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Abstract

The introduction of molecular techniques in addition to the more traditional methods of
biotechnology has supplied the resources to increase significantly production in world aquaculture.
The ability to identify relevant genes endowing the phenotype of interest has certainly been helped
by the ever-expanding databases, which have benefited not only from the various genome projects,
but also from contemporary approaches such as the DNA chip, improved 2-D gel resolution and
high throughput mass spectrometers. This, combined with improvements in transgenic technolo-
gies, has opened up vast possibilities to the aquacultural biotechnologist which include improving
growth rates and cost-effectiveness, increasing resistance to pathogens and stressors, improving
quality of broodstock and also creating the opportunity of making new or different products
through altering their genetic make up. The platform technologies relevant to this field of
functional genomics will be discussed in the context of applications beneficial to the field of
aquaculture, while examples including those from our own research will be described.q2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

The wealth of information provided by the various genome projects, and advances in
functional genomics and transgenic technologies, have added new resources to the field
of biotechnology. The potential application of these new approaches specifically to
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Ž .Fig. 1. An overview of some of the platform technologies dark-shaded in functional genomics, and their
Ž .potential applications to aquaculture light-shaded .

Ž .aquacultural biotechnology summarized in Fig. 1 could bring us closer to achieving the
growing demands of world aquaculture. These include the global needs of increased
food production, discovery and development of new natural resources as well as
awareness of the diminishing biodiversity and detrimental effects of modern society on
the environment. In the following review some of the different areas of aquaculture
which are being affected will be described. Examples, including those from our own
research, will be given in an attempt to demonstrate the versatility of these new
approaches.

2. An increase in food production

2.1. Growth enhancement

The ability to manipulate growth rates through the introduction of additional growth
Ž . Ž .hormone GH genes was demonstrated originally in mice Palmiter et al., 1982 , but has

Žbeen applied successfully to a number of other animals, including fish e.g. Du et al.,
.1992; Devlin et al., 1994 . Dramatic growth enhancement has been shown using this

technique, especially in salmonids. In our work we have used anAall-fishB gene
Ž .construct consisting of ocean pout antifreeze protein AFP promoter fused to Chinook

salmon GH cDNA, injected into salmonid embryos. This particular promoter was used
because it has been well characterized in our labs, showing a suitable pattern of tissue

Ž .expression mostly in the liver , and also lacking substantial seasonal variation in its
activity. Moreover, the transcription factors required for its activation appear to be

Žpresent in a large number of fish e.g. medaka, Gong et al., 1991; salmon, Shears et al.,
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.1991; Devlin et al., 1995; goldfish, Wang et al., 1995; loach, Tsai et al., 1995 , while the
fact that it is not normally present in these other teleosts means that the transgene is easy
to detect through simple PCR.

Such studies have revealed enhancement of growth in adult salmon to an average of
3–5 times the size of non-transgenic controls, with some individuals, especially during
the first few months of growth, reaching as much as 10–30 times the size of the controls
Ž .Du et al., 1992; Devlin et al., 1994 . Additional studies have utilized a number of other
fish or non-fish promoters and similar although less dramatic effects have been seen
than in salmonids. Some of these studies have also shown an increase in plasma GH
levels, while the native pituitary GH seems to have been down-regulated as a result of
increased negative feedback, resulting in smaller pituitaries and lower mRNA levels
Ž .Mori and Devlin, 1999 . These fish generally appeared healthy, and some produced

Ž .second and third generation transgenic offspring Saunders et al., 1998 . Moreover, the
enhanced growth phenotype was inherited along with the genotype. The economic
advantage of this kind of manipulation is obvious and in comparison with selective
breeding methods, the time frame for reaching similar successes is likely to be most
significant.

