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The use of vesicles co-incubated with plasmids showed to
improve the efficiency of cytoplasmic injection of transgenes in
cattle. Here, this technique was tested as a simplified alterna-
tive for transgenes delivery in porcine zygotes. To this aim,
cytoplasmic injection of the plasmid alone was compared to
the injection with plasmids co-incubated with vesicles both in
diploid parthenogenic and IVF zygotes. The plasmid pcx-egfp
was injected circular (CP) at 3, 30 and 300 ng/ll and linear
(LP) at 30 ng/ll. The experimental groups using partheno-
genetic zygotes were as follows: CP naked at 3 ng/ll
(N = 105), 30 ng/ll (N = 95) and 300 ng/ll (N = 65);
Sham (N = 105); control not injected (N = 223); LP naked
at 30 ng/ll (N = 78); LP vesicles (N = 115) and Sham vesicles
(N = 59). For IVF zygotes: LP naked (N = 44) LP vesicles
(N = 94), Sham (N = 59) and control (N = 79). Cleavage,
blastocyst and GFP+ rates were analysed by Fisher’s test
(p < 0.05). The parthenogenic CP naked group showed lower
cleavage respect to control (p < 0.05). The highest concentra-
tion of plasmids to allow development to blastocyst stage was
30 ng/ll. There were no differences in DNA fragmentation
between groups. The parthenogenic LP naked group resulted
in high GFP rates (46%) and also allowed the production of
GFP blastocysts (33%). The cytoplasmic injection with LP
vesicles into parthenogenic zygotes allowed 100% GFP
blastocysts. Injected IVF showed higher cleavage rates than
control (p < 0.05). In IVF zygotes, only the use of vesicles
produced GFP blastocysts. The use of vesicles co-incubated
with plasmids improves the transgene expression efficiency for
cytoplasmic injection in porcine zygotes and constitutes a
simple technique for easy delivery of plasmids.

Introduction

The pig represents an important large animal model for
biomedical and pharmaceutical research (Kues and
Niemann 2011). Genetically modified pigs are mostly
designed for biomedical studies. They constitute an
alternative model to rodents for specific human diseases
given that physiology, anatomy, pathology, genome
organization, body weight and life span of pigs are more
similar to those of humans (Whyte and Prather 2011;
Nowak-Imialek and Niemann 2012). The development
of advanced methods for genetic engineering provided
the basis for the increasing numbers of biomedical pig
models published in recent years (G€un and Kues 2014).
Since the advent of active transgenesis, transgene
delivery methods were simplified. One of the first

