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I. Introduction

Rainbow trout (Oncorhynchus mykiss) are among the most intensively studied fish species. Sequencing the
trout genome combines a set of diverse advantages that are not available in any other research organism. Such
sequence information will provide a scaffold for detailed study of carcinogenesis, comparative immmunology,
toxicology and the evolutionary process (comparative genomics, evolutionary fate of duplicate genes, genetic
architecture of adaptation).

Rainbow trout are a member of the family Salmonidae native to the Pacific coast of North America and
Russia, and have been widely introduced around the world. Considerable basic biological knowledge has
developed about this species as an outgrowth of their widespread cultivation as a food and sport fish. More is
known about the physiology and biology of rainbow trout than any other fish species. Closely related species
within the Oncorhynchus, Salmo and Salvelinus genera have also been studied extensively. In the past 20 years
there have been over 40,000 reports on the ecology, behavior, physiology and genetics of these species, with
rainbow trout specifically being used in half of these studies. The utility of genomic information to understanding
the physiology and life history of an organism will depend in part on the applicability of that organism as a model
species for experimentation. Rainbow trout have been widely used as model research species, and detailed
knowledge of their biology is available with which genomic information may be correlated.

Rainbow trout excel as a physiological and genetic model organism. Although they are large relative to
some other model fish species and have fairly long reproductive cycles (2-3 years), they are easy and inexpensive to
culture. Trout are more amenable to surgical manipulations than smaller species, and their size allows specific
tissues and cell types to be isolated for biochemical, immunological and/or molecular biological analyses. Rainbow
trout reproduction is well understood, both under natural and culture conditions, allowing the collection of large
numbers of gametes on a year-round basis. Eggs can fertilized in vitro and cultured in simple hatchery
environments. In contrast to other fish models, much is known about the natural populations of this species that can
serve as a resource for addressing evolutionary questions (Behnke, 1992; Hershberger, 1992). These natural
populations provide diverse genetic backgrounds for research.

Trout and salmon, in addition to being important animals in aquaculture and sport and commercial
fisheries, are some of the most biologically fascinating vertebrates on earth. Their migrations, ability to move
between fresh and salt water and home to specific rivers of origin constitute one of the great puzzles of nature.
Genomic studies promise to help to address these and other interesting biological features of these fishes.

In addition to the widespread interest in the natural history and culture of this species, rainbow trout are
being used very effectively as a model species to address problems in carcinogenesis, toxicology, comparative
immunology and physiology, and evolutionary genetics. As will be discussed, those applications constitute the
principal rationale for sequencing the trout genome.

Two fish species for which complete genome sequences will soon be available are the zebrafish, a
freshwater species native to south Asia which is smaller than a goldfish, and the pufferfish (Fugu rubripes), a
marine fish with an unusually small genome. The zebrafish (Danio rerio) is a superb experimental species for
developmental and genetic research. Although the pufferfish is not widely used as an experimental model, its small
genome allows interesting genomic comparisons with other species. However, the distinct advantages of the
rainbow trout should not be dismissed. Trout are a very distinct evolutionary lineage from the zebrafish and fugu.
Their large size and native distribution in North America have facilitated a wide range of research (Table 1).
Sequence information for trout will complement rather than duplicate information from the zebrafish and pufferfish
and will ultimately also be of considerable importance to issues related to conservation and agriculture.



TABLE 1. Comparison of numbers of publications in PubMed on rainbow trout, zebrafish and pufferfish during the
period 1/1/1997-12/31/2001. Publications related to specific terms were found using the “AND” function. A search
using the term “Fugu” in the place of “Pufferfish” yielded similar numbers of publications.

Rainbow trout Zebrafish Pufferfish
Total publications 1426 1858 110
Physiology 1209 1742 101
Hormone 285 128 8
Nutrition 43 6 0
Genetics 524 1461 99
Transgenic 13 19 8
Biochemistry 88 69 3
Evolution 92 260 46
Behavior 51 74 1
Cancer 28 32 2
Carcinogenesis 11 4 0
Toxicology 10 3 0
Toxicity 192 60 4
Immunology 177 53 4
Antibody 154 65 2
Environment 215 86 3

I1. Specific biological rationales for the utility of new sequence data
Improving human biology. How will the genomic sequence of rainbow trout lead to a better
understanding of biological functions in the human?
Rainbow trout are one of the leading vertebrate experimental models in carcinogenesis, toxicology,
immunology and evolutionary genetics. Their significance to human biology is in providing a cost-
effective vertebrate model for studying fundamental biological processes.

B. Informing the human sequence. How will the genomic sequence of rainbow trout lead to a
better description of the functions of specific sequence features of the human genome?

