netic markers when thousands to millions of ge-
netic markers are available and only a small num-
ber of them are necessary for maximal informa-
tion content? This is identical to the dimension-
ality reduction problem encountered in microarray
analysis. Traditional linear algebra approaches (e.g.,
ANOVA) can only be useful for a limited number
of markers and cannot predict the phenotype when
there are nonlinear effects among alleles at a sin-
gle locus or multigene interactions, which is almost
certainly the case for most quantitative traits (cf.
Brockmann et al. 2000; Liu et al. 2007; Han et al.
2008; Ankra-Badu et al. 2009 for examples).

Different statistical and computational methods
have been proposed to address the issue of dimen-
sion reduction, for instance, Bayesian information
criteria and penalized likelihood (cf. Manichaikul
et al. 2008), with the general conclusion that the
penalized LOD score approach provides an accu-
rate selection of QTLs and their interactions, at least
in low-dimensional space. Though promising, the
approach taken by Manichaikul et al. (2008) is a
rather brute force method that does not explore the
global state space and could be more easily accom-
plished with artificial intelligence (Al) tools such as
genetic algorithms and genetic programming opti-
mization of neural networks (GPNN; Ritchie et al.
2003; Motsinger et al. 2006). Artificial neural net-
works (ANNs) and support vector machines (SVMs)
have also been used for microarray and genotyping
data (we note that SVMs using sigmoidal kernels
are equivalent to a single layer ANN). The general
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conclusion from studies employing the Al tools
is that ANNs can detect the influence of multiple
genetic and environmental factors on phenotypic
traits but can be computationally expensive as a
dimensionality reduction tool. In our own work,
SVMs using polynomial kernels have been more
efficient in dimensionality reduction than ANNs,
but ANNs generally provide superior classifications
and models of system dynamics (Chapman, unpub-
lished). Furthermore, advances in analytical meth-
ods in other species that are already using genomic
selection are likely to be applicable for improving
breeding systems in aquaculture species.

CONCLUDING REMARKS

The last decade of research and development in
shrimp genomics and genetics has seen significant
advancements. An abundance of sequence infor-
mation from expressed genes is available in pub-
lic databases, providing a first glimpse at the gene
content of several penaeid species. Researchers and
aquaculture geneticists are only now beginning to
exploit these resources, especially for the identi-
fication of genetic markers, candidate disease re-
sistance genes, and genes linked to reproduction
and other aquaculture-relevant processes. A grow-
ing number of initiatives are mining the available
sequence data to implement markers and generate
increasingly more extensive linkage maps. The num-
ber of shrimp genes for which at least some sequence
information is now known is in the thousands, rather
than the dozens, as was the case just a few years
ago. The tools are also in place to refine the selec-
tion of candidate aquaculture-relevant genes through
the characterization of two key aspects of the func-
tion of a gene: its expression and its loss-of-function
phenotype. We can now measure the expression of
thousands of these genes simultaneously, thanks to
progress in transcriptomic methodologies, although
much effort is still necessary within the community
to meet the analytical challenges involved. Remark-
ably, it is now possible to block the expression of a
gene in a targeted manner in vivo (using RNAI), a
task that just a few years ago seemed only feasible
in a few well-established animal models. A signif-
icant step forward in the control of viral diseases,
one of the most important constraints to shrimp
aquaculture, seems just around the corner. It is now

possible to afford almost complete protection from
highly pathogenic viruses by delivering dsRNA
molecules that are produced by relatively simple
methods.

So, what is the future of shrimp genetics and
genomics as it relates to aquaculture? We propose
that future success in this area is closely linked to
the ability of the community to work cooperatively,
sharing information and resources in benefit of the
overall advancement of the science. The relative lack
of unified efforts and multilab resources such as EST
databases, microarray platforms, and library repos-
itories, are indicators of the need to strengthen the
ties among shrimp researchers. The challenges im-
posed by the sheer magnitude of genomic projects
will likely be met only by a unified community,
with a demonstrated capacity to gain the most out
of shared resources. Such an evolution of attitudes
will likely make it feasible to support a full-genome
sequencing project for a penaeid shrimp in the near
future.
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Chapter 3

Genetic and Genomic Approaches to
Atlantic Halibut Broodstock
Management

Michael Reith, Darrin Reid, Debbie Martin-Robichaud, and
Tillmann Benfey

INTRODUCTION

In the early 1980s, Atlantic halibut was identified
as a promising marine fish species to aid in the
diversification of finfish aquaculture in temperate
waters. Researchers in Norway, Scotland, Canada,
and Iceland made significant progress to overcome
difficulties related to early life history traits that con-
founded the development of culture protocols. Sig-
nificant progress was made on improving spawning
protocols and egg quality, increasing survival during
the extensive yolk sac stage, improving larval and
juvenile rearing protocols and nutrition, and deter-
mining factors that affect successful metamorphosis.
By the mid-1990s, the feasibility of halibut aquacul-
ture was well established (Olsen et al. 1999; Brown
2002).

Atthis point, researchers began considering issues
related to increasing the efficiency of production to
ensure the economic viability of the halibut aquacul-
ture industry. A domesticated broodstock selected
for production in a hatchery setting would certainly
enhance production. Initially, all halibut hatcheries

used wild-caught broodstock as the basis for their
production. However, the establishment of brood-
stock was constrained by the need for extensive fa-
cilities to accommodate sizeable holding tanks due
to the large size (>2 m, >200 kg) of the fish, in
addition to the logistics of catching and transporting
live, wild broodstock. For these reasons, production
of cultured Atlantic halibut was usually founded on
a relatively small number of wild broodstock. For
example, the breeding stock for the initial produc-
tion of juveniles in Atlantic Canada was based on
13 males and 14 females (Jackson et al. 2003).

In recognition of the need for a selected, do-
mesticated broodstock, F1s from production crosses
were maintained and reared to maturity. However,
these fish were genetic and phenotypic unknowns
due to constraints imposed by biology and hatchery
management. Atlantic halibut are iteroparous batch
spawners, ovulating eggs about every 4 days (Nor-
berg et al. 1991). Ovulatory cycles are carefully
monitored and eggs, which are stripped manually,
are usually fertilized with milt from multiple males
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to ensure fertilization success and increased genetic
mixing. Initially, egg quality was highly variable,
and crosses were based on gamete quality and avail-
ability; no other selection criteria were applied. To
meet production and volume efficiencies, hatchery
protocols required that yolk sac larvae from multiple
egg batches be reared communally. For these rea-
sons, pedigree tracking was essentially impossible,
resulting in potential F1 broodstock with unknown
parentage.

A further issue for broodstock selection is the long
time to maturity for halibut, which takes 5-7 years,
although several more years are required (about 10
years in total) until consistent spawning of high-
quality gametes is achieved. This process thus re-
quires significant financial and space resources for
holding and maintaining substantial numbers of fu-
ture broodstock.

A second opportunity for increasing halibut aqua-
culture production stems from the fact that At-
lantic halibut females grow faster and mature at
a larger size than males (Jdkupsstovu and Haug
1988; Bjornsson 1995). Currently, monosex stocks
of many teleost species are commercially reared
(Devlin and Nagahama 2002), but species-specific
protocols employing various genetic, endocrine, or
environmental manipulations must be developed to
establish monosex lines.

To begin to implement these methods for im-
provement of halibut production, the development
of substantial genetic resources for halibut would
be required. Beginning in the late 1990s, a series of
projects were implemented for improvement of hal-
ibut broodstock in Atlantic Canada (Fig. 3.1). In ad-
dition to those that will be described in this chapter,

important resources for investigating halibut biology
and gene expression such as EST sequences (Dou-
glas et al. 2007) and a microarray (Douglas et al.
2008) have been developed. Altogether, these tools
provide many of the resources needed for the en-
hancement of halibut production and the long-term
growth of the industry.

PRODUCTION OF ALL-FEMALE STOCKS
OF ATLANTIC HALIBUT

Like many flatfish species, halibut show sexually di-
morphic size variation with females growing faster
and attaining a larger size than males (Jdkupsstovu
and Haug 1988; Bjornsson 1995). Recent commer-
cial rearing of Atlantic halibut juveniles in sea cages
in Eastern Canada has shown that the growth trajec-
tory of male and female juvenile halibut diverges at
about 600-800 g, with females becoming 20% larger
than males (Imsland and Jonassen 2005; Power
2009). An obvious method for increasing production
and economic return for halibut aquaculture would
be to raise all-female stocks.

There are several options for generating all-
female fish strains, due to the potential to manipulate
fish gonad development with external factors. Tem-
perature treatments applied during gonadal develop-
ment have been shown to affect male/female ratios
in a variety of fish (see Baroiller and D’Cotta 2001;
Godwin et al. 2003 for review). However, this has
not been found to be an effective approach for halibut
(van Nes and Andersen 2006; Hughes et al. 2008).
Alternatively, production of all-female populations
can be achieved by direct or indirect feminiza-
tion through steroid hormone treatments (Piferrer
2001). Direct feminization entails the application of
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Timeline of the development of genetic/genomic tools and production

improvements in Atlantic halibut in Atlantic Canada.
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estrogen to sexually undifferentiated larvae to direct
gonadal development into ovaries. However, direct
sex reversal is generally avoided as a means of pro-
ducing fish intended for market due to the exposure
of fish to steroid hormones.

Indirect feminization is the preferred approach al-
though it requires multiple generations. This method
relies on the use of androgens to masculinize geno-
typic females so that they develop as phenotypic
males (“neomales”) and then crossing them with
normal females to produce all-female stocks. This
approach is possible when the mechanism of sex
determination is female homogametic (analogous to
the mammalian XX-female, X'Y-male system). This
approach is well documented for salmonid fishes
and used extensively to produce all-female pop-
ulations of rainbow trout (Devlin and Nagahama
2002).

Sex Determination and Gynogenesis

The first step in using indirect feminization for the
production of single-sex fish populations is to under-
stand the genetic basis of sex determination. Simple
systems of female homogamety or heterogamety
(analogous to the avian WZ-female/ZZ-male sys-
tem), which would be amenable to indirect feminiza-
tion, have been demonstrated in some fish species,
while complex systems occur in others (Devlin and
Nagahama 2002; Nagahama 2005; Penman and Pi-
ferrer 2008). A straightforward approach to estab-
lishing whether fish have either of the simple sex-
determining systems is to determine the sex ratio
of gynogenetic populations (see Benfey 2009 for
review).

Gynogenesis refers to development in the absence
of the paternal genome. Gynogenetic fish (“gyno-
gens”) are produced by activating embryonic devel-
opment in eggs using sperm containing DNA that
cannot be replicated because it has been treated with
radiation or chemicals, or because it comes from a
different species. Ultraviolet radiation is commonly
used for this purpose, requiring a dose sufficiently
high to cause DNA cross-linking, but sufficiently
low so as not to diminish sperm motility. Atlantic
halibut gynogens can be produced from eggs ac-
tivated by sperm diluted 1:80 in halibut seminal
plasma and then exposed to 65 mJ/cm? of UV-
radiation (Tvedt et al. 2006). With no further treat-

ment, such gynogens are haploid. Diploidy is re-
stored by exposing eggs activated with UV-treated
sperm to thermal or hydrostatic pressure treatments
soon after activation to block either the completion
of meiosis (to retain the haploid second polar body)
or the first mitotic cleavage. Hydrostatic pressure
treatment of 58,600 kPa for 5 minutes, beginning
15 minutes postactivation at 5-6°C, has been used
to produce gynogenetic diploid populations of At-
lantic halibut (Tvedt et al. 2006). Genotyping (see
below) confirmed the presence of only maternal al-
leles in the gynogens. The fact that these fish all de-
veloped as females confirmed female homogamety
as the sex determining mechanism for halibut (Tvedt
et al. 2006) and indicated the potential for indirect
feminization in this species.

Gonadal Differentiation and Endocrine
Sex Reversal

To carry out indirect feminization, conditions for
the masculinization of females by exogenous ap-
plication of sex steroids must be developed. Es-
trogens and androgens are the natural sex induc-
ers in fish, directing gonadal differentiation toward
ovaries or testes, respectively (Devlin and Naga-
hama 2002). The natural estrogen, 17p-estradiol
(E2), and synthetic androgens, such as 17a-
methyltestosterone (MT) and the nonaromatizable
17a-methyldihydrotestosterone (MDHT), are most
commonly used for sex control in teleosts, although
aromatase inhibitors, such as fadrozole, can also be
used to masculinize fish as they block the conver-
sion of testosterone to E2 by aromatase (Piferrer
et al. 1994).

Critical to achieving sex reversal by the applica-
tion of exogenous hormones is to introduce them
during the species-specific labile period when un-
differentiated gonads are most susceptible to en-
docrine influence. In halibut, gonadal sex differen-
tiation occurs by 38.0 mm fork length, which coin-
cides with postmetamorphic settling (Hendry et al.
2002). Feeding pelleted food containing 1 or 5 ppm
MDHT to Atlantic halibut juveniles for 45 days be-
ginning when they were 30.0 mm fork length re-
sulted in populations that were 97-100% males, and
feeding food treated with 10 ppm E, for the same
duration resulted in 70-74% females (Hendry et al.
2003).
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Since androgen treatment is applied to fish pop-
ulations with both sexes, the resulting phenotypic
males are a mixture of genetic males and females. To
confirm the genetic sex of these phenotypic males,
each one must be crossed with a normal female and
the sex of the offspring determined. If the sire is
a sex-reversed genotypic female (“neomale”) then
in species with female homogamety (XX), like At-
lantic halibut, all offspring will be female. The phe-
notypic males produced by Hendry et al. (2003) were
reared to maturity and all of those tested produced
milt normally. Several of these fish were found to
be neomales and one commercial Atlantic halibut
hatchery has been using them to produce all-female
stocks. Efforts to produce additional neomales are
ongoing. The performance of the all-female stocks
relative to normal stocks is in the process of be-
ing assessed. If, as expected, these stocks produce
larger, faster growing fish, they will provide signif-
icant economic benefits to the halibut aquaculture
industry.

PEDIGREE ANALYSIS

The current husbandry practices of most halibut
hatcheries result in significant losses of information
regarding the genetics and performance of their fish.
During a halibut production run, several batches of
fertilized eggs from multiple parents are combined
and then further combined at the yolk-sac stage.
No facility we are aware of consistently maintains
single-family tanks in halibut aquaculture. While
fertilization rates may be determined for individ-
ual crosses, other performance measures, such as
size or survival, are usually determined only for an
entire cohort or tank. A second factor affecting hal-
ibut production is the relatively small number of
broodstock used, due to the high costs of main-
taining these large fish. This increases the risk of
inbreeding and the potential for loss of genetic di-
versity in subsequent generations. These constraints
make the selection of better performing fish consid-
erably more difficult as well as increasing the poten-
tial for genetic bottlenecks in future generations of
broodstock.

A genetic pedigree that can unambiguously assign
individuals to a single cross is a simple, yet power-
ful, tool to compensate for the constraints of halibut
production. A pedigree allows hatcheries to

1. determine number and sizes of sib groups in a
given F1 cohort,

2. determine success rate of crosses made,

3. determine survival rate of fertilized eggs from a
given parent,

4. identify crosses/parents producing the largest or
smallest fish,

5. assess genetic variation in the broodstock,

6. identify potential relatedness of founding brood-
stock,

7. begin a focused selective breeding program,

eliminate uncontrolled inbreeding, and

9. identify errors in spawning records.

*®

Genetic markers suitable for pedigree analysis
include microsatellites, restriction fragment length
polymorphisms (RFLP), amplified fragment length
polymorphisms (AFLP), and single nucleotide poly-
morphisms (SNP). In aquaculture, microsatellites,
which are short tandem nucleotide repeats that are
codominantly expressed and highly polymorphic
(Liu 1998), are the most commonly used genetic
marker (Chistiakov et al. 2006). In Atlantic hal-
ibut, over 150 microsatellites have been developed
(McGowan and Reith 1999; Coughlan et al. 2000;
Reid et al. 2005; Reid et al. 2007) and microsatel-
lites from several other flatfish species have been
found to amplify well in halibut (McGowan and Re-
ith 1999; Reid et al. 2007). Small numbers (5-7) of
microsatellite markers have been shown to be suffi-
cient to assign parentage to more than 90% of halibut
progeny (Jackson et al. 2003; Frank-Lawale 2006).

The initial concern of most halibut pedigree stud-
ies is the effect on genetic variability (allele number,
allelic diversity, observed, and expected heterozy-
gosity) in going from wild broodstock to F1s (Jack-
son et al. 2003; Cross et al. 2005; Frank-Lawale
2006). Frank-Lawale (2006) identified a decrease
in effective allele number, allelic diversity, and ob-
served and expected heterozygosity in Fls. Cross
et al. (2005) also noted a dramatic drop in al-
lele number in halibut F1s. Jackson et al. (2003)
identified decreases in allele number, heterozygos-
ity, and effective population size (from 27 in the
parental group to 13 in the Fls). Effective popula-
tion size is essentially a measure of inbreeding in a
small population that may have unequal sex ratios,
nonrandom family sizes and/or nonrandom mating
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(Falconer and MacKay 1996), all of which are true
in an aquaculture setting. These decreases in ge-
netic variability are to be expected in the process of
domestication, but need to be monitored to ensure
that genetic bottlenecks are not introduced, which
ultimately constrain production.

Results from pedigree analyses provide several
interesting observations regarding cross representa-
tion and family structure in halibut aquaculture pro-
duction. The summary of halibut pedigree analyses
shown in Table 3.1 includes both small (<150) and
large (>250) groups of progeny selected as poten-
tial broodstock between 1995 and 2006. One notable
observation is that most of the crosses attempted in
a spawning season are not present in the selected
progeny. In Table 3.1, the percentage of crosses
present range from 11% (Nova Scotia 2005-2) to
35% (New Brunswick 1996-1), except for two year
classes (Maine 2006-2, 2006-3) with 50% represen-
tation, although these cohorts contained only small
2 x 2 crosses.

Linked to this observation is the finding that cer-
tain crosses are heavily overrepresented in the se-
lected progeny. In two instances, full-sib families
make up the majority of progeny (Maine 2006-1,
2006-2), but more typically they represent 20-50%
of the selected fish. Contributions by individual par-
ents tend to be even greater, with a single dam or
sire producing more than 50% of the selected off-
spring. Interestingly, these numbers seem to be fairly
consistent even for large sample sizes (>500) and
throughout the time period investigated. Clearly, cer-
tain families thrive much better than others, although
it is not yet apparent whether their advantage is due
to genetic or environmental factors (e.g., egg quality,
feed quality, etc.).

Pedigree analysis also identifies errors in the
spawning records. The majority of the pedigrees in
Table 3.1 identified parents that had not been noted in
the records. In some cases, these included parents for
which a DNA sample was not available, so that the
parental genotype had to be reconstructed (Frank-
Lawale 2006; Reid, unpublished). There are obvi-
ously difficulties in maintaining accurate spawning
records at hatcheries, perhaps due to inexact meth-
ods of marking broodstock.

Given the consistent overrepresentation of some
crosses and the absence of the majority of crosses

in a spawning season cohort, a pedigree analysis of
future halibut broodstock is essential. With a single
parent usually contributing to more than 50% of the
progeny in a year class, the likelihood of randomly
choosing two half-sib F1s to cross is high and that
of choosing two full-sibs is substantial. A pedigree
analysis will allow hatchery managers to confirm
spawning records and to avoid future inbreeding.

HALIBUT GENETIC LINKAGE MAP

A genetic linkage map is a relatively quick and in-
expensive way to develop a basic road map of an
organism’s genome. Linkage mapping relies on the
observations that the amount of meiotic recombina-
tion between linked genetic markers approximates
the physical distance between those markers. How-
ever, the frequency of recombination can vary within
the genome, particularly at recombination hotspots,
where the increased frequency of double-stranded
DNA breaks leads to excess recombination. As well,
sex-specific differences in recombination have been
observed in a variety of animals (Hedrick 2007).
Differences in recombination between the sexes are
thought to arise from differences in synaptonemal
complex formation in oocytes and spermatocytes
(Kondo et al. 2001; Lynn et al. 2005). Genetic link-
age maps thus serve as only an approximation of the
genome.

The main utility of genetic maps arises from the
fact that both phenotypic (i.e., physical traits or char-
acteristics) and genetic (i.e., microsatellite, RFLP,
AFLP, etc.) markers can be placed on a genetic map.
This allows the identification of genetic markers that
are linked to the phenotype and that may serve as a
surrogate means of detecting the phenotype of inter-
est or that serve as reference points for genome walk-
ing to identify the gene responsible for that pheno-
type. Genetic maps are also useful for the construc-
tion of a physical map based on large-insert clones
such as bacterial or yeast artificial chromosomes.
In addition, a well-defined genetic map is essential
for robust quantitative trait locus (QTL) mapping to
define markers associated with polygenic traits of
economic interest (see below). A recent summary of
the current status of fish linkage maps is available in
Table 10.2 of Danzmann and Gharbi (2007).

A genetic linkage map for Atlantic halibut was
constructed using 92 offspring from each of two
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half-sib families (Reid et al. 2007). The genetic
markers for mapping consisted of 476 microsatel-
lite markers from halibut and related flatfish as well
as 64 AFLP primer combinations. The resulting hal-
ibut linkage map contains 258 microsatellite and 346
AFLP markers. These genetic markers clustered into
24 linkage groups, consistent with the 24 chromo-
somes in the halibut karyotype (Brown et al. 1997).
Separate maps were generated for the male and fe-
male parents, with the total map distances equal to
1459.6 cM and 1562.2 cM, respectively. The average
spacing between markers was 3.5 cM and 4.3 cM in
the male and female maps, respectively. The only
significant difference in map arrangement between
the male and female maps was a discontinuity in the
male map in linkage group AH-13, which splits it
into two smaller regions that are still colinear with
the female map. This discontinuity in the male map
appears to represent a recombination hotspot.

Gynogenetic diploids (n = 46) from an unrelated
female halibut were used to estimate the location
of the centromere on 19 of the 24 linkage groups
(Reid et al. 2007). Nearly all linkage groups ap-
peared to have acrocentric or telocentric centromere
locations except for AH-20, where the centromere
appears to map 20-30 ¢cM from one end of the link-
age group. These results are also consistent with the
chromosome organizations visualized in the kary-
otype (Brown et al. 1997).

In addition to providing an outline of the genome,
the halibut linkage map reveals significant differ-
ences in recombination between the sexes. Overall,
recombination in the female parent is approximately
twice that of the male parents. However, this over-
all difference in recombination rate varies consid-
erably within linkage groups. Using the predicted
centromere positions, linkage groups were split into
centromeric and telomeric halves and the recombi-
nation rates in the two halves were compared be-
tween the sexes in each of the mapping families. In
the centromeric half, the recombination rate in the
female was 17.5 and 11 times that of each male,
while the males had 3.1 and 2.6 times the recombi-
nation of the female in the telomeric half. Thus, in
the female parents, recombination was much more
frequent near the centromeres, while in the male
parents, recombination tended to occur more often
nearer the telomeres. These differences can be use-

ful for determining marker order in the sex where
the recombination frequency is high in the region of
interest.

QUANTITATIVE TRAIT LOCI

Most of the physiological traits that are important
to the aquaculture industry, such as growth or dis-
ease resistance, are quantitative in nature, meaning
that they have a continuous distribution of pheno-
typic values. These quantitative traits are controlled
by many genes, each with only a limited effect on
the trait. The regions within the genome where these
genes are located are referred to as QTL. QTL map-
ping (Tanksley 1993) is the process of identifying
these genomic regions through statistical analysis. It
provides information on both the location and num-
ber of contributing genes (MacKay 2001). QTL for
economically important traits such as growth, tem-
perature tolerance, disease resistance, and spawn-
ing time have been identified in many aquaculture
species (see Table 11.1 in Korol et al. 2007).

Considerations for Halibut QTL Analysis

Halibut provide great opportunities and challenges
for the experimental design of QTL studies. Because
of their high fecundity and fully controlled breeding,
any necessary crosses can be made during a spawn-
ing cycle and very large sib groups can be formed.
Experimental size is only limited by the costs as-
sociated with tagging, genotyping, and phenotyping
individuals. The current genetic map provides an
average spacing between microsatellites (the pre-
ferred marker for QTL studies) of 7-8 cM, which
should provide sufficient power for QTL resolution
even though outbred populations will be used (Kol-
behdari et al. 2005; Massault et al. 2008).
However, the long generation time of halibut
(about 10 years to reach consistent reproduction)
limits the type of crosses that can be made and ex-
tends the duration of many experiments. The long
generation time means that simple genetic tools such
as a backcross are currently unavailable and thus hal-
ibut QTL mapping experiments will have to use out-
bred populations. Outbred populations are limiting
in that not all markers will be heterozygous, QTL al-
leles are incompletely known, families may or may
not be segregating for the same QTL, and the rela-
tionship between linkage phase and the QTL alleles
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is unknown (Falconer and MacKay 1996). Other
factors affecting the power of QTL analysis are that
the success of individual crosses is highly variable
and that hatchery space constraints require that ex-
perimental populations be mixed in with production
runs. While these factors constrain the sensitivity of
QTL mapping experiments, attention to experimen-
tal design and appropriate statistical analyses (e.g.,
Massault et al. 2008) will allow sufficient power for
QTL detection.

Status of QTL Mapping in Halibut

A preliminary QTL study has been conducted in At-
lantic halibut based on trait data collected from the
genetic mapping families at 61 days after first feed-
ing (Reid et al. 2007). Significant QTL were iden-
tified for body size, pigmentation, metamorphosis,
and eye migration (Reid et al., in prep). As well, ex-
perimental crosses have been established for a hal-
ibut growth QTL study, the results of which will
be included in a broodstock selection program. Of
course, QTL identification is only part of a complete
selection program.

BROODSTOCK SELECTION

As halibut aquaculture production methods become
more routine, the next step is to focus on the se-
lection of future broodstock that outperform their
wild parents. Generally, undomesticated wild fish do
not convert food efficiently, do not grow at optimal
rates in aquaculture settings, and hence live under
constant stress conditions. As hatcheries begin to
introduce domesticated F1s into their breeding pop-
ulations, identifying the best performers and using
them to replace aging, wild broodstock are essential
to the continued growth of the industry.

Many aquaculture species, including halibut, are
amenable to selection due to their high levels
of genetic variation and high fecundity (Gjedrem
2005). Several selection methods, such as mass se-
lection and among-family selection (Hershberger
et al. 1990; Basiao and Doyle 1999; Rezk et al.
2003), have been successfully applied in aqua-
culture. Recently, more elaborate selection meth-
ods have been proposed, including walk-back, in-
dex, and marker-assisted selection (MAS) methods
(Lande and Thompson 1990; Chevassus et al. 2004;
Sonesson 2005, 2007).

The Impact of Generation Time

Unlike many aquaculture species, which have gen-
eration times of about 3 years, a female Atlantic
halibut is not ready for high-quality spawning for
about 10 years. Thus, a relatively simple family se-
lection scheme, whereby the top 10% of perform-
ers from each family are selected, raised to sexual
maturity, and crossed with another high performing
family, would take about 20 years for this species.
Associated with this long time frame are the space
and rearing costs of maintaining reasonable numbers
of potential broodstock. Using standard selection
approaches for halibut, broodstock enhancement is
clearly a costly and risky proposition for this young
industry.