2.2. Control of reproductiÕe actiÕity

Traditional methods of spawning induction in fish have largely relied upon external
stimulation of reproduction through simulation of stimulatory conditions, or direct

Žadministration of brain hormones gonadotropin releasing hormone with, or without,
.dopamine antagonists , gonadotropins or pituitary homogenates. These methods are still

Žcommonly employed to induce spawning in aquaculture e.g. Yaron, 1995; Peter and
.Yu, 1997 . At the other end of the spectrum are those fish, such as tilapia, whose

reproductive activity needs to be curbed because of small size at puberty. For these fish,
monosex culture is preferred, which can be achieved by a number of methods. Most
common is the treatment of fry with methyl testosterone to produce the masculine
phenotype, although other methods such as specific crossing of closely related species

Ž .with varying genetic make up e.g.Oreochromis niloticus=O. aureus can also result
in hybrids of a single sex. For the production of sterile fish, with a high market value,
triploidy can be used involving heat or pressure-shock to inactivate the sperm. Alterna-
tively, gynogenetic individuals can be created and monosex culture then maintained

Ž .through sex inversion using steroids to produce fertile males with the female genotype,
Ž .enabling production of single-sex off-spring Mair et al., 1997 .

The introduction of transgenic techniques has put further emphasis on need for
production of sterile progeny in order to minimize the risk of transgenic stocks mixing
with the wild populations. However, these same technological developments have
expanded the possibilities for producing either sterile fish or those whose reproductive
activity can be specifically turned on or off using inducible promoters. The viability of
this approach in vivo has been demonstrated in mice, in which specific genes, incorpo-
rating the Cre-loxP system, can be turned on through exposure to tetracycline or

Ž .doxycycline Kistner et al., 1996; Utomo et al., 1999 . The adaptation of this system in
fish would enable the stocking of fundamentally sterile fish which could be activated to
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reproduce in culture as required. This would clearly be of considerable value, allowing
both optimal growth and controlled reproduction of the transgenic stocks while ensuring
that any escaped fish would be unable to breed.

The most promising method for repressing genes at present appears to be through use
of antisense technology although in agriculture commercial success has only really been
achieved so far in plants. The introduction of short DNA or RNA sequences correspond-
ing to part of the coding sequence can be used to block expression of a particular protein
either by binding the double stranded DNA helix to form a triplex at these particular
bases, or by binding the mRNA, so blocking its processing andror transportation.

Ž .Alternatively, catalytic antisense sequences ribozymes act to cleave the target RNA at
specific sites. Despite the promise heralded by antisense technology, there have been
considerable problems in implementing this technique in animals, resulting primarily
from difficulties in successful delivery to the target site and lethal side-effects due to

Ž .non-specific actions Gura, 1995 . Thus, improvements or variations are now being
sought to improve these techniques, including varying the structure of the antisense

Ž .oligos to improve delivery e.g. morpholinos: Summerton and Weller, 1997 , or the use
Ž .of double-stranded RNA RNAi which appears to silence gene expression specifically

Ž .as long as the RNAi to be introduced is chosen carefully Bosher and Labouesse, 2000 .
The antisense approach is currently being pursued by a number of groups working on

fish reproduction, and preliminary studies have shown that a construct of the promoter
for salmon GnRH fused to the GnRH antisense cDNA, introduced into rainbow trout,
leads to expression of the antisense RNA in the brain. This was accompanied by a
decrease in the production of endogenous sGnRH mRNA in brain and pituitaries,
although FSH and LH levels were not affected, and the fish reached sexual maturation
Ž .Uzbekova et al., 2000 .

2.3. Increased resistance of fish to pathogens

The approaches taken to combat viral and bacterial pathogen damage to commercial
stocks, are now turning to the use of DNA vaccines and antimicrobial agents. The

Žformer is based on injection of naked DNA encoding part of the antigen usually a
.bacterial outer membrane or viral capsid protein so that the protein will be expressed in

vivo and the production of antibodies induced. This approach has already been used
successfully in fish in a number of studies. An example is the injection of Atlantic

Ž .salmon with a plasmid encoding infectious hematopoeitic necrovirus IHNV glyco-
Ž .protein under the control of the cytomegalovirus promoter pCMV : subsequent chal-

lenge with the virus 8 weeks later revealed that a significant degree of protection had
been awarded. The same fish were still resistant 12 weeks later and it was shown that
virus-neutralizing antibodies had been generated after the initial immunization, and that