Although not closely related to humans in evolutionary terms, a significant strength of the trout
model is for investigating the effects of gene duplication, considered to be a fundamental process in
evolution.

C. Informing the sequences of model organisms used in the study of human biology. How will the
genomic sequence of rainbow trout lead to a better description of the functions of specific sequence
features of the genomes of particular model organisms?

As discussed, trout are a leading model organism themselves in the study of carcinogenesis,
toxicology, immunology and evolutionary genetics. Their relatively larger size than some of the other
significant model fish species (e.g., zebrafish, medaka, Xiphophorus) facilitates biochemical studies from
isolated cells and tissues and increases the number of gametes available for reproductive and genetic
studies

Sequencing the trout genome will also inform the sequence of two other fish species whose
genomes will soon be completely sequenced, the fugu and the zebrafish. Comparative DNA sequence
studies will provide insights into genome evolution among these species. These three bony fish (teleost)
species are believed to have diverged from each other over 100 million years ago and represent three of
the most important lineages of bony fishes: the superorder Acanthopterygii and the percomorph fishes
(fugu), the superorder Ostariophysi and the cypriniform fishes (zebrafish), and the superorder
Protacanthopterygii and the salmonid fishes (rainbow trout) (Helfman et al., 1997). Trout also present a
distinctive model by having a relatively recent genome duplication, allowing study of the process of
divergence and loss or silencing of genes following a genome-wide duplication. Rainbow trout are the
best studied representative of the salmonid fishes that include a group of closely related species whose
physiology has been examined in detail. Many of these species are studied both in the lab and the natural
environment.



D. Providing a better connection between the sequences of non-human organisms and the human
sequence. How will the genomic sequence of rainbow trout increase our ability to identify
orthologs in the sequences of well-studied model organisms and how will that deepen our
understanding of the human sequence?

As discussed above, genomic sequence information in trout will enhance our understanding of
the trout model itself as well as the related fugu and zebrafish.

E. Facilitating our ability to do experiments involving direct genetics or positional mapping.

Detailed genetic maps have already been developed for rainbow trout (Young et al., 1998;
Sakamoto et al., 2000) and these maps have been integrated through the use of common markers to
produce a map with over 1000 total genetic markers (Nichols and co-authors, submitted to the journal
Animal Genetics). Rainbow trout have 58-64 chromosomes and 104 chromosome arms, with the number
differences related to Robertsonian rearrangements (Thorgaard, 1983). A high-density genetic map and
complete sequence of the genome will be extremely useful resources for associating traits with specific
genes. Considerable effort has already been directed toward mapping quantitative trait loci (QTL) using
these genetic linkage maps (e.g., Sakamoto et al, 1999; Ozaki et al., 2001; Perry et al., 2001; Robison et
al., 2001). High density maps that can be developed from the genome sequencing project are needed for
fine mapping of those QTL and for identifying biomedically and economically important QTL (e.g.
immune response loci, loci affecting response to carcinogenesis, loci affecting stress response, growth
rate, feed conversion, and osmoregulation). These results will also be relevant to other salmonid fishes,
including Pacific and Atlantic salmon and brown trout.

An excellent example of the application of such approaches was the recent identification of a single
major QTL associated with differences in nonspecific cytotoxic cell (natural killer equivalent) response
to mouse YAC-1 cells between two clonal lines of rainbow trout (Zimmerman and Ristow, Washington
State University, unpublished results). With the availability of sequence information in the region of this
QTL, it should be possible to ascertain homologies and ultimately to identify the specific genes
responsible for the difference. This could lead to a better and more fundamental understanding of the
origins of innate immunity in vertebrates. Similar differences in other traits are likely to be identified
among clonal and outbred lines, can be mapped using QTL analyses and, ultimately, assigned to specific
genes using the sequence information.

F. Expanding our understanding of basic biological processes relevant to human health e.g.
developmental biology, neurobiology, cancer biology, stem cell biology.

The strongest biomedical applications of the rainbow trout model lie in its use for carcinogenesis
and toxicology research, and as a comparative immunology model. Excellent and complementary
knowledge is also available in the related fields of physiology, nutrition (Hardy, 2002) and disease
pathogenesis (Ozaki et al., 2001) as a result of extensive research conducted with rainbow trout in those
fields. Fundamental processes such as vision (Julian et al., 1998), olfaction (Laberge and Hara, 2001),
exercise physiology (Kieffer, 2000), excretion (Wood, 2001), osmoregulation (Perry et al., 2000) and
stress response (Iwama et al., 1998) have been intensively studied. Those fields will also be greatly
enhanced by the availability of genome sequence data.