Marker-Assisted Selection

With the construction of a genetic map and the ongo-
ing QTL studies, genetic markers can be introduced
into the selection regime for halibut. MAS is the se-
lection method whereby the breeding value of a par-
ent is estimated by including genotypic information
from QTL markers for the trait of interest. A major
advantage of MAS is that selection is based on geno-
type and thus selection can be done on juveniles,
which avoids the costs of raising nonselected fish
to the production stage. MAS is particularly useful
for improving selection efficiency when heritability
is low (<0.5) (Lynch and Walsh 1997; Dekkers and
Hospital 2002). An additional advantage to MAS
is the ability to select for traits that require poten-
tially lethal measurements (i.e., disease resistance,
flesh quality, fillet yield), since trait values are not
determined on the selection candidates. In pheno-
typic selection, siblings of the best performers are
selected, while MAS allows the selection of sib-
lings with similar genotypes, which increases the
selection efficiency. Approaches that consider both
phenotypic and genotypic information in a selec-
tion index (Lande and Thompson 1990) are likely to
provide further increases in selection efficiency.
Selection efforts in Atlantic halibut in Canada
are well underway. Since 1999, 100-1500 fish from
each year class have been tagged, their pedigree de-
termined, and phenotypic and family performance
data collected. This information will be developed
into a selection index that will include growth QTL
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data from the current experiment. The pedigree and
phenotypic data collected since 1999 will be used
to confirm and identify high growth QTL in these
broodstock. The approach of collecting the pheno-
typic data prior to QTL identification is essential to
compensate for the long generation time of halibut.
This allows the selection index with QTL data to
be applied almost immediately since the 1999 year
class fish will soon be incorporated into the produc-
tion broodstock.

FUTURE DIRECTIONS

Halibut aquaculture presents challenges that are
unique among aquaculture species. The develop-
ment of all-female halibut lines will have an im-
mediate impact on production and the economic vi-
ability of the industry. Genetic and genomics tools
have already substantially improved our understand-
ing of the reproductive success and family structure
of halibut production runs and will be key aspects
of future broodstock selection programs. The iden-
tification of QTL and their incorporation into the
selection index will further increase the ability to
select high-performing broodstock. The investment
in genetic and genomic research on halibut has made
a significant contribution to the progress in this in-
dustry over the last ten years.
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Chapter 4

Prospects and Pitfalls of Clonal
Fishes in the Postgenomic Era

Barrie D. Robison and Gary H. Thorgaard

BACKGROUND

Clonal fishes are populations of genetically identi-
cal individuals that can be produced through natural
phenomena, such as parthenogenetic reproduction
(Vrijenhoek 1994), or through experimental manip-
ulation. They are often highly inbred, sometimes to
the point of complete homozygosity. However, het-
erozygous clonal lines can occur naturally and can
also be produced through line crossing. The genetic
uniformity of clonal fishes almost always refers to
the nuclear genome.

There are numerous examples of clonal fishes
(Komen and Thorgaard 2007). Species in which
clonal lines have been produced include the rainbow
trout, loaches, carp, tilapia, and zebrafish. The bio-
logical questions that drive the production of clonal
lines in these species are diverse and include the
analysis of quantitative genetics, cytogenetics, re-
productive biology, physiology, and behavioral ge-
netics. The utility and history of clonal fishes has
been discussed in a recent review by Komen and
Thorgaard (2007). In addition, the utility of salmonid
clonal lines has been recently reviewed by Nichols
(2009). In this chapter, we discuss the prospects
for utilizing clonal lines to address fundamental
research in aquaculture, considering both the ad-

vantages and drawbacks of this fascinating genetic
system.

Clonal Fishes: Harnessing the Power of
Inbred Lines

Clonal fishes are highly analogous to inbred lines
that have been widely utilized in other groups of
animals and plants (Zhou and Lamont 1999; Beck
et al. 2000; Liu et al. 2003) to greatly facilitate ge-
nomics research. Inbred lines are classically pro-
duced by many generations of mating of relatives
(e.g., brother x sister mating). The most salient fea-
tures of the inbred line approach are the homozy-
gosity and uniformity of the animals. This homozy-
gosity simplifies genetic analyses by eliminating the
effects of dominance and the complexity of multi-
ple alleles at the loci under investigation. The ho-
mozygosity of inbred lines also creates significant
advantages in longer-term research projects. In par-
ticular, homozygous inbred lines do not evolve over
time, other than through the accumulation of muta-
tion. This lack of genetic variation results in a re-
peatable experimental system, producing a genetic
background that can be held constant and uniform
over time and between laboratories. The availabil-
ity of a constant and uniform genetic background
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ultimately facilitates the synthesis of numerous ex-
periments into a general mechanistic theory of the
biological system under investigation.

The history of the field of genetics is replete with
examples of inbred lines that have been used to an-
swer fundamental questions in genetics, medicine,
physiology, and evolutionary biology. The inbred
line approach has been used to make amazing sci-
entific advances in a variety of organisms. In mice,
a large number of inbred lines are housed in the
Jackson Laboratory (Bar Harbor, ME; Lyon and
Searle 1989). These lines have well-described phe-
notypes, and genetic analyses have resulted in ex-
citing discoveries in numerous fields, including be-
havior (Crawley et al. 1997), physiology, and devel-
opment (Hoit et al. 2002). Inbred lines have also
been created for some agricultural species, such
as the chicken and corn. In plants, Arabidopsis re-
searchers have gone so far as to create recombinant
inbred lines (RILs) from crosses of inbred parental
lines (Lister and Dean 1993). These RILs have been
extensively characterized for numerous important
phenotypes, and detailed genotypic data are also
available (El-Lithy et al. 2004). The availability
of “pre-genotyped” inbred lines greatly accelerates
studies of the genetic basis of complex traits, in-
cluding flowering time, yield, and growth. Similar
approaches have also been widely used in RILs re-
sulting from crosses of mouse inbred lines (Belknap
1998).

Research advances have become even more dra-
matic as the power of the inbred line approach
has been combined with recent advances in ge-
nomic technology. Current genome sequencing ef-
forts involve the sequencing of multiple recombi-
nant genomes derived from crosses of inbred lines
of mice, Arabidopsis, and Drosophila. These efforts
are resulting in unprecedented insights into the ge-
netics and evolution of complex traits. These insights
are transforming diverse biological disciplines, such
as evolutionary biology, physiology, and animal
behavior.

Clonal lines in aquaculture species are con-
structed to capitalize on the same features of in-
bred lines described above. Like inbred lines, clonal
lines are homozygous, which leads to repeatabil-
ity within and among experiments. However, there
are some important differences between clonal lines

and inbred lines; the advantages and disadvantages
of which are discussed below.

Advantages of Clonal Lines

SPEED OF GENERATION

One of the primary advantages of the clonal line
approach over the more traditionally constructed in-
bred lines is the speed with which clonal lines can
be generated. Clonal lines of fishes can be created
in just two generations, whereas homozygosity is
only asymptotically approached in other organisms
through many generations of close inbreeding. In
the first generation of clonal line production, an
animal of interest is used to construct uniparental
homozygous diploid (“doubled haploid”) offspring.
The approach used depends on the sex of the par-
ent individual. Male parents are used in androgen-
esis, where the sperm fertilize eggs that have been
irradiated to destroy the maternal genome (Purdom
1969). Female parents originate the process of gyno-
genesis, where their eggs are fertilized by irradiated
sperm, in which the paternal genome has been de-
stroyed (Chourrout and Quillet 1982). In either case,
the developing embryos are treated with either heat
or pressure to suppress the first cleavage division
and restore the diploid condition. Since the chromo-
somes all derive from a duplicated haploid set, the
resultant offspring are all homozygous, but geneti-
cally distinct (just like each gamete from an outbred
individual is genetically distinct).

Once the doubled haploid offspring reach matu-
rity, a second round of androgenesis or gynogenesis
is performed, using the unirradiated gametes of the
doubled haploid fish. Since these fish are homozy-
gous, their gametes are all genetically identical. The
second round of chromosome set manipulation then
results in a population of fish that are homozygous
and genetically identical: a clonal line.

This two-generation approach is much faster than
the many generations of sib matings it would take
to achieve even 90% homozygosity. The acceler-
ated production of the clonal line approach has two
advantages. The first, and most obvious, is the re-
duction in time, enabling research projects on a 3-
to 6-year timescale. This is particularly advanta-
geous with aquaculture species with long generation
times. For example, many salmonid species have
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generation times approaching 3—4 years. Creation
of inbred lines using traditional sib mating would
take 15-20 years, easily eclipsing the timescales as-
sociated with graduate student projects and normal
funding cycles.

The second advantage of the accelerated produc-
tion of clonal lines is less obvious. If one is inter-
ested in “fixing” an interesting genotype for subse-
quent experimentation, the genetics of a clonal line
will not change during line development. In rainbow
trout, this approach has been used to fix genotypes
for a variety of interesting traits. For example, we
have shown that the accelerated development rate
exhibited by the Swanson clonal line of rainbow
trout (Robison et al. 1999) derived from an Alaskan
population is a reflection of that phenotype in the
source population from which the clone was derived
(Robison and Thorgaard 2004). This is important
because it shows that interesting variations in phe-
notypes relevant to aquaculture can be captured in
a stable and repeatable genetic system. Because of
their homozygosity and the manner in which they
are propagated, if the trait is found in the initial dou-
bled haploid generation, the phenotype should be
stable in subsequent generations of clones.

STORAGE USING CRYOPRESERVED SPERM

Another advantage of the clonal line approach with
salmonid fishes is the ease of storage of cryopre-
served sperm. Established protocols exist, in which
sperm can be frozen in liquid nitrogen and reconsti-
tuted years later (Tiersch and Mazik 2000; Chapter
20 of this book by Herrdez et al.). Thus, any given
male clonal line can be almost indefinitely main-
tained and resurrected after accidental loss. The line
can also be archived using this approach if there
is no sufficient space or funding to maintain live
animals. Frozen sperm also facilitates the transfer
of clonal lines across laboratories. Sperm samples
can be shipped frozen around the world, reconsti-
tuted upon receipt, and live animals generated in the
home laboratory. The live animals can be generated
through androgenesis, creating a true clone of the
nuclear genotype. This minimizes shipping mortal-
ity of newly hatched fry. This approach can even
apply to female lines, as sex reversal of XX fish is
possible using testosterone baths.

The cryopreservation of clonal line sperm is es-
sential for line banking in fishes because the cry-
opreservation of live embryos, a technique neces-
sary for inbred line maintenance in other vertebrate
model species, has not yet been successful in fishes
(Tiersch and Mazik 2000).

One disadvantage of the cryopreservation of
clonal lines using frozen sperm is the fact that
only the nuclear genotype is maintained in the line.
The mitochondrial genome is still maternally in-
herited after androgenesis (May and Grewe 1993;
Brown and Thorgaard 2002). Androgenesis creates
homozygous clones of the donor sperm with the
mitochondrial genetic background from the female
that contributed the irradiated eggs. While the irra-
diated eggs appear to harbor no functional nuclear
genetic material (unless chromosome fragments are
transmitted), the female mitochondrial genotype is
maintained. This has significant implications if the
biological system one wishes to investigate is influ-
enced by variation in mitochondrial function (Brown
et al. 2006). Phenotypes such as swim performance,
muscle and cardiac physiology, aging, and oxygen
utilization are all influenced by mitochondrial geno-
type (Mannen et al. 1998; Wallace 1999). In ad-
dition, any phenotypes influenced by cytonuclear
interactions would also be difficult to dissect using
this approach.

EASE OF MITOCHONDRIAL TRANSFER

Conversely, the fact that a consistent nuclear geno-
type can be “installed” upon different cytoplasmic
backgrounds creates an interesting research oppor-
tunity. If one is interested in the role of mitochon-
drial genotype on phenotype, what better system
than androgenetic clonal lines? In this case, ge-
nomic technologies can be used to genotype mito-
chondria of different females and study the effect of
specific mitochondrial haplotypes on performance.
Once again, the advantage of the clonal line system
in this context is the speed with which experimen-
tal animals can be generated. In one generation, a
researcher could create a series of lines identical
in nuclear genotype but harboring known variants
in mitochondrial genotype. Different mitochondrial
genomes have been speculated to be functionally
distinct (Mannen et al. 1998; Brown et al. 2006), but
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definitive evidence addressing this question has been
challenging to collect.

Disadvantages of Clonal Lines

POOR SURVIVAL RATES

While there are clear advantages to using clonal lines
in aquaculture genomics research, the system is by
no means perfect. One of the biggest disadvantages
of this approach is the poor survival of the clones,
which has two potential (and not mutually exclu-
sive) causes (Thorgaard et al. 1990). The first cause
is technical, in which the treatments used to reestab-
lish diploidy—egg irradiation for androgenesis, fol-
lowed by either a pressure or heat shock—cause
mortality during development. Thus, the survival
rates of clonal lines from fertilization to hatch are
markedly lower than that of untreated controls.

However, adult clonal fish can also exhibit re-
duced survivorship. While lingering effects of egg
irradiation or the treatments to restore diploidy dis-
cussed above may play a role in reducing survival,
one must also consider quantitative genetics. Estab-
lishing homozygosity in a single generation should
eliminate all lethal recessive alleles (assuming no
epistatic masking effects), but may still induce a sub-
stantial reduction in fitness through fixation of sub-
lethal deleterious alleles. In other words, inbreeding
depression in homozygous clones is severe. For ex-
periments requiring large numbers of animals, the
inbreeding depression of fully homozygous lines
must often be mitigated through the production of
either hybrid clonal lines or crosses to outbred ani-
mals (see below).

CHROMOSOME FRAGMENTS

A second disadvantage of clonal lines of fishes can
be the persistence of chromosome fragments in some
instances. Identifying the optimal radiation treat-
ment for the gametes can be challenging. Too high
a dose can result in nonfunctional gametes, while
too low a dose can be associated with the presence
of a large number of chromosome fragments that
can impair embryo viability. Even with optimized
treatments, some chromosome fragments may per-
sist and be retained in the offspring (Thorgaard and
Pearson 1985; Ocalewicz et al. 2004). In some in-

stances, these fragments may even be passed on to
subsequent generations (Peek et al. 1997). It appears
that the presence of chromosome fragments is asso-
ciated with reduced fertility in gynogenetic females
(Krisfalusi et al. 2000). This phenomenon is still
being studied in more detail, but it is important to
keep in mind as a possible complication inherent to
studies involving clonal fishes.

PoOR FERTILITY OF FEMALES

A third challenge with clonal lines of fishes has
been the relatively poor fertility of homozygous fe-
males. In our experience with rainbow trout, we have
found that a high fraction of homozygous males that
reach the age of sexual maturity produce functional
sperm while a much lower fraction of homozygous
females produce functional eggs (Paul Wheeler, per-
sonal communication). The relative contributions of
inbreeding, treatment effects, and chromosome frag-
ments to this problem have not been evaluated, but
this is another factor to consider when establishing
a research trajectory involving clonal lines.

LIMITED SAMPLING

A fourth limitation of clonal lines that must be
acknowledged is that each line represents a very
narrow sampling of the total genetic variation in
a species. As an amplification of a single doubled
haploid genome, a clonal line simply represents the
genomic sampling of a single sperm or unfertilized
egg. Clearly, it is important to recognize that results
with a single clonal line cannot be generalized to a
species as a whole.

How can we deal with this limitation? One solu-
tion could be to utilize a broad sampling of diverse
clonal lines in research. Outbred strains require large
numbers of individuals for successful propagation
while avoiding inbreeding, and in the same amount
of space, a very impressive sample of diverse clonal
lines could be propagated. A second solution could
be to develop clonal lines from diverse sources, char-
acterize them, use them to identify quantitative trait
loci (QTL) associated with traits distinct to the orig-
inal source, and then test the source populations for
the presence of the QTL found in the clonal lines.
In effect, we can use the lines to allow us to develop
testable hypotheses about the source populations.
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CLONAL LINES: A REPEATABLE
EXPERIMENTAL SYSTEM

One of the most profound advantages of the clonal
line approach is the availability of a repeatable ex-
perimental system that facilitates long-term genetic
research. However, the specifics of clonal line devel-
opment offer three different types of experimental
breeding designs, each with specific advantages and
drawbacks.

Homozygous Clones

The first option is to use true homozygous clones,
created through either androgenesis or gynogenesis.
This approach creates a repeatable genetic system
with no heterozygosity. However, the survivorship
issues discussed earlier limit the application. Ex-
periments that rely on large sample sizes are dif-
ficult to perform with this approach. Some of the
most successful applications of the true homozy-
gous clone approach include expression studies and
whole genome sequencing (see below).

Hybrid Clones

A second experimental design is to create hybrid
clones from two homozygous clonal lines. Here,
we cross two established clonal lines to create a
population of genetically identical fish that are also
heterozygous. This approach requires no chromo-
some set manipulation, and the animals are genet-
ically uniform but are not inbred. Because it is a
normal cross between a homozygous female and a
homozygous male and it does not involve andro-
genesis or gynogenesis, and because the progeny
are not inbred, the survival of the embryos is greatly
improved. One can therefore generate a significantly
larger population of experimental animals. The re-
peatability of this system over the long term is not
compromised, as genetically identical animals can
be produced again and again, provided that the orig-
inal clonal lines are still available to supply gametes.
This consideration is easily achieved for male clonal
lines, but less so for female clonal lines.

The hybrid clone experimental design is ideal for
phenotypes in which variation is quantitative rather
than qualitative (Bongers et al. 1998; Young et al.
1998).

Crosses of Clones to Outbred Animals

One way to circumvent the poor survival of truly
clonal animals is to cross a clonal line of interest
to outbred animals. This works best using clonal
sperm, though it is technically possible with clonal
eggs. Because the availability of eggs from outbred
females will not be limiting, very large numbers of
offspring can be studied with this approach.

With this approach, sperm from clonal lines with
interesting phenotypes are used to fertilize the eggs
of outbred females. One can use this approach to test
for phenotypic variation among clonal lines. In this
case, the eggs of the outbred female are subdivided
in a factorial design, such that each clonal male fer-
tilizes a subset of eggs from each female. Here, we
are primarily interested in the genetic contribution
of the sire, and variation in phenotypes among clonal
lines can be detected by statistically testing for a sire
effect.

The outbred cross approach will underestimate
the true divergence among clonal lines, but we have
successfully used it to demonstrate variation among
lines in embryonic development rate (Robison et al.
1999). Since that time, the approach has also been
used to identify genetic variation among clonal lines
in other phenotypes, including behavior (Lucas
et al. 2004) and disease resistance (Thorgaard et al.,
unpublished results). Once divergent clonal lines
have been identified using this approach, detailed
genetic analyses can be performed on the trait
by crossing divergent clonal lines as described
below.

GENETIC ANALYSES USING
CLONE CROSSES

Genetic Mapping

Genetic maps are a central tool in genomics studies.
They facilitate assembly of complete genome se-
quences, are central to the discovery of the genetic
basis of quantitative traits, and can be used to study
the evolution of genome structure.

The homozygosity of clonal lines greatly facil-
itates genetic mapping. Clonal rainbow trout have
been used to create several genetic maps (Young
et al. 1998; Nichols et al. 2003b; Lucas et al. 2004;
Nichols et al. 2008) and have been consolidated with
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maps derived from outbred populations (Nichols
et al. 2003b).

Prior to the recent expansion of genomics tech-
nology, genetic maps were often constructed with
dominant markers. Dominant markers (such as am-
plified fragment length polymorphisms (AFLPs)) do
not display an observable difference between het-
erozygotes and homozygous dominant individuals.
This is a considerable drawback when construct-
ing genetic maps with outbred individuals. However,
clonal lines can be used to create mapping panels of
homozygous individuals (doubled haploids). These
individuals unambiguously display their genotype,
increasing the range of molecular markers available
for mapping. The first use of this approach was in
rainbow trout (Young et al. 1998), in which a panel
of doubled haploid fish was used to create a genetic
map using AFLP markers. Since then, this approach
has also been expanded to QTL analyses (Robison
et al. 2001).

QUANTITATIVE TRAIT LOCI STUDIES

One of the most common and useful applications
of clonal lines is their use in identifying QTL. QTL
are regions of the genome that are statistically asso-
ciated with a quantitative trait, presumably because
these regions harbor one or more genes with allelic
variants that affect the phenotype (called quantita-
tive trait genes (QTG)). Identification of QTL, and
ultimately QTG, is an important goal in aquaculture
genetics because many of the phenotypes critical to
the success of the industry are quantitative traits.
Identification of QTL and QTG can ultimately lead
to the application of marker-assisted selection in
breeding programs. Quantitative traits are measured
on a continuous scale and are influenced by both en-
vironmental and genetic variation. They are usually
polygenic (influenced by multiple genetic loci), and
the effects of an individual gene on the phenotype
can range from small (<5% variance explained) to
large (>25% variance explained).

QTL studies rely on the creation of genetic maps
(described above), which can be facilitated by the
use of homozygous clonal lines. Further, the ho-
mozygosity of clonal lines facilitates the identifi-
cation of QTL using homozygous doubled haploid
fish. In this system, recessive alleles that affect phe-
notype are unmasked, increasing the power to detect

QTL (Martinez et al. 2005). In addition, dominant
genetic markers can be used to identify QTL in a
panel of doubled haploids. A disadvantage of this
system is that it prevents the estimation of the de-
gree of dominance for a given QTL.

UTILIZATION OF DNA OR RNA
FROM CLONES

Expression Studies

Microarray studies often rely on small numbers of
biological replicates. Genetic variation among nor-
mal outbred individuals can therefore be a major
source of error variance in these studies. By using
genetically uniform animals, experimental repeata-
bility of such studies has been shown to be quite
high. This has been demonstrated using inbred lines
of Drosophila (Weber et al. 2008) and mice (Wei
et al. 2004).

Clonal lines of fishes, with their ease and rapid-
ity of generation, clearly have similar potential for
utilization in gene expression studies. A few stud-
ies to date have confirmed this expectation. Purcell
et al. (2006) were able to more clearly identify the
genes that were expressed following virus infection
by using clonal rainbow trout. Bayne et al. (2006)
were able to identify differences in the liver and kid-
ney transcriptomes among three clonal lines of rain-
bow trout. Xu et al. (2010) utilized advanced back-
cross lines in which a QTL associated with rapid
embryonic development was introgressed into the
background of a slower-developing line to identify a
large number of genes associated with the rapid de-
velopment phenotype. Clearly, there is considerable
potential for broader utilization of clones in gene
expression studies.

Identification of Duplicate Genes

Fishes in general have a high incidence of dupli-
cated genes (Amores et al. 1998) and the salmonids
in particular have an especially high incidence due
to their tetraploid ancestry (Allendorf and Thorgaard
1984). A recent study (Sanchez et al. 2009) demon-
strated that duplicate genes can be readily detected
in rainbow trout using DNA from clonal sources.
The presence of multiple forms of a gene in DNA
from a homozygous clonal line represents evidence
that the gene is duplicated. Without using DNA from
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ahomozygous source, identification of resolution of
gene duplicates from allelic types would be prob-
lematic. The ability to identify duplicated genes us-
ing clonal lines highlights a very important con-
tribution of clonal lines to aquaculture genomics:
sequencing of whole genomes of cultured fishes.

Whole Genome Sequencing

Sequencing of whole genomes has increasingly be-
come the norm in genetics research. Unfortunately,
sequencing of genomes for aquaculture organisms
has lagged behind other animals in agriculture and
other research models. There are likely two rea-
sons for this. First, biomedical research has a sub-
stantially higher total research funding than does
aquaculture. Second, and more relevant, it rep-
resents the logistical difficulties associated with
genome sequencing of aquaculture species. Aqua-
culture species (especially the salmonids) have large
genomes (up to approximately 80% the size of the
human genome) and some groups such as salmonids
have tetraploid ancestries, with an associated
high incidence of duplicate genes (Allendorf and
Thorgaard 1984). Genome sequencing is a com-
plex process that requires assembly of genome frag-
ments, and the size and complexity of genomes of
aquaculture species make assembly of their genomes
extremely difficult. Even with the availability of
high-throughput sequencing methods, the genomes
of aquaculture species will be challenging to se-
quence (Quinn et al. 2008), and doubled haploid
material appears to provide the best prospect for un-
ambiguous assembly (Waldbieser et al. 2010).

Fortunately, clonal lines can facilitate genome se-
quencing for aquaculture species. Clonal lines are
homozygous, which means that there is (almost) no
allelic variation within an individual. Sequence vari-
ation in closely related genes is therefore usually a
result of gene duplication. Thus, assembly of du-
plicated gene regions is facilitated by application
of homozygous clones. The current Atlantic salmon
genome sequencing project uses a doubled haploid
Atlantic salmon (Unni Grimmbholt, personal com-
munication). Similarly, the rainbow trout genome
project in France is utilizing the Swanson doubled
haploid clonal line (Yann Guigen, INRA, France,
personal communication).

CASE EXAMPLES OF POTENTIAL FOR
UTILIZING CLONES IN
AQUACULTURE-RELATED RESEARCH

Despite their many advantages, clonal lines of trout
have yet to be used to attack many of the most press-
ing problems in modern salmonid aquaculture. In
this section, we outline several potential experimen-
tal paradigms in which clonal lines could be used
as a tool to address a fundamental knowledge gap
in aquaculture research. Where possible, we high-
light advantages difficult to realize with more tradi-
tional approaches. We also present potential pitfalls
inherent to the clonal line system.

Alternative Feeds in Aquaculture

Current aquaculture diets fed to salmonids rely on
fish meal as a protein source. This protein source
is critical, as salmonids do not appear to adequately
mobilize carbohydrates as an energy source. The use
of fish meal as a protein source in aquaculture di-
ets is also problematic because of declining stocks
of fish worldwide. This decline, coming at a time
of increased demand for aquaculture products, pre-
cipitates an increase in cost. Ultimately, increased
cost of fish meal increases the cost of production,
threatening the viability of the industry.

In addition to the financial problems caused by
declines in fish meal supply, there is a very real
issue in terms of sustainability. Depletion of ocean
sources of fish meal is a major conservation problem
worldwide. Currently, most marine forage fisheries
are either fully exploited or over exploited (Alder
et al. 2008). As aquaculture comprises an ever-
growing demand for these products (along with
swine and poultry), continued sustainability of the
aquaculture industry depends on a qualitative shift
away from dependence on forage fisheries for fish
meal and fish oil.

One of the strategies being investigated that may
ameliorate the fish meal problem involves substi-
tution of alternative protein sources into fish diets
(Naylor et al. 2009). These protein sources are varied
and include both animal protein and plant protein.
However, the physiological response to alternative
diet formulations is poorly understood, a knowledge
gap that hinders implementation of these measures.
Further, implementation of alternative diets may
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require creation of new strains of fish that are better
adapted to non-fish-meal-based diets.

What are the physiological factors that most di-
rectly limit the use of alternative protein sources?
In order to establish a detailed understanding of the
physiological response to specific nutrient manip-
ulations, we can capitalize on the repeatability of
clonal trout. By using clonal lines, we can estab-
lish a research trajectory in which the genetic back-
ground is held constant, both across experiments
and over time. This can be very valuable, especially
when studying physiological systems in which sub-
tle changes have large effects.

In this scenario, substitution of alternative protein
for fish meal can be studied in detail, using either
pure clones or hybrid clones as appropriate. Animals
can be subdivided into groups devoted to control and
treatment diets, and their physiology studied in de-
tail. Tests of hypotheses, and subsequent refinements
of these hypotheses, can be conducted over time
on the exact same genetic background, eliminating
potentially troublesome genetic variation that may
confound comparisons across experiments. This ap-
proach can be particularly advantageous when ex-
periments involve more than one laboratory, as is
often the case with these types of complex and im-
portant research questions. In this case, variation
among results can be directly attributed to variation
in the laboratory environment, rather than among
strains of fish.

While the constancy of genetic background is an
obvious plus for physiological experiments, the use
of clonal lines in this situation is not without po-
tential difficulties. In this case, the potentially low
numbers of animals may limit larger experiments.
However, detailed physiological studies do not usu-
ally employ the large sample sizes of typical ge-
netic experiments. Experiments with sample sizes
of 6-12 per treatment group are not uncommon in
physiological studies, primarily because the mea-
surements taken are very time-consuming. These
experiments are easily accommodated by the clonal
line paradigm. Larger experimental designs must be
considered carefully, lest they be doomed by small
sample size and therefore reduced statistical power.

