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Abstract
Sperm mediated gene transfer (SMGT) has been successfully used in mammals, amphibians, birds, and some invertebrates. In
fish, this methodology has failed or had poor efficiency for the production of transgenic specimens, presumably because the
processes regulating the interaction between spermatozoa and exogenous DNA are not well understood. Therefore, the objective
was to develop a SMGT protocol for the Brazilian flounder Paralichthys orbignyanus, with an emphasis on the role of seminal
plasma DNase on exogenous DNA uptake by fish spermatozoa. In this study, there was strong DNase activity in the seminal plasma
of P. orbignyanus; however, this DNase activity was decreased or eliminated by washing the spermatozoa with solutions containing
EDTA (DNase activity was completely inhibited by 40 mM EDTA). Three washing solutions were tested, all of which maintained
sperm quality. Moreover, it was determined that the no more than 50 ng of exogenous DNA/106 cells should be used for SMGT in
fish. Finally, it was demonstrated that fish spermatozoa were capable of spontaneous uptake of exogenous DNA after elimination of
DNase activity; this was confirmed by exogenous DNA amplification (PCR using sperm genomic DNA as a template) after DNase I
treatment. We concluded that whereas DNase activity was an important obstacle for exogenous DNA uptake by fish spermatozoa;
controlling this activity improved the efficiency of SMGT in fish.
# 2009 Published by Elsevier Inc.
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1. Introduction
Several techniques are currently available for transgenic fish production, including: microinjection of DNA
into pronuclei/nuclei of fertilized eggs [1], egg and semen
electroporation [2,3], gonad lipofection [3], retroviral
vectors [4], and particle gun bombardment [5]. Among

* Corresponding author at: Universidade Federal do Rio Grande,
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them, microinjection has been more extensively used and
has achieved a higher degree of success for producing
transgenic fish. However, besides being laborious, its
success is limited by characteristics of eggs from some
species (small size, hard chorion, fragility, opacity, etc.)
[6]. Highly efficient gene transfer techniques for most
marine fish have not yet been established. Sperm
mediated gene transfer (SMGT) could be useful to
achieve transgenesis in species with high fecundity, small
eggs, and easy access to spermatozoa, such as the
Brazilian flounder Paralichthys orbignyanus.
Sperm mediated gene transfer has been successfully
applied in mammals [7–9], birds [10], amphibians [11],
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and some invertebrates [12,13]. Good SMGT results for
fish were obtained only when semen was electroporated, as demonstrated for tilapia Oreochromis
niloticus [14], zebrafish Danio rerio [15], salmon
Oncorhynchus tshawytscha [16], grass carp Ctenopharyngodon idellus [17], and silver sea bream Sparus sarba
[3]. However, if semen was incubated with exogenous
DNA but not electroporated, the efficiency of SMGT for
transgenic fish production was low or nonexistent [17–
20]. The only exception was that Khoo et al. [21]
reported high rates of transgenic zebrafish production
by incubating spermatozoa directly with exogenous
DNA.
That SMGT has failed or had poor efficiency for the
production of transgenic fish was attributed to a lack of
understanding regarding processes regulating the
interaction between spermatozoa and exogenous
DNA. Conversely, in mammals, it is already known
that 30–35 kDa proteins positively interact with
exogenous DNA, allowing its internalization by the
sperm nucleus [22]. However, molecules such as
inhibitory factor 1 (IF-1) and DNase, which are
generally found in the seminal plasma of mammals,
also act as negative regulators of this interaction
[22,23]. Furthermore, other factors, such as semen
quality, semen origin (ejaculated or epididymal), time
and temperature of semen incubation with DNA,
amount of exogenous DNA per sperm cell, and DNA
architecture, also affected the uptake of exogenous
DNA by spermatozoa [9,24,25]. Therefore, the aim of
this study was to develop a SMGT protocol for the
Brazilian flounder P. orbignyanus by evaluating the role
of seminal plasma DNase on exogenous DNA uptake by
fish spermatozoa.
2. Materials and methods
2.1. Fish and sperm collection
Adult Brazilian flounders were captured during
breeding season (October–April) at Cassino Beach
(Southern Brazil, 328120 S–528100 W), and taken to
the Laboratory of Mariculture at the Federal
University of Rio Grande (FURG). Mature males
(479  83 g; 34  2 cm, mean  SEM) were identified by the presence of running milt. They were
kept in the laboratory in 1000 L tanks for no longer
than 3 d before semen collection. Water was
exchanged at least 100% daily, its temperature was
maintained at 25  2 8C, salinity was 35%, and
photoperiod of 14 h of light/d was provided by
incandescent bulbs.