introduced active transgenesis techniques was based on
lentiviral transgene vectors. However, lentiviruses show
low cargo capacity, and biosafety restrictions may apply
(Hofmann et al. 2003). In recent years, alternative
techniques were introduced. Among them, transposon-
mediated transgenesis showed great efficiency for ran-
dom integration of transgenes (Carlson et al. 2011;
Jakobsen et al. 2011; Garrels et al. 2012; Marh et al.
2012). The ability of DNA transposons to move from
one genomic location to another by a cut-and-paste
mechanism was soon adapted as a molecular biology
tool, being isolated hyperactive transposase versions and
segregated the two activities of several transposons
(Suganuma et al. 2005). Transposons lack the ability of
viruses to traverse the plasma membrane of the cell and
must be delivered directly into the zygote’s cytoplasm or
nucleus. Transgenic piglets and foetuses were obtained
with Sleeping Beauty 1009 and piggyBac transposition
with high efficiency (Garrels et al. 2011; Li et al. 2014a,b
(a)). More recently, CRISPR/Cas9 technique was intro-
duced. CRISPR/Cas is a simple and effective tool for
genome edition based on the defence mechanism against
viruses used by bacteria and archaea (Sorek et al. 2008;
Hsu et al. 2014; Westra et al. 2014). The main advan-
tage of CRISPRs is that a single guide RNA, easily
designed by base complementarity, can direct a nuclease,
CRISPR-associated nuclease (Cas), to the target
sequence in the genome. Genome-edited pigs and goats
were efficiently produced by SCNT, using CRISPR/
Cas9-edited cells as donors (Li et al. 2014a,b (b); Ni
et al. 2014; Whitworth et al. 2014; Zhou et al. 2015).
More recently, cytoplasmic injection of one-cell embryos
resulted in genome-edited mice, rat, sheep, monkeys,
pigs, goats and rabbits (Mashiko et al. 2014; Shao et al.
2014; Chen et al. 2015; Crispo et al. 2015; Honda et al.
2015; Wang et al. 2015). However, most of these animals
showed mosaic integration of transgenes (Sato et al.
2015). The development of a simple and effective method
that allows the introduction of exogenous DNA
(eDNA) into the zygote would be a good complement
to the recently introduced active transgenesis techniques.
The simplest and traditional method to introduce
exogenous DNA into one-cell embryos is pronuclear
microinjection. Yet, pronuclear microinjection of eDNA
into the male pronucleus of one-cell embryos (PNI,
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Gordon et al. 1980) shows low success in domestic
species with a high ratio of lysed zygotes, due to the
particular vulnerability of the pronuclei (Hirabayashi
et al. 2001; Wall 2002; Niemann and Kues 2007). In
addition, it requires high technical skills and proper
visualization of the male pronuclei, which is difficult in
pigs. To visualize pronuclei, the zygotes could be
centrifuged, which may contribute to a reduced devel-
opmental capacity (Hammer et al. 1985). Also, to avoid
zygotes lysis as a result of pronuclei injection, only very
thin capillaries can be employed. For these new tech-
nologies, which might require the injection of high
transgenes concentrations, this is a great disadvantage,
as transgenes and mRNAs at high concentrations stack
in the capillary and are not efficiently injected. There-
fore, the ability to efficiently perform injections without
puncturing the pronuclei will benefit active transgenesis
and will be advantageous for the production of trans-
genic animals. It has been shown that cytoplasmic
injection of covalently closed circular (ccc) plasmids in
murine and bovine zygotes is an efficient and simple
alternative for ectopic expression of foreign DNA in
embryos (Iqbal et al. 2009). This technique has been also
demonstrated to be useful for delivering exogenous
DNA to the nucleus in bovine and ovine embryos
(Pereyra-Bonnet et al. 2011; Bevacqua et al. 2012; Li
et al. 2014a,b (b)). A new, economic and simple tech-
nique, the use of vesicles co-incubated with plasmids,
has demonstrated to increase transgene expression using
cytoplasmic injection when compared with naked plas-
mids in bovine and ovine embryos (Pereyra-Bonnet
et al. 2011; Bevacqua et al. 2012). This method involves
the production of small ooplasm surrounded by
oolemma fragments (vesicles) and their short co-
incubation with eDNA prior to injection into the
cytoplasm of presumptive zygotes. Confocal microscopy
images of oocytes injected with vesicles revealed that
vesicles encapsulated labelled eDNA (Pereyra-Bonnet
et al. 2011). It was hypothesized by these authors that
vesicles retain the eDNA until it enters the nucleus
which possibly occurs during pronuclear formation or
successive mitoses, as proposed for ICSI-tg (Perry et al.
1999). For this reason, high plasmid concentrations are
not detrimental. A big advantage of this technique is
that there is no need to introduce a foreign delivery
agent; on the other hand, oolemma–ooplasm derived
from other presumptive zygotes acts as the delivery
agent. The use of vesicles in the cytoplasmic injection
could be complementary to active methods of transge-
nesis. Until today, the use of vesicles has not been tested
in porcine zygotes. The objective of this work was to test
whether the use of vesicles in the cytoplasmic injection of
the plasmid pcx-egfp in porcine embryos improves the
expression rate of the green fluorescent protein (GFP).

Materials and Methods

Unless specified, all chemicals were purchased from
Sigma Chemicals Company (St. Louis, MO, USA). In

all culture or maturation procedures, cell culture dishes
(35 9 10 mm, Nunc, Roskilde, Denmark) were used.

DNA construction

The plasmid used was pcx-egfp, kindly provided by Dr.
Masaru Okabe (Osaka University, Osaka, Japan). This
plasmid contains the enhanced green fluorescent protein
gene (egfp) under the chimeric cytomegalovirus–
IEchicken b-actin enhancer–promoter control (Ikawa
et al. 1995). The plasmid was used circular covalently
closed in the first experiment and linearized with
HindIII, in the subsequent experiments.