Carcinogenesis and toxicology: An epizootic of liver cancer in Pacific Northwest trout
hatcheries in the early 1960s contributed to the discovery of aflatoxin B1 (AFB1) as a potential human
hepatocarcinogen, and led to the development of the rainbow trout as a sensitive alternative model for
cancer research (reviewed in Bailey et al., 1996). The attributes of this model for cancer research include
its non-mammalian comparative status, well established husbandry and nutritional requirements,
availability of multiple exposure routes, a well defined tumor pathology, externalized gametes and
embryos for experimental manipulation, tissue accessibility from animals in the milligram to kilogram
size range, low spontaneous tumor background, and high sensitivity. For instance, a single
microinjection of as little as 0.5 ng of AFB1 per embryo yields a 40% incidence of
hepatocellular/cholangiocellular carcinoma nine months later (Dashwood et al., 1994) — this is 1 billion-
fold less aflatoxin than was required to elicit the same incidence in the monkey.

Perhaps the attribute most extensively exploited in the past decade has been the trout’s very low
husbandry/per diem cost. This feature allows fundamental dose-response issues in carcinogenesis and
chemoprevention to be addressed with the trout, using statistically rigorous study designs unaffordable or
impossible with traditional rodent models. It was practical, for example, to employ pioneering study
designs of up to 10,000 animals each to investigate the quantitative interrelationships between increasing
carcinogen dose, increasing anti-carcinogen dose, level of target organ DNA adduction, and eventual



tumor outcome (Dashwood et al, 1989; Breinholt et al., 1995). The latter study was important not only
in providing the first demonstration of chlorophyllin (CHL) as an effective blocking agent against AFB1
exposure, but also in demonstrating the conditions under which CHL-mediated reductions in AFB1-DNA
adducts were quantitatively predictive biomarkers of eventual reduction in tumor risk. These studies in
trout were pivotal to the planning and design of a recent human clinical intervention trial, in which CHL
proved equally effective in reducing biomarkers of effective AFB1 uptake and damage in human
volunteers in Daxin, China (Egner et al., 2001). Similar trout study designs showed that post-initiation
exposure to the dietary supplement indole-3-carbinol provided dose-response promotion of
hepatocarcinogenesis, at doses relevant to human exposure, and of a magnitude at least equal to its
efficacy as a chemopreventive blocking agent (Dashwood et al, 1991; Oganesian et al., 1999). These
findings were eventually proven equally applicable to the rat (Stoner et al., 2002), and continue to
influence National Cancer Institute policy regarding human clinical trials with this promising but
problematic agent. Perhaps the ultimate application of the low-cost trout model is the recent study
utilizing 42,000 trout to establish the relationships between dose of carcinogen (dibenzo[a,l]pyrene,
DBP), quantity and spectrum of target organ DNA adducts, cell proliferation, oncogene activation, and
tumor response down to an above-background incidence of 0.02% (reviewed in Bailey, 2000; not yet
published in detail). This largest-ever cancer dose-response study provides the most extensive low-dose
tumorigenesis data yet generated. The central findings of this study are that DBP-DNA adducts
decreased linearly over the 500-fold DBP dose range, that PCNA-based liver cell proliferation did not
decrease with dose, that the percentage of neoplasms bearing oncogenic Ki-ras mutations was high and
invariable with dose, and that above-background tumor incidence showed a strong, statistically
significant negative departure from the default EPA LED10 linear extrapolation model for risk
assessment.

The rainbow trout is also very useful model for biomonitoring of numerous chemicals in the
aquatic environment. Rainbow trout is the standard cold water test species used for regulatory 96-hour
acute lethality testing for chemicals entering freshwater aquatic ecosystems. An ASTM standard
protocol was established and has been used in the US and elsewhere for over 20 years. Many of these
chemicals are highly lipophilic and exhibit bioaccumulation and biomagnification (Kleinow et al., 1987).
Examples of such chemical contaminants include polycyclic aromatic hydrocarbons (PAHs),
polyhalogenated biphenyls (e.g., PCBs), dioxins (e.g., TCDD) and dibenzofurans (TCDF) and
organochlorine pesticides e.g., DDT). One sensitive indicator of such exposures has been the induction
of cytochrome P450 (CYP) 1A, particularly in trout liver (Kleinow et al., 1987; Otto et al., 1994:
Engwall et al., 1994). The trout CYP1A gene is regulated by the Aryl Hydrocarbon Receptor (AHR)
signaling pathway in much the same way as it is in humans (Ma, 2001). A number of P450 genes have
been identified and cloned in trout (Buhler and Wang-Buhler, 1998).