Unless otherwise mentioned, spermatozoa and
seminal plasma used throughout this study were
obtained from ejaculated semen. Before semen was
collected, fish were anesthetized with 50 ppm benzocaine (Sigma Chemical Co., St. Louis, MO, USA) in a
plastic tank (50 L). To minimize contamination by urine
or feces, fish bladders were cleared by abdominal
pressure and the urogenital areas were blotted dry with
paper towel. Semen was obtained by gentle abdominal
massage, collected in 1-mL syringes (without a needle),
and immediately transferred to 1.5-mL microtubes.
2.2. DNA substrate
A circular DNA plasmid (pKeratin-GFP) was used in
this study (kindly provided by Dr. Takashi Aoki, Tokyo
University of Marine Science and Technology, Japan).
It contained the keratin promoter of hirame Paralichthys
olivaceus associated with the green fluorescent protein
(GFP) gene of jellyfish Aequorea victoria [5]. The GFP
gene was used as PCR target for identification of
transgenic sperm.
2.3. Experiment 1: Detection of DNase activity in
seminal plasma
Seminal plasma from three sources was used to
evaluate DNase activity: ejaculated semen, semen
collected from the lumen of the testes, and semen
from macerated testes (n = 3). Ejaculated semen was
collected as described above. Testes were dissected
from flounder immediately after their death, washed on
a petri dish with distilled water, and dried with paper
towel. Semen from the lumen was collected with plastic
syringes and transferred to 1.5 mL microtubes. Intact
testes were macerated with a teflon pestel in 1.5 mL
microtubes (without using any diluents).
Semen from all sources was centrifuged at
12,000  g for 20 min immediately after collection.
Seminal plasma was removed and stored at 20 8C
until use. An aliquot (1 mL) pKeratin-GFP (350 ng/mL)
and 8 mL of seminal plasma were mixed and incubated
at 20 8C for 50 min; this temperature was used since it
yielded better results in obtaining natural spawning in
captivity [26]. Subsequently, DNA was analyzed by
electrophoresis on 1% agarose gel containing ethidium
bromide (0.5 mg/mL) and visualized under a UV light.
Degradation of pKeratin-GFP was quantified by
fluorescence analysis using a Qubit fluorometer and
Quant-iT dsDNA BR kit (Invitrogen, Carlsbad, CA,
USA), following the protocol recommended by the
manufacturer.
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2.4. Experiment 2: Determination of optimum
incubation time and temperature of DNase activity
Seminal plasma samples from three fish were pooled
in these experiments. Evaluation of optimum incubation
time and temperature was carried out incubating a
mixture of 1 mL pKeratin-GFP (350 ng/mL) and 8 mL
seminal plasma for 0, 15, 30, 45, 60, 90, and 120 min at
20 8C (incubation time experiment); or a mixture of 1 mL
pKeratin-GFP (350 ng/mL), 4 mL seminal plasma, and
4 mL distilled water at 8, 16, 24, 32, 40, 48, 56, and 64 8C
for 30 min (temperature experiment). At 0 min, the
transgene was added at the exact moment electrophoresis
started. Thereafter, reactions were analyzed by electrophoresis and fluorescence, as previously described.
2.5. Experiment 3: Determination of DNase
concentration in seminal plasma
Various concentrations of seminal plasma were
incubated with pKeratin-GFP in order to obtain a
concentration curve for determination of the amount of
endogenous DNase in seminal plasma. Seminal plasma
was diluted 1:1, 1:5, 1:10 and 1:20 (v/v) with distilled
water. For each reaction, 1 mL pKeratin-GFP (350 ng/mL)
and 1 mL of each dilution was used. Three other reactions
were composed of 1, 5, and 10 mL of undiluted seminal
plasma, and mixed with 1 mL pKeratin-GFP (350 ng/mL).