Ž .the titer increased after subsequent challenge Traxler et al., 1999 . A more recent study
has shown that a single dose of nanogram quantities of the DNA is sufficient to elicit

Ž .such a response Corbeil et al., 2000 . Similar protection was seen in rainbow trout after
Ž .vaccination against viral haemorrhagic septicaemia virus VHS , using the glycoprotein

Ž .encoding sequence driven by pCMV Lorenzen et al., 1999 .
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The availability of mass screening for antibodies with high affinity, through use of
Ž .surface plasmon resonance SPR , has enabled rapid advances in the field of producing

recombinant antibodies. This technique examines the binding affinity between two
molecules in real-time, based on the changes in the refractive index at the surface layer
which are caused by the binding and are detected as changes in the SPR signal. Using

Žthis technology, a large number of antibodies can be simultaneously screened e.g.
.through use of phage display libraries for evaluation of the concentration of the

molecules that recognize a broad-spectrum of pathogens.
The main disadvantage of these approaches is that they require quite detailed

information on the structure and conformation of the pathogen’s proteins, and even the
optimal vaccine will still tend to have quite a narrow spectrum of effectiveness.
Moreover, the logistical problem of administration of vaccines to large numbers of fish
remains an obstacle that may be considerable.

Also in the context of providing immunity, antisense technology can be used and in
fact the first reported case of using antisense oligonucleotides to block gene expression
was for control of Rous sarcoma virus. In that example, sequences antisense to part of
the 35S RNA of the virus were introduced to chick embryo fibroblast tissue cultures,

Ž .resulting in inhibition of virus production Zamecnik and Stephenson, 1978 . However,
Žhere also, aside from the problems associated with antisense technology as mentioned

.in the previous section , even if successful, this application will endow immunity only to
the specific pathogen protein for which the antisense oligonucleotide was designed.

An alternative approach is to target the non-specific immune response through use of
antimicrobial proteins, a large number of which are found in Eukaryotes. A recent
review summarized some of these, and described two main groups based on chemical–

Ž .structural characteristics Andreu and Rivas, 1999 . However, most of these have been
poorly characterized, with the exception of the lysozyme which was shown already in

Ž .1985 to have a non-specific anti-bacterial effect Austin and Allen-Austin, 1985 .
Currently our own research is directed at the production of transgenic fish carrying
genes encoding a number of antimicrobial peptides, including lysozyme. As the levels of

Žthis protein are well correlated to the degree of disease resistance in salmonids e.g.
.Demers and Bayne, 1997 , it is expected that the transgenic fish harboring the ocean

pout AFP promoter and trout lysozyme gene will demonstrate increased robustness in
the challenge of a variety of microbes.

Immunostimulants, which facilitate the function of phagocytic cells and elevate their
antibacterial activities, can also be used to increase resistance to disease, although the
natural stimulation of these non-specific defence mechanisms is thought to be only
temporary. Amongst the immunostimulants known to be effective in fish, glucan, chitin
and levamisole enhance phagocytic activities, while yeast glucan and vitamin C also
activate complement activity. In addition, levamisole and also growth hormone activate
NK cells. A number of these have also been shown to enhance specific antibody

Ž .responses reviewed by Sakai, 1999 .
The ability of these substances to increase resistance to environmental stress and their

wide spectrum of activity make them particularly suitable for use in aquaculture,
especially in comparison to, or even in complimenting the activity of vaccines. How-
ever, although immunostimulants can be administered by injection, careful dosage is
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required, overdosing often leading to immunosuppression. Moreover, studies have
shown the critical importance also of timing of the administration of these treatments,

Ž .while clearly the injection itself the preferred method of administration may accentuate
stress on the fish further while also being impractical in small fish. Thus, the way is
open to develop genes which can be easily regulated, enabling activation of these

Žimmunostimulants at times when the fish are subject either to environmental stress e.g.
.through use of promoters activated by high levels of cortisol , or to boost the immune

Ž .reaction in the face of viral diseases e.g. using interferon-responsive promoters .

