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ABSTRACT We investigated gene transfer in
finfish and shellfish via electroporated sperm. The
mobility of sperm, the fertilization rate, the hatching
rate, gene transfer rate, and abnormality rate of
derived embryos were primarily dependent on the
voltage level and concentration of DNA during electro-
poration. Optimal conditions for sperm of each species
of aquatic animals can be reached. Genome of the
electroporated sperm was analyzed by PCR, and it was
shown that an expected-sized product was amplified,
corresponding to that of the transgene’s amplification.
Southern blotting also showed that a positive band
located at the same position as the DNA fragment used
for the transfer was found in the electroporated sperm
after DNase treatment. When the genome isolated from
embryos, larvae, juvenile, and adult individuals, all
derived from sperm electroporated with foreign DNA
molecules, was analyzed by PCR, the existence of
foreign DNA was detected in some samples. The in-
tegration of the transferred DNA into the genome of
transgenic samples was also shown by Southern blot
analysis. There was a mosaic distribution of exogenous
DNA in a wide variety of tissues analyzed. In addition to
CAT activity being positive for the experimental larvae,
the transferred GH gene was functional in transgenic
finfish and shellfish and resulted in fast-growing trans-
genic varieties. The overall evidence strongly suggests
that the use of electroporated sperm is the simplest yet
most efficient approach to perform mass gene transfer
in aquacultural animals, including marine mollusks. Mol.
Reprod. Dev. 56:281–284, 2000. r 2000 Wiley-Liss, Inc.
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Introduction
A gene transfer system provides a powerful approach

to studying gene regulation in vivo and to obtaining
transgenic varieties of animals having special genetic
traits. Many techniques have been developed to intro-
duce DNA molecules into embryos. In aquatic animals,
microinjection is the most popular method (Chourrout
et al., 1986; Ozato et al., 1986; Fletcher et al., 1988).
Compared to the tedious work of microinjection, electro-
poration is considered to be an easier alternative (Inoue
et al., 1990) because electroporation of fertilized eggs
can produce 10 to 100 times greater numbers than can

microinjection (Powers et al., 1992). However, gene
transfer efficiency is still not high enough to handle the
tremendously large number of eggs spawned within a
very short time by aquacultural species.

There are some advantages in applying the sperm-
mediated gene transfer technique in fish. First, this
technique is considered a ‘‘mass’’ gene transfer. Second,
this technique overcomes some disadvantages of conven-
tional gene transfer systems resulting from the charac-
teristics of eggs, such as opaqueness, stickiness, buoy-
ancy, invisible pronuclei, and tough chorion. Third,
foreign DNA should be transferred into the nucleus. If
fertilized eggs are electroporated with foreign DNA, the
DNA fragments have a greater chance to be transferred
into some places other than the blastodisc because its
volume is extremely small in the fertilized egg. Fourth,
fish sperm are easy to handle since simply adding water
is enough to activate them. Fifth, sperm of aquatic
animals can be kept by cryopreservation so that treated
sperm are always ready for usage. Therefore, fish
sperm have been reported as a vector for introducing
foreign DNAto produce transgenic fish.Although Chour-
rout and Perrot (1992) reported failure using sperm
incubation in rainbow trout, other successful attempts
have been reported (Khoo et al., 1992; Muller et al.,
1992; Symonds et al., 1994).

This article describes a reliable and well-developed
gene transfer technique, called the electroporated sperm
mediation system, in finfish, such as loach (Misgurnus
anguillicaudatus) (Tsai et al., 1995; Chen and Tsai,
1997) and shellfish, such as small abalone (Haliotis
divorsicolor) (Tsai et al., 1997). Results strongly sug-
gest that using sperm as a carrier to introduce foreign
genes is definitely a simple but effective approach for
aquatic animals on a massive scale.

MATERIALS AND METHODS
Gametes, DNA Preparation, and Electroporation

Testes obtained from mature male loach were homog-
enized with a solution described in Tsai et al. (1995).
Ovulation and milt in mature abalone were induced by
temperature shifting. Sperm suspension contained
(1 to 2) 3 108 cells per mL. Plasmids used for the study
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were opAFP-GHc (Du et al., 1992), opAFP-2000CAT
(Gong et al., 1991), given by Choy Hew, and pCAT-
Control (Promega). Plasmids were prepared by CsCl-
ethidium bromide ultracentrifugation. Electroporation
was performed in a 100-µl electroporation solution
containing 107 sperm with DNA molecules. After sperm
were electroporated, in vitro fertilization followed.