Reactions were incubated for 15 min at 32 8C.
A concentration curve for commercial DNase I
(Epicentre, Madison, WI, USA) was made using 1 mL
of pKeratin-GFP plasmid (350 ng/mL) and 1 mL of
commercial DNase (1, 0.1, 0.05, 0.03, 0.025, 0.02,
0.01 U/mL). According to the manufacturer, 1 unit (U)
of DNase I completely digests 1 mg of DNA to
oligonucleotides in 10 min at 37 8C. Thus, reactions
were incubated for 15 min at 37 8C.
Thereafter, reactions were analyzed by electrophoresis and fluorescence, as previously described. The
results obtained for commercial DNase activity were
used to perform a linear regression analysis between the
amount of DNase used and remaining exogenous DNA,
in order to calculate the concentration of endogenous
DNase in the seminal plasma of Brazilian flounder.
2.6. Experiment 4: Evaluation of EDTA on DNase
activity
To evaluate the inhibiting role of EDTA on DNase
activity, various concentrations of EDTA (Sigma, St.
Louis, MO, USA) were tested. An aliquot of 3 mL of
seminal plasma (pooled from three fish), 1 mL
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pKeratin-GFP (350 ng/mL), and 3 mL EDTA (5, 25,
50, 75, 100, 250, and 500 mM EDTA) were mixed and
incubated at room temperature (20 8C) for 50 min. The
final EDTA concentration in each reaction was 2, 10,
20, 30, 40, 105, and 215 mM, respectively. Thereafter,
reactions were analyzed by electrophoresis and
fluorescence, as previously described.
2.7. Experiment 5: Evaluation of optimum
concentration of exogenous DNA to use in SMGT
The sperm concentration in semen (50 mL) fixed in
4% formalin and diluted in distilled water (1:2000) was
determined using an improved Neubauer Bright line
counting chamber (Laboroptik, Friedrichsdorf, Germany) under a microscope at 400 magnification
(Olympus CX-41, Miami, FL, USA). Original semen
samples (n = 3) were diluted with 50 mM EDTA for a
final concentration of 106 cells/mL, and used to verify
toxicity of exogenous DNA. An aliquot (5 mL) of
pKeratin-GFP (50, 100, and 500 ng/mL) was incubated
with 5 mL semen (106 spermatozoa/mL) for 50 min at
room temperature (20 8C). Samples containing only
5 mL semen were also maintained at 20 8C for 50 min
and used as controls. After 50 min, 2 mL of each
reaction was diluted with 8 mL seawater (35%) in order
to activate spermatozoa. Motility was assessed (phase
contrast microscope at 400 magnification) and rated
using an arbitrary scale, in which 0 represents 0%,
1 ﬃ 1–25%, 2 ﬃ 26–50%, 3 ﬃ 51–75%, 4 ﬃ 76–90%,
and 5 ﬃ 91–100% motile spermatozoa [27].
2.8. Experiment 6: development of SMGT protocol
Semen was collected and spermatozoa were activated with seawater (1 mL sperm and 49 mL seawater)
and their motility was immediately evaluated as
previously described. Samples whose motility was
below 50% were discarded. Three washing solutions
were tested to reduce activity of semen DNase (Table 1).
An aliquot of 100 mL of semen was mixed with 100 mL
of each washing solution and centrifuged at 1100  g
for 3 min at 15 8C. Supernatants were carefully
discarded without perturbing the pellets. Semen was
mixed again with the same volume of each washing
solution and centrifuged at 1100  g for another 3 min
at 15 8C. This procedure was repeated three times.
Two concentrations of pKeratin-GFP (10 and 50 ng/
106 sperm cells) were used to evaluate the uptake of
exogenous DNA by washed spermatozoa. Spermatozoa
motility was evaluated after 50 min incubation at room
temperature (20 8C) as described previously. Semen
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Table 1
Composition of three washing solutions for washing fish spermatozoa
Composition (mM)