Trout exposed to metals respond with the induction of the metal binding protein, metallothionein
(Samson and Gedamu, 1995). The assay of metallothionein mRNA or protein has served as a reliable
and sensitive biomarker for exposure of trout to metals, a serious class of environmental pollutants
(Lange et al., 2002).

In recent years, a great deal of interest has been focused on the potential for environmental
chemicals to act as “endocrine disrupters”. Exposures to such chemicals are thought to perhaps play a
role in breast cancers in women and declines in sperm quality in men, although the evidence for these
effects is equivocal (Safe, 1995). It is well established, however, that feral populations of some aquatic
organisms exposed to endocrine disrupters exhibit a number of adverse reproductive responses including
lack of development of secondary sex characteristics or even sex reversal (Sumpter, 1995). The class of
compounds known as xenoestrogens include o,p -DDT, nonylphenol, hydroxylated PCBs and a number
of other significant aquatic pollutants. Trout make an excellent sentinel and model for studying
xenoestrogens in the environment as they express a protein in liver and blood that is induced in juveniles
of either sex or in adult males. This protein is vitellogenin, an egg yolk precursor protein (Donohoe and
Curtis, 1996).

The trout model has made, and will continue to make, important contributions in the study of
cancer and its prevention, and in environmental toxicology research. At present there are sufficient gene
sequences available to contemplate gene expression profiling using targeted genes in limited macroarray
analysis. However, data-rich exploration of unsuspected interactions within and among various
developmental and regulatory pathways must await sequencing of the genome.

Comparative immunology: Immunogenetic studies of rainbow trout have served two very
important functions. The comparable design and function of human and salmonid immune systems make
the trout an excellent biomedical model while, as an important agricultural commodity, the same



information becomes of direct and immediate importance to the aquaculture industry. Furthermore, the
excellent understanding of disease ecology and disease progession in rainbow trout arising from their
widespread rearing in government and commercial hatcheries allows basic studies of the immune system
to be complemented by functional studies of response to pathogens. Trout present the best fish model for
disease studies because of the well-defined nature of their bacterial and viral pathogens and well-
established disease challenge protocols. Immunologically, the availability of clonal/ syngeneic lines of
trout, as well as an ample repertoire of immunoreagents and probes, provides investigators with highly
advantageous tools to begin extensive genomic analysis of immune system structure and function.
Understanding the organization of the immunoglobulin, T cell receptor, major histocompatibility, and
nonspecific cytotoxic cell (NCC) gene complexes / loci will enable us to precisely envision the basic
repertoires by which an individual recognizes and responds to the gamut of pathogens in its environment.
This knowledge of immune capabilities will be required to exploit the unique capabilities of this simpler
immune system.

Innate immunity is increasingly recognized as being a central phenomenon in the immune
response. Natural killer cells mediate important parts of this response in humans. The natural killer cell
equivalent in fishes is known as a nonspecific cytotoxic cell (NCC). The NCC of the rainbow trout
appear to be small agranular lymphocytes that are capable of lysing various xenogeneic targets including
YAC-1, K-562, and IM-9 by both apoptotic and necrotic mechanisms (Greenlee et al. 1992). Since that
original study, Ristow and co-workers have incorporated homozygous clones of rainbow trout into these
studies revealing that there are strains of rainbow trout possessing both high and low levels of NCC
activity in the peripheral blood (Ristow et al., 1995). Current work has shown that a single QTL may be
responsible for this phenomenon in trout (Zimmerman and Ristow, unpublished results). This capability
is now being mapped to a specific genetic linkage group of the rainbow trout. We are now well poised
with the trout system to dissect one of the most critical elements of innate immunity. Further, much of
that which can be modeled within the murine system can be studied with this alternate vertebrate model.
Such an alternate model, with a potentially simpler immune system and a slower rate of response, could
provide fundamental insight into the innate immune response of humans and other vertebrate species.

The MHC of trout has also been studied in a comparative manner. Class I and II sequences
(mainly cDNAs) have been cloned from a variety of teleost species including zebrafish (Takeuchi et al.,
1995), salmonids (Grimholt et al., 1993; Hansen et al., 1996; Shum et al., 1999), cod (Persson et al.,
1999), catfish (Godwin et al., 2000; Antao et al., 2001) and pufferfish (Timon et al., 1998). Fine
mapping experiments for the teleost MHC are limited to date but this constitutes an active area of
research. The most unexpected discovery for MHC architectural arrangements came from studies in
bony fish where the MHC class I and II loci do not co-segregate and, in fact, reside on different
chromosomes altogether (Takami et al., 1997; Hansen et al., 1999) which differs from all other
vertebrate classes including cartilaginous fish (sharks, rays and chimeras) (Flajnik and Kasahara, 2001;
Ohta et al., 2002). The take home message for the teleost MHC is that the MHC class Ia antigen
processing and presentation machinery have been maintained as a solid genetic linkage group during the
course of vertebrate evolution. The tight linkage of members of the MHC Ila antigen presentation
pathway and the lack of class II linkage in fish present an ideal model for selecting class I and II
haplotypic combinations possessing enhanced disease resistance qualities. In support of this idea,
zebrafish and fugu show conserved synteny (gene content but not strict order) between the human and
teleost MHC class I region for >30 different loci, not including duplicate genes (Michalova et al., 2000;
Clark et al., 2001). Clearly, our understanding of the MHC and other components of the immune system
of trout and other fishes will advance dramatically with detailed sequence information in those regions.

