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ABSTRACT

Thomas T. Chen, Jenn-Kan Lu, Mike J. Shamblott, Clara M. Cheng, Chun-Mean Lin, Jane C. Burns,
Renate Reimschuessel, Nagaraj Chatakondi and Rex A. Dunham (1995) Transgenic fish: ideal models
for basic research and biotechnological applications. Zoological Studies 34(4): 215-234. Organisms into
which heterologous DNA has been artifically introduced and stably integrated in their genomes are termed
transgenic. Since 1985, a wide variety of transgenic fish species have been produced by microinjecting or
electroporation into fertilized or unfertilized eggs. These transgenic fish can serve as excellent experimental
models for basic scientific investigations as well as biotechnical applications. In this paper, using research
results generated in our laboratories and those of others as examples, we will review the current status of
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the transgenic fish research and illustrate the potential application of this technology in both basic research
and biotechnological applications.

Key words: Gene transfer technology, Growth hormone, Insulin-like growth factor, Microinjection, Electro
poration.

INTRODUCTION

Animals or plants into which heterologous
DNA has been artificially introduced and integrated
in their genomes are called transgenic. Since early
1980s, transgenic plants (Gasser and Fraley 1989),
nematodes (Stinchcomb et al. 1985),fruit flies (Rubin
and Spradling 1982), sea urchins (McMahan et
al. 1984 1986), frogs (Etkin and Pearman 1987),
laboratory mice (Gordon 1989, Jaenisch 1990) and
farm mammals such as cows, pigs and sheep
(Pursel et al. 1989) have been successfully pro
duced. In plant systems, the DNA is introduced
into cells by infection with Agrobacterium tume
faciens or by physical means. In animal systems,
the DNA is injected into the pronuclei of fertilized
eggs and the injected embryos are incubated in
vitro or implanted into the uterus of a pseudo
pregnant female for subsequent development. In
these studies, multiple copies of transgenes are
integrated at random locations in the genome of
the transgenic individuals. If the transgenes are
linked with functional promoters, expression of
transgenes as well as display of change in pheno
type is expected in some of the transgenic in
dividuals. Furthermore, the transgenes in many
transgenic individuals are also transmitted through
the germ line to subsequent generations. These
transgenic animals play important roles in basic
research as well as applied biotechnology. In basic
research, transgenic animals provide excellent
models for studying molecular genetics of early
vertebrate development, actions of oncogenes,
and the biological functions of hormones at different
stages of development. In applied biotechnology,
transgenic animals offer unique opportunities for
producing animal models for biomedical research,
improving the genetic background of broodstock
for animal husbandry or aquaculture, and designing
bioreactors for producing valuable proteins for
pharmaceutical or industrial purposes.

Since 1985, a wide range of transgenic fish
species have been produced (for review, Chen and
Powers 1990, Fletcher and Davis 1991, Hackett
1993) by microinjecting or electroporating homo
logous or heterologous transgenes into newly
fertilized or unfertilized eggs. Several important
steps are routinely taken to produce a desired

transgenic fish. First, an appropriate fish species
must be chosen, depending on the nature of the
studies and the availability of the fish holding faci
lity. Second, a specific gene construct must be
prepared. The gene construct contains the struc
tural gene encoding a gene product of interest
and the regulatory elements that regulate the ex
pression of the gene in a temporal, spatial and
developmental manner. Third, the gene construct
has to be introduced into the developing embryos
in order for the transgene to be integrated stably
into the genome of every cell. Fourth, since not
all instances of gene transfer are efficient, a screen
ing method must be adopted for identifying trans
genic individuals.

Although remarkable progress has been made
in producing transgenic fish by gene transfer tech
nology, a critical review of the published results
has shown that a majority of the research effort
has been devoted to confirming the phenomenon
of foreign gene transfer into various fish species.
Very few attempts have been made to explore the
application of transgenic fish technology in basic
as well as applied research. Recently, we have
devoted a substantial amount of our research ef
fort to this problem, with promising results. In this
paper, we will discuss the potential application of
this technology using results generated in our
laboratories as examples.

PRODUCTION OF TRANSGENIC FISH

Selection of fish species

Gene transfer studies have been conducted
in several different fish species including channel
catfish, common carp, goldfish, Japanese medaka,
loach, northern pike, rainbow trout, salmon, tilapia,
walleye, and zebrafish (for review, Chen and
Powers 1990, Hackett 1993). Depending on the
purpose of the transgenic fish studies, the em
bryos of some fish species are more suited for
gene transfer studies than the others. For example,
Japanese medaka (Oryzias latipes) and zebrafish
(Barchydanio rerio) have short life cycles (3 months
from hatching to mature adults), produce hundreds
of eggs on a regular basis without exhlbltinq a



Chen et al. - Transgenic Fish Model System 217

seasonal breeding cycle, and can be maintained
easily in the laboratory for 2 to 3 years. Eggs
from these two fish species are relatively large
(diameter: 0.7 to 1.5 mm) and possess very thin,
semi-transparent chorions, features that permit
easy microinjection of DNA into the eggs if ap
propriate glass needles are used. Furthermore,
inbred lines and various morphological mutants
of both fish species are available. These fish
species are thus suitable candidates for conducting
gene transfer experiments for: (i) studying develop
mental regulation of gene expression and gene
action; (ii) identifying regulatory elements that
regulate the expression of a gene; (iii) measuring
the activities of promoters; and (iv) producing
transgenic models for environmental toxicology.
However, a major drawback of these two fish
species is their small body size that makes them
unsuitable for some endocrinological or biochemical
analyses.

Channel catfish, common carp, rainbow trout
and salmon, are commonly used large body size
model fish species in transgenic fish studies. Since
the endocrinology, reproductive biology, and phys
iology of these fish species have been well worked
out, they are well suited for conducting studies on
comparative endocrinology as well as in aquacul
ture applications. However, the long maturation
time of these fish species and a single spawning
cycle per year will hamper rapid research progress
in this field.

Loach, killifish, goldfish and tilapia are the
third group of model fish species suitable for con
ducting gene transfer studies since their body
sizes are large enough for most biochemical and
endocrinological studies. Furthermore, shorter
maturation times as compared to catfish, rainbow
trout or salmon, allow easier manipulation of trans
genic progeny. Unfortunately, the lack of a well
defined genetic background and asynchronous
reproductive behavior of these fish species render
them less amenable to gene transfer studies.

Transgene constructs

A transgene used in producing transgenic fish
for basic research or biotechnological applications
is a recombinant gene construct that will produce
a gene product at appropriate levels in the desired
tissue(s) at the desired time(s). The proto-type of
a transgene is usually constructed in a plasmid
to contain an appropriate promoter/enhancer ele
ment and the structural gene.