2.4. Increased resistance of fish to cold temperatures

Cold-water temperatures pose a considerable stressor to many fish, and few are able
to survive water temperatures much below 0–18C. Clearly this is often a major problem
in aquaculture in temperate climates in which an unusually cold winter can annihilate

Žentire stocks of sensitive fish. However, some marine teleosts have high levels 10–25
. Ž . Ž .mgrml of serum antifreeze proteins AFP or glycoproteins AFGP which effectively

reduce the freezing temperature by preventing ice-crystal growth. These proteins vary in
Ž .structure, with one class of AGFP and four classes of AFP Fletcher et al., 2001 . Most

of these are expressed primarily in the liver, and some are negatively controlled by
growth hormone and show clear seasonal changes. In some fish, expression is also seen
in the skin, gills and other peripheral tissues. The isolation, characterization and
regulation of these antifreeze proteins, particularly of the winter flounderPleuronectes
americanus, has been the subject of our work for a considerable period, and we have
examined the potential use of these proteins in lowering freezing temperatures in other
species, particularly salmonids.

The gene encoding the liver AFP from winter flounder was successfully introduced
into the genome of Atlantic salmon, where it became integrated into the germ line, and
being passed on to the off-spring F3 where it was expressed specifically in the liver.

Ž .Similar levels of the precursor proAFP reaching a maximum of 200–400mgrml were
seen in all of the F3 transgenics and the serum was shown to have a characteristic

Ž .hexagonal ice crystal pattern as opposed to round ice-crystals in controls , indicating
the presence of antifreeze activity. However, a number of Ala, Pro-specific endopepti-
dases which are required for production of the mature proteins, are lacking in Atlantic
salmon, so antifreeze activity in these transgenic fish has not yet been optimized,
reaching probably only 70% of its potential. Thus, the level of proAFP in the serum is
below that of the winter flounder, so different techniques are still required to increase
the copy number in order to elevate the expression of this gene to levels which would

Ž .bestow freeze tolerance in the fish Hew et al., 1999 .
The introduction of AFPs to goldfish also increased their cold tolerance, to tempera-

Ž .tures at which the control fish all died 12 h at 08C: Wang et al., 1995 . Similarly,
injection or oral administration of AFP to juvenile milkfish or tilapia led to an increase
in resistance to a 26 to 138C drop in temperature. Most notably, only 3.4% of the
AFP-treated tilapia died, as compared to 60% of the controls, while of the milkfish,

Ž .22.2% died after injection of a lower dose 100mgrg bw , as compared to 70% of the
Ž .controls Wu et al., 1998 . The development of stocks harboring this gene would clearly
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be a major benefit in commercial aquaculture in countries where winter temperatures
often border the physiological limits of these species.

Also in other vertebrates, this family of proteins has been used to help protect
membranes from cold and freezing damage, possibly by altering their membrane

Ž .structure Rubinsky et al., 1992a,b . In this way, it appears that the membranes are
bestowed with greater stability. The ability of these fish proteins to help in the

Ž .preservation of sheep embryos at low 48C temperatures has already been demon-
strated, while also in cryopreservation AFP has been shown to protect pig oocyte

Ž .oolemma from ice damage Arav et al., 1993; Baguisi et al., 1997 . The use of AFPs in
cryopreservation of fish eggs and embryos still awaits further development.

2.5. Emerging new technologies for transgenics

Traditionally, transgenic fish have been produced largely through microinjection.
However, the problem of mosaic expression of the transgenes is common, resulting in
widely varying genotypes of the progeny. An example of experimentation with new and
possibly more efficient ways for gene transfer is the use of pseudotyped pantropic
retroviral vectors. These retroviruses are able to infect a particularly wide range of host
cells and have been used to infect newly fertilized medaka eggs with a reporter gene,
which appeared to become integrated into the entire germ line of some of the P1 females
Ž .Lu et al., 1997 . Another study showed that pseudotyped retroviral infection and
microinjection were equally efficient in passing the transgene onto zebrafish progeny,
although there was wider variability in the extent of reporter gene expression among

Ž .those founders that were microinjected Linney et al., 1999 .
The most promising tool for the future of transgenic fish production is undoubtedly in