Investigation of other aspects of the specific immune response in fish will also be aided by
genomic sequence data. To date, there have been no reported studies that attempted to determine the V,
genes utilized in the production of specific antibodies in fish. All cloning and sequencing efforts, thus
far, have employed primers derived from various consensus sequences, without regard to their probable
specificity, and which are often based on sequences from phylogenetically distant species (Roman and
Charlemagne. 1994: Andersson and Matsunaga, 1995; Roman et al., 1996). Lewis (2000) determined that
specific gene families are employed in the production of specific antibodies to TNP (Family V) and the
G protein of infectious hematopoietic necrosis virus (Family IV). Of particular interest was the
observation that Family V was very small (approximately 3 - 5 members), while Family IV was much
larger ~ 30 members, prompting consideration of the possibility that intense selection by a virulent virus
may promote the expansion of antibody gene families. Thus the complete structure of these gene
complexes can do much to increase understanding of the evolutionary processes that mold the capacity
of an individual's immune response.



G. Expanding our understanding of evolutionary processes (biological innovation, selection) in
general, and human evolution in particular.

The rainbow trout provides an exceptional opportunity to study genome evolution following
tetraploidy. The rainbow trout, and all other species in the family Salmonidae, are descended from a
single tetraploid event that occurred approximately 25 million years ago (Allendorf and Thorgaard
1984). Postlethwait et al. (1998) have discovered large conserved chromosome segments in the linkage
maps of zebrafish and mammals and concluded that two polyploidization events occurred in a common
ancestor before the divergence of fish and mammals, resulting in four paralogous copies of each
chromosome segment in each lineage. Amores et al. (1998) have suggested that an additional polyploid
event is responsible for the 5-8 HOX gene clusters in teleost fish in comparison to the 4 HOX gene
clusters in mammals. Extensive sequencing supports this view of the importance of gene duplication in
the evolution of the vertebrate genome (Henikoff et al. 1997; Rubin et al. 2000). Thus, chromosomal and
gene duplication by polyploidy also has played an essential role in evolution of the genome of
vertebrates. The evolutionarily recent tetraploid event specific to the salmonid lineage provides an
exceptional opportunity to study the evolution of chromosomes and genes following polyploidy in a
vertebrate.

The presence of duplicate genes can complicate the interpretation of genetic information because
very similar sequences and gene products may, in fact, represent different genes. Genic inheritance is
complicated in rainbow trout relative to the elegant simplicity of diploid Mendelian inheritance because
of their polyploid ancestry (Allendorf and Danzmann 1997). The positive aspect of the complexity of
salmonid genomes is that it provides a natural laboratory for following the process of evolution by gene
duplication. This process, which is generally acknowledged to be a central one in evolution (Ohno,
1970; Force et al., 1999), is still taking place in these fishes. Only disomic inheritance has been detected
in females. However, some loci are inherited tetrasomically in males from some populations but
disomically in males from other populations. The salmonid duplication is more extensive and recent
than the similar event which has been studied in the zebrafish (Amores et al., 1998). Many of the
duplicate pairs of protein coding loci produced by the salmonid-specific polyploid event show divergent
patterns of tissue-specific expression (Allendorf and Thorgaard, 1984). In addition, polymorphisms in
tissue-specific patterns of gene expression (Allendorf et al., 1983; Danzmann et al., 1985) and gene
silencing (Ferguson et al., 1988; Leary et al. 1993) occur in rainbow trout at some of these duplicate
genes. Duplicate gene copies are beginning to be studied at the DNA sequence level (e.g., Brunelli et al.,
2001). For example, in the duplicate growth hormone genes in rainbow trout, the only estrogen
response element has been inactivated in one of the duplicates, so there is a sex difference in expression
of these genes (Yang et al., 1997; Phillips, unpublished results). This difference also occurs in the
Pacific salmon, but not in Atlantic salmon. Salmonid fishes are an ideal group to study evolution of
regulatory elements in a phylogenetic context because there is a large body of information available on
their physiology and natural history. Wider-scale sequence information for rainbow trout will provide an
excellent and distinctive system for studying the aftermath of a genome-wide duplication event and the
associated structural and regulatory gene changes. The extension of current bioinformatics approaches
(e.g., the Lek alogrithm of Venter et al. 2001) will likely be needed to identify and characterize the
internal genomic homologies resulting from this tetraploid ancestry and obtain full benefit from this
dataset.