One further consideration of clonal lines in this
context is the potential lack of generality in the re-
sults. The constancy of the genetic system is an

advantage, but in order for the research to trans-
late to the industry, research using clonal lines must
discover general phenomena that apply to industry
fish. If the physiological response to an alternative
diet is restricted to a particular genotype, the util-
ity of the research is limited. One should therefore
consider using a panel of clonal genotypes in the
broader experimental approach. This approach cap-
italizes on the advantages of the clonal line system,
while accounting for genetic variation in physiolog-
ical responses. Alternatively, development of clonal
lines directly from the aquaculture stocks that are in
production may help mitigate this problem.

The example that we have cited for studying per-
formance with alternative diets might be general-
ized to the use of clonal lines as controls in other
performance trials. Quantitative genetic selection
experiments normally include simultaneous prop-
agation of unselected control lines in order to ac-
count for possible changes in culture conditions,
which otherwise might not be detected. Inclusion of
such controls can be costly in both space and time.
The utilization of clonal fishes that maintain con-
sistency of performance over space and time should
be considered to meet such needs. Hybrid clones
in some instances may show performances similar
to those of normal outbred fishes (Muller-Belecke
and Horstgen-Schwark 2000), and in such cases, in-
clusion of hybrid clones or panels of hybrid clones
could represent a viable alternative as controls in
selection experiments.

In addition to the quickly generated repeatable ge-
netic background described here, clonal lines could
be used to create inbred lines of fish from strains se-
lected for increased performance when fed alterna-
tive diets. This approach, in which genetic variation
is “captured” in a clonal line from its population of
origin, will be described in the next section.

Temperature Tolerance

Temperature tolerance is critical to salmonid aqua-
culture, and inadequate temperature regulation in
aquaculture settings can have disastrous conse-
quences. In aquaculture, it can be advantageous to
breed strains that have broader or increased tem-
perature tolerance. To do this efficiently, we need
to know the genetic basis of this trait. While there
has been some work in salmonids, examining the
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genetic basis of thermal tolerance (Somorjai et al.
2003), we still know surprisingly little about the spe-
cific genes and polymorphisms underlying identified
QTL. The excellent performance of Arctic charr at
low temperatures suggests that variation may ex-
ist among northern and high-altitude populations of
some species that could be advantageous for cold
water aquaculture.

There is considerable variation in tolerance for
high temperature among wild populations of rain-
bow trout. In particular, “redband” varieties are
thought to be remarkably tolerant to high temper-
atures (Thorgaard 2007). Incorporating these ther-
mal tolerance alleles into cultured strains, without
sacrificing increased growth, would be desirable.
Clonal lines can be used to capture genetic variation
that exists in wild strains (Robison and Thorgaard
2004). The clonal lines derived from thermally tol-
erant source populations would carry alleles at ther-
mal tolerance QTL that could be bred into cultured
populations through marker-assisted selection. This
approach is reminiscent of selected lines in other
agriculture species, except that the selection has oc-
curred in the natural habitat.

To capture thermal tolerance alleles, redband
trout could be sampled from systems known for
large temperature fluctuations. Ideally, the ecolog-
ical data on thermal maxima would be corrobo-
rated with laboratory-based experiments establish-
ing true physiological superiority with regard to ther-
mal preference (Rodnick et al. 2004). In some cases,
fish may have apparent thermal tolerance, which is
accomplished by behavioral mitigation strategies,
such as seeking out cooler areas of a stream. Cul-
tured species exposed to thermal stress have no such
opportunities, and we are therefore interested in
strains that have true physiological adaptations to
thermal stress.

Once thermally tolerant fish are identified,
their gametes can be used to create clonal lines
through either androgenesis or gynogenesis. Result-
ing progeny of this generation can be tested in ther-
mal preference and tolerance assays, and the animals
with the highest tolerance selected for a subsequent
round of androgenesis or gynogenesis. This step has
the added advantage of selection in a homozygous
state, potentially fixing recessive alleles that increase
performance.

Once the second round of uniparental propaga-
tion is complete, we are left with clonal lines of
fish harboring alleles for increased thermal prefer-
ence. At this stage, the animals can be used in tradi-
tional QTL studies to identify the genomic regions
harboring desirable alleles. In addition, we can use
these studies to estimate the additive effect on each
QTL. If alleles of large effect (explaining more than
25% of the phenotypic variance) are identified, these
can be the focus of more intensive gene discovery
studies or implemented in marker-assisted selection
strategies.

This approach represents a long-term research
agenda. To date, the relative paucity of genomics
resources in rainbow trout and other aquaculture
species has limited identification of the genetic vari-
ants underlying QTL. With the advent of next-
generation sequencing technologies and genome
projects for both Atlantic salmon and rainbow trout,
progress toward this goal should accelerate consid-
erably.

Domestication

The process of domestication, or adaptation of wild
animals to captivity (Price 2002), is fundamental to
aquaculture. Unlike many other agriculture species,
most cultured fishes still have extant populations of
the same species in their natural habitats. The do-
mestication of aquaculture species is therefore very
recent and ongoing. In fact, with some new aqua-
culture species, such as Atlantic cod and striped
bass, cultured stocks are genetically indistinguish-
able from wild populations.

The adaptations involved in domestication are a
result of the drastically different fitness landscape in
the culture environment relative to the wild (Price
2002). Hallmarks of the culture environment include
acomplete lack of predation pressure, increased den-
sities, increased availability of feed, reduced habitat
complexity, and human intervention during repro-
duction. These differences impose significant selec-
tion pressure and result in phenotypic changes in
behavior (e.g., increased “tameness”), physiology
(e.g., attenuation of the stress response), disease re-
sistance, and reproduction.

In addition to the implicit factors that result in
adaptation to captivity, aquaculture often induces
evolutionary change through explicit application of
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artificial selection. Strains are routinely selected for
increased growth rate and increased disease resis-
tance. Phenotypic change resulting from explicit se-
lection (such as increased growth rate) is often asso-
ciated with changes in other physiological systems
(such as behavior and reproduction). These patterns
of correlated evolution, typically caused by underly-
ing genetic correlations, arise either from pleiotropic
effects of genes on multiple traits or from linkage
disequilibrium (Lynch and Walsh 1998).

The combination of implicit and explicit factors
results in evolution during domestication of a
common suite of behavioral and physiological
phenotypes that are more amenable to the aqua-
culture environment. Unfortunately, we have little
understanding of the genetic changes that drive
this process. Knowledge of these genetic changes
would help the aquaculture industry for a number
of reasons. First, we can identify whether there are
common molecular patterns that occur during do-
mestication. Second, we can identify whether further
improvement in a desirable trait (such as growth rate)
is opposed by antagonistic pleiotropic effects (such
as reduced reproduction or reduced swim speed;
Reinbold et al. 2009). Third, identifying the molec-
ular changes associated with domestication helps us
understand the precise basis of trait improvements.
For example, while we might be selecting for
increased growth, the observed phenotypic increase
may be a result in alleles that affect feed conversion
or drive changes in behavior that increase feed
consumption.

Clonal lines can be applied to study the genetic
basis of domestication. Currently, clonal lines from
both domesticated (OSU, Arlee, Hot Creek) and
wild or semi-wild (Swanson, Whale Rock, Clear-
water) strains of rainbow trout exist at Washington
State University. These lines have “captured” phe-
notypic variation inherent to their respective strains
of origin. Using a QTL approach, we can examine
the genetic basis for variation in growth (Drew et
al. 2007), disease resistance (Nichols et al. 2003a),
immune response traits (Zimmerman et al. 2004),
behavior (Lucas et al. 2004), and life history traits
(Robison et al. 2001; Nichols et al. 2007; Nichols
et al. 2008). As outlined previously, these identified
QTL can then be narrowed to identify the causative
polymorphisms. The rate at which this proceeds is

likely to be accelerated as new sequencing and geno-
typing technologies are adopted.

The strength of the clonal line approach in the
context of studying domestication lies in their re-
peatability. The lines represent a constant genetic
system, which does not change over time (e.g., be-
come increasingly domesticated) or across labs. This
decreases confounding variation, an important point
in the study of domestication. The phenotypes as-
sociated with domestication are very complex and
often integrate multiple physiological systems (e.g.,
growth, behavior). In addition, the homozygosity of
the clonal line system increases the power of QTL
studies.

Sexual Dimorphism

There is a growing appreciation that many traits that
are highly relevant to the aquaculture industry are
sexually dimorphic in some fish species. These traits
include performance traits (Battiprolu and Rodnick
2004; Farrar and Rodnick 2004) and behavior
(Oswald and Robison 2008). In addition, there is
evidence from the zebrafish that response to dietary
manipulation, a key feature in the study of alternative
protein sources in aquaculture diets, may vary be-
tween males and females (Robison et al. 2008). The
genetic basis and physiological basis of these sex
differences is unknown. Clonal lines of salmonids
by their nature are monosex, consisting of either all
XX (female) or all male (YY) individuals. However,
XX clonal lines can be sex reversed using hormone
treatments (Bye and Lincoln 1986) into genetically
female but phenotypically male fish. This presents
an opportunity to study the physiological basis of
sexually dimorphic traits in a constant genetic back-
ground.

For example, experiments could be conducted, in
which genetically identical fish were subjected to
swim performance and cardiac performance trials.
If the animals were still dimorphic under these con-
ditions, it would suggest that the physiological con-
text of being male or female (presumably driven by
steroid hormones) results in dimorphism. Alterna-
tively, if known dimorphic traits diminish or disap-
pear under this scenario, it would suggest that alleles
present on the X or Y, apart from sex determination
loci, regulate that trait.
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The production of backcross lines, in which the
genetic background of one line is substituted into
that of the other, could be another solution to the
problem of studying sexually dimorphic traits in
clonal fishes. For example, repeated backcrosses of
a male clone into the background of a female clone
could eventually produce an inbred line containing
both males (XY) and females (XX). This would
negate the time advantage of rapid generation that
clonal fishes have, but could facilitate other studies
such as those involving sexually dimorphic traits. Xu
et al. (2010) were recently able to utilize backcross
lines to address the nature of gene expression dif-
ferences among two lines differing in development
rate.

CONCLUSION

Clonal fishes are genetically identical populations
that harbor many potential opportunities for aqua-
culture research. The advantages of the clonal line
system are that they are a repeatable and homozy-
gous genetic system that is quickly generated and
easily archived using cryopreservation. The disad-
vantages of the system include poor survival, in-
breeding, and the potential for chromosomal frag-
ments. Clonal lines can be used to attack several
fundamental issues in aquaculture research, includ-
ing identifying the genetic basis of desirable pheno-
types, the physiological response to alternative diets,
and the causes and consequences of sexual dimor-
phism. The advent of new genomics technologies
offers a great deal of synergy with the clonal line
experimental paradigm and should greatly acceler-
ate discoveries in aquaculture research.
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Chapter 5

Application of Fluorescence In Situ
Hybridization (FISH) to
Aquaculture-Related Research

Ruth B. Phillips

INTRODUCTION

The technique of fluorescence in situ hybridiza-
tion (FISH) has been used in localization of spe-
cific repetitive sequences, genetic markers, protein-
coding genes, and transgenes to fish and shellfish
chromosomes. These markers have been used to
identify and characterize sex chromosomes, analyze
interspecific hybrids, verify the chromosomal com-
position of chromosome-set manipulated finfish, and
assign linkage groups to specific chromosomes in
several species. In addition, FISH with species-
specific probes is being used to localize pathogens in
cultured shellfish and fish and document the compo-
sition and spatial location of microbial communities
in aquaculture systems. Future applications include
analyses of meiotic chromosomes and fine structure
mapping of genes in regions of low recombination
where large tracks of repetitive DNAs are present.
Previous reviews that covered some of these topics
include Phillips and Reed (1996), Phillips (2001),
and Phillips (2007).

LOCALIZATION OF REPETITIVE
SEQUENCES, TRANSPOSONS, AND
TRANSGENES

Localization of repetitive sequences was the first
application of FISH to fish and shellfish (reviewed
in Phillips and Reed 1996; Phillips 2001; Martins
2007). Repetitive sequences include dispersed re-
peats that are often associated with transposons, tan-
dem repeats that are usually found at centromeres
or telomeres, and ribosomal DNA (rDNA). rDNA
markers have been used in identification and man-
agement of several cultured fish species (reviewed
by Foresti 2000). For example, rainbow trout (On-
corhynchus mykiss) currently cultured at the Exper-
imental Center of Salmon Culture at Campos De
Jordao, Brazil, have the rDNA on the long arms of
chromosome 20, rather than the normal location on
the short arms of this chromosome as shown by silver
staining and FISH. Apparently, the fish stock origi-
nally imported from California, USA, had this vari-
ant karyotype, so this is a marker for descendants

Aquaculture Biotechnology, First Edition. Edited by Garth L. Fletcher and Matthew L. Rise.
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of this introduced stock (Porto-Foresti et al. 2007).
Closely related species often have the major
(18S/5.85/28S) rDNA locus at different chromo-
somal sites and intraspecific variation in the loca-
tion, and amounts of the major rDNA locus is also
fairly common. Thus, particular aquaculture strains
may be identified by the location of major rDNA
locus in the karyotype. Often, the multiple copies
of 18S/5.85/28S of the major rDNA cistron are lo-

cated on a different chromosome pair than the minor
cistron containing the 5S rDNA. Many fish species
have two locations for the 5S rDNA, one of which
may be on the sex chromosome pair (reviewed in
Martins and Galetti 2001).

In rainbow trout, the 5S rDNA is found at two lo-
cations, one on chromosome 20 adjacent to the ma-
jor tDNA cistron and the other on the short arm of
the X chromosome (Phillips et al. 2004; Fig. 5.1A).

Sex Chrom.

Figure 5.1.

] |

Sex Chrom.

(A) Localization of 5S rRNA genes (labeled in red) in the rainbow trout karyotype.

Note that there are two chromosomal pairs (20 and sex) with 5S rDNA with the largest amount of
signal on the short arms of the X chromosomes (last chromosome pair in bottom row).

(B) Localization of the ID1B gene to rainbow trout chromosome Omy?7 (last chromosome pair in
top row) using a BAC probe containing ID1B (labeled in red) and the 10H19 centromere probe
(labeled in green), which is specific to several chromosome pairs including Omy?7.

(C) Localization of the growth hormone construct OnMTGH1 (labeled in red (arrow)) on the
telomere of a single acrocentric chromosome in the transgenic coho strain 5750.

(D) Identification of a YY individual in coho salmon using the GH-Y probe (labeled in red). Arrows
show the location of the two Y chromosomes in this fish. (For color detail, please see the color

plate section.)
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Phillips et al. (2004) found two different sequence
variants of the internal transcribed spacer of the
5S gene, one of which is associated only with
the 5S rDNA on the X chromosome. There are
more copies of the 5S gene on the X chromosome,
which are thought to be preferentially expressed in
oocytes.

FISH with probes to rDNA have also been used
to characterize the karyotypes of scallops important
to aquaculture. There appear to be at least two types
of karyotypes in scallops: one with a haploid num-
ber of 16 and the other with a haploid number of
19. An example of a species with N = 16 is the
Zhikong scallop (Chlamys farreri), while the bay
scallop (Argopecten irradians irradians) has N =
19 (Wang et al. 2004). Localization of the major and
minor rDNA cistrons in these species showed that C.
farreri had one locus for the major rDNA and one
for the minor rDNA, while A. irradians irradians
had two major rDNA loci. Two commercial scallop
species from Europe (the Great scallop, Pecten max-
imus, and the black scallop, Mimachlamys varia)
have a karyotype with 2N = 19 and a single location
for both the major and minor rDNA loci (Insua et al.
2006).

Tandem repetitive sequences evolve rapidly, so
that centromeric sequences are shared only by
closely related species (reviewed in Phillips 2001).
For example, in salmonid fishes, there are three dif-
ferent families of centromeric sequences found in all
species of the genus Salvelinus (Phillips et al. 2002),
and one of these is also found in Oncorhynchus
(Reed et al. 1998; Phillips et al., unpublished).
Probes obtained by screening the trout bacterial ar-
tificial chromosome (BAC) library with these se-
quences have been used for chromosome identifica-
tion in rainbow trout (Phillips et al. 2006; Fig. 5.1B).
Another family of centromeric sequences that is use-
ful for chromosome identification has been identi-
fied in Atlantic salmon (Salmo salar) and clones ob-
tained by screening a BAC library differentiate some
of the chromosome pairs (Vinas et al. 2004; David-
sonet al., unpublished). Centromeric sequences have
also been identified in Nile tilapia (Oreochromis
niloticus; Oliveira and Wright 1998) and channel
catfish (Ictalurus punctatus; Quiniou et al. 2005). It
is possible that chromosome-specific probes could

be isolated for these species by screening BAC li-
braries with these satellite DNA sequences.

American (Crassostrea virginica) and Pacific
(Crassostrea gigas) oysters have very similar kary-
otypes with 2N = 20, but centromeric sequences
that are specific to the Pacific oysters allow iden-
tification of several specific chromosomes in that
species (Wang et al. 2001). FISH with three simple
sequence repeats (GGAT)y, (GT)7, and (TA);( gave
patterns that were specific for each chromosome in
C. gigas (Bouilly et al. 2008).

There is a conserved repetitive sequence
(TTTAGGG),( found at the telomeres of most ver-
tebrate chromosomes, and this has been found to be
present in many fishes. In O. niloticus, this sequence
has been found at the telomeres of all of the chro-
mosome pairs as well as at two interstitial sites in
the largest chromosome pair. This supports the hy-
pothesis that this chromosome pair is the result of
two tandem fusions that reduced the chromosome
number from 2N = 48 to 2N = 42 (Chew et al.
2002).

A dispersed Sall repeat in abalone was examined
for usefulness in identification of hybrids between
Haliotis fulgens and H. rufescens (Hernandez-Ibarra
et al. 2008). The repeat is 87% identical in sequence
and distributed over multiple chromosomes in both
species. Because of intraspecific variation, it is not
useful for hybrid identification.

Transposable elements (TEs) have been localized
in several model fish genomes including Tetraodon
nigroviridis (Crollius et al. 2000; Bouneau et al.
2003; Fischer et al. 2005). There are a larger number
of families of TEs in teleosts compared to mammals
(VolIff 2005). In general, TEs accumulate in hete-
rochromatin regions in fish (reviewed in Dettai et al.
2007). The TE composition of some fish genomes
important to aquaculture, including Atlantic salmon
(de Boer et al. 2007) and catfish (Nandi et al. 2007),
has been reviewed recently.

One application of FISH is to determine whether
transgenes have incorporated at single or multiple
chromosomal sites and identify the specific sites
where they are located. This has been done for
growth hormone transgenes in several cell lines of
coho salmon (Oncorhynchus kisutch). These trans-
genes appear to have preferentially localized at
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either centromeric or telomeric locations (Phillips
and Devlin 2010; Fig. 5.1C).

IDENTIFICATION AND
CHARACTERIZATION OF SEX
CHROMOSOMES

The genetic basis of sex determination has been
studied extensively in fishes involved in aquacul-
ture because unisex populations are often preferred
by the industry. Male fingerlings are preferred by
tilapia growers (Beardmore et al. 2001) and females
by salmonid fish farms (Thorgaard et al. 2002). Sex
chromosomes have been identified in both salmonid
fishes and in tilapia. All salmonid fishes have the
XX/XY mode of sex determination (Donaldson and
Hunter 1982), while different tilapiine species may
have the XX/XY or ZZ/ZW mode (reviewed in
Cnaani et al. 2008).

The Nile tilapia, O. niloticus, has the sex-
determining (SD) locus on linkage group 1 (LG1)
and the male is heterogametic (XX-XY system),
while in O. aureus from Israel, O. karongae and
Tilapia mariae, the SD locus is on LG3 and the fe-
male is heterogametic (WZ/ZZ system; Cnaani et al.
2008). Other species such as O. mossambicus and
the Egyptian strains of O. niloticus (Lee et al. 2003)
and O. aureus have a more complex situation with
markers on both linkage groups linked with phe-
notypic sex. This is probably due to a sex-linked
lethal in O. mossambicus. Although the sex chro-
mosomes of O. niloticus are not morphologically
distinguishable, FISH with repetitive DNAs shows
that the short arm of the X and Y chromosome differ
in the amount of repetitive DNA present (Ferreira
and Martins 2008).

In salmonid fishes, autosomal genetic linkage
groups corresponding to whole chromosome arms
are conserved in all species studied to date, but the
SD gene is on a different linkage group in each
species (Woram et al. 2003). The male-specific re-
gion on the Y chromosome appears to be small in
each species, but male-specific markers are con-
served in members of the genus Oncorhynchus,
suggesting that this small region has transposed to
different chromosomes in different species (Devlin
et al. 2001; Brunelli et al. 2008). This hypothe-
sis is supported by the fact that there is a male-
specific growth hormone pseudogene (GH-Y) re-

lated to growth hormone 2 (Du et al. 1993; Zhang
et al. 1999) common to all Pacific salmon.

In both salmonids and tilapia, BACs containing
sex-linked markers have been isolated and used
as probes in FISH experiments. These experiments
have shown that BACs containing specific markers
are found in the same order as the genetic linkage
map, but with more space between them on the cy-
togenetic map than on the genetic linkage map. Ex-
periments in tilapia showed that LG3 is the largest
chromosome in the karyotype and that LGI is a
smaller chromosome. FISH experiments with dif-
ferent sex-linked BACs showed that there is a large
region of approximately 50 megabases (Mb) taking
up most of the long arm of the chromosome of the
largest chromosome pair in which recombination is
suppressed. In rainbow trout, the sex chromosome
pair is the only subtelocentric chromosome pair in
the karyotype (Thorgaard 1977), and recombination
is suppressed in a region of at least 20 Mb over much
of the long arm of the chromosome (Phillips et al.
2009a).

The sex chromosome pairs in different species
of salmonid fishes have been identified or con-
firmed using FISH with sex-linked markers. In the
case of the Oncorhynchus species, probes to male-
specific markers such as GH-Y have been used to
determine where on the chromosome the SD is lo-
cated. All of the salmonid species, with the ex-
ception of two sister species pairs cutthroat trout
(Oncorhynchus clarki)/rainbow trout (Alfaqih et al.
2008) and brook trout (Salvelinus fontinalis)/lake
trout(Salvelinus namaycush) (Phillips et al. 2002),
have different sex chromosomes. In lake trout and
brook trout, the sex chromosome pair is the only
large submetacentric chromosome, and the SD is
found on the short arm that has a block of hete-
rochromatin at the end (Phillips and Thssen 1985;
Phillips et al. 2002). In Arctic charr (Salvelinus alpi-
nus), the SD is on a different linkage group from lake
trout (Woram et al. 2003). In Atlantic salmon, the
sex chromosome pair is the second largest chromo-
some in the karyotype of the European strain and the
chromosome arm containing the SD corresponds to
the short arm of the chromosome 17 (Omy 17, LG
29) in rainbow trout. The SD locus appears to be
located adjacent to a large block of heterochromatin
at the end of the long arm of the Atlantic salmon
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chromosome (Artieri et al. 2006). In chinook salmon
(Oncorhynchus tshawytscha) and coho salmon (O.
kisutch), the sex chromosomes are large acrocen-
tric chromosomes (Stein et al. 2001; Phillips et al.
2005), corresponding to Omy 15 (LG7q) and Omy
8 (LG23q) in rainbow trout, respectively (Phillips
et al. 2005; McClelland and Naish 2008). In both
of these species, the SD appears to be located on
the short arm, and in Chinook salmon, there is a
large block of repetitive DNA in the middle of the
long arm of the chromosome (Stein et al. 2001).
In pink salmon and chum salmon, the sex chromo-
somes are smaller acrocentrics and again the male-
specific region (as identified using a probe to GH-Y)
is found on the small short arms of these chromo-
somes (Phillips et al. 2007). In sockeye salmon, a
Y-autosomal fusion has occurred so that males have
2N = 57 and females 2N = 58 (Thorgaard 1978),
and GH-Y is not present.

The GH-Y probe has been used to identify YY
coho salmon (Fig. 5.1D), which make up 25% of
the progeny from matings between sex-reversed XY
fish and normal XY males (LK Park, personal com-
munication). These fish can be mated with normal
females to produce all-male progeny.

Recently, we used FISH to examine the sex chro-
mosomes in the apparent XY-female fall chinook in
the Sacramento, California, drainage. The usually
male-specific chinook salmon markers Otyl (De-
vlin et al. 1998) and GH-Y (Du et al. 1993) were
found in 30% of female chinook over a large region
in northern California (Williamson et al. 2008). We
examined the sex chromosomes in these females and
crosses, including them as parents, and confirmed
that they had one sex chromosome with Otyl and
GH-Y sequences, but these were present on these
modified Y* chromosomes in smaller amounts than
in normal males. When crossed with normal males,
these XY™ females produced OtY1 and GH-Y pos-
itive offspring in a 3:1 ratio, but males and females
in a 1:1 ratio. Half of the females inherited the Y*
chromosome with reduced OtY 1 and GH-Y from the
female parent. The most parsimonious explanation
is that the Y chromosomes with smaller amounts of
OtY1 and GH-Y have a deletion of the SD locus.
It is also possible that crossing over between the X
and Y resulted in an X chromosome with the male-
specific markers. In any case, these fish have been

stocked over a wide area of inland California, so the
OtY'1 and GH-Y markers cannot be used to identify
males in this region.

CHARACTERIZATION OF INTERSPECIFIC
HYBRIDS AND CHROMOSOME SET
MANIPULATED FINFISH

Whole chromosome painting can be used to analyze
interspecific hybrids. Briefly, genomic DNA is iso-
lated from each species and labeled using a fluores-
cent dye of a different color (Snowdon et al. 1997).
Application of this technique to hybrids produced in
the laboratory between masu salmon (Oncorhynchus
masou) females and rainbow trout males showed that
the trout chromosomes were eliminated, but only
whole masu salmon chromosomes were maintained
in embryonic cells. However, fragments of the trout
chromosomes were found in micronuclei in these
embryos (Fujiwara et al. 1997). Analysis of natural
hybrids between Atlantic salmon and brown trout us-
ing a probe to histone DNA showed that the hybrids
contained the specific chromosomes containing the
histone genes from both species. Other applications
of FISH to manipulated finfish are reviewed in Oca-
leowicz et al. (2007).

ASSIGNMENT OF GENETIC LINKAGE
GROUPS TO SPECIFIC CHROMOSOMES
(GENOME MAPPING)

In order to assign genetic linkage groups to chro-
mosomes using FISH, it is necessary to have large
clones such as cosmid or BAC clones containing
specific genetic markers that have been placed on a
genetic linkage map. Currently, BAC libraries are
available for catfish (Quiniou et al. 2003), three
salmonid fishes, including Atlantic salmon (Thorsen
et al. 2005), rainbow trout (Katagiri et al. 2001;
Phillips et al. 2003; Palti et al. 2004), and chinook
salmon (Devlin, personal communication), tilapia
(Katigiri et al. 2005), barramundi (Wang et al.
2008), and oysters (Gaffney, personal communica-
tion). Cosmid libraries are available for additional
species, including coho salmon (Devlin, personal
communication) and Arctic charr (Davidson, per-
sonal communication). Usually, BAC clones will
hybridize to closely related species, so that addi-
tional libraries do not have to be prepared for each
species. For example, rainbow trout BAC clones can
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be used on coho and chinook salmon chromosomes
(Phillips, unpublished).

Linkage groups have been assigned to all of the
chromosome pairs and chromosome arms in rain-
bow trout (Phillips et al. 2006) and Atlantic salmon
(Phillips et al. 2009b) using FISH with BAC clones
containing markers on the genetic linkage maps of
these species (Fig. 1B). Comparisons of the genetic
linkage maps and cytogenetic maps have shown that
there is conservation of large syntenic blocks com-
prising entire chromosome arms between the two
species.