Genomic DNA Extraction, Southern Blot
Analysis, and PCR

Genomic DNA isolated from sperm after DNase
treatment and isolated from larvae and adult fish were
analyzed by Southern blot and PCR as previously
described (Tsai et al., 1995).

Reverse Transcriptase-PCR (RT-PCR)
and Northern Blotting

Total RNA was extracted from the liver of transgenic
loach, which was transferred with growth hormone
(GH) cDNA and resulted in twice-faster growth (Tsai et
al. 1995), and mRNA was isolated after DNase diges-
tion. RT-PCR was carried out in a 50-µl solution
consisting of 20–30 ng templates, 50 pmol of each
primer, 250 mM of each dNTP, and 0.5 U Taq DNA
polymerase. PCR consisted of 35 cycles of denaturing
at 95°C for 50 sec, annealing at 50°C for 1 min,
and extension at 72°C for 1 min. Forward primer
TCTGCTGATGCCAGTCTTACT and reverse primer
ACAGAAGTCCAGCAGGAATAT were used. Northern
blot was used to analyze the products.

Transient Chloramphenical Acetyltransferase
(CAT) Assay

Batches of 400 trochophore-stage larvae were pooled,
washed, sonicated, lysed, and analyzed as described
previously (Tsai et al., 1997).

RESULTS AND DISCUSSION
Were Foreign DNA Fragments Uptaken by

Finfish and Shellfish Sperm With Certainty Via
Incubation or Electroporation?

After loach and abalone sperm were electroporated in
the presence of foreign DNA molecules, the suspension
was treated with DNase to completely remove the DNA
remaining outside the sperm cells. The genomic DNA of
pooled sperm was extracted and analyzed by Southern
blot. Results showed a positive band with a molecular
mass (M.M.) of the same size as that of the DNA
fragment used for the transfer. However, sperm cells
incubated with foreign DNA molecules without electro-
poration treatment were negative. Occasionally an
extremely faint positive signal did show if the X-ray
film was overexposed.

The genomic DNA of pooled abalone sperm (106 cells)
was extracted and analyzed by PCR and Southern
blotting. Results also showed that a 138-bp PCR prod-
uct and a positive band, which originated from the
transgene, were present in the sperm electroporated
with foreign DNA molecules.

Were Differences Observed Between Untreated
Sperm and Electroporated Sperm in Terms

of Embryo Development?
Electroporation conditions and sperm activity.

The most influential parameter for sperm mobility was
amplitude. Loach sperm mobility was gradually lost
when the amplitude was increased over 8 kV. When 10
kV were used, sperm cells were either immobile or
capable only of Brownian movement. Variable ampli-
tudes were examined for their effect on the mobility of
small abalone sperm. We found that abalone sperm did
not gradually lose their mobility when the amplitude
was increased from 2 to 10 kV.

Effect of field strength and DNA concentration
on rates of hatching, abnormalities, and gene
transfer. The hatching rate of loach embryos derived
from ova fertilized with electroporated sperm showed a
stepwise decline as field strength increased, with a
rapid change from 3 to 4 kV and relatively little change
otherwise, compared to the untreated control group.
The abnormality rate of fry derived from ova fertilized
with electroporated sperm increased as field strength
increased from 2 to 8 kV. On the other hand, the success
rate of gene transfer increased as field strength in-
creased.

The DNA concentration used for sperm electropora-
tion also affected the hatching rate and gene transfer
rate. The hatching rate did not differ among the 100
µg/ml, 175 µg/ml, and control groups; whereas the
hatching rate declined abruptly in the 250 µg/ml group.
However, the success rates of gene transfer increased
as the concentration of DNA increased. Thus, we could
optimize conditions for loach sperm, which resulted in a
higher hatching rate, a lower abnormality rate but
higher capacity for transfer.

It is interesting to note that in small abalone, on the
other hand, there were no differences between the
fertility and hatchability of control and electroporated
sperm.

Can Foreign DNA Fragments Be Introduced Into
Embryos Via Electroporated Sperm?

Analyses of transgenic loach. The genomic DNA
was extracted from 2-week-old loach fry and analyzed
by dot blot. The success rate for gene transfer was
52.2%. Genomic DNAs were isolated from randomly
chosen 6-month-old loach and analyzed by Southern
blot. Results showed that some blood samples obtained
from the experimental group had positive bands, with a
M.M. of 4 kb, the same as transferred DNA, or higher
than 4 kb. The latter evidence indicates that exogenous
DNA fragments were integrated into the genome of
some transgenic loach.