Depending on the purpose of the gene transfer

studies, transgenes can be grouped into three
main types: (i) gain-of -function, (ii) reporter func
tion and (iii) loss-of-function. The gain-of-function
transgenes are designed to add new functions to
the transgenic individuals or to facilitate the. iden
tification of the transgenic individuals if the genes
are expressed properly in the transgenic individuals.
Transgenes containing the structural genes of
mammalian and fish growth hormones (GH, or their
cDNAs) fused to functional promoters such as
chicken and fish f)-actin gene promoters are ex
amples of the gain-of-function transgene con
structs. Expression of the GH transgenes in trans
genic individuals will result in growth enhancement
(Zhang et al. 1990, Du et al. 1992, Lu et al. 1992,
Chen et al. 1993). Bacterial chloramphenicol acetyl
transferase (CAT), f)-galactosidase or luciferase
genes fused to functional promoters are one type
of the reporter function transgenes. These reporter
genes are commonly used to identify the success
of gene transfer effort. A more important function
of a reporter gene is used to identify and measure
the strength of a promoter/enhancer element. In
this case, the structural gene of the CAT, f)
galactosidase or luciferase gene is fused to a
promoter/enhancer element in question. Following
gene transfer, the expression of the reporter gene
activity is used to determine the transcriptional
regulatory sequence of a gene or the strength of
a promoter (Moav et al. 1992).

The loss-of-function transgenes are constructed
for interfering with the expression of host genes.
These genes might encode an antisense RNA to
interfere with the post-transcriptional process or
translation of endogenous mRNAs. Alternatively,
these genes might encode a catalytic RNA (a
ribozyme) that can cleave specific mRNAs and
thereby cancel the production of the normal gene
product (Cotten and Jennings 1989). Although
these genes have not yet been introduced into a
fish model, they could potentially be employed to
produce disease resistant transgenic broodstocks
for aquaculture or transgenic model fish defective
in a particular gene product for basic research.

Methods of gene transfer

Techniques such as calcium phosphate preci
pitation, direct microinjection, Iipofection, retrovirus
infection, electroporation, and particle gun bom
bardment have been widely used to introduce
foreign DNA into animal cells, plant cells, and
germ-lines of mammals and other vertebrates.
Among these methods, direct microinjection and
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electroporation of DNA into newly fertilized eggs
have been proven to be the most reliable methods
of gene transfer in fish systems.

Microinjection of eggs or embryos

Microinjection of foreign DNA into newly ferti
lized eggs was first developed for the production
of transgenic mice in the early 1980s. Since 1985,
the technique of microinjection has also been
adopted for introducing transgenes into Atlantic
salmon, common carp, catfish, goldfish, loach,
medaka, rainbow trout, tilapia, and zebrafish (Chen
and Powers 1990, Fletcher and Davis 1991). The
gene constructs that were used in these studies
include human or rat growth hormone (GH) gene,
rainbow trout or salmon GH eDNA, chicken 0
crystalline protein gene, winter flounder antifreeze
protein gene, E. coli f)-galactosidase gene, and
E. coli hygromycine resistance gene (Chen and
Powers 1990, Fletcher and Davis 1991). In general,
gene transfer in fish by direct microinjection is
conducted as follows. The parameters for micro
injection are summarized in Table 1. Eggs and
sperm are collected in separate, dry containers.
Fertilization is initiated by adding water and sperm
to the egg, with gentle stirring to enhance fertili
zation. Eggs are microinjected within the first few
hours after fertilization. The injection apparatus
consists of a dissecting stereo microscope and two
micromanipulators, one with a micro-glass-needle
for injection and the other with a micropipette for
holding fish embryos in place. Routinely, about
106 - 108 molecules of a linearized transgene in
about 20 nl is injected into the egg cytoplasm.
Following injection, the embryos are incubated in
water until hatching. Since natural spawning in

zebrafish or medaka can be induced by adjusting
photo-period and water temperature, precisely
staged newly fertilized eggs can be collected from
the aquaria for gene transfer. If the medaka eggs
are maintained at 4°C immediately after fertili
zation, the micropyle on the fertilized eggs will
remain visible for two hours. The DNA solution
can be easily delivered into the embryos by in
jecting through this opening.

Depending on the species, the survival rate of
injected fish embryos ranges from 35% to 80%
while the rate of DNA integration ranges from 10%
to 70% in the survivors (Table 2; Chen and Powers
1990, Fletcher and Davis 1991). The tough chorions
of the fertilized eggs in some fish species, e.g.,
rainbow trout and Atlantic salmon, can make in
sertion of glass needles difficult. This difficulty
has been overcome by anyone of the following
methods: (i) inserting the injection needles through
the micropyle, (ii) making an opening on the egg
chorions by microsurgery, (iii) removing the chorion
by mechanical or enzymatic means, (iv) preventing
chorion hardening by initiating fertilization in a
solution containing 1 mM glutathione, or (v) in
jecting the unfertilized eggs directly.

Electroporation of embryos or sperm

Electroporation is a successful method for
transferring foreign DNA into bacteria, yeast, and
plant and animal cells in culture. This method
has become popular for transferring foreign genes
into fish embryos in the past three years (Lu et al.
1992, Powers et al. 1992). Electroporation utilizes
a series of short electrical pulses to permeate cell
membranes, thereby permitting the entry of DNA
molecules into embryos. The patterns of electrical

Table 1. Parameters of gene transfer in fish by microinjection
and electroporation

Parameters Gene Transfer Method

Microinjection Electroporation

Developmental stage
DNA size
DNA concentration
DNA topology
Chorion barrier
Electrical field strength
Pulse shape
Pulse duration
Temperature
Medium

1 to 2 cells
<10 Kb
106

-
7 molecules/embryo

linear
dechorionated/micropyle
N/Aa

N/Aa

N/Aa

RTb

PBS/saline

1 to 2 cells
<10 Kb
100 jlg/ml
linear
intact chorion
500 to 3,000 V
exponential/square
mSe to S
RTb

PBS/saline

aN/A, not applicable; bRT, room temperature (25°C); emS, milisecond.
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Table 2. Transfer of foreign DNA Into medaka embryos by different gene transfer
methods

Mlcroinjectlon" Electroporation Pantropic Retroviral Vector
Ib IIc Electroporatlon'' lncubation"

Viability (at hatching) 50% 70% 90% 50% 70%

Integration rate' 20% 15% 25% 50% 70%

Transgene expression yes ¥es yes yes yes

Efficiency (eggs/min) 1-2 200 200 200 200

alnjecting is carried out via micropyle prior to blastodic formation.
bExponential-decay impulse mode.
"Aquare wave impulse mode.
dElectroporation with square wave mode at 3.5 Kv.
"Fertilized eggs are exposed to a mixture of medaka hatching enzyme and pancreatin for 2 hr. The
dechorinated embryos are incubated with the pantropic pseudotyped retrovirus overnight at room tem
perature.