The ancestor of salmonid fishes underwent a
whole-genome duplication (WGD) prior to adap-
tive radiation (Allendorf and Thorgaard 1984), and
most of the species have approximately 100 chro-
mosome arms (Phillips and Rab 2001). For example,
if one ignores chromosome arms containing entirely
rDNA and assumes that the smallest metacentric (bi-
armed) chromosome pair in the rainbow trout kary-
otype (which is smaller than the largest acrocentric
(uni-armed) chromosome pair) underwent an inver-
sion and should be counted as a uni-armed chro-
mosome pair, then the karyotypes of all members
of the genus Oncorhynchus have exactly 100 chro-
mosome arms (Phillips et al. 2009b). There are also
approximately 100 chromosome arms in the kary-
otypes of most members of the genus Salvelinus
and in brown trout (Salmo trutta). Arctic charr and
brown trout have one chromosome pair that appears
to be a tandem fusion, reducing the number of chro-
mosome arms to 98 in these species. The Atlantic
salmon (S. salar) karyotype is a major exception to
this rule with 74 chromosome arms in the European
strain and 72 in the North American strain. However,
the presence of 12 large acrocentric chromosomes
with repetitive DNA blocks in the center of the arms
suggested that many tandem fusions have occurred
in the Atlantic salmon karyotype (Phillips and Rab
2001). This has been confirmed by the integration of
the genetic and cytogenetic maps of Atlantic salmon
and rainbow trout (Phillips et al. 2009b). Each of
these large acrocentric chromosomes corresponds to
two rainbow trout chromosome arms separated by a
block of repetitive DNA in the center of the chro-
mosome arm (Phillips et al. 2009b). In addition, the
largest chromosome pair in the European strain of
Atlantic salmon has undergone a tandem fusion in

the long arm, which is marked by a band of repeti-
tive DNA. There are three chromosome arms from
rainbow trout that correspond with this chromosome
in Atlantic salmon.

The Atlantic salmon genome is scheduled to be se-
quenced starting in 2009 (Davidson, personal com-
munication) and the rainbow trout genome will prob-
ably be sequenced within a couple of years (Palti,
personal communication). The integration of the cy-
togenetic and genetic maps of these two species will
be very helpful in annotating their genomes. Correla-
tion of the genetic and cytogenetic maps of the other
salmonids with the rainbow trout maps will also be
very helpful in transferring information from these
genome projects to the other species, a number of
which are being important in aquaculture.

We are currently assigning the linkage groups of
coho salmon and chinook salmon to specific chro-
mosomes using FISH with BAC clones derived from
rainbow trout (Phillips et al., unpublished). The
karyotypes of these two species have 100 chromo-
some arms, and we should be able to correlate them
completely with rainbow trout. This will be very use-
ful since there are several genetic maps of the trout
genome that are considerably more detailed than the
ones for these salmon genomes and a genome se-
quence may be available for rainbow trout in the next
few years. So far, the syntenic blocks usually contain
markers in the same order, suggesting that very few
intrachromosomal rearrangements have occurred.

IDENTIFICATION OF PATHOGENS IN
CULTURED SHELLFISH, FISH, AND
WASTEWATER GENERATED BY
AQUACULTURE

One of the problems associated with the expansion
of the marine aquaculture is the accumulation of ni-
trogenous compounds, especially ammonia, which
are toxic to aquatic animals above certain concentra-
tions (Alcarez et al. 1999). Chemolithotrophic bac-
teria are responsible for ammonia oxidation and its
removal from the ecosystem. Studies of microbial
communities in wastewater from aquaculture using
molecular approaches have enabled a better under-
standing of the organisms that are found in these
communities (reviewed in Amman et al. 2001). The
technique of FISH enables investigators to analyze
these complex communities in situ in natural and
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engineered facilities. For example, studies of
wastewater from a shrimp farm using PCR with uni-
versal primers to bacterial 16S rDNA found both
ammonia oxidizing bacteria and nitrifying bacte-
ria, including several novel taxa from these groups
(Paungfoo et al. 2007). FISH was used to partially
quantitate the number of specific bacterial species
found in different parts of the system. In another
application, microbial communities in the biologi-
cal filters and waste sludge components of a recir-
culating water aquaculture system were examined
to determine the presence of anaerobic ammonium-
oxidizing bacteria. PCR with the 16S rDNA primers
on sludge material revealed a diverse microbial com-
munity, including one type with sequence similarity
to known anaerobic ammonium-oxidizing bacteria.
Then, a fluorescent probe specific to this bacteria
was produced and the presence and distribution of it
on the biofilms was confirmed using FISH (Tal et al.
2006).

Another application of FISH to aquaculture has
been in identification of pathogens present in cul-
tured shellfish. This can be important in species un-
der long-term cultivation, such as marine sponges.
For example, explants were derived from the cul-
tivated marine sponge Geodia barretti, slides were
made, and FISH was used to confirm presence of
Proteobacteria in the explants (Hoffman et al. 2006).
To summarize, FISH is being used both in the local-
ization and identification of pathogens in aquacul-
ture animals and in situ in aquaculture facilities that
used to grow them.

FUTURE APPLICATIONS

Future applications of FISH include comparative
genome mapping in related species of interest to
aquaculture, localization of genes on meiotic chro-
mosomes, and development of fiber FISH for high-
resolution mapping of large insert clones directly
onto the DNA fibers of specific genomic regions
(H-UG; Weier 2001). Genome sequences of many
aquatic organisms will be generated in the next few
years, and the whole genome assemblies will in-
evitably have a number of gaps. Fiber FISH can be
used to map the location and size of these gaps. It will
also be useful for genetic mapping of regions of low
recombination, which often also contain large tracks
of repetitive DNAs (e.g., regions near centromeres

and large portions of the sex chromosomes), where
sequencing is difficult.

Another future application is the combination of
FISH with immunoassays to detect specific DNA
sequences that are bound to specific proteins.
Immuno-FISH has been used in plants to reveal the
association of histone modifications with specific
genomic regions (reviewed in Jiang and Gill 2006),
and this technique should be useful in gene expres-
sion studies.
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Chapter 6

The Application of Genomics,
Proteomics, and Metabolomics to
Studies of Fish Health

Stewart C. Johnson and Laura L. Brown

INTRODUCTION

Genomics, proteomics, and metabolomics, used
alone or in combination with each other and/or with
more traditional methods, are technologies that are
rapidly transforming many areas of biological and
biomedical research. Although these technologies
have been widely used in the study of diseases of
higher vertebrates, as well as in the development
of new therapeutants and vaccines, they are only
now being routinely used to support research in fish
health.

Increased use of these technologies in fish health
research is due to many factors, including the fish
health research community recognizing the tremen-
dous advances that have been made in other areas
of health research through their use, development of
commercial kits/reagents that have made these tech-
nologies simpler to apply, and lowered costs of some
of these activities, for example, the development
of high-throughput and less expensive sequencing
technology.

These technologies allow for the simultaneous
study of many genes, proteins, or metabolites, as
well as the interactions that occur between them.

Our ability to generate these large and very complex
data sets brings with it a new set of problems to be
faced by the fish health research community in the
areas of data management, analysis (bioinformatics
and statistics), storage, and archiving.

Genomics

For the purpose of this chapter, genomics has been
defined in its broadest sense as the description, defi-
nition, and characterization of the genetic makeup of
an organism. This includes the area of functional ge-
nomics, which focuses on the study of the dynamic
aspects of genes (e.g., transcription and translation)
and the biological function of genes and their prod-
ucts. As will be demonstrated, we are presently ex-
periencing a rapid increase in the availability of ge-
nomic information for pathogens of aquatic animals.
Improvements in sequencing technologies, which
allow for more rapid sequencing with significantly
lower costs, have made this possible. With respect to
hosts, we still have, for most species, relatively lim-
ited genomic resources. To date, genomic studies
on hosts have been limited primarily to expressed
sequence tags (ESTs) projects that have been

Aquaculture Biotechnology, First Edition. Edited by Garth L. Fletcher and Matthew L. Rise.
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conducted on a variety of scales ranging from a few
larger projects such as the consortium for Genomics
Research on All Salmonids Project (¢cGRASP) to
a large number of smaller programs on other fish
species. From these projects, there have been devel-
oped a number of genomic tools such as microarrays
(reviewed in Dios et al. 2008; Goetz and MacKenzie
2008; Martin et al. 2008).

Proteomics

The proteome can be defined as the entire comple-
ment of proteins expressed by a genome, cell, tissue,
or organism at a given time under defined conditions.
The field of proteomics allows for the study of pro-
teins that make up the proteome and provides infor-
mation on their expression, posttranslational modifi-
cations, interactions, organization, and functions. As
we will see, understanding transcriptional response
of pathogens and hosts has proven to be extremely
valuable in our understanding of fish diseases. How-
ever, we will always have an incomplete understand-
ing of these processes until we understand how the
observed transcriptional responses are reflected in
proteomes, as it is proteins and their interactions that
are responsible for regulation of almost all aspects of
cellular function. Proteomics provides information
on whether gene transcription is reflected as protein
expression, whether the resulting protein(s) under-
goes posttranslational modifications that are often
necessary for their activity, and whether gene tran-
scripts are responsible for the production of more
than one protein through processes such as alterna-
tive splicing.

It is beyond the scope of this chapter to pro-
vide a detailed review of proteomic methods, but
interested readers should consult the following re-
cent reviews that describe proteomic applications for
the study of bacterial membranes and fish (Poetsch
and Wolters 2008; Martyniuk and Denslow 2009,
respectively). With respect to applications in fish
health research, the proteomics method that has seen
the widest use is two-dimensional polyacrylamide
gel electrophoresis (2D PAGE) with or without fur-
ther protein characterization by mass spectropho-
tometry. In 2D PAGE, proteins are separated ac-
cording to charge (pl) by isoelectric focusing (IEF)
in the first dimension and according to size (Mr) by
SDS-PAGE in the second dimension. Separation of

proteins in this manner allows for the resolution
of complex mixtures of proteins, including features
of proteins such as posttranslational modifications.
As mentioned, proteins separated by 2D PAGE can
be isolated and further characterized by mass spec-
trophotometric analysis, as well as by other tech-
niques as described below.

Although there is great value in proteomics ap-
proaches, there are some significant problems that
can limit their application especially in poorly
studied organisms. Characterization and identifica-
tion of peptide sequences determined during pro-
teomic analysis relies on the availability of pro-
tein databases for comparison. Sequencing of fish
pathogens and related species has greatly improved
our ability to apply proteomics techniques in the
study of pathogens. The lack of protein databases
for fish makes the application of proteomics more
difficult. In the case of 2D PAGE, the analysis of pro-
teomes is often less than satisfactory due to poor re-
producibility between gels; this is usually attributed
to differences in laboratory procedures (human fac-
tors) and/or reagents. In addition, the preparatory
methods such as the method used to solubilize pro-
teins can lead to different proteome maps for the
same samples. Furthermore, proteins that are present
in low abundance often cannot be identified.

Metabolomics

For the purpose of this chapter, metabolomics is
defined as the systematic study of the complete
set of small (<1 kDa) metabolites present in a
cell or tissue under a particular set of conditions.
The metabolome refers to all the metabolites that
can be present within an organism under a par-
ticular set of conditions. Metabolite profiles have
been determined using nuclear magnetic resonance
(NMR) spectroscopy—and less commonly by mass
spectrometry-based methods. These methods used
alone, and more recently in combination, have been
used to identify biomarkers associated with infec-
tious and noninfectious disease and nutritional sta-
tus especially in humans (reviewed in Oresic 2009).
To date, metabolomics has seen its widest applica-
tion in studies of fish physiology, primarily studies
of the response to various toxicants (reviewed in
Samuelsson and Larsson 2008). There are relatively
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Table 6.1. Viruses Within the Family Iridoviridae for Which There Are Completed Genomic
Sequences (data from Entrez Genome Project: http://www.ncbi.nlm.nih.gov/sites/entrez).

Accession
Virus Name Genus Number References
Singapore grouper iridovirus (SGIV)  Ranavirus AY521625 Song et al. 2004;
Tsai et al. 2005
Lymphocystis disease virus (LDV) Lymphocystivirus  NC_001824  Tidona and Darai 1997;
NC_005902 Zhang et al. 2004
Infectious spleen and kidney necrosis ~ Megalocytivirus NC_003494  He et al. 2001
iridovirus (ISKNV)
Red seabream iridovirus (RSIV) Megalocytivirus Kurita et al. 2002
Orange-spotted grouper iridovirus Megalocytivirus AY 894343 Lu et al. 2005
(OSGIV)
Large yellow croaker iridovirus Megalocytivirus AY779031 Chen and Wang, unpublished
(LYCIV) sequence in GenBank
Rock bream iridovirus (RBIV) Unclassified AY 532606 Do et al. 2004

few examples of its application in other areas of fish
biology and fish health research, as reviewed below.

This review focuses on the application of these
and related technologies to study viruses of the
family Iriodoviridae and the bacterium Aeromonas
salmonicida and their interactions with their fish
hosts.

STUDIES OF PATHOGEN BIOLOGY

Viral Pathogens—Iridoviridae

The importance of viral diseases in fish, along with
the small sizes of viral genomes and their simple
organization, has resulted in a large amount of ge-
nomic information for fish viruses. This information
includes complete genomic sequences for most eco-
nomically important viruses, as well as large num-
bers of partial and complete sequences for a vari-
ety of genes. These data are used widely by virol-
ogists and other fish health researchers to support
studies in numerous areas, including taxonomic and
evolutionary studies, investigation of host—pathogen
interactions, development of molecular diagnostics,
and development of vaccines including both subunit
and DNA vaccines (see chapters in this book by Wu
et al. (Chapter 9) and Leong et al. (Chapter 10)).

GENOMIC STUDIES

To demonstrate the value of genomic resources to
the study of fish viruses, we have used as an ex-
ample the iridoviruses. Iridoviruses infect and cause
serious disease in invertebrates and poikilothermic
vertebrates, including fish.

To date, full genome sequences are available for
seven species of fish iridoviruses belonging to the
genera Ranavirus, Lymphocystivirus, and Megalo-
cytivirus (Table 6.1). In addition to these full genome
sequences, there are large numbers of sequences for
a variety of genome regions and specific genes for
iridoviruses isolated from numerous other fish host
species. This sequence information, and sequence
information from related irodiviruses, has been used
to conduct detailed investigations into many aspects
of the biology, physiology, and host—pathogen inter-
actions of these viruses, as well as to devise molecu-
lar detection methods and novel treatment strategies
and vaccines. As examples, this information was
used to examine taxonomy and phylogenetic rela-
tionships between iridoviruses (He et al. 2001; Song
et al. 2004; Zhang et al. 2004; Do et al. 2005; Tsai
et al. 2005; Kvitt et al. 2008; Shinmoto et al. 2009)
and to conduct molecular epizootiological studies
(Go et al. 2006; Wang et al. 2007). Eaton et al.
(2007) conducted a comparative genomic analysis
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of the genomes of iridoviruses of fish and other ani-
mals. From this analysis, they were able to produce
updated gene annotations and to redefine the group
of core genes shared by all iridoviruses to include 26
genes. These core genes are highly valuable with re-
spect to understanding the phylogenetic relationship
between iridoviruses, as well as aspects of their biol-
ogy, for example, replication. With respect to the fish
iridoviruses, those authors predicted based on their
analysis that the orange-spotted grouper iridovirus
and the rock bream iridovirus (RBIV), which are
species within the Megalocytivirus, share an identi-
cal complement of genes.

MOLECULAR DIAGNOSTIC TEST DEVELOPMENT

Using sequence data, a number of molecular di-
agnostics tests including in situ hybridization and
PCR techniques have been developed using a va-
riety of genes to screen for virus and/or to exam-
ine the appearance of, and tissue distribution of,
virus in hosts (Jeong et al. 2005; Kwak et al. 2005;
Choi et al. 2006; Kvitt et al. 2008). Loop-mediated
isothermal amplification (LAMP) is a single tube,
single temperature technique for the amplification
of nucleic acids (Notomi et al. 2000). For RNA tar-
gets, a reverse transcription-coupled LAMP proce-
dure is available (Notomi et al. 2000). This tech-
nology has been developed to support diagnostic
activities in smaller laboratories where there may be
limited or no access to expensive equipment such
as thermal cyclers. Commercially available detec-
tion kits using this technology are available for a
variety of pathogens including bacteria and viruses
(reviewed in Mori and Notomi 2009). The applica-
tion of LAMP for the detection of fish and shellfish
pathogens is reviewed in Savan et al. (2005). With
respect to the iridoviruses, several authors have re-
ported on the developed LAMP-based diagnostics
(Caipang et al. 2004; Mao et al. 2008; Zhang et al.
2009). These procedures use simple detection sys-
tems that enable the results of the test to be accessed
visually by turbidity or through the use of fluores-
cent substances such as calcein and SYBR green. As
LAMP does not require temperature cycling, and
detection of the products does not require the use
of sophisticated measurement equipment, this pro-
cedure shows great promise for general use in fish
health laboratories. However, selection of an appro-

priate target and primer design depends upon good
genomic information for the pathogen. As an exam-
ple, Mao et al. (2008) report on the successful use of
LAMP for detection of SGIV in cell lines and tissues
from infected fish. This study used a set of specific
primers that targeted the ORF-014L of SGIV and
provided a comparison of the three methods that can
be used for product detection.

FUNCTIONAL INFORMATION FROM SEQUENCE DATA

The analysis of the genome of the Singapore grouper
iridovirus (SGIV) resulted in the identification of
162 potential open reading frames (ORFs) (Song
et al. 2004; Chapter 9 of this book by Wu et al.).
It is difficult to predict from sequence data alone
whether ORFs are functional genes. In this instance,
the availability of the whole genome sequence al-
lowed these authors to use a combination of compar-
ative genomics, RT-PCR, and gel-based proteomics
to identify ORFs that were expressed at both the tran-
script and protein level. Through their proteomics
studies, which were labor-intensive, they success-
fully identified 26 proteins, of which 20 were novel
from purified virions grown in embryonic egg cell
line from grouper. The identification of these novel
proteins allowed them to confirm an additional 12%
of the ORFs as functional genes.

To examine in more detail the transcription pro-
gram of iridoviruses, and to aid in genome anno-
tation, a number of groups have developed DNA
microarrays. For example, Lua et al. (2005) devel-
oped a red sea bream iridovirus (RSIV) DNA mi-
croarray containing 92 putative ORFs that was used
to monitor gene transcription, to assign RSIV tran-
scripts to different expression classes, and to study
their physical position relative to other genes within
the genome. These studies were conducted in vitro
using a Japanese flounder (Paralichthys olivaceus)
natural embryo (HINAE) cells, some of which had
been treated with drugs that inhibited protein syn-
thesis and viral DNA replication. They reported that
viral replication began after about 8 hours and that
it took about 2 days to assemble complete virions
in this experimental system. In addition, they were
able to confirm that RSIV followed the classical
virus gene expression cascade. Using this same ar-
ray, Lua et al. (2007) examined the transcriptional re-
sponse of spleen and kidney of juvenile red seabream
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(Pagrus major) following injection challenge with
RSIV. On the basis of the levels of transcription,
they suggested that pathogenesis began around 5
days postinfection (DPI) with high levels of viral
replication occurring until 10 DPI when clearance
of the virus by the host began. On the basis of the
transcription profiles, they also suggested that the
spleen was the target organ of preference for RSIV.
Chen et al. (2006) constructed another microarray
containing probes for the 162 SGIV ORFs that had
been identified by Song et al. (2004). They were
able to identify 127 ORFs that were active upon
infection of a grouper (Epinephelus coioides) em-
bryonic cell line, as well as to study the timing of
their expression. In another study, Teng et al. (2008)
reported on the transcriptional response of SGIV fol-
lowing in vitro and in vivo infection using a grouper
spleen cell line and the orange-spotted grouper, re-
spectively. The microarray that was used contained
all of the SGIV ORFs. These authors noted marked
differences in the SGIV transcriptional response be-
tween in vitro and in vivo conditions. When grown in
cell culture, the transcriptional response was much
more rapid with viral genes being transcribed as
early as 1-hour postinfection (HPI). Following in-
traperitoneal injection challenge of grouper, most
viral genes were expressed between 1 and 4 DPI
with expression levels beginning to decline by 5
DPI. This decline in expression was proposed to be
due to the host response to the virus.

PrOTEOMICS

As mentioned previously, Song et al. (2004) con-
ducted preliminary proteomic analysis of purified
virions of SGIV using a gel-based proteomics ap-
proach. Using more advanced proteomic methods
(1-DE- MALDI and LC-MALDI), Song et al. (2006)
was able to more effectively identify proteins from
purified SGIV virions. As in their earlier study, these
virions were produced in an embryonic egg cell line
from grouper. Using these methods, 44 viral proteins
were identified, including 19 proteins that had pre-
viously been identified by Song et al. (2004) (see
Chapter 9 in this book by Wu et al.). Taken to-
gether, these two studies have identified 51 SGIV
proteins, which equals 32% of the predicted ORFs
as functional genes. Following on this work, Chen
et al. (2008) used proteomics to examine changes

in the proteomes of SGIV and the grouper embry-
onic cell line following infection. These authors used
isobaric tags for relative and absolute quantification
(iTRAQ), which is a nongel-based technique that en-
ables the identification and quantification of proteins
from different sources in a single experiment (de-
scribed in Pierce et al. 2008 and references therein).
This is the first fish health application of this label-
ing system. In this study, noninfected and infected
cells harvested at 48 HPI were individually labeled
with iTRAQ reagents. After labeling and further
processing, the samples were pooled and initially
separated by 2D-liquid chromatography with the re-
sulting fractions analyzed in a MALDI TOF/TOF
mass spectophotometer. Using these methods, these
authors were able to identify 49 viral proteins, in-
cluding 11 that had not been found previously by
Song et al. (2004, 2006). As described below, they
also identified 743 host proteins, including several
whose abundance changed in response to infection.
Taken together, these studies demonstrate that,
even with a relatively simple fully sequenced
genome, it is still very difficult to obtain data on the
complete proteome, especially for pathogens that
must be grown in cell culture. The above state-
ment notwithstanding, these types of studies have
greatly improved our understanding of the biology
and mechanisms of pathogenesis of iridoviruses,
making it possible for the design of experiments to
confirm the function of specific transcripts and their
products, examples of which are described below.
Bioinformatic analysis of all fully sequenced iri-
doviruses has identified the presence of an ORF
that is a putative RNase III gene. This gene has
been shown to be upregulated in iridoviruses in later
stages of infection by microarray and proteomic
analysis (Lua et al. 2005; Chen et al. 2006; Dang
Thi et al. 2007; Chen et al. 2008). In other groups of
viruses, this gene has been demonstrated to enhance
viral RNA silencing activity in host cells through
its interaction with the viral protein P22 (Kreuze
et al. 2005). Zenke and Kim (2008) conducted a
functional characterization of the putative RNase
III of the RBIV. These authors demonstrated the
function for this gene by producing recombinant
RBIV RNase I11 that degraded dsRNA. However, the
ionic requirements for its function differ from those
described for other RNase IIIs. On the basis of the
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RT-PCR results, they reported expression of this
gene late in the infection process (48 HPI), which
is the pattern of expression reported for this gene in
other iridoviruses. Although they demonstrated that
this gene is functional in RBIV infections, it remains
to be determined what, if any, role it plays in viral
replication or avoidance of host immune responses.
Viruses have evolved methods to regulate host
signaling pathways, thereby ensuring their sur-
vival and propagation in host cells. One of these
methods involves the modulation of tumor necro-
sis factor (TNF). Through bioinformatic analysis,
Huang et al. (2008) were able to identify a pu-
tative lipopolysaccharide-induced TNF-o (LITAF)
homolog in the genome of SGIV. Expression pat-
terns of this gene were studied by RT-PCR and
Western blotting, which used antibodies raised
against recombinant LITAF produced in Escherichia
coli. This antibody was also used to localize LITAF
production in infected cells, where it was found to
be associated with mitochondria. To examine the
role in pathogenesis, cells were transfected with a
LITAF plasmid. Overexpression of LITAF induced
apoptosis, resulting in the depolarization of mito-
chondrial membranes and activation of caspase 3.
Using a reported gene system, increased activity of
the transcription factors NF-« 8 and NFAT was seen
in LITAF-expressing cells. These transcription fac-
tors are involved in the regulation of cell cycles,
cell differentiation, apoptosis, as well as immune
response to virus. Taken together, these data provide
evidence that LITAF is important in viral replication,
transmission between cells, and possible evasion of
the host immune response (Huang et al. 2008).
Morpholinos are a commonly used knockdown
system, especially in embryological studies. They
are synthetic molecules that act by steric blocking
(binding to a target sequence within RNA) and phys-
ically interfering with other molecules that would
normally interact with the RNA. This system has
been used to study gene function in two iridoviruses,
SGIV, and ISKNV (Wang et al. 2008a, 2008b). With
respect to SGIV, high abundances of the protein
encoded by the gene ORFO18R were identified in
proteomic studies of SGIV, suggesting an impor-
tant role in infection (Song et al. 2004, 2006; Chen
et al. 2008). In addition, bioinformatic analysis of
this gene identified a partial serine/threonine kinase

domain, suggesting that the protein may be involved
in phosphorylation. Wang et al. (2008a) used an anti-
sense morpholino oligonucleotide (asMO) to knock
down SGIV ORFO18R expression in virus grow-
ing in an embryonic grouper cell line. They were
able to demonstrate dramatically reduced expres-
sion of ORFO18R, and corresponding partial inhi-
bition of expression of other SGIV genes normally
expressed during late stages of infection, blocking
of viral infection, effects on viral DNA packaging,
and virion assembly and enhanced phosphorylation
(Wang et al. 2008a). Effects on viral and host protein
phosphorylation state were confirmed by proteomics
analysis (2DE-MS). asMOs have also seen applica-
tion in studies of iridovirus gene function of other
groups of animals. For example, Sample et al. (2007)
used asMOs to examine the function of three genes
of the frog virus referred to as frog virus 3 (FV3)
growing in a fathead minnow (Pimephales prome-
las) cell line. Using asMOs, these authors were able
to transiently knockdown the expression of genes
believed to be involved in a variety of points in this
virus’s lifecycle. These included the major capsid
protein (MCP), an 18 kDa immediate-early protein
(18K) and the FV3 homolog of the largest subunit
of RNA polymerase (vPol-Il). Using transmission
electron microscopy to examine virus growth, the
authors were able to identify phenotypic changes
associated with the knockdown of MCP, as well
as the importance of MCP and vPol-lle in the
replication of FV3 in this cell line. Collectively,
these studies provided a good demonstration of the
value of using asMOs to study the gene function in
pathogens.

Wang et al. (2008b) examined the function of in-
fectious spleen and kidney necrosis virus (ISKNV)
ORF48R in the infection of zebrafish. Bioinformatic
analysis of the ISKNV genome identified a domain
similar to that of the platelet-derived growth fac-
tor and vascular endothelial growth factor (VEGF)
within this ORF, which was similar to VEGFs of
other iridoviruses. To understand its role in infec-
tion and disease, a recombinant plasmid contain-
ing ISKNV ORF48R was constructed and microin-
jected into one-cell stage zebrafish embryos. The
effects of overexpression of ISKNV ORF48R were
examined over early embryonic development and
were found to be similar to the effects seen when
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embryos were infected with a plasmid containing ze-
brafish (Danio rerio) VEGF. These effects included
pericardial edema and dilation of the tail region.
Overexpression of both constructs with an embryo
resulted in phenotypes with similar but much more
severe vascular development problems. These au-
thors used a combination of real-time PCR, whole
mount in situ hybridization, and immunoprecipita-
tion to identify that the endothelial cell-specific ty-
rosine kinase receptor (FLK-1) is an important re-
ceptor for ISKNV ORF48R. This was further con-
firmed by knock down of the expression of flkl
with antisense morpholino-oligonucleotides, which
when followed by ORF48R over expression ini-
tially resulted in a lessening of the severity of the
abnormalities.