Ž .the development of the embryonic stem cell ESC technology. These cells are undiffer-
entiated and remain totipotent, so they can be manipulated in vitro and subsequently
reintroduced into early embryos where they can contribute to the germ line of the host.
In this way, genes can be stably introduced or deleted. Despite the early success of ESC
technology in mice, the technology has been slower to get going in fish, although early

Ž .precursor cells have been cultivated from medaka Mes 1 cells and show many of the
same features as mouse ESCs. Specifically, 90% of the host blastulae transplanted with
Mes-1 cells developed into chimeric fry, and these cells became integrated into organs
derived from all three germ layers, and differentiated into various types of functional

Ž .cells Hong et al., 1996, 1998, 2000 .

3. Identification of desirable broodstock characteristics

3.1. Identifying genes inÕolÕed in determining specific phenotypes:

ŽThe wealth of information coming from the research on fish genomes e.g. zebrafish,
.medaka, and pufferfish is providing new opportunities for identifying genes which are

correlated to certain desirable traits. Clearly, however, even with the availability of this
vast amount of data, much work must still be done to expound its meaning. The
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approaches we are currently taking in this field of functional genomics include looking
at differential gene expression through cDNA chip microarrays, and by comparing the
entire proteomes of tissues or groups of cells subject to different treatments. In this way
multiple genes can be identified, some of which will have useful applications in
aquaculture.

The capability of the cDNA microchip to reflect changes in expression levels of tens
of thousands of genes simultaneously is already having a huge impact on biological
research. Its potential for application in drug design therapeutics in humans has been
well recognized, providing both clues to potential drug targets and to their mechanisms

Ž .of action Lillie, 1997; Debouck and Goodfellow, 1999 . Similar advances in aquacul-
tural biotechnology have yet to be reported, although a number of groups are already
using cDNA chips to evaluate changing mRNA levels in experimental animals, espe-

Ž .cially zebrafish where the number of EST expressed sequence tag clones is particularly
Ž .extensive e.g. Gong et al., 1997; to date 85,586 clones reported in NIH database .

Recently, also from six different tissues of winter flounder 900 EST clones were
generated, while around 300 EST clones are reported in the database for various tissues

Žof the common carp, Nile tilapia and rainbow trout Douglas et al., 1999;
.http:rrwww.ncbi.nlm.nih.gov.rdbESTrdbEST_summary.html . Extensive work is also

being carried out on the Japanese flounder in an effort to find putative biodefence genes
or those associated with the immune response: some 600 independent cDNA clones
were identified from leukocytes infected with hirame rhabdovirus, and additional EST

Žclones were isolated from spleen and liver Inoue et al., 1997; Aoki et al., 1999; Nam et
.al., 2000 . The growing availability of this kind of sequence information clearly will

open up the possibilities for more extensive expression analysis on these species also.
Protein screening has become an excellent alternative approach of evaluating changes

Žin expression levels accompanying physiological or pharmacological changes see Table
.1 and Fig. 2 . The improvements in resolution of 2-D gels, combined with powerful

Table 1
A comparison of the cDNA microarray and proteomic approaches

Ž .cDNA microarray Proteomics 2-D gel and MS

mRNA levels may not predict accurately Protein is the functional molecule:
the levels of functional protein post-translational modifications

can be detected
Expression of)10,000 genes can be Large chemical diversity can make
measured simultaneously separation difficult: especially

limited for very basic or
hydrophobic proteins

Difficult to achieve equal stringency Some proteins may have solubility problems
across whole array, potentially lower in concentrations required for detection
specificity for longer probes
PCR can be used to amplify low Low abundant proteins will tend to get lost
abundant transcripts unless pre-selected
Cost involved in making a chip Cost of running gels and analyzing
is considerable proteins is relatively cheap
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Fig. 2. A comparison of the cDNA microarray and proteomic approaches.