The evolution of sex chromosomes and sex determination is another fruitful research area with
the trout model. The X/Y sex determination system of rainbow trout is distinctive because of the
existence of among- population variation in sex chromosome morphology, suggesting that they are in the
early stages of differentiation (Thorgaard, 1983). Analyzing this variation at the sequence level will
provide important knowledge about the earliest stages of sex chromosome evolution in vertebrates,
something that is not possible in the highly derived mammalian models. Similarly, locating and isolating
the factors responsible for sex determination in an easily manipulated model species such as rainbow
trout will lead to beneficial comparative research into this important but inadequately studied aspect of
vertebrate development.



H. Providing additional surrogate systems for human experimentation. ,(e.g., new disease models,
improved opportunities for drug testing, or other medical procedures, such as transplantation).

As discussed elsewhere in this white paper, the trout presents an excellent experimental system
for studies of carcinogenesis, toxicology and comparative immunology. It provides a cost-effective
system for screening chemicals for toxic and carcinogenic effects. In addition, because natural
populations of salmonids are widespread in North America and other temperate parts of the world, these
fishes can serve as environmental monitors. The recent observation of apparent phenotypic sex reversal
in natural populations of chinook salmon (Nagler et al. 2001) illustrates this potential.

ITI. Strategic issues in acquiring new sequence data
A. The demand for the new sequence data. What is the size of the research community that will
use it? What is the community's enthusiasm for having the sequence? Will the new sequence data
stimulate the expansion of the research community?

Rainbow trout are one of the most intensively studied of fish species. They were the first fish
species selected for a species symposium by the journal “Aquaculture” (Gall, 1992). Researchers in a
number of countries, including the US, Canada, United Kingdom, Japan, Norway, Denmark, France and
Chile are currently conducting genetic, carcinogenesis, toxicology, reproductive physiology and
immunology research with this species. Many of those researchers are co-authors of this white paper. A
group of researchers meets annually at the Plant and Animal Genome meeting in San Diego to discuss
coordination of trout genomic research. Discussions at the January 2002 meeting led to preparation of
this white paper. All of the co-authors have had the opportunity to comment on drafts of this white paper
and many provided substantive contributions. We anticipate that the availability of full genome
sequence data for rainbow trout will expand the community and lead to increased research with this
attractive model species.

B. The suitability of the organism for experimentation. How will the new sequence data enhance
the experimental use of rainbow trout? What genomic resources and technologies (e.g., gene
transfer, ability to go from molecule to mutation) are available that will allow the new sequence
information to be effectively used?

The rainbow trout is the leading model fish species inhabiting cool and cold waters. Major advantages
for using rainbow trout for genetic research include: (1) High fecundity. - A single 3 to 4 kg female
produces 3000 eggs, and a very large amount of sperm (10 ml) is available from a single male. (2) Ease
of manipulation and handling of gametes. - This enables transportation (air shipment world-wide) of
gametes before and after fertilization from a broodstock holding facility to grow out farms or research
institutions. The hardiness of rainbow trout gametes also facilitates chromosomal set manipulations by
means of heat shock or hydrostatic pressure shock. These methods are widely utilized by farmers and
scientists. Gynogenesis is used for producing all-female populations and to prevent deterioration of flesh
quality due to early sexual maturation of males, and induced triploidy is employed for producing sterile
fish to reduce genetic contamination of wild populations by farmed fish (Thorgaard, 1992; Palti et al.,
1997). Androgenesis produces true homozygous, clonal lines in two generations (Young et al., 1996). (3)
Year round supply of gametes due to a wide natural variability in spawning time (Siitonen and Gall,
1989; Sakamoto et al., 1999) and the use of photoperiod control. (4) Well-developed and widely-used
methods for rainbow trout semen cryopreservation (e.g. Wheeler and Thorgaard, 1991), which allows for
crosses between strains that spawn at different seasons and between different generations (e.g. for
backcrossing mating design). It is also used for conservation of germplasm from wild populations and
from economically important strains.