RNA interference or sequence-specific gene si-
lencing is widely used to examine gene function
(gene-knockdown studies) as well as in genetic en-
gineering and medicine. In human medical studies,
short interfering RNA (siRNA) has been tested as
therapies against a growing number of diseases and
pathogens, especially those for which there are lim-
ited treatment options. A good review of RNA inter-
ference and its medical applications is given in Kim
and Rossi (2007). With respect to the iridoviruses,
knowledge of the genome enabled Dang Thi et al.
(2008) to investigate in vitro the antiviral activity
of a siRNA that targeted the MCP gene of RSIV.
They demonstrated a dose-dependent effect of this
siRNA on RSIV replication. In addition to demon-
strating the potential of siRNA as a therapy against
RSIV, this study provides an example of how RNA
interference can be used to investigate mechanisms
of pathogenesis. Although not an example from the
Iridoviridae, another recent example on the appli-
cation of RNA interference in the study of viral
pathogenesis of Betanodavirus in fish is provided
by Su et al. (2009). Because of the availability of
sequence information, these authors were able to
use RNA interference, as well as transient expres-
sion in a cell line of the viral nonstructural protein
B2, to the study of the role of B2 in the pathogen-
esis of Betanodavirus. With these techniques, they
were able to determine that B2 plays an important
role in mitochondria-mediated necrotic cell death,
possibly through its regulation of the proapoptotic
gene Bax.

Bacterial Pathogens—A. salmonicida

When compared to the viruses, there are far fewer
complete genome sequences for bacterial pathogens
of fish (Table 6.2). This is due in part to the larger
size and complexity of their genomes; until recently,
sequencing their genomes was much too expen-
sive for most research groups. However, with re-
cent developments in sequencing technologies that
have dramatically reduced sequencing costs, it is
expected that more genome sequences will become
available for bacterial pathogens of fish in the near
future.

To demonstrate the value of genomic resources as
abasis for the study of bacterial pathogens of fish, we
will use A. salmonicida as an example. A. salmoni-
cida is a nonmotile, Gram-negative bacterium that
is the etiological agent of furunculosis, an econom-
ically important disease of wild and farmed fish.
This pathogen is associated with covert and clini-
cal disease in a wide variety of salmonid and non-
salmonid fishes held in fresh and marine waters. The
typical form A. salmonicida subsp. salmonicida has
been reported to cause disease in most species of
salmonids. In chronic cases, the typical form of the
disease is characterized by the presence of furuncle-
like swellings that eventually rupture to form ulcer-
ative lesions. Infected fish may display exophtalmia,
bloody fins, darkening of skin color and septicemia
(Hiney and Olivier 1999). A large number of atypi-
cal forms of A. salmonicida have been isolated from
a large number of nonsalmonid hosts (Wiklund and
Dalsgaard 1998). These subspecies, which are het-
erogenous with respect to molecular and phenotypic
characteristics, cause a variety of disease conditions
referred to as atypical furunculosis or ulcer disease
(Hiney and Olivier 1999).

Because of the economic importance of A.
salmonicida subsp. salmonicida as a disease-
causing agent, the whole genome of a wild-type
strain (A449) was sequenced and annotated. The
genome consists of a circular chromosome and five
plasmids encoding a total of more than 4700 genes
(Reith et al. 2008). As we will see our knowl-
edge of the genome of A. salmonicida and of the
related species Aeromonas hydrophila, (Seshadri
et al. 2006) have enabled subspecies comparisons of
the different A. salmonicida subspecies, investiga-
tions of A. salmonicida salmonicida host—pathogen
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Table 6.2. Genomic Sequencing of Important Bacterial Pathogens of Fish (data from
Entrez Genome Project: http://www.ncbi.nlm.nih.gov/sites/entrez).

Status (As of

November
Pathogen Disease Distribution 2009) Reference
Gram Negative
Aeromonas Hemorrhagic septicemia,  Freshwater to Completed Seshadri et al.
hydrophila motile Aeromonas marine 2006
septicemia, ulcer
disease, red-sore disease
Aeromonas Furunculosis Freshwater to Completed Reith et al.
salmonicida subsp. marine 2008
salmonicida
Edwardsiella ictaluri ~ Enteric septicemia in Freshwater In progress
catfish (ESC)
Edwardsiella tarda Edwardsiella septicemia  Freshwater to In progress
(ES) marine
Flavobacterium Cold water disease Freshwater Completed Duchaud et al.
psychrophilum 2007

Vibrio alginolyticus

Vibrio campbellii
Vibrio harveyi

Vibrio
parahaemolyticus
Vibrio splendidus

Vibrio vulnificus
Nocardia farcinica

Yersinia ruckeri
(ATCC 29473)
Gram Positive

Lactococcus garvieae

Mycobacterium
marinum

Renibacterium
salmoninarum
ATCC 33209

Streptococcus iniae

Vibriosis
Vibriosis
Luminous vibriosis
Vibriosis

Vibriosis

Vibriosis
Nocardiosis

Enteric red mouth disease
(ERM)

Streptococcosis or
lactococcosis
Mycobacteriosis

Bacterial kidney disease
(BKD)

Streptococcosis

Freshwater to
marine

Brackish to marine

Marine

Brackish to marine

Freshwater to
marine

Freshwater to
marine

Freshwater to
marine

Freshwater to
marine

Freshwater to
marine

Freshwater to
marine

Freshwater to
marine

Freshwater to
marine

In progress
In progress
Completed
Completed

Completed

Completed
Completed

In progress

In progress
Completed

Completed

In progress

Unpublished
sequence in
Genbank

Makino et al.
2003

Unpublished
sequence in
Genbank

Chen et al.
2003

Ishikawa et al.
2004

Stinear et al.
2008

Wiens et al.
2008
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interactions, and facilitated the development of new
vaccines.

GENOMIC VARIABILITY AND SUBSPECIES
IDENTIFICATION

A variety of molecular analysis such as DNA:DNA
hybridization, plasmid profiling, restriction endonu-
clease fingerprinting, and randomly amplified poly-
morphic DNA have been used to study the genetics
of A. salmonicida (reviewed in Nilsson et al. 2006;
Nash et al. 2006). In addition to these more general
methods, A. salmonicida-specific PCR-based meth-
ods have also been developed for the identification
of strains/subspecies of A. salmonicida (Gustafson
et al. 1992; Hiney et al. 1992; Miyata et al. 1996;
Nilsson et al. 2006; Beaz-Hidalgo et al. 2008). All
of these PCR-based methods are based upon the
analysis of single genes that limits their usefulness
as tools to study genomic variability between sub-
species, strains, and isolates.

Burr and Frey (2007) examined 40 isolates of typ-
ical and atypical A. salmonicida for the presence of
five genes involved in type III secretion system by
PCR. This is a good example of how genomic PCR
amplification can be used as an economical method
for the study of small numbers of previously char-
acterized genes. However, it is unsuitable for appli-
cation to the study of larger numbers of genes that
is necessary to fully understand genomic variability
within this species.

Genome arrays containing large numbers of
genes, or whole genomes in some cases, are the ba-
sis for a technique referred to as microarray-based
comparative genomic hybridization. This technique
has seen application in the study of the genomic ba-
sis of diseases and other disorders, as well as the
study of genomic variability among strains of bacte-
rial pathogens, including A. salmonicida (Nash et al.
2006; Han et al. 2008; Gouré et al. 2009). In the
case of A. salmonicida, Nash et al. (2006) utilized
the genome sequence to develop a 2024 gene array.
This microarray was used to study the genetic rela-
tionships between species, subspecies, and strains of
Aeromonas obtained from different hosts and geo-
graphical locations. It allowed the authors to identify
subsets of conserved genes involved in virulence that
are potential vaccine candidates. In addition to iden-

tifying conserved genes, some of which may be suit-
able as targets for the development of new or more
effective vaccines, this technique also allows for de-
tailed study of the relationships between groups of
bacteria, which has application in epizootiological
studies.

The availability of a sequenced genome has also
facilitated studies of A. salmonicida virulence mech-
anisms and growth. Prior to the sequencing of the
A. salmonicida genome, only a few genes encod-
ing for virulence factors, such as the type III secre-
tion system and associated toxins, and quorum sens-
ing had been identified and sequenced (Swift et al.
1997, 1999; Burr et al. 2002, 2003, 2005). Sequenc-
ing, bioinformatic analysis, and annotation of the A.
salmonicida genome resulted in the identification of
large numbers of genes encoding for other potential
virulence factors, as well as those involved in im-
portant biological processes such as growth (Boyd
et al. 2003; Reith et al. 2008).

A variety of methods have been used to investi-
gate the mechanisms of virulence in A. salmonicida.
Low-throughput methods include the construction
of mutant strains that lack or overexpress the gene
or genes of interest, which are then tested for their
virulence using in vitro and/or in vivo models. An
example of such an approach is the one used to study
the type III secretion system. The type III secretion
system consists of an injection system (membrane
proteins and a needle-like structure) and a number
of effector proteins that are transmitted into host
cells, where they modulate components of innate and
adaptive immune response. In the case of A. salmoni-
cida, the type III secretion system has received the
largest amount of study because of its recognized
importance as a virulence factor in other bacterial
species (Burr et al. 2005; Dacanay et al. 2006).
Using techniques such as marker-replacement mu-
tagenesis, these authors were able to demonstrate
attenuated virulence following challenge in strains
with mutations in genes that made up the structural
components of this system. Mutations in individual
secreted effectors (aexT, aopH, and aopO) did not re-
sult in attenuated virulence, although a reduction in
virulence following injection challenge was noted
in the aexT, aopH mutants (Dacanay et al. 2006).
In contrast, a mutation in the pore-forming gene
(ascC), through which these effectors are secreted,
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resulted in a lack of virulence following injection
and immersion challenge (Dacanay et al. 2006). It
is noteworthy that fish challenged with ascC lacked
the protective immunity provided to survivors that
had been challenged with the wild-type strain. Thus,
a combination of genomic analyses, directed mu-
tants, and live challenges can identify not only vir-
ulence mechanisms but also candidates for vaccines
development.

Pili are structures that allow bacteria to attach
to surfaces such as host tissues, and they are im-
portant virulence factors for many pathogenic bac-
teria. Bioinformatic analysis of the A. salmonicida
subsp. salmonicida genome led to the identification
of three genes belonging to the type IV pilus system,
of which one was thought to be nonfunctional (Boyd
et al. 2008). Using this information, three mutant
strains were produced and tested for virulence by
injection and immersion challenge. These included
mutants in genes that encode for components of the
Tap pili (tapA), the FLP pili (flpA), and a double
(flpA-tapA) mutant. The virulence of the tapA and
fipA-tapA mutants was reduced when compared to
wild type in immersion challenges but not in injec-
tion challenges. There was no difference in virulence
between the wild type and the fl]pA mutant, in both
immersion and injection challenges. On the basis of
these data, it was concluded that Tap pili are im-
portant in initial attachment to the host but not as
important to virulence once invasion has occurred.

Host phagocytic cells use the deleterious biolog-
ical effects of reactive oxygen species as part of
their nonspecific host defense against pathogens.
Using the genomic sequence of A449, Dacanay
et al. (2003) identified two ORFs that code for two
superoxide dismutase isozymes, sodA and sodB,
examined their in vitro and in vivo patterns of ex-
pression, and quantified differences in SOD lev-
els between virulent and avirulent isolates of A.
salmoncida subsp. salmonicida. Using these and
genomic data, knockout mutants for genes (sodA
and sodB) and a catalase (katA), which is involved
in hydrogen peroxide detoxification, were created
and used in challenge trials with Atlantic salmon.
When challenged by injection, there was no signifi-
cant change in virulence in any of the mutant strains
when compared to wild type. Immersion challenge
of the sodA and sodB mutants resulted in reduced

virulence when compared to wild type (Boyd and
Dacanay, personal communication).

The development of individual mutants, and test-
ing of their phenotypes, is a very effective low-
throughput method for studying gene function, es-
pecially as it pertains to growth and virulence. How-
ever, the availability of a sequenced genome allows
for the use of higher throughput methods for the
study of gene function. For example, it is now pos-
sible to construct complete and ordered mutant li-
braries for bacteria and to use genomic DNA ar-
rays or other methods to screen for negatively se-
lected transposon mutants (reviewed in Baldwin and
Salama 2007; Burrack and Higgins 2007; Winter-
berg and Reznikoff 2007). The use of these tech-
niques has been recently applied to study virulence
genes of the bacterial fish pathogens Mycobacterium
marinum (Mehta et al. 2006), Lactococcus garvieae
(Menéndez et al. 2007), and Edwardsiella ictaluri
(Karsi et al. 2009). In these studies, the ability of
mutants to survive and/or replicate in the presence
of host factors and cells under in vitro and in vivo
conditions was used as a screen to identify virulence-
related genes. These studies enabled the authors to
identify a large number of virulence-related genes
and, in the case of E. ictaluri, to identify mutants
that have potential as live attenuated vaccines.

PROTEOMICS

Proteomics techniques have been used to survey
proteins produced by A. salmonicida and related
species under a variety of different growth condi-
tions, as well as to delineate structural details of
small numbers of specific proteins. Most protein
surveys have used gel-based proteomics methods,
whereas structural studies of single or small groups
of proteins have used gel-free proteomic methods
such gas—liquid chromatography—mass spectrome-
try. Most proteomic studies on A. salmonicida have
focused on membrane and membrane-associated
proteins because of the roles they play in pathogen-
esis, such as adhesion to host cells, antibiotic, and
drug resistance, as well as their potential as vaccine
candidates.

A number of groups have conducted general sur-
veys of secreted and membrane-bound proteins of
A. salmonicida. Two-dimensional PAGE-based pro-
teomics was used to compare the outer membrane
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proteins (OMP) of A. salmonicida grown in vitro
in standard microbiological and low-iron media, as
well as in vitro (within dialysis tubing surgically
implanted into hosts) (Ebanks et al. 2004, 2005).
Ebanks et al. (2004) examined the OMP of wild type
and two avirulent strains (one A-layer positive and
one A-layer negative) in response to low iron in vitro
and in vivo growth. Under these conditions, two iron
acquisition systems were found to be upregulated
as represented by three proteins in the 73-85 kDa
size range in all of these strains. The availability
of a sequenced genome of A. salmonicida allowed
for these authors to identify these proteins as a fer-
ric siderophore receptor homolog (FstB; 85 kDa), a
colicin receptor homolog (FstC; 73 kDA), and an
outer membrane heme receptor homolog (76 kDa).
Microarray analysis of mRNA expressed in strain
A449 grown under the same conditions confirmed
the results obtained in the proteomics experiments
described above (Brown et al., unpublished). Al-
though important for growth in iron-poor environ-
ments, these proteins were not felt to be sufficient
for bacterial virulence as they were expressed in
both virulent and avirulent strains (Ebanks et al.
2004). Further study of the OMP of A. salmonicida
grown under iron-limited conditions was reported
in Ebanks et al. (2005). In this study, wild-type A.
salmonicida (strain A449) and an avirulent s-layer-
deficient mutant were used, and OMPs were ex-
tracted using a modified method designed to enrich
for OMPs. These authors were able to identify 76
proteins, which corresponded to approximately 60%
of all of the protein spots that could be visualized
by on their gels. Within OMPs, a number of pro-
teins were identified, which, due to their lack of a
classical export sorting signals, had not been pre-
dicted during sequence analysis of the genome to be
OMPs. This result demonstrates the value of com-
bining genomic and proteomic approaches in such
studies. Another example of a combined genomics
and proteomics approach is demonstrated by stud-
ies of the type III secretion system. As previously
mentioned, the availability of genomic information
for A. salmonicida has allowed for the development
of a number of mutant strains that included muta-
tions within the type III secretion system. Ebanks
et al. (2006) used 1D and 2D gel-based proteomics
and reverse transcriptase (RT)-PCR to study the type

IIT secretion system of a wild type (A449) and two
mutant strains of A. salmonicida grown in vivo, as
well as under a variety of in vitro growth conditions.
Using differential proteomic analysis and RT-PCR,
expression of genes and proteins of the TTSS was
shown to be upregulated at a growth temperature of
28°C, but not at lower temperatures or in cells cul-
tured in low iron, low pH, low calcium, or in vivo. In
this study, an ascC deletion mutant with a nonfunc-
tional TTSS was used as a control in the proteomic
identification of TTSS and other proteins produced
during growth at 28°C.

More recently, several authors have used a com-
bination of sequence information and proteomics to
study the genes involved in LPS core structures in
selected strains of A. salmonicida (A450) and to
compare them to those of A. hydrophila (Jimenez
et al. 2009). Within one of the three genomic re-
gions studied, these authors identified seven LPS
core biosynthesis genes, of which three were iden-
tical in sequence to those of A. hydrophila. Mutants
were constructed with alterations to the four non-
identical genes, and their LPS core structures were
characterized. Using these data along with com-
plementation studies to rescue LPS production in
A. hyrdophila LPS core biosynthesis mutants, and
SDS-PAGE analysis of LPS, allowed these authors
to assigned function to all of the genes involved in
A. salmonicida A450 LPS core biosynthesis.

A combined microarray and proteomics study was
used to examine changes in transcription and trans-
lation levels for A. salmonicida in response to iron-
restricted in vitro and in vivo growth conditions
(Brown et al., unpublished). Comparison of gene
expression data to proteomic data obtained from the
same samples showed overall that there was a strong
positive correlation between gene and protein ex-
pression levels. Not surprisingly, many of the genes
that were differentially expressed were involved in
iron or heme utilization. However, there were sev-
eral genes that were only upregulated when bacteria
were grown in the host and these included genes ho-
mologous to an ABC-type galactoside transporter
and components of the lateral flagellar system.

HOST-PATHOGEN INTERACTIONS

There are four recent reviews that provide excel-
lent detail on genomic tools and their application to
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the study of immune gene function in fish (Douglas
2006; Dios et al. 2008; Goetz and MacKenzie 2008;
Martin et al. 2008). With the exception of a few
model fish species (e.g., zebrafish, pufferfish), for
which there are sequenced genomes, the identifica-
tion of genes and pathways involved in fish response
to pathogens has generally relied upon EST sequenc-
ing of cDNA libraries from immune-related tissues
and associated bioinformatics analysis. Many early
studies used nonnormalized cDNA libraries, which
resulted in relatively low rates of immune gene
discovery. Recently, normalized cDNA and espe-
cially suppression subtractive hybridization (SSH)
c¢DNA libraries have been widely used to improve
rates of immune gene discovery and in the case of
SSH libraries to enrich for genes whose expression
changes in response to antigen/antigens or disease
challenge. The resulting cDNA clones and sequence
information have been used to develop PCR-based
assays, cDNA microarrays, and oligonucleotide
microarrays.

The majority of fish health studies conducted to
date examined host response by studying single or
small subsets of genes using PCR-based methods
(RT-PCR and real-time PCR) (reviewed in Dios
et al. 2008). A smaller but rapidly growing num-
ber of studies are using microarrays for transcrip-
tional profiling of host responses to infection. To
date, the majority of studies have used cDNA mi-
croarrays that were generated by the same research
teams, from clones produced during their studies.
There are few publically available microarrays for
fish (Agilent 4 x 44 K zebrafish and Atlantic salmon
microarray platforms are available), and for non-
model fish species, salmonid cDNA microarrays
produced by cGRASP are readily accessible. Since
their release, these arrays, which are suitable for
use with most salmonid species, have seen use in
over 22 studies, including 7 fish health-related stud-
ies (reviewed in von Schalburg et al. 2008). Re-
cently, several groups have reported on the devel-
opment of oligo-based microarrays for species suh
as Atlantic salmon, turbot (Scophthalmus maximus),
Senegalese sole (Solea senegalensis), and Atlantic
cod (Gadus morhua), which are designed to support
studies of immune function (Cerda et al. 2008; von
Schalburg et al. 2008; Millan et al. 2009; Booman
et al., 2011; Booman and Rise 2011, Chapter 1 of

this book). Oligo-based microarray development for
fish has been facilitated by ever-increasing avail-
ability of sequence information and the availability
of commercial companies that can produce high-
quality arrays in a timely and cost-effective manner.

With respect to the Iridoviridae, studies on their
interactions with their hosts are very limited. In
rockbream (Oplegnathus fasciatus), transcriptional
responses of isoforms of hepcidin and glyceralde-
hyde 3-phosphate dehydrogenase have been iden-
tified following challenge with RBIV by real-time
PCR (Choetal. 2008, 2009). Using SSH library con-
struction and RT-PCR, differential gene expression
was studied in the spleen of mandarin fish (Siniperca
chuatsi) challenged with ISKNV (He et al. 2006).
Although this was a modest study that sequenced
only 386 ESTs, it still provides good insights into
the genes and gene pathways that make up the re-
sponse of this species to ISKNV.

In the case of A. salmonicida, host responses were
used to investigate aspects of both pathogen and host
biology. Fast et al. (2009) provides an example of
a targeted study that utilized mutant strains of A.
salmonicida to examine pathways of macrophage
activation in Atlantic salmon. In their study, dele-
tion mutants of the type III secretion system of A.
salmonicida subsp. salmonicida were used to study
the responses of Atlantic salmon anterior head kid-
ney leucocytes to infection (Fast et al. 2009). These
mutants included a strain with a deletion in the outer
membrane pore gene (ascC) and a triple effector
knockout strain (Aaop3) formed by deletion of ef-
fector genes aopO, aopH, and aexT. As mentioned
previously, the ascC mutant is avirulent and not pro-
tective with respect to subsequent challenge with
wild-type A. salmonicida. Their results support the
view that the type III secretion system is important
with respect to survival within host cells through
polarization of macrophages/leucocytes to an alter-
native, rather than classical, activation state. With
respect to the ascC mutant, its short-term survival
within host cells and lack of T-cell signaling cy-
tokine stimulation may explain why hosts exposed
to this mutant are not protected to subsequent wild-
type challenge (Fast et al. 2009).

Researchers studying A. salmonicida were the
first to apply ¢cDNA microarray technology to
study the response of fish to pathogen challenge
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(Tsoi et al. 2003). At the time of their study, there
were no microarrays available for fish. Therefore,
these researchers used a commercially available hu-
man cDNA microarray to identify differentially ex-
pressed genes in the liver of Atlantic salmon chal-
lenged with A. salmonicida. This study had limited
success in identifying differentially expressed genes
because of the high levels of sequence divergence
between Atlantic salmon and humans.

Building upon this earlier work, six SSH cDNA
libraries were constructed for liver, head kidney,
and spleen tissues following i.p. challenge with A.
salmonicida (Tsoi et al. 2004). From these libraries,
1778 clones were selected and used to create a cus-
tom cDNA microarray, which was used to study
the transcriptional responses of Atlantic salmon fol-
lowing cohabitation challenge with A. salmonicida
and Atlantic salmon macrophages exposed in vitro
to in vivo and in vitro cultured A. salmonicida
(Ewart et al. 2005, 2008). These studies have pro-
vided insights into the early (<2 hours postinfection)
and late (chronic disease, 13 days postinfection)
transcription response of Atlantic salmon to this
pathogen and have identified a number of unknown
genes that are differentially regulated and worthy of
future study. In addition, Ewart et al. (2008) pro-
vided evidence for differences in the transcriptional
response of macrophages to bacteria grown in vivo
and in vitro. These studies demonstrate the value of
microarray technology and the value of targeting of
research in this area to examine in more detail the
effects of specific A. salmonicida proteins or other
products on the host.

As mentioned earlier, the availability of Atlantic
salmon microarrays from cGRASP has made it pos-
sible for a number of research groups to examine the
transcriptional response to pathogens. Martin et al.
(2006) used real-time PCR, SSH library construc-
tion, and an early version of the cGRASP microar-
ray to examine the response of Atlantic salmon gill,
kidney, and liver tissues to challenge with an at-
tenuated strain of A. salmonicida. This strain has
a mutation in its aeroA gene that results in it be-
ing rapidly cleared from the host after only a short
period of replication without morbidity in the host.
In addition, vaccination with this mutant is known
to provide a protective immune response. In this
study, microarray analysis and real-time PCR was

used to confirm the results obtained from analy-
sis of the SSH libraries, as well as to identify ad-
ditional genes not identified in these libraries but
whose expression changed in response to challenge.
Included in these genes were many members of
acute phase response pathways. This type of study
greatly improves our understanding of how the im-
mune system responds to bacterial challenge, the
impact of challenge on nonimmune-related path-
ways and the mechanisms by which resistance de-
velops. These insights are important with respect to
the development of new thereaputants and vaccines
for fish.

More recently, Pardo et al. (2008) reported on
9256 ESTs (3482 unique sequences) from turbot
(S. maximus) that had been challenged with A.
salmonicida salmonicida and the ectoparasitic pro-
tozoan Philasterides dicentrarchi, as well as from
unchallenged individuals. On the basis of the analy-
sis of EST frequency, using a subset of 72 genes, they
were able to identify differences in the frequency of
a number of genes between animals challenged with
these two pathogens. Using these ESTs data, a low-
density 2716 probe oligo-based Agilent microarray
was recently developed to study the response of tur-
bot to pathogens (Milldn et al. 2009). These authors
note that this microarray is publically available on
a cost-recovery basis. Testing of this microarray us-
ing spleen tissue from A. salmonicida-challenged
fish demonstrated its usefulness as a tool to support
studies on and a broodstock selection program for
this commercially important fish.

Using a microarray developed by the EU Frame-
work 5 GENIPOL consortium for toxicogenomics
studies of the European flounder, Diab et al. (2008)
examined the transcriptional response of liver of
European flounder injected with a commercial
A. salmonicida vaccine over a 16-day period. Al-
though this microarray was originally designed to
study liver responses of flatfish to toxicants, there
were sufficient immune-related genes present to al-
low these authors to obtain good information for
a number of immune-related groups such as an-
timicrobial proteins, acute phase proteins, comple-
ment system, chemokines, and cytokines. This study
demonstrated that this array is suitable to begin to
examine the effects of exposure to toxicants on the
immune system of this and other species of related
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flatfish. These authors also note that this array is
available to the public for research purposes.

A similar strategy was used for immune-related
gene discovery in Atlantic cod (G. morhua) that were
stimulated with formalin-killed atypical A. salmoni-
cida (Feng et al. 2009). In their study, four reciprocal
SSH cDNA libraries were created to identify differ-
entially expressed genes in spleen and head kidney
tissues. From analysis of the 4154 ESTs and real-
time-PCR of a select subset of genes, they were
able to identify a relatively large number of genes
involved in many biological processes, including
chemotaxis, regulation of apoptosis, antimicrobial
peptide production, and iron homeostasis that re-
sponded to bacterial antigen stimulation. These EST
data, along with additional ESTs from other SSH and
normalized cDNA libraries, have been recently used
to produce a 20,000 element oligo-based microarray
that is designed to support research on cod reproduc-
tion, physiology, and immunology (Booman et al.,
2011; Booman and Rise, Chapter 1).

Host Proteomics

As mentioned previously, Martyniuk and Denslow
(2009) provide a good overview of proteomic meth-
ods focusing on their application to the study of
fish endocrinology. With respect to fish health, pro-
teomics has seen limited use in the study of hosts
with the few studies that have been conducted being
limited to cell lines. Martin et al. (2007) examined
the effects of administration of recombinant IFN-y
on the Atlantic salmon head kidney cell line, SHK-
1, protein expression. Using 2D gel electrophoresis,
these authors created proteome maps for unstim-
ulated and stimulated cells harvested at 24 hours
post stimulation. Analysis of these maps resulted in
the identification of 15 proteins that increased and 7
proteins that decreased in abundance. Sequencing of
some of these proteins and real-time PCR studies of
their gene expression supported the results obtained
from their proteomics data.

As mentioned above, Chen et al. (2008) used
a nongel-based method involving isobaric labeling
(ITRAC®) to compare and quantify in the pro-
teomes of grouper embryonic cell line that were
uninfected and infected with SGIV. In addition to
identifying 49 viral proteins, they also identified 743
host proteins, of which 14 were upregulated and

5 were downregulated in the infected cells (Chen
et al. 2008). Host proteins that were upregulated
included those involved in immunity, as well as
proteins thought to be necessary to support viral
replication.