Ž .mass spectrometers such as the MALDI–time of flight TOF and tandem MS–MS,
provide the precision of peptide mass maps and fragmentation patterns together with the
capacity for high-throughput. Examples of some of the benefits of this technique have
already been shown in mammals, in which proteins responding specifically to inflamma-

Ž .tion or toxins have been identified Miller et al., 1999; Witzmann et al., 1999 . An
additional advantage of this approach over the cDNA microarray is that post-transla-
tional modifications can be identified. Clearly, these are particularly critical in cell
signaling pathways, in which phosphorylation is often the means through which a
protein is activated.

Some of our present studies using the proteomics approach include the search for
Ž .antigenic proteins in white-spot shrimp virus in order to develop suitable vaccines ,

detection of differentially regulated proteins in cell signaling of reproductive hormones
Ž .for manipulation of reproductive development and spawning and the characterization
of biologically active proteins in the incubation fluid surrounding the seahorse fry.

3.2. Molecular marker aided breeding programs

Breeding selection incorporating the use of molecular markers for specific traits is
beneficial for enhancing characteristics which may be hereditary, such as growth rates,
fecundity, disease resistance and features such as color and shape in ornamental fish.
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The relevant genes can be mapped to genetic loci and fish selected for breeding
programs using this marker.

The most commonly used genetic markers to date are the restriction fragment length
Ž .polymorphisms RFLPs or microsatellites. For the first, restriction enzymes are used to

cut DNA generating different length fragments due to the presence of absence of
restriction sites and the numbers of insertions or deletions present in the intervening
sequence of DNA. The addition of adaptors complimentary to the restriction sites used
to cut the DNA, allows amplification of these fragments in an enhanced version of this

Ž .technique, AFLP amplified fragment length polymorphisms . The restricted fragments
can then be probed using known sequences to produce a genetic map. An alternative
approach is the use of microsatellites of tandem repeats which are duplicated many

Ž .times SSR: short sequence repeats in a highly individual variation. Although each of
these techniques has its own advantages and disadvantages, together they have con-
tributed considerably to the tools available for genetic diversity research and genome
mapping. In aquaculture, these methods have already been used to confirm the true

Žgynogenetic identification of a number of species e.g., Jenneckens et al., 1999; Felip et
.al., 2000; Zhou et al., 2000 , and also to identify different stocks of the same species

Ž .e.g., Taggart et al., 1995; Mitchell et al., 1998; Verspoor et al., 1999 .
A number of genomic maps have been created for the specific purpose of locating

molecular markers for identifiable characteristics in fish. The first such map, for
Žzebrafish, included 414 markers spaced at an average of 5.8 cM Postlethwait et al.,

.1994 . More recently, a map was produced with 2000 markers with an average
Ž .resolution of 1.2 cM Shimoda et al., 1999 . A comprehensive genetic linkage map

covering 1354.5 cM was also created for medaka, in which 633 markers were mapped
and 24 linkage groups were detected, corresponding to the haploid number of chromo-
somes. Using this map, new genes can easily be mapped and DNA markers can be
linked with specific phenotypes, while a number of genes for colour as well as those for

Ž .several MHC-class I genes have already been mapped Naruse et al., 2000 .
Recently, this technique was used on rainbow trout that had been selectively bred for

Ž .susceptibility or resistance to infectious hematopoeitic necrovirus IHNV . RFLP using a
locus containing the interferon-inducible genes, was able to discriminate seven distinct
patterns, with one cross being identified that showed a correlation between homozygos-

Žity at this locus, and greater susceptibility to IHNV-caused mortality Trobridge et al.,
.2000 .

The quantitation of inherited traits can be performed using quantitative trait loci
Ž .QTL which are identified by generating markers in an individual whose lineage is
known, and creating a linkage map showing the relative distance between each of the
markers. Statistical analysis is then carried out to find associations between these
markers and the presence of the trait of interest. Clearly for this, a detailed linkage map
with identification of many polymorphic loci dispersed throughout the genome is
required. These can be constructed through use of AFLP markers, which has enabled
QTL in a number of commercially grown plants. This approach is being employed in
part of a molecular marker-assisted breeding program to produce new strains of tilapia
from inter species crosses, with the aim of selecting for cold and salinity tolerance, and