Solution I a

Solution II b

Solution III c

Sucrose
CaCl2
MgSO4
Glicina
Trizma
NaCl
KCl
MgCl2
Glucose
NaHCO3
Citric acid (H2O)
Na citrate (2H2O)
EDTA

150
1.7
7
86
30
–
–
–
–
–
–
–
25

–
2.7
–
–
–
70
1.5
6.1
0.4
25
–
–
25

–
–
–
–
53.65
–
–
–
62.5
–
16.9
34
12.72

a
b
c

Modified from Tvedt et al. [39].
Modified from Dreanno et al. [40].
Modified from Lavitrano et al. [24].

between the concentration of commercial DNase (U/mL)
and the remnant exogenous DNA, in order to calculate the
concentration of endogenous DNase in the seminal
plasma of Brazilian flounder. Data are presented as
means  SEM. All analyses were conducted using
software Statistica version 6.0 (Statsoft, Tulsa, OK,
USA).
3. Results
3.1. Experiment 1: Detection of DNase activity in
seminal plasma
The pKeratin-GFP transgene was completely
digested when incubated with the seminal plasma

samples (10 mL) without exogenous DNA were used as
controls.
In order to separate sperm cells from non-incorporated exogenous DNA, reactions were incubated with
0.1 mg DNase I for 30 min, followed by washing twice
with the same solutions as described before.
To confirm the presence of GFP gene in spermatozoa, genomic DNA was extracted using the phenol/
chloroform method [28]. The DNA extracted from each
treatment was used as template for PCR reactions. A
336 bp fragment of the GFP gene was amplified using
the specific primers eGFP-For (50 –AGCTGACCCTGAAGTTCATCTG–30 ) and eGFP-Rev (50 –TGATATAGACGTTGTGGCTGTTG–30 ). The PCR was carried
out in a 12.5 mL reaction volume containing 1.25 mL of
10  PCR buffer, 0.2 mm of each primer, 0.2 mm of
each dNTP, 0.75 mm of MgCl2, 0.5 unit of platinum Taq
DNA polymerase (Invitrogen), and 1 mL of DNA. The
reactions were incubated at 94 8C for 1 min, followed
by 28 cycles of 30 s at 94 8C, 1 min at 55 8C, 1 min at
72 8C, and a final elongation step of 5 min at 72 8C.
PCR products were separated on 1% agarose gel stained
with ethidium bromide (0.5 mg/mL) and visualized by
ultraviolet transillumination.
2.9. Statistical analyses
One-way ANOVA was used to evaluate the effects of
DNA concentration on sperm motility, as well as the
effects of various treatments used to develop the SMGT
protocol. Differences were considered significant at
P < 0.05. Tukey HSD multiple range test comparisons
was used when significant differences existed among
treatments. Linear regression analysis was carried out

Fig. 1. Detection of DNase activity in flounder Paralichthys
orbignyanus seminal plasma. (a) DNase activity analyzed by electrophoresis on 1% agarose gel. M, 1 KB plus DNA molecular marker;
lanes 1, 2 and 3, seminal plasma from macerated testes (TM1), testes
semen (T1) and ejaculated semen (S1), respectively (individual 1);
lanes 4, 5 and 6, seminal plasma from macerated testes (TM2), testes
semen (T2), and ejaculated semen (S2), respectively (individual 2);
lanes 7 and 8, seminal plasma from macerated testes (TM3), and
ejaculated semen (S3), respectively (individual 3). C+, pKeratin-GFP
(350 ng/mL). (b) Concentration of remnant pKeratin-GFP (ng/mL)
determined by fluorescence analysis using seminal plasma samples of
various origins.
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of P. orbignyanus for 50 min at 20 8C (Fig. 1a and b),
suggesting the presence of DNase activity, independent of the origin of seminal plasma. However, there
seemed to be a trend for reduced DNase activity of
seminal plasma from ejaculated semen compared
with seminal plasma obtained directly from the testes
(Fig. 1b).
3.2. Experiment 2: Determination of optimum
incubation time and temperature of DNase activity
In the experiment for determination of optimum
incubation time, 350 ng of DNA were utilized and
degradation was observed for all times tested (Fig. 2a).
Based on quantification through fluorescence analysis,
DNase activity was apparent immediately after seminal
plasma was added (0 min), where only 98 ng of
remaining DNA were detected, demonstrating that this
enzyme acts very fast (Fig. 2b). From 15 to 60 min,