'lnteqration rate is calculated from the surviving embryos after gene transfer.
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pulses can be emitted in a single pulse of ex
ponential decay form (i.e., exponential decay
generator) or high frequencies multiple peaks of
square waves (i.e., square wave generator). The
basic parameters are summarized in Table 1.
Studies conducted in our laboratory (Lu et al. 1992,
Powers et al. 1992) and those of others (Buono
and Linser 1992) have shown that the rate of DNA
integration in electroporated embryos is on the
order of 20% or higher in the survivors (Table 2).
Although the overall rate of DNA integration in
transgenic fish produced by electroporation was
equal to or slightly higher than that of microin
jection, the actual amount of time required for
handling a large number of embryos by electro
poration is orders of magnitude less than the time
required for microinjection. Recently, several re
ports have also appeared in the literature describ
ing successful transfer of transgenes into fish by
electroporating sperm instead of embryos (Symonds
et al. 1994, Tsai et al. 1994). Electroporation is
therefore considered as an efficient and versatile
gene transfer technology.

Transfer of foreign gene by pantropic retroviral
infection

Although transgenes can be readily introduced
into many fish species studied to date by micro
injection or electroporation at high efficiency, the
resulting P1 transgenic individuals are mosaics as
a result of delayed transgene integration. Further
more, these methods are not effective or not suc
cessful in transferring foreign DNA into embryos
of some marine fish and invertebrates. Recently
a new gene transfer vector, a highly defective

pantropic retroviral vector, has been developed
(Burns et al. 1993). This vector contains the long
terminal repeat (LTR) sequences of Moloney murine
leukemia virus (MoMLV) and transgenes in a viral
envelop with the G-protein of vesicular stomatitis
virus (VSV). Since entry of VSV into cells is
mediated by interaction of the VSV-G protein with
a phospholipid component of the cell, this
pseudotyped retroviral vector has a very broad
host range and is able to transfer transgene into
many different cell types. Using the pantropic
pseudotyped defective retrovirus as a gene trans
fer vector, transgenes containing nee" or {3
glactosidase have been introduced into zebrafish
(Lin et al. 1994) and medaka (Table 3; Lu et al.
1994). Recently, the feasibility of using pantropic
pseudotyped retrovial vector for transferring genes
into marine invertebrates has been tested in dwarf
surf clams and the results showed that transgenes
can be readily introduced into clams at high ef
ficiency (Lu, Burns, Allen and Chen, unpublished
results).

CHARACTERIZATION OF TRANSGENIC FISH

Identification of transgenic fish

The most time consuming step in producing
transgenic fish is the identification of transgenic
individuals. Traditionally, dot blot and Southern
blot hybridization of genomic DNA were common
methods used to determine the presence of trans
genes in the presumptive transgenic individuals.
These methods involve isolation of genomic DNA
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the transqene is transmitted to the subsequent
generation, P1 transgenic individuals are mated
to non-transgenic individuals and the progeny are
assayed for the presence of transgenes by the
PCR assay method described earlier (Lu et al.
1992, Chen et al. 1993). Although it has been
shown that the transgene may persist into the F1

generation of transgenic zebrafish as extrachro
mosomal DNA (Stuart et al. 1988), detailed analysis
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from tissues of presumptive transgenic individuals,
digestion of DNA samples with restriction enzymes
and Southern blot hybridization of the digested
DNA products. Although this method is expensive,
laborious and insensitive, it offers a definitive
answer whether a transgene has been integrated
into the host genome. Furthermore, it also reveals
the pattern of transgene integration if appropriate
restriction enzymes are employed in the Southern
blot hybridization analysis. In order to handle a
large number of animals efficiently and economical
ly, a polymerase chain reaction (PCR) based assay
has been adopted (Lu et al. 1992, Chen et al.
1993). The strategy of the assay is outlined in
Fig. 1. It involves isolation of genomic DNA from
a very small piece of fin tissue, PCR amplification
of the transgene sequence, and Southern blot
analysis of the amplified products. Although this
method does not differentiate whether the trans
gene is integrated in the host genome or remains
as an extrachromosomal unit, it serves as a rapid
and sensitive screening method for identifying
individuals that contain the transgene at the time
of analysis. In our laboratory, we use this method
as a preliminary screen for transgenic individuals
when screening thousands of the presumptive
transgenic fish.

Pattern of transgene integration

Fig. 1. Strategy for identifing the presence of transgenes in
the presumptive transgenic fish by PCR and Southern blot
hybridization. DNA samples were isolated from pectoral fin
tissues of presumptive transgenic fish and subjected to PCR
amplification. The amplified products were analyzed by elec
trophoresis on agarose gels and Southern blot hybridization.
(A) Strategy of PCR amplification; (8) Southern blot analysis
of PCR amplified products. Lanes 2-6 and 8-12, DNA samples
from presumptive transgenic fish; lanes 1 and 7, transgene
construct (RSVLTR-rtGH1 eDNA (Chen et al. 1993, with per
mission).

Studies conducted in many fish species have
shown that following injection of linear or circular
transgene constructs into fish embryos, the trans
gene is maintained as an extrachromosomal unit
through many rounds of DNA replication in the
early phase of the embryonic development. At
later stages of embryonic development, some of
the transgenes are randomly integrated into the
host genome while others are degraded, resulting
in the production of mosaic transgenic fish (for
review, Hackett 1993). In many fish species studied
to date, multiple copies of transgenes were found
to integrate in a head-to-head, head-to-tail or tail
to-tail form, except in transgenic common carp
and channel catfish where single copies of trans
genes were integrated at multiple sites on the
host chromosomes (Zhang et al. 1990).