The resources for effectively utilizing rainbow trout for genomic studies are in place or being
developed. Five clonal lines of rainbow trout have recently been established using the chromosome set
manipulation methods of androgenesis and gynogenesis. These lines provide valuable experimental
uniformity (well-established as an advantage by research with inbred lines of mice) and will provide
opportunities for analysis and genetic dissection of traits as differences among the lines are identified
(Ristow et al., 1995; Robison et al., 1999) and genetically characterized (Robison et al., 2001). Detailed
genetic linkage maps are also developing for this species (Young et al., 1998; Sakamoto et al., 2000),
with one of the maps (Young et al., 1998) being based on a cross of two of the clonal lines.

The mitochondrial genome of rainbow trout has been fully sequenced (Zardoya et al., 1995).
There are likely to be excellent opportunities to examine the effect of mitochondrial variation on
development and physiology because, using androgenesis, it possible to create lines with the same
nuclear but different mitochondrial genomes (Brown and Thorgaard, 2002).



Over 250 polymorphic microsatellite markers have been developed for rainbow trout at the
USDA/ARS National Center for Cool and Cold Water Aquaculture (NCCCWA) in the past 2 years (e.g.
Rexroad et al., 2001). Approximately half of the microsatellites developed for Atlantic salmon work for
rainbow trout (Moira Ferguson, personal communication). Microsatellites developed for the Pacific
salmon (Oncorhynchus) species also generally work for rainbow trout. This brings the total number of
microsatellites currently available to well over 500.

The total number of nucleotide sequences for rainbow trout, which were deposited on the NCBI
databases as of April 30, 2002, was 2,200, of which 632 were expressed sequence tags (ESTs). These
figures are far behind other fish model organisms such as zebrafish and medaka (245,000 and 46,700
nucleotide sequences, respectively). A major effort is now focused on increasing the rainbow trout EST
database. Forty five thousand clones from a normalized cDNA library, which was derived from gill,
liver, brain, kidney, spleen and muscle are currently being sequenced to produce additional ESTs in
another efforts at the NCCCWA. The INRA (Institut National de la Recherche Agronomique) trout
genome and transcriptome project is expected to complete a sequencing project of 120,000 ESTs (60,000
clones in the 5’ and 3’ directions) by mid 2003. Their cDNA library is derived from liver, interrenal,
brain, muscle, blood, intestine, ovary, testis, differentiating gonads, adipose tissue, gills, pituitary and
kidney. A radiation hybrid panel is being constructed by the INRA group and is expected to be
completed by the end of this year. It should be useful for rapid linkage mapping of the ESTs (Rene
Guyomard, personal communication).

Four BAC libraries of the rainbow trout genome have been constructed to date. Two were
constructed in Japan by Katagiri et al. (2001). These contain an average insert size of 58 kb and 110 kb,
and provide haploid genome coverage of 6.7 fold and 5.3 fold, respectively. Two BAC libraries from the
OSU female homozygous line and the Swanson male homozygous line were commercially constructed
by Amplicon Express Inc.. The OSU BAC library has 96,768 clones arrayed in 384 well plates with an
average insert size of 110 kb (haploid genome coverage of 4.5 fold). The Swanson BAC library has
184,704 clones arrayed in 384 well plates with an average insert size of 137 kb (haploid genome
coverage of over 10 fold). BACs from the OSU library have been used as probes in fluorescence in situ
hybridization to anchor the genetic linkage map to specific chromosomes (Philips, 2001). The Swanson
library is now being characterized with 20 genes of interest. Both libraries will be used for mapping of
type I markers (ESTs), and can be used to produce a sequence-ready BAC contig map.

Gene transfer is well-developed for the trout model. The transfer of new genetic information
into species has proven and will continue to be a powerful tool for studying the physiological,
phenotypic, and fitness consequences of specific genes (Pereira, 2000; Tyagi and Mohanty, 2000). The
first transgenic fish was reported in 1985 (Zhu et al., 1985). Currently, over 3000 reports of transgenic
aquatic organisms exist in the literature, testimony to the large academic and commercial interest in this
field. A great deal of research has been undertaken with model fish species, including zebrafish and
medaka, as well as with salmonids, carps, catfish, tilapia, loach, and shellfish (Bachere et al., 1997; Sin,
1997; Ivetac et al., 2000; Maclean and Laight, 2000; Hew and Fletcher, 2001). Among fish species used
in transgenic studies, rainbow trout is among the most commonly-cultured and widely geographically-
distributed species, being grown worldwide for academic study and for aquaculture. To date, germ-line
transgenic trout have been produced by microinjection of gene constructs into the fertilized egg shortly
after fertilization in numerous studies (see Devlin et al., 2001; Hew and Fletcher, 2001 for references).
Other approaches utilizing sperm-mediated incubations, biolistic (gene gun), or electroporation methods
have been explored in fish, but have produced equivocal or negative results (Chourrout and Perrot, 1992;
Sin, 1997), and no confirmed cases of germ-line transformation of trout to date. Approximately 10° to
107 copies of linear DNA are microinjected in a volume of 1-2nL into germinal disk of the egg using
ground glass needles of approximately Sum in diameter. For microinjection, DNA is injected
cytoplasmically, and is incorporated into nuclei following mitotic division and nuclear membrane
dissolution and reforming. The reported frequency of DNA integration into the trout genome varies
widely (see Devlin, 1997), in part due to different criteria used to define a transgenic organism. Although
mosaic integration in founder animals is common, germline integration events occur at reasonable
frequencies which allow individual families to be readily formed for subsequent analysis of defined
transgene inserts.