Host Metabolomics

Metabolomics has been applied to characterize small
molecular weight metabolites in plasma and tissue
extracts of fish exposed to toxicants, other environ-
mental stressors, and pathogens (Viant et al. 2003,
2005; Solanky et al. 2005; Stentiford et al. 2005;
Dacanay et al. 2006; Samuelsson et al. 2006; re-
viewed in Samuelsson and Larsson 2008; Karakach
et al. 2009). With respect to pathogen exposure,
metabolomic experiments are limited to a series of
related studies on Atlantic salmon and A. salmoni-
cida that were conducted within the same pro-
gram as the genome sequencing. As part of this
program, Solanky et al. (2005) used NMR-based
metabolomics to study and compare the metabo-
lite profiles of plasma obtained from fish that had
survived a challenge with virulent A. salmonicida,
to saline-injected and unfed control groups. These
authors were able to identify distinct NMR-spectra
(metabolite profiles) for each of these groups, as
well as to characterize the major metabolite changes
responsible for the differences. This study demon-
strated that it is feasible to use metabolomics to de-
velop improved understanding of the relationships
between A. salmonicida and Atlantic salmon, as well
as a method for the identification of infected and
noninfected individuals. Dacanay et al. (2006) used
'"H NMR spectroscopy-based metabolite profiling
to compare plasma metabolite profiles of Atlantic
salmon survivors of immersion challenge with four
strains of type III secretion system isogenic mutants
as well as survivors following rechallenge with wild-
type A. salmonicida. The animals that were rechal-
lenged were those that had survived the earlier im-
mersion challenge with wild-type A. salmonicida
or the AascC mutant. In that study, a large pro-
portion of the survivors of the wild-type challenge
survived the rechallenge. The metabolic response
of these animals was distinct from those obtained
for a phosphate-buffered saline (PBS) control group
and appeared to be related to the protective immune
response. With respect to immersion challenge with
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the other mutants, there were no apparent differences
in their metabolic response between these groups or
when they were compared to PBS control animals.
This study clearly demonstrates that metabolomics
technologies have potential to provide noninvasive
assays to monitor host immune responses.

More recently, 'H NMR spectroscopy and ul-
trahigh performance liquid chromatography—mass
spectrometry was used to characterize the response
of juvenile Atlantic salmon to long-term handling
stress (Karakach et al. 2009). Although not di-
rectly related to disease, this paper demonstrates
the advantage of using both of these techniques in
a complementary fashion for the analysis of low-
molecular weight metabolites, outlines the difficul-
ties encountered, as well as addresses some im-
portant issues such as the stability of plasma for
metabolomics experiments. By comparing plasma
from nonstressed controls to that of stressed indi-
viduals, the authors demonstrated classifiable dif-
ferences (metabolic disparity) in metabolite profiles
at 1 and 2 weeks after the initiation of the stress. Of
note is the fact that such differences were not iden-
tifiable at 3 and 4 weeks poststress. The metabo-
lites whose concentration changed in response to
stress included lactate, lipoproteins, amino acids,
and trimethylamine-N-oxide, and their patterns of
change suggested changes in gluconeogenessis over
time. Furthermore, these metabolite changes re-
vealed several new molecular indicators of long-
term stress that had not been previously known for
fish.

The studies outlined above represent the first at-
tempts to apply metabolomics to the study the health
of aquatic animals. On the basis of these initial
studies, it is easy to see how continued applica-
tion of metabolomics in aquatic animal health and
other areas of fish research will facilitate our im-
proved understanding of the interactions between
pathogens and their fish hosts, assist in the diagno-
sis or identification of disease, as well our under-
standing of factors such as stress that may predis-
pose animals to disease. With respect to the devel-
opment of “health biomarkers” for fish, Samuels-
son and Larsson (2008) bring up several important
points to consider with respect to their development
and application. For example, they question whether
it is possible to determine what a small change in

the metabolome of fish that live in a complex envi-
ronmental setting means with respect to their health.
On the basis of their analysis of studies completed
to date, they suggest that it may be necessary to use
complementary data for robust and accurate classi-
fication of disease states. If this is the case, it will
likely be necessary to use a combination of biomark-
ers rather than a single biomarker to indicate a spe-
cific state.

APPLICATIONS OF GENOMICS AND
PROTEOMICS TO VACCINE
DEVELOPMENT

It is generally viewed that development of new and
more effective vaccines for fish will benefit the aqua-
culture industry by further reducing losses due to
disease, reducing use of therapeutants (antibiotics
and chemical treatments), and promoting improve-
ments to animal welfare. At present, most of com-
mercially available vaccines for fish are inactivated
whole cell vaccines, although there is increasing in-
terest and use of subunit vaccines, especially for
virus. Vaccines, especially those against bacterial
pathogens, generally work well with adjuvanted in-
jectable vaccines giving the best results. However,
there are problems with the use of these vaccines,
including reduced growth, and the development of
adhesions and other pathologies following vaccina-
tion that can affect carcass quality (Midtlyng and
Lillehaug 1998; Mutoloki et al. 2004; Treasurer
and Cox 2008; Gjerde et al. 2009 and references
therein).

It is generally agreed that the development of im-
proved vaccines and/or vaccine delivery systems for
fish is extremely important, and these goals have
been the major rationale for conducting many of
the studies reviewed in this chapter. As we have
seen, the application of genomics and proteomics to
the study of fish pathogens has provided researchers
with insights into their biology, their pathogenesis,
as well as provided information on potential of vac-
cine targets. In addition, the application of these
technologies to study host response has led to a rapid
increase in the number of immune-related genes
known for a variety of commercially important fish
species. However, it is difficult to determine the ex-
tent to which published data have contributed to the
development of commercial vaccines. This is due
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in part to the fact that most research that has led to
the commercialization of vaccines for fish has been
performed by pharmaceutical companies and is not
available publically.

As discussed previously, the identification and
sequencing of virulence factors in A. salmonicida
salmonicida has enabled researchers to develop a
number of mutant strains used to study virulence,
as well as, in the case of avirulent strains, to test
for use as attenuated vaccines. Although there has
been a great deal of interest in the use of attenuated
strains as vaccines in aquaculture, and success has
been achieved with respect to their development, for
example BrivaxIl (Marsden et al. 1996, 1998), there
are no attenuated vaccines that have been licensed.

In a recent review, Secombes (2008) discussed
the importance of immune gene discovery in fish
to the rational design and development of new vac-
cines and adjuvant systems for fish. He noted that
a major issue faced in the development of new vac-
cines and adjuvants is the high costs associated with
their development, production, and licensing when
compared to simple inactivated pathogen prepara-
tions. He continued by suggesting that the genetic
adjuvants and vaccines should be considered as a
way forward, citing successful licensing and com-
mercialization of a DNA vaccine for fish.

Genetic (DNA) vaccines expressing genes for
pathogen proteins are a relatively new approach to
vaccine development that is being used in fish, es-
pecially in the development of viral vaccines (see
Leong et al., Chapter 10 in this book). The advan-
tages of DNA vaccines over autogenous vaccines
and their application in aquaculture are described in
detail by Kurath (2008). With respect to iridoviruses,
Caipang et al. (2006), using the genomic informa-
tion for RSIV, developed DNA vaccines that ex-
pressed a MCP and an ORF containing a trans-
membrane domain of RSIV. These vaccines were
shown to provide effective protection, although the
level of protection was not as good as that obtained
from a formalin-inactivated RSIV. The availability
of genomic information for other viruses has enabled
the development and testing of 15 other viral DNA
vaccines for fish (reviewed in Kurath 2008). These
include the DNA vaccine Apex-IHN for salmon,
which is the first licensed DNA vaccine for use in
aquaculture.

CONCLUDING REMARKS

In the last few years, there has been a tremendous
increase in publications reporting on the application
of genomics, proteomics, metabolomics, and associ-
ated technologies in fish health research. These tech-
nologies have been applied to the studies of pathogen
and host biology, interactions between pathogens
and hosts, as well as seen application in areas such
as vaccine development. These technologies do have
some shortcomings that need to be overcome, but
overall, they form a tremendously valuable tool set
for fish health research.

The application of these technologies has brought
about changes in the fish health research commu-
nity where the traditional laboratory model is giv-
ing way to the development of multidisciplinary re-
search teams. Multidisciplinary research teams are
key to successful application of these technologies
and even more important in programs where these
genomics technologies are combined. The develop-
ment of multidisciplinary teams is necessary to plan,
conduct, analyze, and to make biological sense of
the large amounts of information generated by these
fields of study.
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Chapter 7

Antimicrobial Peptides and Their
Potential as Therapeutants
in Aquaculture

Susan E. Douglas

OVERVIEW

Teleost fish rely heavily on protective molecules of
the innate immune system, of which antimicrobial
peptides (AMPs) comprise one component. These
small, usually cationic, amphipathic peptides are
able to kill microbes very specifically. They are pro-
duced mainly by circulating immune cells and ep-
ithelial cells of the gut and skin and are often induced
in response to infection. These peptides present
a new avenue of disease prevention and/or treat-
ment through their administration as therapeutants
or via transgenic technology. Current treatments for
combating disease in aquacultured organisms, re-
cent advances in applications of AMPs, and future
prospects in this field are described.

PHYSICAL PROPERTIES OF
ANTIMICROBIAL PEPTIDES

AMPs (also known as host defense peptides) are
small (usually less than 40 amino acids), gene-
encoded peptides that are crucial components of the
nonspecific innate immune system. They play a dual
role in that they can effect killing of target cells as
well as modulate innate and adaptive immune re-
sponses.

The mature active AMPs are processed from
preproproteins, are generally rich in positively
charged amino acids such as lysine and argi-
nine, and contain up to 50% hydrophobic amino
acids. Some AMPs contain modified amino acids
such as dihydroxyarginine, dihydroxylysine, 6-
bromotryptophan, and 3,4-dihydroxyphenylalanine
(see Tincu and Taylor 2004). The carboxy termi-
nus of AMPs, especially a—helical AMPs, is of-
ten amidated, which enhances helicity. Upon inter-
action of the positively charged amino acids with
negatively charged components of biological mem-
branes, AMPs assume an amphipathic conforma-
tion, in which the charged residues are well sepa-
rated in space from the hydrophobic residues. This
allows disruption or penetration of the membrane
and a variety of mechanisms have been proposed
(Reddy et al. 2004; Jenssen et al. 2006).

This review focuses on small cationic AMPs iso-
lated from marine organisms, since these have coe-
volved with their hosts to combat pathogens while
sparing beneficial commensals. Furthermore, small
peptides and derivatives are more easily and afford-
ably produced as therapeutic agents. Larger AMPs
(>7 kDa) such as crustins that have been described
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from crustaceans will not be discussed (for review,
see Smith et al. 2008). Similarly, AMPs that com-
prised fragments of larger positively charged bio-
logical molecules such as histones (Park et al. 1998;
Robinette et al. 1998; Richards et al. 2001; Birkemo
et al. 2003; Li et al. 2007), hemoglobin (Ullal et al.
2008), and ribosomal (Fernandes and Smith 2002)
and other proteins (Fernandes et al. 2003) will not
be discussed in this review.

AMPs can be broadly classified into three cat-
egories: «-helical, open, and closed loops contain-
ing disulphide-bonded -sheets, and extended struc-
tures with a predominance of a single amino acid
(usually tryptophan, proline, histidine).

The «-helical AMPs include insect-derived ce-
cropins, amphibian-derived magainins, and fish-
derived pleurocidins (Cole et al. 1997; Douglas
et al. 2001), chrysophins (lijima et al. 2003), pis-
cidins (Silphaduang and Noga 2001; Silphaduang
et al. 2006; Noga et al. 2009), moronecidins (Lauth
et al. 2002), misgurnin (Park et al. 1997), pardaxin
(Lazarovici et al. 1986; Shai et al. 1988), and catheli-
cidins (Uzzell et al. 2003; Chang et al. 2006). Within
the invertebrate kingdom, «-helical AMPs are less
common although styelins (Lee et al. 1997a), di-
cynthaurin (Lee et al. 2001a), halocidin (Jang et al.
2002), and histidine-rich clavanins (Lee et al. 1997b)
and clavaspirin (Lee et al. 2001b) from tunicate
hemocytes are all a-helical.

The B-sheet class of AMPs includes the cysteine-
rich highly disulphide-bonded peptides such as de-
fensins (Saito et al. 1995; Charlet et al. 1996; Mitta
et al. 1999b), mytilins (Charlet et al. 1996; Mitta
et al. 2000a), myticins (Mitta et al. 1999a), my-
timycins (Mitta et al. 2000c), tachyplesins (Naka-
mura et al. 1988), polyphemusins (Miyata et al.
1989), and hepcidins (Shike et al. 2002; Douglas
et al. 2003a; Ren et al. 2006; Yang et al. 2007; Cho
etal. 2009). Recently, a beta defensin-like AMP was
discovered in rainbow trout using in silico prediction
methods (Falco et al. 2008b).

A third class of AMPs includes extended struc-
tures with a predominance of a single amino acid.
Proline-rich AMPs include astacidin 2 from hemo-
cytes of crayfish Pacifastacus leniusculus (Jira-
vanichpaisal et al. 2007) and a 6.5 kDa AMP with
close similarity to bovine bactenicin 7 from shore
crab, Carcinus maenas (Schnapp et al. 1996). Par-
tial sequence information for callinectin, a 3.7 kDa

AMP isolated from blue crab, Callinectes sapidus,
indicates that it contains substantial amounts of argi-
nine and proline, but they are not arranged in the
motifs typical of known proline-rich AMPs (Khoo
etal. 1999). Shrimp penaeidins (Bachere et al. 2004)
and arasin, a 37 amino acid AMP isolated from
the small spider crab, H. araneus (Stensvag et al.
2008), possess a chimeric structure characterized by
a linear N-terminal domain rich in proline and argi-
nine followed by a C-terminal domain containing six
cysteines.

DISTRIBUTION OF ANTIMICROBIAL
PEPTIDES

AMPs are widely distributed in nature, occurring
in a vast number of organisms including plants,
animals, and bacteria. At the time of writing,
1345 AMPs have been deposited in the Antimicro-
bial Peptide Database (APD2) (http://aps.unmc.edu/
AP/main.php), including those from 48 marine fish
species and 39 invertebrates.

Because fish and invertebrates are constantly
bathed in microbe-containing water, they rely on
their innate immune defenses, including AMPs
present in the protective mucous secretions. Half
of the global biodiversity is found in the oceans,
making marine organisms a valuable resource for
the discovery of AMPs and other novel bioactive
compounds. Exploration of deep sea hydrothermal
vents have proved fruitful in the discovery of a
new mytilin from the bivalve, Bathymodiolus azori-
cus (Bettencourt et al. 2007). In addition, novel
AMPs have been isolated from bacteria living on fish
(Sirtori et al. 2006).

A huge diversity of AMPs from marine inver-
tebrates has been described. Penaeidins have been
isolated from many species of shrimp (for review,
see Cuthbertson et al. 2008). A comprehensive
database (PenBase 2010) has been developed for the
penaedins  (http://www.penbase.immunaqua.com)
(Gueguen et al. 2006a). In addition, defensins, myt-
icin, mytilin, and mytimycin have been isolated from
molluscs, tachyplesins, and polyphemusins from
chelicerates, and clavanins and styelins from tuni-
cates (for review, see Tincu and Taylor 2004). A
recent report identified a cysteine-rich AMP from
green sea urchin Strongylocentrotus droebachiensis
(Li et al. 2008).
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Recently, genomics approaches such as EST
surveys and suppression subtractive hybridization
(SSH) have uncovered additional AMPs, some with
unique properties such as salt tolerance. EST surveys
of such organisms as black tiger shrimp Penaeus
monodon (Supungul et al. 2002, 2004; Tassanakajon
et al. 2006), Chinese shrimp Fenneropenaeus chi-
nensis (Shen et al. 2004; Dong and Xiang 2007), Pa-
cific blue shrimp Litopenaeus stylirostris (de Lorg-
eril et al. 2005), Pacific white shrimp Litopenaeus
vannemei (Gross et al. 2001), Pacific oyster Cras-
sostrea gigas (Gueguen et al. 2003), clam Ruditapes
decussatus (Gestal et al. 2007), and four other bi-
valves (Tanguy et al. 2008) have revealed many new
AMP sequences. A novel reverse genetics approach
was used to identify AMP ESTs in hemocyte li-
braries from the sea squirt Ciona intestinalis (Fed-
ders et al. 2008). Searchable databases for P. mon-
odon (http://pmonodon.biotec.or.th/), L. stylirostris
(http://www.ifremer.fr/StyliBase/), and C. gigas
(http://www.ifremer.fr/GigasBase/) have been cre-
ated to facilitate organization of these ESTs.

An important finding from these studies is that
many AMPs exist as gene families, and many se-
quence variants exist (Douglas et al. 2003b; Pa-
trzykat et al. 2003; Bachere et al. 2004; Supungul
et al. 2004; Pallavicini et al. 2008; Cho et al. 2009).
These variants or isoforms are often differentially
expressed according to tissue, developmental stage,
physiological condition, or disease status.

EXPRESSION OF ANTIMICROBIAL
PEPTIDES

The expression of AMPs is often tissue-specific,
with the highest expression in fish existing in liver
(Douglas et al. 2003a), epithelial cells lining the
gut (Douglas et al. 2001), and skin (Cole et al.
1997), as well as in circulating granulocyte immune
cells (Iijima et al. 2003; Murray et al. 2003, 2007,
Mulero et al. 2008a). Invertebrate AMPs are mainly
expressed in hemocytes (Bachere 2003), but ente-
rocytes have also been shown to contain mytilin B
(Mitta et al. 2000b), and defensins have been iden-
tified in the mantle cells of oysters (Gueguen et al.
2006b).

Expression of AMPs in invertebrates is especially
important as they lack antibody-mediated protective
immunity (Bachere 2003). Most invertebrate AMPs

are constitutively expressed and are important in
maintaining the normal bacterial flora in healthy
organisms. There is seldom transcriptional regula-
tion of penaeidin expression in shrimp exposed to
microbial challenge (Destoumieux et al. 2000). In-
stead, hemocytes migrate to sites of infection where
they exert their effects against invading pathogens
by releasing AMPs from the granules (Bachere et al.
2004; Munoz et al. 2004). Subsequent proliferation
of hemocytes occurs with concomitant increase in
the amount of AMPs released by degranulation.
The presence of AMPs in the plasma of infected
mussels indicates that they may play a secondary
systemic role in combating infection (Mitta et al.
2000a).

In contrast to invertebrates, the expression of
many fish AMPs is induced under conditions of
stress or disease (Douglas et al. 2003a; Chiou et al.
2007a; Cho et al. 2009). Promoters known to be in-
volved in expression of other mediators of innate im-
munity have been identified upstream of AMP genes
in a number of organisms (Douglas et al. 2003b; Cho
et al. 2009).

The expression of AMPs is often developmentally
controlled, with some variants being expressed early
in development and others at later stages (Douglas
etal. 2001). Since larval fish are unable to mount an
adaptive immune response, the expression of AMPs
and other innate immune effectors early in devel-
opment is a crucial protective mechanism (Mulero
et al. 2008b). The expression of AMPs in developing
shrimp is particularly important during the molting
stages as the organisms are especially susceptible to
infection at these times (Munoz et al. 2003; Chiou
et al. 2007b).

ACTIVITIES OF ANTIMICROBIAL
PEPTIDES

Antibacterial Activity

Most AMPs exert a direct cytotoxic effect on bacte-
rial cells in the extracellular space. However, some
AMPs also participate in intracellular killing within
the bacteria-containing phagosome of immune cells
(Mitta et al. 2000a, 2000b; Mulero et al. 2008a) or
oposonize the bacterial cell for subsequent phago-
cytosis by specialized hyaline cells (Munoz et al.
2002).
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The majority of fish AMPs exert rapid, broad-
spectrum Kkilling of both Gram-positive (G+) and
Gram-negative (G—) bacteria. This is usually ac-
complished through disruption of the bacterial cell
membrane causing lysis or by translocation into the
cell where intracellular targets are inhibited. The
antibacterial specificities of invertebrate AMPs are
more variable and have been reviewed in Tincu and
Taylor (2004). To summarize, penaeidins mainly
kill or inhibit G+ bacteria, whereas halocidin,
astacidin, clavanin, clavaspirin, styelin, tachyplesin,
and polyphemusin are more broad spectrum and tar-
get both G+ and G— bacteria.

Antiviral Activity

A number of AMPs exhibit antiviral activity (for
review, see Jenssen et al. 2006). This activity can
be due to the ability of positively charged AMPs to
bind to negatively charged proteoglycans or specific
cellular receptors such as CXCR4 (Fujii and Tama-
mura 2001) needed for viral entry. Some AMPs can
bind to viral envelope glycoproteins or alter host
cell membrane composition, thereby inhibiting viral
entry. Yet, others can interact with host intracellu-
lar targets, activating host antiviral mechanisms or
blocking viral gene or protein expression. Finally,
AMPs can inhibit viral spread across tight junctions
or through syncytium formation.

Little information is available on antiviral effects
of marine fish and invertebrate AMPs (Table 7.1).
Tachyplesin exerts direct effects on the envelope of
vesicular stomatitis virus, influenza A virus (Mu-
rakami et al. 1991), and HIV (Morimoto et al.
1991). A synthetic polyphemusin-based AMP has
been shown to inhibit syncytium formation by bind-
ing to the HIV envelope gp120 protein and/or T-cell
surface CD4 (Tamamura et al. 1996). The recent
identification of a fish CD4 homolog indicates that
a similar mechanism could operate in fish (Laing
et al. 2006). Mussel defensins and fragments of de-
fensin are active against HIV-1 (Roch et al. 2004),
and synthetic mytilin added to white spot syndrome
virus (WSSV) prior to exposure of shrimp is able
to prevent in vivo infection by inhibiting viral DNA
replication (Dupuy et al. 2004).

The insect-derived cecropin and a synthetic ana-
log are able to kill a number of fish viral pathogens,
including infectious hematopoietic necrosis virus,

viral hemorrhagic septicemia virus (VHSV), snake-
head rhabdovirus, and infectious pancreatic necrosis
virus (IPNV) in the Chinook salmon embryonic cell
line CHSE-214 and carp cell line EPC (Chiou et al.
2002). For the enveloped viruses, inhibition of viral
replication results from direct disruption of the viral
membrane, probably via interactions with viral pro-
teins in the envelope. However, for the nonenveloped
IPNYV, another mechanism such as disintegration of
viral capsids or binding to viral receptors in the host
cells may be involved. Human alpha defensin 1 was
recently shown to inactivate VHSV by interfering
with VHSV-G protein-dependent fusion and by in-
hibiting viral replication through the induction of
Mx genes (Falco et al. 2007). A recombinant rain-
bow trout beta defensin expressed in a fish cell line
was able to protect against VHSV, again through
induction of Mx genes (Falco et al. 2008b). Four
different piscidins from hybrid striped bass rapidly
inactivate channel catfish virus and frog virus 3 and
are effective over a wide temperature range (Chin-
char et al. 2004).

Antifungal Activity

AMPs can kill fungi by lysing the cells or interfering
with cell wall synthesis, chitin, or glucan biosyn-
thesis (de Lucca and Walsh 1999). The carboxy
terminus of penaeidins has similarities to chitin-
binding proteins (see Bachere et al. 2004), which
may explain their ability to inhibit growth of three
filamentous fungi, Fusarium oxysporum, Botrytis
cinerea, and Penicillium crustosum (Cuthbertson
et al. 2004), as well as antibiotic-resistant Cryp-
tococcus and Candida strains (Cuthbertson et al.
2006). The amino terminus of tachycitin contains a
chitin-binding region that confers antifungal activity
(Kawabata et al. 1996). Tachyplesin and polyphe-
musins are also able to inhibit fungal growth (Miy-
ata et al. 1989). Of the molluscan AMPs, mytimycin
is strictly antifungal, whereas only certain forms of
mytilin are able to inhibit £ oxysporum (Mitta et al.
2000c). A portion of the mussel MGD1 defensin is
active against F. oxysporum (Romestand et al. 2003).

Some pleurocidin and piscidin isoforms are able
to inhibit the growth of Candida albicans (Patrzykat
et al. 2003; Sung et al. 2008) and act by lysing the
fungal cell membrane (Jung et al. 2007). A synthetic
peptide derived from halocidin is active against
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Table 7.1. Distribution and Spectrum of Activity of Antimicrobial Peptides from Marine
Fish and Invertebrates.

Peptide Source Activity Reference
Molluscs
Defensin Mytilis edulis G+,(G-),V,P Roch et al. 2004
MGD-1,2 Mpytilis galloprovencialis G+, F Romestand et al. 2003
Mytilin M. edulis G+,G—,EV Roch et al. 2008
Myticin M. edulis G+, (G-),F Mitta et al. 1999a
Mytimycin M. edulis F Mitta et al. 2000c
Crustaceans
Penaeidins Many G+, F Bachere et al. 2004
Carcinin Carcinus maenas G+, G— Schnapp et al. 1996
Callinectin Callinectes sapidus G— Khoo et al. 1999
Chelicerates
Tachyplesin Tachyplesus tridentatus G+,G—,F H Miyata et al. 1989
\" Murakami et al. 1991
P Morvan et al. 1997
Big defensin T. tridentatus G+, G— Saito et al. 1995
Tachycitin T. tridentatus G+,G—,F Kawabata et al. 1996
Polyphemusin Limulus polyphemus G+,G—,F Miyata et al. 1989
\" Tamamura et al. 1996
Tunicates
Clavanin Styela clava G+,G—,F Lee et al. 1997b
Clavispirin S. clava G+,G—, H Lee et al. 2001b
Styelin S. clava G+,G—, H Lee et al. 1997a
Halocidin Halocynthia aurantium G+,G—, F Jang et al. 2002, 2006
Fish
Misgurnin Misgurnus G+,G—,F Park et al. 1997
anguillicaudatus
Pleurocidins Pleuronectid flatfish G+,G—,F Patrzykat et al. 2003
Moronecidin Morone chrysops G+,G—,F Lauth et al. 2002
Piscidins Many perciformes G+,G Silphadung and Noga 2001
P Colorni et al. 2008
\' Chinchar et al. 2004
F Sung et al. 2008
Chrysophin Chrysophrys major G+, G— [ijima et al. 2003
Pardaxin Pardachirus pavoninus G+,G—,H Shai et al. 1988
Pardaxin P. marmoratus G+,G—,H Lazarovicci et al. 1996
Cathelicidin Hagfish G+, G— Uzzel et al. 2003
Cathelicidin Salmonids G+.,G— Chang et al. 2006
Hepcidin Many G+,G—,F Bulet et al. 2004

G+, Gram-positive bacteria; G—, Gram-negative bacteria; F, fungi; V, viruses; P, parasites; H, hemolytic.
Terms in brackets indicate limited activities.
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several strains of Candida and Aspergillus (Jang
et al. 2006). This peptide bound to S-1,3-glucan
in the fungal cell wall and induced the formation of
ion channels in the membrane.

Antiparasitic Activity

Few studies have investigated the antiparasitic activ-
ities of AMPs, and those that have mainly focused
on histone-like proteins or AMPs from nonmarine
organisms (see Colorni et al. 2008). Early studies
showed that tachyplesin I was able to kill several
bivalve parasites, including the oyster pathogens
Bonamia ostreae and Perkinsus marinus while spar-
ing the host cells (Morvan et al. 1997). Recently,
piscidin 2 has been shown to rapidly kill the cil-
iates Ichthyophthirius multifiliis, Cryptocaryon ir-
ritans, and Trichodina sp., and the dinoflagellate
Amyloodinium ocellatum, all aquaculturally relevant
pathogens (Colorni et al. 2008). Furthermore, killing
occurred at concentrations that are normally found
in gill tissue of fish (approximately 40 ug mL~").
Mussel defensins and fragments were active against
Trypanosoma brucei and Leishmania major (Roch
et al. 2004). In this study, positive charge and small
size (9 amino acids) were the key factors affecting
antiprotozoan activity, and activity was mediated by
generalized binding to the cell membrane and pene-
tration.