Oocyte collection and in vitro maturation

The oocytes used in this study were obtained from
slaughtered gilt ovaries collected and transported to the
laboratory at 25–35°C. The cumulus–oocyte complexes
(COCs) were aspirated from 3- to 6-mm follicles with an
18-gauge needle attached to a 10 cm3 syringe. Only
COCs with multiple layers of intact cumulus cells and
uniform cytoplasm were selected for in vitro maturation
(IVM) and washed in Talp–HEPES containing 0.1%
(w/v) polyvinyl alcohol (PVA). COCs were placed in
groups of 20–30 into maturation medium 100 ll drops
(M 199; Gibco BRL Grand Island, NY, USA) supple-
mented with 0.3 mM sodium pyruvate, 20 mM cys-
teamine and 1% antibiotic–antimycotic (Gibco, Grand
Island, NY, USA). COCs were matured for 42–46 h at
39°C, in 5% CO2 and 100% humidity.

Diploid parthenogenic embryos

After IVM, the cumulus oophorus cells were removed
from COCs by vortex in Talp-HEPES medium con-
taining 0.1% hyaluronidase and 0.01% PVA for 3 min.
Only MII oocytes with uniform cytoplasm were used.
MII oocytes were placed in activation medium (0.3 M

mannitol, 1.0 mM CaCl2, 0.1 mM MgCl2 and 0.5 mM

HEPES, pH 7.0–7.4) at 37°C and then transferred to a
fusion chamber (BTX Electro-cell Manipulator 200
(BTX, San Diego, CA, USA) covered with 2 ml
activation medium. Oocytes were activated by 2 DC
pulses of 60 V for 80 ls, with an interval of 0.5 s.
Immediately, they were incubated in synthetic oviduc-
tal fluid medium (SOF, Tervit) 100 ll drops containing
1% 6-DMAP, covered with mineral oil for 150 min.
Then, oocytes were washed four times in TL–HEPES
containing 0.1% (w/v) polyvinyl alcohol (PVA).
Presumptive zygotes were cultured in SOF 50 ll drops
at 39°C, 5% CO2, 5% O2 and 100% humidity.
Cleavage was evaluated on day 2 and blastocysts on
days 7 and 8.

IVF embryos

After IVM, the cumulus oophorus cells were removed
from COCs by vortex in TALP-HEPES medium
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containing 0.1% hyaluronidase and 0.01% PVA for
3 min. Only MII oocytes with uniform cytoplasm were
used. Fresh fertile boar semen was centrifuged 3 times
(490 9 g, 5 min) in modified Brackett–Oliphant med-
ium (BO, Brackett and Oliphant 1975) supplemented
with 2.5 mM glucose, 10 mM Na lactate, 5 mM caffeine
and 20 IU/ml heparin. After washing three times,
cumulus-free oocytes were incubated with washed
and diluted sperm in 100 ll drops for 30 min at
39°C, 5% CO2 and 100% humidity. Sperm was used
for fertilization at 1 9 106 cel/ml concentration, in
porcine–BO supplemented with 10 mg/ml FAF-BSA.
Finally, presumptive zygotes were washed in TALP-
HEPES medium and cultured in SOF 50 ll drops at
39°C, 5% CO2, 5% O2 and 100% humidity. Cleavage
was evaluated on day 2 and blastocysts on days 7
and 8.

Vesicle production and plasmid co-incubation

Five presumptive zygotes per repetition were used as
vesicle donors. These were treated equally as their
counterparts. After hyaluronidase treatment, they were
transferred to TALP-HEPES 20 ll droplets. Each
zygote was held under negative pressure with a holding
pipette while a 9-lm pipette was passed through its
zona pellucida until contact was made with the
ooplasm. A small fraction of the ooplasm (<10 lm)
was then aspirated by negative pressure, avoiding
plasma membrane breakage. Vesicles that
formed inside the pipette were transferred into a 3 ll
10% PVP droplet containing 30 ng/ll of HindIII-
linearized-pcx-egfp and held there for 5 min. Finally,
vesicles were aspirated into the 9-lm pipette and
directly injected into the parthenogenic or IVF pre-
sumptive zygotes. One vesicle was injected in each
zygote.