Inheritance of transgenes

Stable integration of the transgenes is an
absolute requirement for continuous vertical trans
mission to subsequent generations and establish
ment of a transgenic fish line. To determine whether

2.0

1.6
1.3 - I
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Detection of Transgene Expression in the
Transgenic Fish by RT-PCR
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as excellent experimental models for a wide variety
of basic scientific investigations. These studies
include: (i) identifying the regulatory elements of
a gene; (ii) examining the molecular genetics of
early vertebrate development; (iii) studying the
functions of a gene product; (iv) identifying the

(8)

Fig. 2. Strategy of detecting rtGH transgene expression by
reverse transcription (RT)/PCR assay. (A) Strategy of RT/PCR;
(B) Detection of of rtGH transgene expression in transgenic
carp by RT/PCR. Total RNA was isolated from liver, muscle,
eyes, gut and testes of F1 transgenic carp and controls follow
ing the acid guanidinium thiocyanate-phenol-chloroform method.
Single-stranded cDNA was prepared by reverse transcription
from each total RNA and used as a template for PCR amplifica
tion of rtGH using synthetic oligonucleotide as amplification
primers. The resulting products were analyzed by Southern
blot analysis using radio-labelled rtGH cDNA as a hybridization
probe (Chen et al. 1993, with permission).

APPLICATION OF TRANSGENIC FISH
IN BASIC RESEARCH

Transgenic fish, like transgenic mice, can serve

Expression of transgenes

of the rate of transmission of the transgenes to
the F1 and F2 generations in many transgenic fish
species indicates true and stable incorporation of
the constructs into the host genome (for review,
Chen and Powers 1990, Hackett 1993). If the en
tire germline of the P1 transgenic fish is trans
formed with at least one copy of the transgene
per haploid genome, at least 50% of the F1 trans
genic progeny will be expected in a backcross
involving a P1 transgenic with a non-transgenic
control. In many such crosses, only about 20%
of the progeny are transgenic (Stuart et al. 1988
1990, Zhang et al. 1990, Sears et al. 1991, Lu et
al. 1992, Chen et al. 1993). When the F1 trans
genic is backcrossed with a non-transgenic control
however, at least 50% of the F2 progeny are trans
genics. These results clearly suggest that the
germlines of the P1 transgenic fish are mosaic as
a result of delayed transgene integration during
embryonic development.

An important aspect of gene transfer studies
is the detection of transgene expression. Depend
ing on the levels of transgene products in the
transgenic individuals, the following listed methods
are commonly used to detect transgene expression:
(a) RNA northern or dot blot hybridization; (b)
RNase protection assay; (c) reverse transcrip
tion/polymerase chain reaction (RT/PCR); (d) im
munoblotting assay; and (e) other biochemical
assays for determining the presence of the trans
gene protein products. Among these assays,
RT/PCR is the most sensitive method and only
requires a small amount of sample. The strategy
of this assay is summarized in Fig. 2. Briefly, it
involves the isolation of total RNA from a small
piece of tissue, synthesis of single-stranded cDNA
by reverse transcription and PCR amplification of
the transgene cDNA by employing a pair of oligo
nucleotide primers specific to the transgene pro
duct. The resulting products are resolved on
agarose gels and analyzed by Southern blot hy
bridization using a radio-labeled transgene as a
hybridization probe. Transgene expression can also
be quantified by a quantitative RT/PCR method
(Ballagi-Pordany et al. 1991).



222 Zoological Studies 34(4): 215-234 (1995)

biological actions of hormones; (v) developing
models for biomedical research; and (vi) estab
lishing models for environmental toxicant analysis.

In higher vertebrates, growth is primarily
modulated by the availability of growth hormone
(GH) and insulin-like growth factors (IGFs) to their
respective receptors. The secretion of GH from
the pituitary gland, and the binding of GH to its
receptor signals the production of IGF I mRNA
and the corresponding polypeptide by the liver
(endocrine production) and other tissues (autocrinel
paracrine function). Although the influence of GH
on IGF induction and the molecular mechanism
that underlies the GH controlled IGF I gene ex
pression have been under intensive investigation
in higher vertebrates for many years, very little is
known in lower vertebrates such as fish. Using
rainbow trout as experimental animals, we are
interested in studying the mechanism by which
GH and IGF control growth in lower vertebrates.

Age-dependent, tissue-specific and growth
hormone dependent expression of fish IGF
genes

As a step toward understanding the regulation
of growth in fish by GH, we initiated studies to
identify the presence of IGF I and IGF II in rain
bow trout by PCR and screening of a liver cDNA
library. Two unique cDNA sequences have been
identified. On the basis of a 98.7% nucleotide
sequence homology to coho salmon IGF I, one
cDNA sequence was identified as rainbow trout

IGF I. The second cDNA sequence shared 43.3%
identity with trout IGF I at the predicted amino
acid level and 53.6% identity with human IGF II,
and was identified as trout IGF II (Shamblott and
Chen 1992). This was the first time that an IGF
II was identified in a fish species.

As a result of differential splicing in the 5' un
translated region, signal peptide, E-domain, and
3' untranslated region, as well as transcription
initiated from more than one promoter, multiple
size forms of IGF I and II mRNA have been de
tected in mammals (Bell et al. 1985, Rotwein et
al. 1986). To detect the presence of multiple size
forms of IGF I and II mRNA in rainbow trout, an
RT/PCR method was adopted (Shamblott and Chen
1993). This assay employed two sets of primers
each for IGF I and II so that small size differences
of PCR products could be resolved on high con
centration agarose gels and the identity of each
product could be confirmed by nucleotide sequence
determination. The primer sets were designed to
separately amplify the 5' region (predicted start
codon to C-domain) or 3' region (C-domain to
approximately 100 bp beyond the predicted stop
codon) of both IGF I and II. While only one size
form of IGF I and II mRNA resulted from RT/PCR
with the 5' IGF I and both 5' and 3' IGF II primer
sets, four size forms of IGF-I mRNA resulted from
the 3' IGF I primer set. Results of nucleotide se
quence determination of the four size forms of
IGF I mRNA showed that the size differences were
due to insertions or deletions in the E-domain.
These four forms of IGF-I mRNA (Fig. 3), in in-

Four mRNA Forms of Insulin-like Growth Factor 1(IGF I)

Prepeptide Leader B

Ea-4 .

c A D E

Fig. 3. Schematic representation of the four subforms of rainbow trout IGF I mRNAs. The shaded line open box indicates that
the nucleotide sequence of the molecule has not been confirmed from the cDNA clones yet. B, C, A, D, and E indicate different
domains of the IGF prepro-peptide (Shamblott and Chen 1993).
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creasing nucleotide length, are designated as IGF
IEa-1, -2, -3, -4 in accordance with suggested re
visions of IGF I nomenclature (Holthuizen et al.
1991, Duguay et al. 1992). The predicted amino acid
residues of the E-domain are 35, 47, 62 and 74
respectively _(Shamblott and Chen 1993). The en
tire nucleotide sequence for IGF IEa-2 and Ea-3
mRNA have been determined from their respective
intact cDNA clones. Duguay et al. (1992) recently
detected three forms of IGF I mRNA for coho
salmon by using an RT/PCR assay and these
three mRNA forms are equivalent to rainbow trout
IGF IEa-1, Ea-3 and Ea-4. By using the same
approach, Wallis and Devlin (1993) also detected
three size forms of IGF I mRNA for chinook salmon.
These three size forms correspond to rainbow
trout IGF IEa-1, Ea-2, and Ea-4. The reasons for
the absence of rainbow trout IGF IEa-2 and IEa-3
in the livers of coho salmon and chinook salmon,
respectively, are unknown. It is conceivable that
the missing forms were not resolved and therefore
not recognized after agarose gel electrophoresis.
Alternatively, the IGF I mRNA form absent in
these two reports may not have been present or
detectable in these fish, in which case it is sur
prising that the two salmonid species lack different
analogues of rainbow trout IGF I.