Cytotoxic Activity

Some AMPs such as melittin from bees can be
highly hemolytic or cytotoxic toward eukaryotic
cells. However, few AMPs from marine fish and
invertebrates exhibit this activity (Table 7.1). Inter-
estingly, although tachyplesin is hemolytic, cyclized
versions have reduced hemolytic activity (Bulet et al.
2004). Clavispirin is almost as hemolytic as melit-
tin (Lee et al. 2001b), and piscidins show reduced
hemolytic activity compared to melittin (Silphad-
uang and Noga 2001). Pleurocidin showed minimal
hemolytic activity and was nontoxic to human in-
testinal epithelial cells at concentrations used to kill
foodborne bacterial and fungal pathogens (Burrowes
et al. 2004). This property makes it an excellent nat-
ural alternative to antibiotics used in aquaculture and
current chemical preservatives used to ensure food
safety.

Immunomodulatory Activity

In addition to their ability to directly kill pathogens,
AMPs also act as signaling molecules, mobiliz-
ing the host defense system, attracting immune
cells to sites of infection, and even stimulating the
mounting of an adaptive immune response (Brown
and Hancock 2006). The possibility of enhancing
nonspecific defenses using AMPs in aquacultured
fish and shellfish presents an interesting applica-
tion for therapeutic treatment. A recent study in
trout showed that intramuscular injection of syn-
thetic HNP1 caused chemotaxis of leukocytes and
induced the expression of genes encoding both
proinflammatory cytokines and CC chemokines as
well as of genes involved in type I interferon pro-
duction in muscle, head kidney, and blood (Falco
et al. 2008a).

THERAPEUTIC POTENTIAL OF
ANTIMICROBIAL PEPTIDES

Infectious diseases caused by bacteria, fungi,
viruses, and parasites (both protozoan and multicel-
lular) are major threats the aquaculture industry is
facing. Because aquacultured organisms often live in
suboptimal nutritional and environmental situations
and are exposed to pollution, their susceptibility to
disease is increased. The use and overuse of antibi-
otics has led to problems with antibiotic resistance,
not only for the fish but also for the human con-
sumers. Therefore, alternative chemotherapeutants
such as AMPs must be developed that do not present
harm to the consumer or cause the emergence of re-
sistant microbial mutants.

Current Approaches to Control of Disease
in Aquaculture

Stimulation of the innate immune system using pro-
biotics and immunostimulants such as alginates, -
glucans, or nucleic acids is currently used to con-
trol disease outbreaks in aquaculture settings (see
Dalmo and Bogwald 2008). Live probiotics are
thought to exert their beneficial effects by com-
peting with harmful bacteria, producing inhibitory
molecules or stimulating the immune system by
increasing granulocyte numbers and enhancing
phagocytosis (Bachere 2003). A recent study with
rohu fish showed that orally administered Bacillus
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subtilis resulted in significantly higher respiratory
burst activity in neutrophils, higher serum bacteri-
cidal activity, and higher granulocyte numbers in
treated fish than controls (Kumar et al. 2008). In-
activated bacteria, which present less environmental
risk in aquaculture settings, can also be effective
probiotics (Salinas et al. 2008). The use of B-glucan
immunostimulants is now widespread, with many
aquaculture feed producers incorporating it into di-
ets (see Dalmo and Bogwald 2008). The adminis-
tration of B-glucan resulted in a significant increase
in nitric oxide and respiratory burst in mussels and
higher antibacterial activity in hemolymph of clams
(Mar Costa et al. 2008).

Stimulation of the adaptive immune system us-
ing vaccines is used against bacterial pathogens that
cause such diseases as pasteurellosis, vibriosis, and
edwardsiellosis, and a number of strategies for suc-
cessful immunization have been implemented (see
Secombes 2008). However, even with access to vac-
cines, these are only effective with adults; a recent
study showed that vaccination of gilthead seabream
larvae against Photobacterium damselae subsp. pis-
cicida either by immersion or orally resulted in in-
creased susceptibility to infection rather than pro-
tection (Mulero et al. 2008b). Furthermore, it is not
practical to develop vaccines against every potential
pathogen, so more generic protection against a wide
variety of pathogens would be valuable. Vaccines
against viral pathogens are difficult to develop and
only one subunit vaccine against IPNV has been ap-
proved (see Chiou et al. 2002). DNA vaccines have
been used with varying degrees of success against
a variety of bacterial and viral fish pathogens (for
review, see Tonheim et al. 2008). They have been
particularly useful in treating viral diseases and have
the advantage of stimulating both innate and adap-
tive immunity.

Control of Disease Using Antimicrobial Peptides
AMPs are attractive candidates for alternative thera-
peutants as they kill target organisms quickly, exhibit
a broad spectrum of activity, and are highly selec-
tive (Sarmasik and Chen 2003). Although bacteria
have evolved various mechanisms to avoid exposure
to or killing by AMPs (Yeaman and Yount 2003;
Sallum and Chen 2008), the development of resis-
tant mutants is rare (Kraus and Peschel 2006). This

is probably due to the proposed “multi-hit” mecha-
nism of action (Powers and Hancock 2003), whereby
AMPs are able to bind to and inhibit a number of
different anionic molecules, making it difficult to
induce resistance. Several AMPs are under develop-
ment for human applications (for review, see Zaiou
2007) and it seems likely that AMPs will soon be
applied to disease control in aquaculture.

Given their multifunctional roles in immunity,
AMPs could be used to both stimulate nonspecific
immune responses against pathogens in a general-
ized fashion as well as to directly kill pathogens.
However, in any regime in which AMPs are used to
control disease, care must be taken not to disturb the
normal gut flora. Probiotic supplementation may be
necessary to restore the gut microbiota (Gomez and
Balcazar 2008). An alternative approach is to use
“smart” peptides that selectively target the pathogen
and leave the commensals unaffected (Eckert et al.
2006). Although AMPs from any source could po-
tentially be used as therapeutic agents in aquacul-
ture, this review will focus on those that are effective
against fish or shellfish pathogens or are of marine
fish or invertebrate origin.

DIRECT ADMINISTRATION

AMPs can be administered by immersion, injection,
or orally in feed. In all cases, care must be taken
to minimize inactivation by proteases, binding pro-
teins, and salt. Although insect-derived cecropins
B and P1 were effective against five fish bacterial
pathogens, they were inhibited in the presence of
NaCl over 0.1 M (Kjuul et al. 1999). On the other
hand, pleurocidin (Patrzykat et al. 2003) and styelins
(Lee et al. 1997a) show less sensitivity to salt, the
latter tolerating up to 0.4 M NaCl.

Early studies showed that several AMPs protected
salmon from Vibrio anguillarum infection (Jia et al.
2000), and more recent studies have shown that pe-
naeidins can protect shrimp from pathogenic vibrios
(Munoz et al. 2004). A ten amino acid peptide based
on mytilin that formed a stable B-hairpin structure
was able to protect shrimp from WSSV infection
(Roch et al. 2008), and injection of a truncated ver-
sion of epinecidin protected grouper and tilapia from
Vibrio vulnificus infection (Pan et al. 2007).

Immersion treatment of young trout with -
glucans increased nonspecific disease resistance
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(Jeney and Anderson 1993) and immersion treat-
ment with AMPs may similarly enhance the innate
immune response. Various immunostimulants have
been administered to fish in feed but appropriate
dosing regimens must be optimized and long-lasting
additives must be developed for this approach to be
feasible in practice (for review, see Raa 1996). Cur-
rently, attempts are underway to enhance shrimp
resistance to disease by including a yeast strain pro-
ducing recombinant AMP (Lu, personal communi-
cation).

VACCINE ADJUVANTS

Traditional adjuvants in fish vaccines include alum
and oil. However, molecules such as cytokines,
which activate dendritic cells and cause lympho-
cyte differentiation, have been successfully used as
vaccine adjuvants in mammalian systems and show
promise for fish and shellfish (see Secombes 2008).
For example, a mouse cathelicidin-like AMP pro-
moted both humoral and cellular antigen-specific
immune responses when coadministered with OVA
antigen to mice (Kurosaka et al. 2005). It would be
of interest to see if any of the fish-derived catheli-
cidins also have this ability. Pleurocidin induced the
expression of IL-18 in trout macrophages (Chiou
et al. 2006) and IL-18, TNF-«1, and IL-8 in trout
in vivo (Falco et al. 2008a). HNP1 modulated the
expression of IL-14 in blood and several other pro-
inflammatory cytokines and chemokines in muscle
as well as Mx genes in head kidney (Falco et al.
2008a). This opens the door for the use of fish-
derived AMPs that stimulate cytokine expression
as potential adjuvants in aquaculture.

DNA VACCINES

Just as coadministration of cytokines with vaccines
can enhance the immune response, the generation of
chimeric DNA vaccines containing cytokines such
as IL-8 have been successful (Kornbluth and Stone
2006). Using the same rationale, AMPs that induce
cytokine expression could form the basis for simi-
lar chimeric DNA vaccines. An advantage of DNA
vaccines is that constructs encoding multiple AMPs
that act synergistically could be designed.

GENETIC SELECTION FOR ENHANCEMENT OF
DISEASE RESPONSES

ESTs overexpressed in strains able to survive ex-
perimentally induced infection could be predictive
biomarkers for selection programs or surveys of
disease incidence in aquaculture. In shrimp surviv-
ing challenge with Vibrio penaeicida, ESTs corre-
sponding to penaeidins were overrepresented in SSH
cDNA libraries (de Lorgeril etal. 2005). By selecting
for animals overexpressing AMPs, disease-resistant
strains may be obtained. Interestingly, higher levels
of penaeidin mRNA expression and higher numbers
of penaeidin-expressing hemocytes were seen in
third generation shrimp selected for survival against
V. penaeicida than in control nonselected animals
(de Lorgeril et al. 2008). In addition, higher amounts
of penaeidin were present in both control and se-
lected shrimp surviving the V. penaeicida challenge
than in those that died.

TRANSGENIC EXPRESSION

The development of transgenic fish and shell-
fish expressing AMP genes promises to yield
disease-resistant species for aquaculture. Experi-
mental proof for this concept was obtained in chan-
nel catfish expressing the insect-derived AMP, ce-
cropin (Dunham et al. 2002). Transgenic catfish
showed improved resistance (40.7%) to Edward-
siella ictalurii compared to nontransgenic control
animals (14.8%). Cecropin transgenes expressed in
stably transfected CHSE-214 fish cells (Sarmasik
and Chen 2003) and medaka (Sarmasik et al. 2002)
were able to protect against several fish pathogens,
including Aeromonas hydrophila, Pseudomonas flu-
orescens, and V. anguillarum. A beta defensin-
like AMP transfected into a trout cell line was
able to protect against VHSV (Falco et al. 2008b)
and pleurocidin-encoding constructs injected into
trout resulted in expression of active pleurocidin
(Brocal et al. 2006; Falco et al. 2008a). Together with
the finding that a pleurocidin sequence stably trans-
fected into the carp EPC cell line was expressed and
secreted for over two years (Brocal et al. 2006), this
indicates that pleurocidin and perhaps other AMPs
may be successfully produced in transgenic fish. It is
even conceivable that transgenic fish could be used



P1: SFK/UKS
BLBS089-c07

P2: SFK
BLBS089-Fletcher

October 3, 2011 10:37

Trim: 246mm X 189mm

Printer Name: Yet to Come

Antimicrobial Peptides and Their Potential as Therapeutants in Aquaculture 113

as biofactories to express AMPs of therapeutic in-
terest (Rocha et al. 2003).

FUTURE DEVELOPMENTS

While naturally occurring AMPs are active
against various microbial pathogens of aquacultured
species, there are a number of drawbacks that must
be addressed. These include susceptibility to pro-
tease degradation, salt-dependent inactivation, po-
tential host toxicity (including hemolysis), delivery,
and cost of production (Hancock and Sahl 2006).
Although several AMPs are in clinical trials for var-
ious applications in humans, none have yet been
approved by the FDA for clinical use. Applications
for therapy in aquacultured species, while they hold
great promise, are still in their infancy.

Various modifications have been introduced to
decrease degradation of AMPs. Replacement of L-
amino acids by D-amino acids or nonstandard amino
acids, addition of protecting groups, introduction of
disulphide bonds, cyclization, truncation, and devel-
opment of peptidomimetics (Freidinger 2003) are
several approaches that have been explored to en-
hance stability (see Jenssen et al. 2006). Efficacy
and selectivity can be augmented by modifying the
hydrophobicity or net charge of AMPs, or by replac-
ing specific amino acid residues to promote amphi-
pathicity.

Synthetic truncated mussel defensins as well as
fragments containing amino acid replacements were
able to kill the protozoan parasites, T. brucei and L.
major, and the HIV-1 virus more effectively than
the native forms (Roch et al. 2004). Truncation of
penaeidins to produce only the PRD (proline-rich
domain) results in an AMP that is up to five times
more effective than full-length penaeidin (Cuthbert-
son et al. 2006). A synthetic ten amino acid fragment
of mytilin constrained by two disulphide bonds into
astable B-hairpin showed improved antiviral and an-
tibacterial activity and has been suggested as a feed
additive for marine invertebrates (Roch et al. 2008).
Addition of a lysine residue to the amino terminus
of halocidin improved antimicrobial activity while
reducing hemolytic activity (Jang et al. 2003).

In order to prevent degradation of AMPs, par-
ticularly those administered orally, delivery meth-
ods using chitosan or alginate microparticles could
be developed. This approach has been successfully

used for delivery of DNA vaccines (Rajesh Kumar
et al. 2008; Tian et al. 2008).

For AMPs to be used commercially in aquacul-
ture, the cost of production must be significantly
reduced. Recombinant expression of AMPs or modi-
fied derivatives has been successfully undertaken us-
ing different strategies for heterologous expression
(for review, see Ingham and Moore 2007). Pleuro-
cidin has been successfully produced in both E. coli
(Bryksa et al. 2006) and a fish cell line (Brocal
et al. 2006) and recombinant fish hepcidins have
been expressed in E. coli (Greenshields et al. 2008;
Srinivasulu et al. 2008). An oyster defensin has been
expressed in E. coli (Gueguen et al. 2006b) and vari-
ous penaeidins have been expressed in yeast systems
(Destoumieux et al. 1999; Li et al. 2005).

In conclusion, the broad-spectrum activity of
marine-derived AMPs combined with their limited
hemolytic and cytotoxic activity make them excel-
lent candidates as therapeutics in aquaculture. Cou-
pled with their ability to kill many bacteria, yeasts
and molds of importance to food safety, AMPs are
also ideal candidates for food preservation in aqua-
culture. Proof-of-concept research has been con-
ducted to produce recombinant or synthetic vari-
ants with enhanced properties for protecting fish and
shellfish against disease. The future looks promising
for the application of these peptides in the aquacul-
ture industry.
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Chapter 8

Adaptive Immunity in Finfish:
A Physiological Perspective

Brian Dixon and Leandro A. Becker

INTRODUCTION

The fish immune system has always been interesting
from an evolutionary biological perspective since
fish evolved at the beginning of the vertebrate radi-
ation. However, during the second half of the last
century, the research on the topic has also increased
exponentially with the aim of improving fish health
care in order to secure aquaculture production in a
growing market. Therefore, the ultimate goal of this
chapter is to present the main characteristics of the
fish innate and, in particular, adaptive immune sys-
tems together with current and potential mechanisms
in monitoring and preventing diseases.

One characteristic of the taxonomic groups com-
monly known as “fish” is the enormous diversity
they contain, since “fish” includes several hetero-
geneous lineages that are distantly related (Carroll
1988). Teleostei is the most diversified group of all
vertebrates comprising about half of the extant verte-
brate species (Nelson 1994). Different fish lineages
immune systems are comparable at the genomic
level (Stet et al. 2003; keeping in mind not all of
them have completed rediploidization), but not at the
functional level. For instance, rainbow trout, coho,
and Atlantic salmon—all salmonid species—have
histological and biochemical differences in skin and

mucus (Fast et al. 2002). Rainbow trout and brook
charr are both infected by the haemoflagellate Cryp-
tobia salmositica, but it does not cause anemia in
the brook charr even though the same or higher lev-
els of parasite load are found in both species (Zuo
and Woo 1997). Another example is the variation in
humoral immune responses: while there is a strong
humoral response in salmonids, it is almost nonex-
istent in Atlantic cod (Lund et al. 2006; Solem and
Stenvik 2006). Therefore, findings in any particular
species cannot be generalized to all the fish, even
within taxonomic designations such as the teleostei.
Thus, each species targeted for aquaculture produc-
tion needs to be investigated separately to determine
its immunological physiology and maximize its per-
formance. The description of the fish immune sys-
tem in this section tends to be general with some
examples where necessary, and it does not intend to
comprehensively cover specific peculiarities found
in particular species.

THE IMMUNE SYSTEM AS A WHOLE
INTEGRATIVE DEFENCE MECHANISM
Traditionally, the vertebrate immune system has
been divided into two components: innate and adap-
tive immune systems. The difference is attributed
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to the specificity of the response against pathogens.
The first one consists of all the immune re-
sponse elements present before encountering a
pathogen. These raise nonspecific responses to in-
variant molecular patterns found in the majority of
microorganisms by means of germline encoded re-
ceptors. Adaptive immunity develops only after mi-
croorganisms overwhelm the former, raising specific
responses to specific molecular components (anti-
gens) of pathogens through specific receptors gen-
erated through gene rearrangement.

However, innate and adaptive immune systems are
artificial designations since they both form part of
an integrative immune system in which they interact
and regulate each other. The innate immune system
detects the entrance of foreign antigens, initiating a
series of responses that, if not successful at elimi-
nating the infectious agent, will help to determine
the type of adaptive immune response to be elicited.
Once established, the antigen-driven adaptive ele-
ments target the pathogen and direct the effector
elements of innate immunity to efficiently clear up
the infectious agent.

Main Features of the Fish Innate
Immune System

The innate immune system recognizes conserved
molecular patterns that are essential products of mi-
crobial physiology. They are collectively designated
pathogen-associated molecular patterns (PAMP)
and include polysaccharides, lipopolysaccharide,
peptidoglycans, unmethylated CpG motifs from
bacterial DNA, double-stranded viral RNA, and
other molecules not normally found on the surface
of multicellular organisms (Medzhitov and Janeway
2002). These are recognized by germline-encoded
receptors designated pattern recognition receptors
(PRR; Dixon and Stet 2001), which are strategi-
cally expressed on cells that are the first to encounter
pathogens during infection, such as surface epithe-
lia and effector cells of the innate immune system,
including antigen-presenting cells (APC; Medzhi-
tov and Janeway 1997). Genes encoding several of
these PRRs have now been isolated from many dif-
ferent species of fish, including at least 17 toll-like
receptors from at least 12 fish species (Rebl et al.
2010).

Humoral Innate Immunity

Skin and scales, together with gill and gut epithe-
lia, are the physical barrier to infectious organisms.
The mucus secreted by fish epithelial cells is an ef-
fective nonspecific defense; its viscous consistency
helps to trap microorganisms (Shephard 1994). It
possesses several humoral factors such as antimi-
crobial peptides, lectins, pentraxins, lysozyme, com-
plement proteins, and natural antibodies, which to-
gether inhibit the growth of and destroy bacteria
(Alexander and Ingram 1992; Fast et al. 2002). If
pathogens are successful in breaching this initial
line of defense and are able to establish a focus
of infection, they will next face the same and other
humoral factors found in serum plus the cellular
components of the innate immune system. Among
the growth inhibitors present in serum are hepcidin
and transferrin—chelators of the available iron es-
sential for the bacteria (Ellis 2001; Rodrigues et al.
2006)—and interferon-like molecules that induce
the expression of Mx and other antiviral proteins
(Leong et al. 1998; Ellis 2001).

Natural antibodies are immunoglobulins (Igs)
present in the body fluids of healthy individuals
prior to an infection (Sinyakov et al. 2002). While
Igs are an adaptive immune component, natural an-
tibodies are produced in the absence of antigen ex-
posure and thus they are considered part of the in-
nate system. They are polyreactive and have a low
affinity, but a broad specificity for both self epi-
topes and nonself PAMPs (Avrameas and Ternynck
1995). The tetrameric configuration of IgM in fish
(pentameric in tetrapods) helps counteract the low
affinity and allows them to activate complement
through Fc receptors, which mediate the interaction
of antibody—antigen complexes with cells, resulting
in a variety of immune responses, mainly phago-
cytosis (Boes 2000). There is evidence of natural
antibody activity in fish, especially in cod and other
gadids, where natural antibodies seem to comprise
the majority of their circulating Igs (Gudmundsdot-
tir et al. 2009).

Complement proteins in fish are more diverse
than their mammalian counterparts. For instance, C3
seems to be coded by several genes in some species
and these genes show some degree of polymor-
phism in trout and carp (Sunyer and Lambris 1998;
Zarkadis et al. 2001). Considering that pathogens
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can be opsonized by proteins of the complement sys-
tem enhancing phagocytosis and lysis (Boshra et al.
2005, 2006), a combination of polymorphism and
gene duplication could generate a large C3 reper-
toire, where different isoforms of C3 could confer re-
sistance to different pathogens (Sunyer et al. 1998).
Many genes in tetraploid fish have become pseu-
dogenes, have been diploidized, or their products
have gained new functions (Allendorf and Thoor-
gard 1984). Therefore, the maintenance of these du-
plicated C3 genes must have important functional
implications (Sunyer et al. 1998). The diversity of
the fish complement system together with its higher
activity and lower temperature activation compared
with their mammalian counterparts (Sakai 1992)
suggest it is a critical factor for fish survival (Sunyer
et al. 1998).

Cellular Innate Immunity

Teleosts develop a cellular innate response with
leukocytes that are morphologically and function-
ally equivalent to mammalian macrophages, neu-
trophils, monocytes, thrombocytes, natural killer
cells, and eosinophils (Hine 1992; Afonso et al.
1997; Miller et al. 1998; Ellis 1999). Teleost B cells
that produce natural antibodies functionally resem-
ble those of mammalian B-1 cells, expressing mem-
brane IgM as a monomer and secreting soluble [gM
as a tetramer (Li et al. 2006; although some species
seem to secrete redox versions of IgM, see Kaattari
et al. 1998).

Pathogens are targeted by phagocytic cells,
mainly macrophages, granulocytes, and dendritic
cells through scavenger, Fc, and complement recep-
tors (Zapata and Amemiya 2000), and also by phago-
cytic B cells (Li et al. 2006). After phagocytosis, se-
cretion of factors and cytokines by these particular
cells lead to inflammation in the site and recruit-
ment of other leukocytes, such as neutrophils, while
APCs process captured foreign particles and present
peptide fragments to T cells, which afterward are ac-
tivated and initiate the appropriate adaptive immune
response. While many of the main components of
innate immunity have been found in teleost fish and
are presumed to function in a manner analogous
to their tetrapod, particularly mammalian counter-
parts, many details regarding the function of these
molecules and the manner in which they interact or

induce adaptive responses have not been examined
in detail in teleosts.

Main Features of the Fish Adaptive
Immune System

The adaptive immune system evolved about 500
mya in an ancestor of the jawed vertebrates
(Cannon et al. 2004). All extant classes of jawed
vertebrates possess Igs, T-cell antigen receptors
(TCRs), major histocompatibility (MH) genes, and
the recombination-activating genes (RAG; Cannon
et al. 2004). It is the receptor gene rearrangement
mediated by RAG, a defining characteristic of lym-
phocytes, that makes the specificity of the verte-
brate’s adaptive immune system possible by allow-
ing the generation of a near-infinite variety of recep-
tors, each expressed by a different individual T cell
or B cell (Jones and Simkus 2009). The generation
of TCR diversity in the thymus is similar in almost
all jawed vertebrate taxa, whereas BCR diversity is
generated in different ways and in different primary
lymphoid tissues (Flajnik 2002). Besides the RAG-
mediated somatic recombination, all jawed verte-
brate taxa have evolved different mechanisms to fur-
ther increase their somatic variation of Igs in B cells,
such as class switching, gene conversion, and so-
matic hypermutation (Flajnik 2002), where the same
set of enzymes govern all these mechanisms (Mura-
matsu et al. 2000; Arakawa et al. 2002; Barreto et al.
2005). Although bony fish possess these enzymes,
they exhibit only somatic hypermutation (Yang et al.
2006), as do sharks (Malacek et al. 2005). Bony
fish express IgM and IgD in mature naive B cells
and activated B cells lacking a secondary diversifi-
cation of antibody repertoire through DNA recom-
bination as in mammals (Wilson et al. 1997). The
absence of class switching seems to be due to a
lack of switch regions (repetitive DNA sequences)
and multiple constant (C) region genes in the Ig
heavy (IgH) chain locus (Hordvik 1998; Stavnezer
and Amemiya 2004; Barreto et al. 2005). It is im-
portant to note that while there is a unique isotype of
immunoglobulin in teleosts, IgT, its constant gene is
upstream of the IgM C gene and there is no evidence
to date of class switching between these isotypes
(Hansen et al. 2005). The ability to express different
C heavy isotypes evolved early, as even the most
primitive jawed vertebrates, cartilaginous fish (e.g.,
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sharks), have multiple C heavy genes (Stavnezer and
Amemiya 2004). Kaattari et al. (1998) described dif-
ferent redox forms of IgM in teleosts, proposing each
have a different function, somehow substituting for
the lack of Ig isotype diversity in teleosts.

The fish Ig light (Igl) chain is comparable to
other vertebrates in terms of the number and di-
versity of their IgV regions (Warr 1995). Teleost
fish IgH loci have a typical translocon arrangement
and, although their IgL loci have a multicluster ar-
rangement, which would favor rearrangement of el-
ements within each cluster, there is no evidence for
a restriction in the generation of combinatorial and
junctional diversity in fish (Warr 1995; Hsu 1998).
However, antibodies of ectothermic vertebrates are
of much lower affinity than those of latest vertebrates
such as birds and mammals (du Pasquier 1982; Wil-
son and Warr 1992; Warr 1995), and increases in
avidity were seen to occur late in the immune re-
sponse of trout (Kaattari et al. 2002).

One of the elusive questions about the adaptive
immune response in fish is to what extent they can
develop immunological memory since there are con-
tradictory reports about the increase in antibody
titers after subsequent immunizations. The differ-
ences seem to be related, at least in part, to the
amount and nature of antigen administered. Sec-
ondary immune responses were shown to occur in
rainbow trout when a complex antigen, formalin-
inactivated bacteria, was used for immunization but
failed when using DNP-hapten antigen (Cossarini-
Dunier 1986). Antigenic determinants are much
more numerous on the bacterin than in DNP hap-
ten, and thus more clones may have been recruited
against the former (Cossarini-Dunier 1986).

By definition, a memory immune response oc-
curs when a host is repeatedly exposed to the same
pathogen and a faster and stronger response occurs
each time (Tangye and Tarlinton 2009). Memory
responses in mammals are characterized by small
amounts of IgM and highly developed affinity mat-
uration with large amounts of IgG. Recent studies in-
dicate that the presence of small numbers of antigen-
specific B cells with IgG receptors is sufficient
for the heightened antibody response in mammals
(Martin and Goodnow 2002).

Conversely, fish Ig isotypes do not switch from
IgM and IgD to IgT, their affinity maturation is

rather poor, and when it is seen, it takes several
weeks to develop (Kaattari et al. 2002). An inter-
esting feature of multivalent antibodies, as the case
of the pentameric IgM in mammals, is that bearing
the same intrinsic affinity as an IgG antibody, their
extrinsic avidity is logarithmically greater (Hornick
and Karush 1972). The same has been shown in
monomeric and pentameric IgMs of the nurse shark
(Voss and Sigel 1972). Considering that fish only
secrete the tetrameric form of IgM, its avidity for
pathogens might be good enough to opsonize them
and thus it is plausible that fish can simply rely
on the initial antibody diversity from which those
clones bearing the highest affinities for the antigen
are exponentially expanded (Kaattari et al. 2002).
Memory seems to be, at least in trout, due to a sim-
ple expansion of the antigen-specific precursor pool
without many of the qualitative changes in antibody
or B-cell function associated with memory in mam-
mals (Arkoosh and Kaattari 1991). It is thought that,
although fish do not possess germinal centers, there
is a mechanism for antigen-driven clonal selection
that could be responsible for the late affinity matura-
tion (Kaattari et al. 2002). More studies are needed
to confirm this though.