Other approaches including targeted integration (Shashikant et al., 1998; Copeland et al., 2001)
and gene knockouts (Harris, 2001) are possible in other germline transgenic vertebrates, and are
currently being experimentally explored but not yet achieved in fish. However, recent progress in the
development of embryonic stem (ES) cells and blastomere transplantation in trout and other fish species
(Nilsson and Cloud, 1992; Takeuchi et al., 2001) suggests that targeted gene replacement in the genome



of trout will be available soon and provide a powerful technology for functional genomic analysis.

Transgenic approaches will allow detailed examination of gene function in many areas, including
endocrinology, physiology , neurobiology , metabolism , nutrition, immunology , and developmental
biology (Abe et al., 1998; Waller et al., 1998; Ko, 2001; Trethewey, 2001; Fiehn, 2002). To date,
transgenic trout have already been produced in several of these research areas, and a great deal of
information has been gathered regarding methodology and the function of a few well-studied gene
systems. However, historically, such activities have been hampered by the availability of genes to study,
relying on those isolated by traditional molecular biology approaches. The emergence of genomic
technology will remove this limitation, and will make available a plethora of gene sequences for study.
The function of candidate genes identified in this way can be directly tested in many cases using
transgenic technologies by examining phenotypes resulting from the altered expression of coding
regions. Coding regions identified by proteomic approaches can similarly be tested for specific functions
using transgenic approaches, as can coding regions whose function remains obscure after traditional
molecular biological analyses.

C. The rationale for the complete sequence of the organism. Why would the complete sequence be
more useful than the sequences of specific regions, or only the coding sequences, or only ESTs?
Are there alternative ways to get the necessary information?

The complete sequence of the genome is needed for effective positional cloning and
identification of novel candidate genes for QTL. Complete sequencing would also allow detailed
exploration of unsuspected interactions of pathways related to carcinogenesis, response to toxicants and
the immune response through gene expression and microarray methods. Detailed analysis of the process
of evolution following full genome duplication, including comparison of rates of evolution of non-
coding, regulatory and coding regions, must also await the availability of a full genome sequence.

A complete genome dataset will be also needed for effective genomic comparisons with the
zebrafish and fugu, which are currently being sequenced. In plants, comparison of sequenced segments
of the tomato and Arabidopsis genomes indicated that duplications and gene loss creates a network of
synteny (Ku et al., 2000). On the other hand, large regions of conserved synteny between mammalian
genomes were used to enhance genomic mapping of mammals (O'Brien et al., 1999). Due to the large
evolutionary distance between trout, zebrafish and fugu, it is likely that comparative genomics between
those species will not be very useful for fine mapping, but rather for identifying conserved regulatory
elements and general genomic organization.

D. The cost of sequencing the genome and the state of readiness of the organism's DNA for
sequencing. What is the size of the genome? What quality of sequence product is needed (finished
sequence? draft? full shotgun?)? What sequencing strategy will be used? Is suitable DNA readily
available?

Rainbow trout have a genome size which is 80% that of humans (2.4 X 10° bp). We anticipate
utilizing the existing BAC libraries to develop an arrayed BAC contig library. This would then be
utilized to develop a finished product. BAC contigs will be very important to develop because the high
homology between homeologous chromosome pairs will be a challenge in the sequence assembly, and
assembly will be greatly facilitated if there is a BAC contig backbone to establish the linear relationship
between the sequences. The availability of defined clonal lines and BAC libraries from two clonal lines
should allow progress to be made rapidly. A target cost for this effort could be $80,000,000.

E. Are there other (partial) sources of funding available or being sought for this sequencing
project?

An NIH-funded effort could benefit from complementary genomics efforts being conducted with
the support of NIH, NSF and USDA extramural funds and intramural USDA funds in the US, and
government funding in Japan, Canada, United Kingdom, Norway, Denmark, France and Chile. EST
databanks in the US and France and a radiation hybrid panel developed in France are available as
complementary resources. This represents a significant “value-added” research opportunity.
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