An RNase protection assay (RPA) was estab
lished to determine the mRNA levels of each of
the four IGF I forms and IGF II in the liver, skeletal
muscle, spleen, pyloric caeca (pancreatic tissue),
heart, brain and gill of rapidly growing juvenile
(7-8 months old) rainbow trout and sexually mature
adult as well as testis and ovaries from sexually
mature adults (Shamblott and Chen 1993). Probe
templates for the RPA were constructed by cloning
the 3' region (from the C domain to approximately
100 bp into the 3' untranslated region) of each
IGF I or IGF II into the Bluescript plasmid vector
in order to generate radio-labeled antisense cRNA
probes and unlabelled sense cRNA concentration
standards, respectively, by in vitro transcription
with T7 or T3 RNA polymerase. The level of 18S
rRNA in each tissue was also determined in order
to serve as an internal standard for normalization.
Each of the four IGF I mRNA forms and the IGF
II mRNA were readily distinguishable and deter
mined by the RPA. The protected fragments for
the four IGF I mRNA forms are 354 bp, 390 bp,
438 bp and for IGF II mRNA 496 bp. The results
of the IGF mRNA RPA are summarized in Fig. 4.
At least one form of IGF I and IGF II mRNA are
expressed in all of the tissues examined in both
developmental stages. Liver is the site of the

greatest IGF mRNA abundance (p < 0.01), and
the levels of total IGF I and II mRNA are one to
two orders of magnitude higher than in other
tissues examined. Furthermore it is interesting to
note that the levels of total IGF I and II mRNA are
two-fold higher in the adult liver than the juvenile
liver (p < 0.01). In mammals, IGF I mRNA has
been detected primarily in the postnatal liver,
kidney, spleen, pancreas, lung, and testes of the
mouse (Mathews et al. 1986), the brain and several
other regions of the central nervous system of rat
(Rotwein et al. 1988), and the placenta and whole
premenopausal ovary of human (Hernandez et al.
1992). In chicken, IGF I mRNA has been detected
in the eye, skeletal muscle and brain prior to
hatching and the liver only after hatching (Kikuchi
et al. 1991). IGF II mRNA has been detected in
muscle, skin, lung, intestine, thymus, heart, kidney
brain and spinal cord of fetal/neonatal rats and in
the brain and spinal cord of adult rats. However
it is interesting to note that, except in the liver,
levels of rtlGF II mRNA are much higher than
those of the total rtlGF I mRNA in gill, kidney,
heart, spleen, brain, muscle, pyloris, testes and
ovaries. These results suggest that, in addition
to IGF I, IGF II may play an important role in the
fish growth as well as in maintenance of osmotic
balance.

An in vivo study was conducted to determine
the dependency of IGF mRNA accumulation upon
GH treatment. In this study, yearling rainbow trout
of about 150 g each maintained at 15°C were
fasted for 5 days and each fish was injected with
10 p.,g/g fish body weight of bovine GH or carrier
solution as control. Levels of IGF I and IGF II
mRNA in different tissues were determined by an
RNase Protection Assay at different periods post
hormone treatment. Levels of liver IGF I mRNA
significantly increased 6 hr post bovine GH treat
ment and remained significantly elevated at 12 hr,
while liver IGF II mRNA levels were significantly
elevated at 3 and 6 hr post hormone treatment
(Shamblott et al. 1995). Both IGF I and IGF II
mRNA levels responded with a 3 to 4 fold increase
over mock injected controls. Although the levels
of IGF I mRNA did not increase significantly in the
pyloric caeca in response to bovine GH treatment,
the levels of IGF II mRNA elevated at 12, 24, and
48 hr by about 4-, 2-, and 4-fold, respectively. To
determine whether the response of IGF mRNA
induction by GH is dose-dependent, Shamblott
et al. (1995) conducted further in vitro studies in
a rainbow trout primary hepatocyte culture main
tained in a serum free medium supplemented with
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bovine GH. The results showed that both IGF I
and IGF II mRNA levels responded to bovine GH
treatment in a dose-dependent fashion with EDso

values of about 45 and 6 ng/ml, respectively (Fig.
5). These results clearly showed that the synthesis
of IGF I and IGF II mRNA in the liver of rainbow
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trout is under the modulation of GH.

IGF I transgenic fish

Although continuing investigation with the use
of molecular biological approaches will shed light
on the biological actions of IGFs, construction of

transgenic fish producing elevated levels of these
polypeptides by gene transfer technologies may
generate alternative models for determining the
effect of IGFs on fish growth and development.
Toward this end, we have recently produced trans
genic medaka by electroporating rtlGF I cDNA
fused to a functional carp iJ-actin gene promoter
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(kindly donated by P. Hackett). Preliminary results
have shown that more than 20% of the surviving
embryos integrated the rtlGF I transgene in their
respective genomes. Although the number of the
P1 and F1 transgenic individuals is still small, they
are significantly larger than their non-transgenic
controls (p < 0.01). Furthermore, it is interesting
to note that both P1 and F1 IGF I transgenic fish
hatched, on the average, 2 days earlier than their
non-transgenic controls 25°C (Fig. 6). Unlike those
studies conducted in mouse and rat, our results
in medaka suggest that, in addition to regulating
post-embryonic somatic growth, IGF I may play an
important role in embryonic development.

A number of the P1 and F1 transgenic female
medaka exhibit unusual enlarged abdomens and
these animals failed to spawn even after 6 months
(Fig. 7a). Necropsy of these animals and histological
examination have shown that the ovaries are filled
with a gelatinous fluid and no mature eggs were
observed (Fig. 7b).