Fig. 3. Effect of temperature on DNase activity of seminal plasma of
Brazilian flounder Paralichthys orbignyanus incubated for 30 min. (a)
DNase activity analyzed by electrophoresis on 1% agarose gel. M, 1 KB
plus DNA molecular marker; seminal plasma was incubated with
pKeratin-GFP at varying temperatures; C+, pKeratin-GFP (350 ng/
mL). (b) Concentration of remnant pKeratin-GFP (ng/mL) determined
by fluorescence analysis after various incubation temperatures.

DNA degradation did not substantially increase (78–
67 ng of remaining DNA detected, respectively).
However, at 90 and 120 min of incubation, only
approximately 50 ng DNA remained.
Degradation of DNA occurred during incubations
from 8 to 56 8C (Fig. 3a), but the optimal temperature
for DNase activity was 32 8C (Fig. 3b). Conversely, at
64 8C, DNase was not active (all exogenous DNA
remained intact; Fig. 3a).
3.3. Experiment 3: Determination of DNase
concentration in seminal plasma
Fig. 2. Effect of time on DNase activity of seminal plasma of
Brazilian flounder Paralichthys orbignyanus incubated at 20 8C. (a)
DNase activity analyzed by electrophoresis on 1% agarose gel. M,
1 KB plus DNA molecular marker; seminal plasma was incubated
with pKeratin-GFP for varying durations; P, only seminal plasma; C+,
pKeratin-GFP (350 ng/mL). (b) Concentration of remnant pKeratinGFP (ng/mL) determined by fluorescence analysis after various
incubation times.

The remaining amount of residual exogenous DNA
decreased as the amount of seminal plasma was
increased. The original concentration of DNA
(350 ng/mL) was affected in a dose-dependent manner
in all seminal plasma dilutions tested. However, the
concentration of exogenous DNA was reduced approximately 50% when 1 mL of undiluted seminal plasma
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Fig. 4. Determination of concentration curve for DNase present in
Brazilian flounder Paralichthys orbignyanus seminal plasma. (a)
DNase activity analyzed by electrophoresis on 1% agarose gel. M,
1 KB plus DNA molecular marker; samples 10, 5 and 1 are composed
by 10, 5 and 1 mL of undiluted seminal plasma plus 1 mL of pKeratinGFP (350 ng/mL), respectively; samples 1:1, 1:5, 1:10, and 1:20 were
composed by 1 mL of seminal plasma proportionally diluted with
distilled water plus 1 mL of pKeratin-GFP (350 ng/mL), respectively;
C+, pKeratin-GFP (350 ng/mL). (b) Concentration of remnant pKeratin-GFP (ng/mL) determined by fluorescence analysis following
various dilutions of seminal plasma.

was incubated with DNA, whereas higher amounts of
seminal plasma (5 and 10 mL) lead to complete DNA
degradation (Fig. 4a and b).
Regarding activity of commercial DNase I, 1 U/mL
digested all exogenous DNA. However, exogenous
DNA degradation decreased linearly from 0.1 to
0.01 U/mL DNase I, according to quantification of
remnant DNA after electrophoresis and fluorescence
analysis (Fig. 5a and b). The regression line which
described this relationship was y = 0.0005x + 0.1619
(P < 0.0001; adjusted R2 = 0.95), where y is the
number of DNase units and x is the concentration of
non-degraded exogenous DNA. Substituting values of
remnant DNA incubated with decreasing concentrations of seminal plasma, the DNase concentration in
Brazilian flounder seminal plasma was equal to
0.08  0.02 U/mL.