Thus, although all the mechanisms of the humoral
branch of adaptive immune system are present in
fishes and other groups of early vertebrates, they
seem to work at a more basal level, lacking the more
sophisticated features found in mammals, such as a
high level of affinity maturation, isotype switching,
and an effective memory. Many hypotheses have
been proposed for this, even considering nonim-
mune elements such as cell cycle properties, mode
of embryonic development, and body temperature
(du Pasquier 1982). It has also been suggested that
early vertebrates can still rely more on innate de-
fense mechanisms that they inherited from inver-
tebrates, such as natural haemolysin and comple-
ment, which recognize bacterial surfaces, lyse these
cells, and prevent the adaptive immune system of
the animals from seeing many antigens and by do-
ing so, reducing the pressure for diversification of
antibody repertoire (du Pasquier 1982). This hypoth-
esis suggests that elimination of pathogens in early
stages of infection (for instance, protective immu-
nity by natural antibodies) could be very important in
early vertebrates (Hsu 1998). The recently described
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phagocytic function of the fish B cells (Li et al. 2006)
might be in accordance with this view, helping to
produce a faster response since T cells recognizing
peptides presented by the MH receptor on the B
cell will be activated immediately and can rapidly
instruct the presenting B cell to secrete antibodies.

Regardless of their relatively simple adaptive im-
mune response, many species of bony fish can gen-
erate a specific response. It is this feature, and the
presumption that all of the individual components
work in much the same way as they do in mammals,
that is relied on when protective tools are generated,
as discussed in the vaccine section below. Aquacul-
ture depends on these measures in order to culture
large quantities of fish.

MH RECEPTORS

An important characteristic of the adaptive immune
system is the presentation of specific foreign par-
ticles by MH receptors, which are members of the
immunoglobulin superfamily proteins and interact
with T cells through a specific T cell receptor in
order to initiate immune responses.

In tetrapods and sharks, they are referred to as
MH complex (MHC) because their genes are linked
in a complex on a single chromosome, but in teleost
fish, these genes are unlinked and spread across sev-
eral chromosomes, therefore the term “complex” is
omitted (Shand and Dixon 2001). MH receptors are
not encoded by rearranging genes but instead are
highly polymorphic (Dixon et al. 1995). There are
two types of MH receptors. Class I MH receptors
are composed of two noncovalently linked polypep-
tides encoded by different genes: a “heavy” chain
with three extracellular immunoglobin domains,
a transmembrane domain, and a cytoplasmic do-
main; and a small polypeptide composed of a single
immunoglobulin domain called B2-microglobulin.
Class II MH receptors comprise two noncovalently
linked polypeptides chains called alpha and beta,
which consist of two extracellular domains, one
transmembrane domain and a cytoplasmic tail. Both
classes form a groove in the two outermost domains,
which is used to carry peptides from pathogens out
to the cell surface for presentation to T cells (Stet
et al. 1996). The presentation of these foreign pep-
tides is one of the key events in T cell activation.
To complete the activation of T cells, costimulators

are needed, called B7 molecules, which are detected
by CD28 receptors in the T cell (Medzhitov and
Janeway 2000).

The most outstanding fact about MH receptors is
the high polymorphism found in natural populations,
making it the most polymorphic of all known nuclear
encoded genes among vertebrates (Stet et al. 2003).
Balancing selection, through overdominance (het-
erozygote advantage) and the negative frequency-
dependent selection hypotheses, is the widely ac-
cepted explanation for the high MH polymorphism
(for a thorough discussion, see Bernatchez and
Landry 2003). Different studies have shown that
putative alleles can lead to either greater suscep-
tibility or resistance for particular diseases (Lange-
fors et al. 2001; Lohm et al. 2002), due to each
different allele’s varied capacity to bind peptides
from a pathogen. Identifying resistant alleles in a
species for a particular disease that affects a partic-
ular geographic area could help to improve hatch-
ery fish stocks by selecting those families that carry
them with higher frequencies of the resistance allele.
The identification of those alleles can nowadays be
done relatively easy through molecular cloning and
DNA sequencing or by electrophoretic methods such
as denaturing gradient gel electrophoresis or single
strand conformation polymorphism.

ANTIGEN PRESENTATION IN THE
ADAPTIVE IMMUNE RESPONSE

When pathogens succeed in surviving the innate im-
mune system, they have to be captured and processed
by APCs in order to be presented as foreign peptide
fragments bound to MH molecules to T lympho-
cytes. After recognition of the peptide/MH molecule
complex by a specific T-cell receptor, an intercom-
munication is developed between the APC and the
T cell, where many different cytokines are upregu-
lated in both cells. The result is the clonal expan-
sion of B and T lymphocytes, which will respond
exponentially.

It is the ability of lymphocytes to expand clonally
paired with their capacity to rearrange the genes for
some of their immunoglobulin superfamily mem-
ber receptors that makes the adaptive immune re-
sponse so strong. There are several variations in
adaptive immune responses, including cell-mediated
and humoral responses. Cellular immune response
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generally refers to the cytotoxic activity by CD8+ T
cells targeting intercellular pathogens, whereas hu-
moral immune response involves the production of
antibodies by B cells and the activation of infected
macrophages to clear out extracellular and vesicu-
lar pathogens. Intracellular pathogens present in the
cytoplasm are presented by MH class I molecules to
CD8+ T cells, while pathogens in intracellular vesi-
cles or phagocyted from the extracellular media are
carried to the cell surface by MH class II molecules
and presented to CD4+ T cells (Dixon et al. 1995).

Once activated, CD4+ T cells activate macro-
phages to eliminate pathogens and B cells to be-
come immunoglobulin secretory plasma cells, thus
enhancing phagocytosis through opsonization and
contributing to pathogen clearance.

Activated T cells also produce a range of
cytokines and chemokines that not only acti-
vate infected macrophages but also recruit fresh
macrophages to sites of infection. Thus, CD4+ T
cells control and coordinate host defense against
both intracellular and extracellular pathogens that
resist killing after being engulfed by macrophages
(Sher and Kaufman 1992). CD8+ T cells are es-
sential against pathogens that live in the cytosol,
mainly viruses and some bacteria. These cytotoxic T
cells kill any cell-presenting foreign peptides trough
MHC class I (Sher and Kaufman 1992).

MH SEQUENCES AND THEIR
APPLICATIONS

Purifying natural selection works to eliminate dele-
terious mutations in most of the coding sequence of
genomes, as synonymous substitutions (those that do
not change the amino acid in the encoded protein)
usually outnumber nonsynonymous ones (Hughes
and Nei 1988). Positive selection, on the other hand,
favors alleles that confer an advantage to the indi-
vidual, so part of the high polymorphism seen in
MH genes is probably maintained because some
new alleles that arise confers enhanced capability
to combat a pathogen. Thus the variability, seen in
the peptide-binding region of the MH molecules,
can be explained because of the function of these
proteins, which is to present foreign peptides to T
cells.

A search for MH gene sequences in Internet
databases shows the magnitude of work that has

been done on this aspect of teleost adaptive immu-
nity so far. Many MH alleles associated with disease
resistance have been found in several studies involv-
ing different species (Langefors et al. 2001; Lohm
et al. 2002).

MH sequences have also been used to measure im-
mune response of different fish species (Wang et al.
2008). Research in this area continues; for example,
our laboratory is involved in a project to screen MH
alleles in several rainbow trout hatcheries in British
Columbia with the aim of creating a database of
rainbow trout MH alleles that can be associated with
specific diseases, as well as another to characterize
the MH alleles of walleye populations in the Great
Lakes (Canada) in order to assess whether or not
some populations possess alleles that will confer re-
sistance to the recent VHSV outbreak there. Once
the MH allele typing is complete, fish containing
alleles that make them susceptible to disease could
be removed from the hatchery broodstock and re-
placed with those containing resistance alleles, or in
the case of the walleye, specific MH alleles could be
bred into or out of the affected populations.

CYTOKINES AND CHEMOKINES AS
MEASURES OF IMMUNE RESPONSES

Knowledge of cytokines, small polypeptides se-
creted by one cell to pass signals to another, in
teleost fish has expanded dramatically in the past
10 years, thanks mostly to genome projects uncov-
ering teleost equivalents of mammalian cytokines
(Savan and Sakai 2002). Indeed, it is now evident
that most of the major cytokines that govern immune
responses in mammals are present in most species of
teleost fish (reviewed in Secombes 2008), including
the recent revelation that both interleukin-2 (Diaz-
Rosales et al. 2009) and interleukin-4 (Secombes
2009) are present, at least in the salmonids. Again,
while this suggests that fish immune responses seem
to be regulated in much the same way as mam-
malian responses, it is important to note that the
sequences of these cytokines are very diverged from
their mammalian counterparts, often having only
25-30% identity at the amino acid level, and that
fundamental differences between the anatomy of the
immune systems of teleosts and mammals (the lack
of lymph nodes and germinal centers in fish, for ex-
ample) suggest that the function of fish homologs
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of mammalian cytokines may be different enough
to warrant serious investigation before they are used
for clinical applications.

Fish chemokines, small polypeptides that set up
chemical gradients to attract other cells either to im-
mune organs or to sites of injury and infection, in
particular are an interesting example of how simi-
lar, yet different, teleost cytokines can be from their
mammalian counterparts. The first chemokines iso-
lated from teleosts, trout CK-1 (Dixon et al. 1998),
looked fairly similar to mammalian chemokines
of the CC group—those possessing two cysteine
residues side by side near their amino terminus.
However, the next chemokine isolated from rainbow
trout, CK-2 was very atypical in that it possessed
an amino terminal domain that was clearly a CC
chemokine, but it also possessed a long carboxyl ter-
minal domain that resembled a highly glycosylated
mucin molecule, which was not followed by a trans-
membrane domain (Lei et al. 2002). While some
mucin stalk bearing chemokines had been found
in mammals (e.g., the CXXXC chemokines; Bazan
etal. 1997), none of the mammalian CC chemokines
possess this feature and all mucin stalk chemokines
of mammals had a transmembrane domain, suggest-
ing a fundamentally different mode of action than
CK-2. Recent genome studies in zebrafish found
over 100 chemokines in zebrafish—more than were
known for all mammals—of which three possessed
mucin stalks and transmembrane domains, but over
one-third of the chemokines found in the zebrafish
genome had mucin stalks and no transmembrane do-
main, just like trout CK-2 (Nomiyama et al. 2008).
Clearly, this group of molecules, which for the
moment appears to be unique to teleosts, is im-
portant for immune function based on the num-
ber of genes found in the zebrafish genome, yet
clearly they indicate that teleost immunity may be
very different from mammalian immunity, despite
the apparent similarities in the molecules involved.
Nomiyama et al. (2008) also reported a second group
of chemokines, the CX family, which is unique to
teleosts.

Thus, it appears that, as in mammals, measure-
ments of the production of key cytokines will be
extremely useful for assessing teleost health sta-
tus and immune responses; this information will
need to be interpreted in a teleost, and perhaps

even species-specific, context to be meaningful. Ad-
ditionally, as discussed below, direct measurement
of the production of proteins from the genes that
are known will require a large effort to produce
the reagents and assays—in particular, monoclonal
antibodies—required to do this in a precise way.

KNOWLEDGE OF FISH IMMUNITY AND
WHAT IT MEANS FOR VACCINES

Despite the lack of sophistication of the teleost im-
mune system as compared to mammals, fish do pos-
sess an effective adaptive immune response against
their pathogens. Although it takes longer to develop
than in mammals, the adaptive response is exploited
in aquaculture vaccination programs against com-
mon diseases.

Vaccines are the best tool available to provide im-
munization against potential diseases that fish may
eventually face. They boost the immune system, pro-
viding the individual with a first exposure to antigens
for particular pathogens without causing a disease.
In most groups of fishes, this eventually will lead to
clonal expansion of antigen-specific T and B cells
for the production of antibodies, which in mammals
helps the individual to produce a rapid immune re-
sponse the second time the individual is exposed
to the pathogen. As noted above, experimental evi-
dence for memory cells in teleosts is less than con-
clusive, so it may be that the benefit of vaccination in
teleosts is limited to a temporary boost in immunity.

Traditionally prepared vaccines consist of killed
or attenuated bacterial cells, and in a few cases
viruses, which are administered to the individuals
mainly by injection, although some are also adminis-
tered by immersion. As noted above, these vaccines
are designed on the presumption that teleost immu-
nity works in much the same way that mammalian
immunity does. The development of knowledge on
the way that immunology and molecular biology
actually work in teleosts will give us the opportu-
nity to develop more efficient and low-stress vac-
cines. Subunit vaccines incorporate a superior level
of knowledge about the particulate antigens from
different pathogens that elicit an immune response.
A new generation of vaccines based on recombinant
technology has made it possible to develop more
efficient vaccines against any kind of pathogen that
becomes a potential disease risk.
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Method of Delivery driving the development of effective adjuvant com-

Vaccinations of processed antigens can be deliv-
ered in one of the following ways: intraperitoneal
and intramuscular injections of particulate antigen
or DNA, submersion in a water bath containing
processed antigen, and oral vaccination with anti-
gen mixed in food pellets. The injection method is
widely used due to its reliability, although it causes
stress on the individuals due to manipulation. Timing
of delivery is another issue with vaccination since
fish need to attain a minimum size to be injected,
leaving them vulnerable until that point. Immersion
is a method more amenable to mass vaccination,
but its disadvantages are the enormous amount of
vaccine needed and its protective results are more
limited than with injection. A recently described
method uses a multiple puncture instrument to pro-
duce small skin lesions, while fish is immersed in
a vaccine suspension (Nakanishi et al. 2002). This
puncture/immersion method proved to be more ef-
fective than immersion alone since higher numbers
of particulate antigens were taken up by fish and
delivered to the lymphoid tissues (Nakanishi et al.
2002). A protocol for massive immunization with
this technique could be developed in order to be
widely commercialized.

Adjuvants—The Challenge for Effective
Vaccines

Adjuvants are oil-based emulsions that delay the re-
lease of the antigens into the body fluids, extending
the release of the active ingredient, in order to ex-
tend protection against the disease. For teleosts, this
may be important because as noted, their memory
response is limited and the slow release of the ac-
tive agent in the vaccine will extend the boost in
immunity provided by the vaccine.

One of the more important roles of adjuvants is to
provide agents that activate the innate immune re-
sponse. Traditional components of adjuvants, such
as heat-killed bacteria, provide the PAMPs (de-
scribed in the section of this chapter entitled “Main
features of the fish immune system”) which acti-
vate the PRRs. Without such agents, the immune re-
sponse induced by vaccines is not as strong or effec-
tive as it could be. The challenge in teleost vaccine
design is that, once again, much of the knowledge

ponents is based on compounds and knowledge from
mammalian immunology. Studies on fish toll-like
receptors (Rebl et al. 2010) and other innate recep-
tors, such as ladder lectins (Young et al. 2009), will
provide key information specific to teleost innate
immunity that will allow the development of adju-
vant components that are more specific for teleosts,
hopefully providing much more effective vaccines.
In addition, the isolation of genes encoding cy-
tokines (Secombes 2008) and other key immune
system molecules (Stet et al. 2003; Daeron et al.
2008) from teleosts opens the door for the use of
immuno-adjuvants—the addition of natural fish im-
mune proteins that will boost immune responses.

Live Attenuated Bacteria as Carriers

Vaccines using attenuated live bacteria as vectors
carrying recombinant antigens or DNA have been
proved successfully in laboratory (see Powell et al.
2009; Wang et al. 2009 for recent examples). Re-
combinant vaccines have been developed using at-
tenuated live bacteria as vectors, such as Escherichia
coli and Salmonella. Cytokines have been expressed
in attenuated salmonella hypothesizing that in situ
delivery may enhance antibody response to the atten-
uated bacteria (Hahn and von Specht 2003). These
authors state that Salmonella as a vector system has
been in trouble due to a lack of protective immunity
it can offer. That is why there are no commercial
vaccines to date.

Better protective immunity is reached when at-
tenuated strains of bacteria that cause the disease
are administered to fish. Recently, Vibrio anguil-
larum has been used as the carrier, utilizing the se-
cretion mechanism based on E. coli a-haemolysin
(HlyA) transport system. The recombinant proteins
were fused with the «-haemolysin secretion signal
and expressed from the commonly used HlyA secre-
tion vector pMOhly1 (Shao et al. 2005). The advan-
tages of using an attenuated pathogen as a carrier
are evident. It not only produces immunity against
the secreted recombinant proteins but also elicits
a good protective immunity against the pathogen
since common cell-surface antigens will be detected
by the fish’s immune system. The danger is that even
an attenuate virus can produce an excessive response
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in a small number of individuals, risking anaphylac-
tic shock and death.

qPCR: A TECHNIQUE TO ASSESS
ADAPTIVE IMMUNE RESPONSE

Real-time PCR has been applied with success in dif-
ferent studies to diagnose the presence of pathogens
in different organs of fish (Jansson et al. 2008; True
etal. 2008). In mammals, quantification of cytokines
and some immune receptors is usually carried out
using antibodies to the target proteins, but these
reagents are simply not available for teleosts. Also,
given the diversity in the teleost group, reagents
from one species, for example Atlantic salmon, will
not cross react with other commercially important
species, such as cod. Thus, all of these reagents
must be developed independently for each species.
Therefore, at the moment, measurements of mRNA
levels using qPCR represents the best hope of un-
derstanding changes in gene expression levels and
ultimately assessing immune status. While microar-
rays are available for some species and might be
used for this application, they are not widely avail-
able, they are costly, and they are not yet as accurate
as qPCR.

Suppression Subtractive Hybridization
and qPCR

Suppression subtractive hybridization following dis-
ease challenges or immunostimulation has been em-
ployed successfully to clone novel immune-relevant
genes in fish species of commercial value such as
Atlantic salmon (Tsoi et al. 2004; Matejusova et al.
2006), carp (Fujiki et al. 1999, 2000a, b), rainbow
trout (Lei et al. 2002), and turbot (Wang et al. 2008).
The technique involves the hybridization of control
and infected fish cDNA, where the transcripts com-
mon to both groups are excluded and those ones
differentially expressed are selectively amplified by
suppression PCR (Diatchenko et al. 1996). From
these sequences, primers for key immune genes can
be designed in order to measure immune response
in infected fish using qPCR. An appropriate panel
of qPCR primers can be used to assess the induction
of innate, humoral, or cellular responses.

Quantitative PCR Integrating Pathogen
Virulence and Immune Response

A different approach is being developed in our lab-
oratory with the goal of analyzing the interrelation-
ship between the virulence of V. anguillarum and the
adaptive immune response of chinook salmon. The
idea is to develop probes targeting both pathogen
and host mRNAs that can be extracted at the same
time from the different organs of the host. The load
of bacteria can also be measured using a probe for
nuclear DNA, such as bacterial ribosomal RNS or
protein genes. The goal of these studies is to detect a
baseline gene expression to determine the pathogen
load, in conjunction with probes for virulence mark-
ers, in order to determine at which point the pathogen
starts causing disease in an individual. Such knowl-
edge could have such importance that by monitoring
net pens regularly and analyzing pathogen gene ex-
pression with qPCR, the majority of the population
can be controlled, despite the fact that they might be
carrying a small pathogen load. The technique will
be tested in different hatcheries from where samples
will be taken regularly and sent to our laboratory.

ENHANCING IMMUNE RESPONSES:
IMMUNOSTIMULANTS

It has been shown that some food additives used
as immunostimulants may enhance the fish immune
system (Anderson 1992; Secombes 1994; Robert-
sen 1999). They include different substances gener-
ally known collectively as biological response mod-
ifiers (BRM; Leung et al. 2006). The most common
group consists of polysaccharides extracted from a
variety of sources such as cell wall of yeast and
fungi, from which (1-3)-g-D-glucan is the most ac-
tive compound (Bohn and Be Miller 1995). Glucans
have been tested in a variety of fish species, includ-
ing salmonids (Robertsen et al. 1990; Engstad and
Robertsen 1995) and nonsalmonid species such as
sea bass (Bagni et al. 2000), sea bream (Rodriguez
et al. 2004; Cuesta et al. 2005), sturgeon (Jeney
and Jeney 2002), halibut (Skjermo and Bergh 2004),
and turbot (Villamil et al. 2003). Another group of
BRMs are nucleic acids whose effects have been
evaluated more recently in largemouth bass (Kub-
itza et al. 1997), Atlantic salmon (Burrells et al.
2001), and turbot (Low et al. 2003). Although most
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of these studies concentrated on the effects of in-
nate factors of the immune response, BRMs may
also influence the antibody response following vac-
cination (Verlhac et al. 1996; Verlhac et al. 1998).
There have also been studies with immunostimu-
lants on larval fish to evaluate survival rates, espe-
cially if they are increased until such time that their
immune system becomes fully developed (Brick-
nell and Dalmo 2005). Commercial products such
as MacroGard® and ProVale® (yeast-derived) and
Ergosan® (seaweed-based) have recently become
available for use in aquaculture. Guselle et al. (2010)
have examined one of these commercial products
against research-grade glucan and found evidence
of reduction in Xenoma formation in rainbow trout.
Gioacchini et al. (2008) also evaluated another com-
mercial product containing alginic acid and reported
effects at the cytokine gene expression level. De-
spite the broad experimentation with these natural
substances and the potential benefits associated to
them, our lack of understanding of teleost innate im-
munity means that their mechanisms of action and
the consequences their prolonged use could have on
the cultivable species are not well understood. This
may explain part of the reluctance to use them in
the aquaculture industry. More experiments includ-
ing dosage and mode of administration need to be
performed with each cultured species to assess po-
tential undesirable effects that might arise, perhaps
from chronic overstimulation of the immune system.
Additionally, no study has yet addressed the poten-
tial consequences of using immunostimulants at an
early (i.e., larval) stage on the development of the
adult immune system. If these issues can be clari-
fied, the future consideration of immunostimulants
as a prophylactic in the fight against diseases looks
very promising, especially nowadays with growing
concerns about the use of antibiotics in cultured or-
ganisms.

MONITORING OF HEALTH STATUS

Itis widely known that handling and crowding stress,
water pollution, and steep temperature changes have
negative impact on the immune system of fish. Sev-
eral types of stress that affect fish endocrine systems
result in suppression of immune systems, thereby
decreasing a fish’s ability to fight diseases (e.g.,
Nath et al. 2006; Castillo et al. 2009; Iwanowicz

et al. 2009). Regularly monitoring the health status
of fish is not an easy matter and is currently not pos-
sible for most hatcheries, especially using the novel
techniques described above, which need high-level
training for personnel and special equipment. As in
the search for biomarkers as indicators of cellular
and subcellular stress induced by the environment,
the search for immunomarkers and the development
of easy immunoassays in the field remains a chal-
lenge for health monitoring in aquaculture. In this
context, detection of upregulation of gene expres-
sion of key cytokines could be used to anticipate
the outbreak of some diseases (i.e., virus-based dis-
eases) that are difficult and time-consuming to detect
using more standard techniques such as histopathol-
ogy and could potentially provide more lead time
for preventative strategies.

New technologies using the properties of nucleic
acids could change the way fish health is examined in
arapid, reliable, and specific manner. Real-time PCR
has shown its capability to detect pathogen’s DNA
and RNA from a minuscule piece of host tissue. By
standardization of this technique and perhaps the
analysis of virulence markers, a detection threshold
can be set up, which when exceeded could anticipate
a disease outbreak. For instance, a series of primers
targeting different common pathogens could be ar-
ranged into a “screening kit” and that be distributed
among hatchery-monitoring laboratories. Technol-
ogy for automating this process and making it into a
handheld device exists, but it will likely be a decade
or more before it could be marketed.

IMPROVING BROODSTOCK AND
BREEDING PRACTICES

In order to utilize our growing knowledge of teleost
immunity to generate naturally disease-resistant fish
in future generations in a hatchery, different ap-
proaches can be taken. The simple one could be to
allow natural selection to remove all those individ-
uals that are genetically susceptible to the disease.
This obviously has a cost and might take consid-
erable time to rebuild the stock to a commercially
viable number of individuals. Not a favorable prac-
tice, but one that ensures that fish will adapt to the
rearing conditions and their local environment with-
out the use of antibiotics. The down side of this
is, of course, that the genetic backgrounds left are
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more limited in diversity than the original stock and
may not have the desired characteristics in other im-
portant areas such as growth rate. Additionally, the
genetic backgrounds lost in the selection limits the
immune repertoire of the survivors and may cause
them to be susceptible to new pathogens that arise.
This could be a severe problem in teleosts where
the MH genes that respond to viruses and bacte-
ria are unlinked and thus segregate independently
(Grimholt et al. 2003). Thus, selecting strongly for
viral resistance may provide no advantage or per-
haps even a disadvantage for responses to bacterial
pathogens.

Another approach that is being used in some
hatcheries is to allow fish to choose mates in spe-
cially designed spawning channels (Fig. 8.1), and
it is believed better chromosome combinations may

occur, especially after it has been demonstrated that
fish mate according to their MH haplotypes (Landry
et al. 2001; Eizaguirre et al. 2009). Because MH
genes are related with disease resistance, it is in-
teresting to see how the offspring of fish that are
allowed mate choice will perform in challenge situ-
ations when compared to fish mated randomly, as is
the common practice.

THE FUTURE OF BIOTECHNOLOGY AND
IMMUNOLOGY IN AQUACULTURE

The world population is increasing, placing more
pressure on food production. Traditional fisheries
are struggling to provide the higher demands in the
last decades due to improper management of natural
resources, which has led to the collapse of many fish-
eries. Aquaculture is an alternative protein source to

Figure 8.1. Spawning channels used for chinook salmon. These are approximately 4 m wide,
15 m long, and, when being utilized, are filled to a depth of between 0.5 m to 1 m, with
continuous flow to mimic a stream environment. These channels have been drained to show the
pebbles lining the bottom, which mimic the preferred spawning habitat of wild chinook in

streams.
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compensate for the lack of natural fisheries and is
growing rapidly. Farmed fish are expensive to feed
and maintain, and many of them are susceptible to
an array of diseases, which makes fish immunology
a key area of study in order to assist aquaculturists
to achieve success. As noted above, however, for
many species, immune genes are virtually unknown
and thus large-scale projects focused on gene dis-
covery are needed. Genome projects are an effec-
tive route to take for this purpose. For example,
the Cod Genomics and Broodstock Development
project (http://codgene.ca/) sponsored by Genome
Canada is mapping the genome of Atlantic cod with
a focus on identifying genes related to growth rate
and resistance to stress and disease. However, the
identification of genes responsible for physiological
and immunological traits that improve the perfor-
mance of the fish constitutes is just the start of the
process. The challenge once genes have been identi-
fied is first understanding their function, particularly
if it is similar or differs from known mammalian
counterparts, and second to move from that knowl-
edge to practical and realistic methods for monitor-
ing the health status of fish.

Once those genes that participate in immune re-
sponses have been identified, they can be included
as target genes in future monitoring programs to
evaluate their use in the early detection of hatchery
outbreaks.

A good starting point, given the knowledge and
techniques available today, would be to establish
monitoring laboratories funded by both government
and private sectors, with professional support from
universities in an integrated effort to understand the
problems and emergence of fish diseases. Of course,
as the Red Queen hypothesis (Lively et al. 2004)
says, pathogens are constantly evolving, so it is nec-
essary to constantly monitor for the potential appear-
ance of new strains of current diseases and novel
pathogens. This is the real reason why these moni-
toring laboratories will need the constant support of
fish immunologists and pathologists from universi-
ties and government.

SUMMARY

Biotechnology has a very promising future in the
field of recombinant vaccines and can be used for
monitoring fish health. Although a lot of progress

has been made in aquaculture biotechnology, a
deeper understanding of fish immunology is still
necessary in order to create more sensitive and accu-
rate analytical techniques that will provide a compre-
hensive and accurate measure of fish health status.
More research into fish immunology is required in
the years to come if growth in aquaculture is to meet
demand in the coming decades.
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