A normal medaka ovary is surrounded by a thin
tunica albuginea that is covered by mesothelium
(Fig. 7c). Primary oocytes appear small, intensely
basophilic and contain a prominent nucleus. As
oocytes mature, they become larger, more eosino
philic and contain yolk granules. In the IGF I

transgenic fish, several lesions in the ovary are
noted (Figs. 7d-f). The tunica albuginea is thick
ened and numerous degenerating follicles are
present in these ovaries. In some specimens, an
inflammatory infiltrate of primarily macrophages
surrounds necrotic follicles and extends into the
tunica albuginea. It is interesting to note that
similar ovary abnormality has also been observed
in some of the GH transgenic female medaka (Fig.
7g). These histological findings are compatible
with disruptions in normal ovarian function that
may have been caused by over expression of GH
or IGF genes in the transgenic individuals.

One IGF I P1 transgenic female further de
veloped an adenocarcinoma on the maxilla. This
female was initially tumorless and spawned several
batches of eggs. When the tumor appeared, it
ceased spawning. Histological studies have shown
that the lesion was comprised of epithelial cells
forming small cysts (Fig. 8). These cysts contained
a pale eosinophilic material and some necrotic
cells. The lesion was quite aggressive and re
placed facial cartilage and bone, although it had
not invaded the eye.

Although the above described observations
are still preliminary and more detail studies are
required, it is clear that IGF transgenic fish can

12th11th10th9th8th
o

50

• A-IGFI (P1)

II A-IGF1 (F1)

40 ~ A-rtGH (F1)

D Control

OJ 30
c
s:
o
~
I

C 20
(j)
o
CD
a...

10

Day
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serve as models for studying the involvement of
IGFs on (1) normal growth and development; (2)
reproduction; and (3) tumor development.

APPLICATION OF TRANSGENIC FISH
IN BIOTECHNOLOGY

The initial drive for transgenic fish research
came from attempts to increase production of
economically important fish for human consumption.
The world-wide harvest of fishery products tradi
tionally depends upon natural populations of fin
fish, shellfish and crustaceans in fresh and marine
water. In recent years, however, the level of total
world-wide annual harvest of fish products has
approached or even surpassed the maximal poten
tial level of about 150 million metric tons (as
calculated by the US Department of Commerce
and the US National Oceanic and Atmospheric
Administration). In order to cope with the world
wide demand of fish products and the escalating
increase in price, many countries have turned to

aquaculture for increasing production of fish pro
ducts. In 1985, the world production of finfish,
shellfish and macroalgae by aquaculture/mariculture
reached 10.6 million metric tons, or approximately
12.3% of the world-wide catch generated by the
international fishery efforts. Although aquaculture
clearly has the potential for increasing worldwide
fish production, innovative strategies are needed
to improve efficiency. What can transgenic tech
nology offer?

Success in aquaculture depends on six factors:
(i) complete control of the reproductive cycle of
the fish species in culture; (ii) excellent genetic
background of the broodstock; (iii) efficient pre
vention and detection of disease infection; (iv)
thorough understanding of the optimal physiological,
environmental and nutritional conditions for growth
and development; (v) sufficient supply of excellent
quality water; and (vi) application of innovative
management techniques. By improving these
factors, the aquaculture industry has developed
to a remarkable extent during the last decade.
To sustain this growth, however, newly developed
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Fig. 7. Histological examination of ovary from IGF I transgenic medaka. a, Female IGF I transgenic medaka; b, Female IGF I
transgenic medaka showing an enlarged ovary; c, Histological section of a non-transgenic ovary; d-f, Histological sections of ovaries
from IGF I transgenic medaka; g, Histological section of ovary from GH transgenic medaka. Arrow indicates tunica albuginea; D,
degenerating follicles; N, necrotic follicles; C, space in the ovary filled with a large amount of fluid. Solid bar = 100 microns.
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Biosynthetic growth hormone and growth
enhancement

DCB

A: Control
B: IGF-I (10 ng/ml) alone
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Fig. 9. Effect of recombinant striped bass GH on uptake of
[35Sj-sulfate into common carp gill cartilage maintained in
culture.

In recent years, cDNAs and their genomic DNA
of growth hormone (GH) have been isolated and
characterized for several fish species (for review,
Chen et al. 1994). Expression of rainbow trout or
striped bass GH cDNA in E. coli cells results in
production of a large quantity of recombinant GH
polypeptide (Agellon et al. 1988, Cheng et al.
1995). Since the GH polypeptide is highly hy
drophobic and contains four cysteine residues,
the newly synthesized recombinant GH polypeptide
forms insoluble inclusion bodies in E. coli cells,
rendering the hormone inactive. In an attempt to
re-gain the biological activity of the recombinant
hormone, Cheng et al. (1995)developed a procedure
for renaturing the protein. It involves dissolving
the insoluble recombinant hormone in a buffer con
taining 8M urea and renaturing the polypeptide by
slowly removing the urea from the protein solu
tion. The biological activity of the renatured protein
was then assessed by an in vitro sulfation assay
(Fig. 9; Cheng and Chen 1995).

In a series of in vivo studies, Agellon et al.
(1988) showed that application of the recombinant
trout GH to yearling rainbow trout resulted in a
significant growth enhancement. After treatment
of yearling rainbow trout with the recombinant GH
for four weeks at a dose of 1 mg/g body weight!
week, the weight gain among the individuals of
the hormone-treated group was two times greater
than that of the controls (Fig. 10). Significant
length gain was also evident in hormone-treated

technologies in molecular biology and transgenesis
will have to be increasingly applied by the aqua
culture industry. These technologies can be
employed to enhance growth rates, control repro
ductive cycles, improve feed compositions, produce
new vaccines, develop disease resistant and hardier
genetic stocks. In the last several years we have
been searching for strategies to increase fish
production by manipulating fish growth hormone
and growth factor genes. The feasibility of this
approach is evaluated below.