Fig. 5. Determination of concentration curve for commercial DNase I.
(a) DNase activity analyzed by electrophoresis on 1% agarose gel. M,
1 KB plus DNA molecular marker; various quantities of commercial
DNase (U/mL) were used in each reaction. C+, pKeratin-GFP (350 ng/
mL). (b) Concentration of remnant pKeratin-GFP (ng/mL) determined
by fluorescence analysis using various quantities of commercial
DNase.

3.4. Experiment 4: Evaluation of EDTA on DNase
activity
As EDTA concentrations increased, DNase activity
decreased. Degradation of exogenous DNA was reduced
in EDTA concentrations of 20 and 30 mM; further
increases in EDTA concentration (40, 105, and
215 mM) resulted in complete inhibition of DNase
activity (Fig. 6a and b).
3.5. Experiment 5: Evaluation of optimal
concentration of exogenous DNA to use in SMGT
The optimal exogenous DNA concentration to be used
in SMGT was 50 ng/106 spermatozoa, since sperm
motility at this concentration (2.5  0.28) was similar to
the control (2.6  0.08; P > 0.05). Conversely, higher
concentrations of exogenous DNA (100 ng/106 spermatozoa) significantly reduced motility of spermatozoa to
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Fig. 7. Detection of pKeratin-GFP in spermatozoa of Brazilian
flounder Paralichthys orbignyanus through PCR. M, 1 KB plus
DNA molecular marker; lanes 1 and 2, sperm washed with solution
I and incubated with 10 and 50 ng/106 cells of exogenous DNA,
respectively; lanes 3 and 4, sperm washed with solution II and
incubated with 10 and 50 ng/106 cells of exogenous DNA, respectively; lanes 5 and 6, sperm washed with solution III and incubated
with 10 and 50 ng/106 cells of exogenous DNA, respectively; lane 7,
fresh sperm (negative control); lane 8, pKeratin-GFP as a template
(positive control); lane 9, no template added.

Fig. 6. Effect of EDTA concentration on DNase activity of seminal
plasma from Brazilian flounder Paralichthys orbignyanus. (a) DNase
activity analyzed by electrophoresis on 1% agarose gel. M, 1 KB plus
DNA molecular marker; various concentrations of EDTA (mM) were
used in each reaction; C, seminal plasma + pKeratin-GFP without
EDTA; C+, pKeratin-GFP (350 ng/mL). (b) Concentration of remnant
pKeratin-GFP (ng/mL) determined by fluorescence analysis after the
seminal plasma had been treated with various concentrations of
EDTA.

1.0  0.05 (P < 0.05). The highest concentration tested
(500 ng/106 sperm cells) was lethal for spermatozoa,
since motile cells were not observed.
3.6. Experiment 6: Development of SMGT protocol
When spermatozoa were incubated with 10 ng/106
cells, there was no difference (P > 0.05) in sperm
motility, independent of the washing solution used to
eliminate the DNase activity. In the control sample,
spermatozoa motility was 2.3  0.3. For Solutions I,
II and III sperm motility was 2.5  0.28, 2.3  0.33,
and 1.8  0.16, respectively. However, when spermatozoa were incubated with 50 ng/106 cells, there was
better motility (P < 0.05) in the treatments with
solutions I (2.5  0.28) and II (1.5  0.28), whereas
motility was poorest with solution III (1.06  0.06;
P < 0.05).