Ž .carcass quality through use of microsatellite and AFLP markers Agresti et al., 2000 .
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4. Producing new products

4.1. Biosensors

Problems of poor water quality affect most developed countries in the world, the
contaminants stemming largely from industrial waste and sewage. The effects of these
pollutants have already been noted, particularly in fish, which often show reproductive

Ž .dysfunction with males displaying feminization Tyler et al., 1998; Sumpter, 1998 . The
biochemical responses of organisms to organic and metal compounds in the water can be
measured and used as a biomarker for the level of pollution. Most commonly, cy-
tochromeP4501A is used as it is responsive to a number of organic chemicals including
aromatic hydrocarbons and dioxins. The induction of this gene by these contaminants is
measured by changes in protein expression or mRNA levels. Alternatively, metalloth-

Ž .ioneins are utilized, which are induced specifically by metals Livingstone, 1993 .
At present these methods are used because mass screening is not available to detect

the degree of contamination, largely because of the multiple ways in which the
Žcontaminants can operate through direct binding to receptors, to promoter DNA or to

.co-activators and co-repressors . Thus, living biosensors remain valuable although this
approach is limited because most of these biosensors are quite specific to certain groups
of compounds and considerable work and expense are required for the assays. Alterna-
tive approaches are now being examined by our group, in which the gene encoding

Ž .green florescent protein GFP is fused to a number of promoters which will respond to
Ž .water pollutants. These include the promoters from some inducible genes such as: i

those encoding heat shock proteins or metallothioneins which are induced by general
Ž .stress, heavy metals or chemical toxins, ii those that contain estrogen response

Ž .elements being induced by estrogens or xenoestrogens and iii tumor marker genes,
Ž .which are induced by carcinogens Gong, unpublished . The availability of the GFP as a

reporter gene has enabled the use of transgenic organisms as continual qualitative
biosensors for water contamination, providing rapid and visible results while eliminating
the need for enzymatic or specific protein assays. Similar experiments have been carried
out previously in yeast cells transformed with RAD54 fused to GFP; the cells turning

Ž .green in response to DNA damage Afanassiev et al., 2000 .

4.2. NewÕarieties of ornamental fish

The increasing world demand for ornamental fish has opened the market for new
varieties with novel shapes or colors which can be supplied through the use of
transgenics. Clearly this approach vastly increases the scope of possibilities and is more
satisfactory than either the injection of dyes or selective breeding, which are the two
methods currently used to widen the availability of phenotypes.

Ž .The availability of genes encoding additional fluorescent proteins, such as red RFP ,
Ž . Ž . Ž .blue BFP , yellow YFP and cyan CFP , has enabled the production of green, red,

blue, yellow or cyan fish in an almost endless variety of combinations. This innovation
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has been taken up by one of our laboratories, in which novel colored fish are being
successfully produced using the florescent color-encoding genes fused to a number of
tissue-specific promoters. So far, GFP, RFP or YFP expression has been directed to the
skin or skeletal muscles, allowing the green, red or yellow fish to be visualized under
normal daylight. In addition, two-color fish were produced, showing green coloration in

Ž .the skin, and red in the fast skeletal muscles Ju et al., 1999 . Such an approach,
combined with selective breeding between fish carrying these different transgenes, could
produce a wide array of multi-colored fish in future generations.

5. Concluding remarks

Since the first promises of transgenic animals were apparent when the introduction of
Ž .additional growth hormone genes producedAgiganticB mice Palmiter et al., 1982 ,

optimism for the application of this and other transgenic technologies in all branches of
agriculture has been widespread. In the ensuing years problems have been encountered
because of the low efficiency of transformations, unexpected additional effects of the
transgenes and also most recently hostility from the general public about the concept of
genetic engineering, particularly regarding the food supply. At least in respect to fish,
many of the technical problems have been overcome as shown in our own success in

Ž .producing transgenic salmonids Hew et al., 1995 , although the test of the public’s
acceptance is still to come. The way ahead seems full of promise as the databases of
genomic information increase and more efficient technologies will become available,
thus presenting us with new opportunities to improve, increase and even create products
in the field of fish aquaculture.
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