The genomic DNA was extracted from loach which
were growing extremely slowly in the experimental
group. Southern blot showed that, besides a positive
band with the same M.M. as the transferring fragment,
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many positive bands of higher M.M. were observed (Fig.
1). We propose that those transgenic loach showing
growth retardation might have resulted from too many
copies of the foreign GH gene being transferred.

As expected, all three PCR products, 855-, 199-, and
333 bp, generated respectively by primers A/B, C/D, and
A/D, were observed in transgenic loach. These PCR
products were also shown to be Southern blot-positive.
Genomic DNA from various tissues of transgenic
samples were analyzed by PCR: a positive band was not
necessarily found in all tissues. This indicates that the
exogenous DNA fragment in the transgenic loach had a
mosaic distribution.

Analyses of transgenic abalone. Genomic DNA
was extracted from an abalone larva at the trochophore
stage that was derived from sperm electroporated in
the presence of foreign DNA molecules. Isolated DNA
was analyzed by dot blot hybridization. The dot-blot-
positive rate was 20%.

Genomic DNAs were isolated from trochophore-stage
larvae randomly chosen from the experimental and
control groups, and analyzed by Southern blotting.
Some larvae derived from sperm electroporated with
foreign DNA fragments showed a positive band with a
higher M.M. than that of DNA used for the transfer.
This evidence also demonstrates that foreign DNA
fragments were integrated into the genome of some
transgenic abalone.

When the larval genome was analyzed by PCR, a
single positive band of 138-bp was shown, which was
generated from the transgene. The PCR-positive rate
was 28.6%. However, when PCR products were further
analyzed by Southern blot, the frequency of positive
signal increased to 65%.

Are Foreign Genes Expressed in
Transgenic Organisms?

Exogenous GH gene in transgenic loach. After
mRNAs were isolated from the liver of faster-growing
transgenic loach, they were amplified by RT-PCR.
Results showed that a fragment of 199-bp was detected

Fig. 3. The growth rate expressed in body weight (mean 6 SE in g)
of abalone randomly chosen from the control (empty circle), mock-
treated (solid square), and experimental groups (solid triangle) begin-
ning in the fourth month after hatching.

Fig. 1. Southern blot analysis of transgenic loach that were grow-
ing extremely slowly. Lanes 1–2, untreated control loach; lanes 3–4,
mock-treated loach; lane 6, molecular marker; lanes 5 and 7–16,
growth retarded transgenic loach; and lane 17, the transferring DNA
fragment, opAFPGHc (arrowhead).

Fig. 2. RT-PCR analysis of transcription of transferred GH cDNA in
liver cells of a transgenic loach. Messenger RNA was isolated from
control loach (lane C) and from fast-growing transgenic loach (lane L).
After PCR amplification, products were analyzed by gel electrophore-
sis (left panel) followed by Northern blot analysis (right panel). Lane
M, £XX-174-RF DNA molecular marker.
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(lane L, left panel of Fig. 2). After Northern blot
analysis, this 199-bp PCR product was positive to
hybridizations with the salmon GH cDNA probe (lane
L, right panel of Fig. 2). Therefore, we demonstrate that
the transferred GH cDNA was expressed in liver cells of
some transgenic loach, where the endogenous GH gene
is absolutely not transcribed.

Compared to the control groups, the growth rate of
loach treated with electroporated sperm carrying
opAFPGHc showed a increase enhancement. The weight
gain was 194% and 447% for the control and experimen-
tal groups, respectively, during the study period. Fur-
thermore, the body length distribution of the experimen-
tal group was widely scattered instead of being normally
distributed as in the control group.

Exogenous CAT and GH genes in small abalone.
CAT activity was clearly detected in abalone larvae
derived from sperm electroporated with pCAT-control,
which contains the SV40 promoter. Expression of CAT
was also shown in larvae derived from sperm electropor-
ated with DNA fragments containing the AFP pro-
moter. The level of CAT activity resulting from the AFP
promoter was around 25% of that of the SV 40 pro-
moter. To our knowledge, this is the first report which
describes transcription of fish GH cDNA driven by the
type III-opAFP promoter and resulting in increased
growth rate in transgenic shellfish (Fig. 3).
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