Uptake of exogenous DNA by Brazilian flounder
spermatozoa was confirmed through PCR analyses,
since the GFP gene was amplified in all treatments. All
washing solutions, as well as the various concentrations
of exogenous DNA (10 and 50 ng/106 cells) used to
develop the SMGT protocol allowed pKeratin-GFP to
be internalized by spermatozoa (Fig. 7).
4. Discussion
In the present study, it was evident that the seminal
plasma of Brazilian flounder contained strong DNase
activity. To our knowledge, this is the first description of
DNase activity in fish semen. However, DNase activity
has been associated with the presence of seminal plasma
in mammals [23,29,30] and chicken [31]. The
epididymis is a source of mature spermatozoa free of
seminal plasma in the mouse [23], accounting for the
success of SMGT in rodents when this source of sperm
was used. Conversely, in the present study, DNase
activity in seminal plasma was present in all sources of
semen tested: ejaculated semen, semen from the lumen
of the testes, and semen from macerated testes. The
presence of DNase in seminal plasma is likely the cause
of failure of other attempts to produce transgenic fish
using SMGT. According to Carballada and Esponda
[23], this enzyme is the main source of inhibition of
DNA uptake by mammalian spermatozoa.
It was noteworthy that DNase activity was completely inhibited by 40 mM EDTA. Similarly, 50 mM
EDTA diminished DNase activity in chicken and mouse
semen [23,31]. This organic chelator eliminates free
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divalent cations (Ca2+ and Mg2+) in the medium.
Therefore, we inferred that the DNAse activity found in
Brazilian flounder seminal plasma was DNase I, since
this class of enzyme depends on divalent cations to exert
its activity. Previously, Yamamoto [32] reported the
activity of DNase II in salmon O. tshawytscha seminal
plasma from testes and Nechaevsky and Ivanov [33]
found the same enzyme in loach Misgurnus fossilis
spermatozoa. However, DNase II is only active at acid
pH and in the absence of bivalent cations. Therefore,
this enzyme does not appear to play an important role in
the interaction between sperm and exogenous DNA.
The amount of DNA that should be employed in
SMGT is another limiting factor in transgenic animal
production. Although high concentrations of exogenous DNA increased the possibility of DNA uptake by
spermatozoa, it also decreased sperm cell motility,
viability and fertilizing capacity [7,34,35]. Maione
et al. [36] also observed that high DNA concentrations
(100–500 ng/106 cells) induced strong nuclease activity in sperm cells, yielding not only cleavage of the
foreign DNA, but also degradation of sperm chromosomal DNA. Thus, a process resembling apoptosis is
triggered in spermatozoa when increased concentrations of exogenous DNA are used for SMGT. In the
present study, similar processes were detected in P.
orbignyanus semen. Reduction of sperm motility was
observed when pKeratin-GFP (100 ng/106 cells) was
used. Furthermore, motile spermatozoa were not
observed at higher DNA concentrations, indicating
that spermatozoa could be undergoing apoptosis as
described by Maione et al. [36] for spermatozoa in
mice. Only the lowest DNA concentration evaluated
did not affect spermatozoa motility. According to
Rurangwa et al. [37], motility is directly related to
sperm fertilizing capacity and is one of the primary
measures of semen quality in fish. Therefore, the
amount of DNA used for SMGT in fish should not
exceed 50 ng/106 cells.
Three points must be considered for the development
of a SMGT protocol for fish: (i) seminal plasma DNase
activity must be eliminated; (ii) a suitable washing
solution must be used to maintain sperm quality; and
(iii) DNA concentration should be low enough to
maintain sperm motility, but simultaneously high
enough to allow DNA uptake by spermatozoa. The
outcome of the present study provided suitable
information for the development of a SMGT protocol
for Brazilian flounder. First, DNase activity was
decreased by addition of EDTA in all washing solutions.
Moreover, this was augmented by washing semen
before incubation with exogenous DNA. Second, all

tested solutions were efficient in preserving spermatozoa motility, particularly when sperm cells were
incubated with 10 ng DNA/106 cells. However, when
spermatozoa were incubated with 50 ng/106 cells,
motility was higher for solutions I and II, probably
due to the presence of CaCl2 in these washing solutions.
Alavi and Cosson [38] suggested that motility of
spermatozoa of some marine fish is regulated by
osmotic pressure as well as by the presence of the ion
Ca2+, which sustains sperm motility at high osmotic
pressure. Third, the DNA concentrations (10–50 ng/106
cells) used for development of the SMGT protocol were
adequate because they allowed spontaneous DNA
uptake by spermatozoa.
In summary, we inferred that DNA uptake by fish
spermatozoa was strongly regulated by the presence of
DNase in seminal plasma. However, fish spermatozoa
took up and incorporated exogenous DNA after DNase
activity was reduced. Moreover, the proposed protocol
provides opportunities for pursuing the production of
transgenic fish through SMGT.
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