b

Fig. 8. Histological examination of adenocarcinoma in IGF I
transgenic medaka. a, Gross morphology rnedaka bearing
an adenocarcinoma; band c, histological sections of adeno
carnoma. Solid bar = 100 microns.
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animals. When the same recombinant hormone
was administered to rainbow trout fry (Table 3)
or small juveniles by immersing the fish in a GH
containing solution, the same growth-promoting
effect was also observed (Agellon et al. 1989,
Leong and Chen, unpublished results). These
results are in agreement with those reported by
Sekine et al. (1985), Gill et al. (1985) and many
others (Sato et al. 1988, Moriyama et al. 1990).
However, it is important to mention that the growth
enhancement effect of the biosynthetic hormone
was markedly reduced when more than 2 jlg/g
body weight of the hormone was applied to the
test animals (1988). Recently Paynter and Chen
(1991) have observed that administration of recom
binant trout GH polypeptide to spats of juvenile
oysters (Crassostrea virginica) by the "dipping
method" referred to above also resulted in sig
nificant increases in shell height, shell weight, wet
weight, and dry weight (Table 4). Furthermore,
they also showed that oysters treated with recom
binant trout GH, native bovine GH or bovine insulin
consumed more oxygen per unit time than con
trols. The results summarized above clearly suggest
that exogenous application of recombinant fish
growth hormone can enhance the somatic growth
of finfish and shellfish.
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Fig. 10. Effect of recombinant trout GH on growth of yearling
rainbow trout. Groups of yearling rainbow trout received intra
peritoneal injection of recombinant GH or control extract for
five weeks. Wet weights of GH-treated and control fish are
shown (mean ± SE). Open symbols, GH-treated fish: 0.2
jLg/g body weight; 1.0 jLg/g body weight; 2 jLg/g body weight.
Closed symbols, control fish: mock-treated fish; untreated fish.
The arrow indicates the time of the last hormone treatment
(Agellon et al. 1988, with permission).

GH transgenic fish

Although exogenous application of biosynthetic
GH results in a significant growth enhancement
in fish, it may not be cost effective because of the
following reasons: (i) producing purified biosynthetic
GH is costly; (ii) treating individual fish with the
hormone is labor intensive; (iii) the optimal hormone
dosage for each fish species is difficult to identify;
and (iv) GH uptake into fish from an exogenous
source is inefficient. If new strains of fish pro
ducing elevated but optimal levels of GH can be
produced, it would bypass all of the problems
associated with exogenous GH treatment. More
over, once these fish strains have been generated,
they would be far more cost effective than their
ordinary counterparts because these fish would
have their own means of producing and delivering
the hormone and they could transmit their en
hanced growth characteristics to their offspring.

Three aspects of fish growth characteristics
that could be improved for aquaculture are: (i)
initial growth rate so that they reach maturation
earlier; (ii) enhanced somatic growth rate as adults
to provide larger body size for market; and (iii)
fish with improved feed conversion efficiencies.
Among these three, enhanced somatic growth
rates via manipulation of the GH gene show con
siderable promise. Zhu et al. (1985) reported the
first successful transfer of a human GH gene fused
to a mouse metallothionein (MT) gene promoter
into goldfish and loach. According to Zhu (personal
communication), the F1 offspring of these trans
genic fish grew twice as large as their non
transgenic siblings. Unfortunately, Zhu and his

Table 3. Effect of GH treatment on the growth
of rainbow trout fry (Agellon et al. 1988, with
permission)

Weight (gm)

Treatment Initial Final % Gain

Saline control 1.33 ± 0.6b 3.94 ± 1.8a 196

GH (50 jLg/l) 1.29 ± 0.7b 5.51 ± 1.6c 327

GH (500 jLg/l) 1.35 ± 0.7b 5.30 ± 1.3c 293

Values presented as mean ± SO. Groups of rainbow trout fry
(n = 15) were subjected to osmotic shock in the presence or
absence of GH. Weight was measured prior to and 5 weeks
post-treatment. Differences between mean weights of GH
treated and control groups were evaluated using Student's
t-test (a = 0.01). aSignificantly different from the GH-treated
groups (p < 0.01); bNo significant difference between these
groups; cNo significant difference between these two treatments.
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Table 4. Effect of exogenously applied recombinanat rainbow trout growth
hormone on oyster growth (Paynter and Chen 1991, with permission)

Treatment Initial ht Final ht Total wt Shell wt Dry wt

Control 8.14 (0.25) 11.68 (0.27) 206 (11) 136 (8) 6.10(0.66)
10-9 M 8.04 (0.27) 11.74 (0.23) 199 (9) 131 (6) 6.87 (0.66)
10-8 M 8.72 (0.18) 12.79 (0.27)ab 244 (20) 171 (11)b 9.42 (0.41)ab

10-7 M 8.65 (0.32) 13.00 (0.36)ab 252 (13)b 189 (13)ab 9.41 (0.74)ab

aSignificantly larger than the control group (r-test: p < 0.05).
bSignificantly larger than 10-9 M treatment group (r-test: p < 0.05).
Initial hight represents mean size at the begining of the experiment and final hight, total wt, shell
wt, and dry wet are mean values determined after the five-week treatment cycle was concluded.
Height (ht) was measured in mm from the umbo to the ventral shell margin; weight was measured
in mg. Standard errors of the mean (SEM) are in parentheses.

colleagues failed to present compelling evidence
for integration and expression of the foreign genes
in their transgenic fish studies. Recently, many
laboratories throughout the world have success
fully confirmed Zhu's work by demonstrating that
human or fish GH and many other genes can be
readily transferred into embryos of a number of
fish species and integrated into the genome of
the host fish. While a few groups have demons
trated expression of foreign genes in transgenic
fish, only Zhang et al. (1990), Du et al. (1992) and
Lu et al. (1992) have documented that a foreign
GH gene could be: (a) transferred to the target
fish species; (b) integrated into the fish genome;
and (c) genetically transmitted to the subsequent
generations. Furthermore, the expression of the
foreign GH gene may result in enhancement of
growth rates of both P1 and F1 generations of
transgenic fish (Zhang et al. 1990, Du et al. 1992,
Lu et al. 1992).

In gene transfer studies conducted in common
carp and channel catfish (Chen et al. 1990, Zhang
et al. 1990, Dunham et al. 1992, Chen et al. 1993),
about 106 molecules of a linearized recombinant
plasmid containing the long terminal repeat (LTR)
sequence of avian Rous sarcoma virus (RSV) and
the rainbow trout GH cDNA was injected into the
cytoplasm of one-cell, two-cell and four-cell em
bryos. Genomic DNA samples extracted from the
pectoral fins of presumptive transgenic fish were
analyzed for the presence of RSVLTR-rtGH1-cDNA
by PCR amplification and Southern blot hybridiza
tion of the amplified DNA products using radio
labeled LTR of RSV and/or trout GH1 cDNA as
hybridization probes. In the case of transgenic
carp studies (Zhang et al. 1990, Chen et al. 1993),
about 35% of the injected embryos survived at
hatching, of which about 10% of the survivors

had stably integrated the RSVLTR-rtGH1-cDNA
sequence. A similar percentage of transgenic fish
was also obtained when RSVLTR-csGH-cDNA con
struct was injected into catfish embryos (Powers
et al. 1991, Dunham et al. 1992). Southern blot
analysis of genomic DNA samples of several trans
genic carp revealed that a single copy of the
RSVLTR-rtGH1-cDNA sequence was integrated
at multiple chromosomal sites (Zhang et al. 1990).

The patterns of inheritance of RSVLTR-rtGH1
cDNA in the transgenic common carp were studied
by fertilizing eggs collected from non-transgenic
females or P1 transgenic females with sperm
samples collected from several sexually mature
P1 male transgenic fish. DNA samples extracted
from the resulting F1 progeny were assayed for
the presence of RSVLTR-rtGH1-cDNA sequence
by PCR amplification and dot blot hybridization
(Chen et al. 1993). The percentage of the transgenic
progeny resulting from nine matings were: 0, 32,
26,100 (4 progeny only), 25,17,31,30 and 23%
respectively. If each of the transgenic parents in
these 9 matings carries at least one copy of the
transgene in the gonad cell, about 50 to 75%
transgenic progeny would have been expected
in each pairing. Out of these nine matings, two
siblots, both control x P1, gave transgenic progeny
numbers as large or larger than expected (p <
0.05) and the remaining had lower than expected
numbers of transgenic progeny. These results
indicate that though most of these P1 transgenic
fish had RSVLTR-rtGH1 cDNA in their germ-line,
they might be mosaics. Similar patterns of mo
saicism in the germline of P1 transgenic fish have
been observed in many fish species studied to
date (Ozato et al. 1986, Dunham et al. 1987, Stuart
et al. 1988, Zhang et al. 1990, Dunham et al. 1992,
Lu et al. 1992).
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If the transgene carries a functional promoter,
some of the transgenic individuals are expected
to express the transgene activity. According to
Zhang et al. (1990) and Chen et al. (1993), many
of the P1 and F1 transgenic common carp pro
duced rtGH and the levels of rtGH produced by
the transgenic individuals varied about 10-fold.
Chen et al. (1993) recently confirmed these results
by detecting the presence of rtGH mRNA in the
F1 transgenic carp using an assay involving reverse
transcription (RT)/PCR amplification. They have
found that different levels of rtGH mRNA were
detected in liver, eyes, gonads, intestine and
muscle of the F1 transgenic individuals.

Since the site of transgene integration differs
among the individuals in any population of P1

transgenic fish, they should be considered as
totally different transgenic individuals and thus
inappropriate for direct comparison of the growth
performance among these animals. Instead, the
growth performance studies should be conducted
in F1 transgenic and non-transgenic siblings deriv
ed from the same family. Recently Chen et al.
(1993) conducted studies to evaluate the growth
performance of F1 transgenic carp in seven fami
lies. In these experiments, transgenic and non
transgenic full-siblings were spawned, hatched,
and reared communally under the same environ
ment. Results of these studies showed that growth
response by families of F1 transgenic individuals
in response to the presence of rtGH1 cDNA varied

widely. When compared to the non-transgenic
full-siblings, the results of four out of seven growth
trials showed 20, 40, 59, and 22% increase in
growth, respectively (Table 5). In three of the four
families where F1 transgenics grew faster than
their non-transgenic full-siblings, the maximum
and minimum body weights of the transgenics
were larger than those of the non-transgenics.
In the fourth family, the minimum, but not the
maximum, body weight of the transgenics was
larger than that of the non-transgenics. In two of
those three transgenic families in which trans
genics did not grow faster than their non-transgenic
full-siblings, the maximum and minimum body
weights of the transgenics were smaller than those
of the non-transgenics. In the third family, how
ever, one of the F1 transgenics was the largest
fish in the family. The same extent of growth
enhancement was also observed in F2 offspring
derived from crossing F1 transgenics with non
transgenic controls (Fig. 11). Since the response of
the transgenic fish to the insertion of the RSVLTR
rtGH1 cDNA appears to be variable, as a result of
random integration of the transgene, the fastest
growing genotype will likely be developed by
utilizing a combination of family selection and
mass selection of transgenic individuals following
the insertion of the foreign gene. More dramatic
growth enhancement in transgenic fish was ob
tained by introducing chinook salmon GH cDNA
driven by the promoter of ocean pout antifreeze

Table 5. Mean, standard deviation, coefficient of variation, and percent difference in body weight of trans-
genic common carp, Cyprinus carpio, and their nontransgenic full-siblings

Family Mating Genotype N Mean body weight Coefficient of % Difference Range in body weight
(SO) variation (g)

P1 x control T 31 120.6 (17.4) 14.4 20.8 95-173

NT 65 99.3 (14.7) 14.8 65-129

2 P1 x control T 11 206.0 (45.2) 21.9 40.1 115-283

NT 15 147',0 (48) 32.6 67-228

3 P1 x P1 T 7 5.8 (3.4) 58.6 -26.6 1.8-11.3

NT 21 7.9 (3.1) 39.2 3.3-17.9

4 P1 x P1 T 28 66.1 (36.9) 55.8 58.5 18.5-338

NT 65 41.7 (27.8) 66.6 8.3-141

5 P1 x P1 T 17 14.7 (6.8) 46.3 21.5 6.5-30.4

NT 82 12.1 (8.4) 69.4 3.9-56.1

6 P1 x P1 T 97 114.2 (81.6) 71.5 -14.5 18.3-565.1

NT 215 133.6 (83.6) 62.5 20.9-416.2

7 P1 x P1 T 15 72.2 (58.0) 80.3 -1.5 7.1-214.4

NT 48 73.3 (47.6) 64.5 8.7-203.3

T: transgenic; NT: nontransgenic; N = number of fish; SO: standard deviation.
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Other biotechnological applications

Another important application of the transgenic
fish technology will be the generation of novel
animals for producing high economical value
pharmaceuticals. Although no real example is
available now, like transgenic cow or sheep, trans
genic fish may be as bio-reactors for large scale
production of proteins such as human hemoglobin
(Swanson et al. 1992), human tissue plasminogen
(Pittius et al. 1988), human antihemophilic Factor
IX (Clark et al. 1989), and human o-t-antitrypsln
(Wright et al. 1991).

increased tolerance to lower oxygen concentration,
increased resistance to bacterial, fungal, viral or
parasitic infection, improved food conversion
efficiency and increased tolerance to low or high
temperature may also be altered by transgenic
fish technology provided that the genes responsible
for each of these traits are determined.
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轉殖基因魚:基礎科學研究及生物科技應用之理想模式
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用人工方法將外來之基因轉殖入生物原有之基因體者稱為轉基因生物。自 1 98 5年來 ， 顯微注射法及電破

法已廣泛被使用生產各種不同之轉基因魚類。這些轉基因魚類可用為基礎科學研究及生物科技應用之模型。使

用近年來本實驗室及其他實驗室所得之研究結果為例，本文將闡釋轉殖基因魚之利用價值。
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