Cytoplasmic injection of naked or vesicle-co-incubated
plasmid

Diploid parthenogenic or IVF presumptive zygotes
were placed for micromanipulation in TL-HEPES
20 ll drops covered with mineral oil. The cytoplasmic
injection was performed with Narishige hydraulic
micromanipulators coupled to micro-injectors (Medical
Systems, Great Neck, NY, USA) mounted on a Nikon
Eclipse E-300 microscope (Nikon, Melville, NY, USA).
Naked plasmid or plasmid previously co-incubated with
vesicles was selected from a 3-ll droplet containing
10% v/v polyvinylpyrrolidone (PVP, 99219; Fisher
Scientific, Pittsburgh, PA, USA). Parthenogenetic or
IVF zygotes were held under negative pressure with the
holding pipette, with the polar body at the 6 or
12 o’clock position. The 9-lm microinjection pipette
was pushed through the zona pellucida and into the
ooplasm at the 3 o’clock position. Following breakage
of the oolemma by aspiration, the naked plasmid or the
plasmid co-incubated with vesicles and the aspirated

ooplasm was expelled into the oocyte with a volume of
less than 10 pl as measured with the microinjectors.
This determination was performed injecting a volume
fixed by the microinjector ruler, into a medium droplet
of known volume (10 ll) and repeated several times to
confirm the injection volume. Presumptive zygotes were
cultured as described below. eGFP expression was
evaluated under blue light using an excitation filter at
488 nm and an emission filter at 530 nm at days 4 and
7, respectively.

Experimental design

Experiments were first performed using parthenogenic
porcine embryos to determine the best conditions for
cytoplasmic injection of the plasmid (Fig. 1). In
experiment 1, three different concentrations of the
plasmid were assayed and the concentration of 30 ng/
ll was selected for further experiments. This experi-
ment was repeated four times. Experimental groups
were as follows: CP (naked circular plasmid), injected
with 10% PVP + plasmid at 3 ng/ll (N = 105), 30 ng/
ll (N = 95) and 300 ng/ll (N = 65); Sham, injected
with 10% PVP alone (N = 105) and control, not
injected (N = 223). The results of this experiment are
shown in Table 1. In experiments 2 and 3, linear
conformation of the plasmid was tested and then this
conformation was chosen for the next experiments.
Then, naked plasmid was compared with plasmid co-
incubated with vesicles. The use of vesicles gave better
results than naked plasmid. These experiments were
repeated three times. Experimental groups were as
follows: LP vesicles (linear plasmid co-incubated with
vesicles), injected with 10% PVP + linear plasmid at
30 ng/ll previously co-incubated with vesicles
(N = 115); LP naked (linear plasmid naked), injected
with 10% PVP + plasmid at 30 ng/ll (N = 78); Sham
vesicles, injected with PVP + vesicles (N = 59) and
control, not injected (N = 198). The results of these
experiments are presented in Table 2. Then, experi-
mental conditions selected in parthenogenic embryos
were assayed in IVF porcine embryos: linear plasmid
at 30 ng/ll co-incubated with vesicles. This experiment
was repeated three times. Experimental groups were as
follows: LP vesicles injected with 10% PVP + linear
plasmid at 30 ng/ll previously co-incubated with
vesicles (N = 94); LP naked, injected with 10%
PVP + plasmid at 30 ng/ll (N = 44); Sham, injected
with 10% PVP alone (N = 59) and control, not
injected (N = 79). The results of this experiment are
shown in Table 3.

Evaluation of DNA fragmentation: TUNEL assay (Tdt-
mediated dUTP nick-end labelling)

Blastocysts at day 8 were fixed in 4% paraformalde-
hyde and treated with 0.5% Triton X-100/0.1% sodium
citrate. Controls were incubated with 0.1 U/ll DNase.
TUNEL reaction was made according to the kit

Transgene-Expressing Porcine Embryos Using Vesicles 503

© 2016 Blackwell Verlag GmbH



manufacturers protocol (In Situ Cell Death Detection
Kit 1684795 Roche�, Mannheim, Germany). About
10 lG/ml propidium iodide (PI) was used as a contrast
stain, and samples were mounted on slides for their
observation with an epifluorescence microscope
(DM4000B and capture software LASZ; Leica Micro-
systems, Wetzlar, Germany.) at 488 (excitation) and
518 (emission). TUNEL positive cells were counted.

Statistical analysis

Experiments were repeated at least three times, and data
expressed as proportions (percentages). Row data were
analysed with chi-square test. Fisher0s exact test was
applied to specifical differences. GraphPad Prism

software was used, version 5.0 (GraphPAD software,
San Diego, CA, USA).

Results

Cytoplasmic injection of naked circular plasmid into
porcine parthenogenetic zygotes

Diploid parthenogenic zygotes were injected with circu-
lar covalently closed pcx-egfp plasmid into the cyto-
plasm with an ICSI needle. Three different plasmid
concentrations were assayed as follows: 3, 30 and
300 ng/ll. The three concentrations induced eGFP
expression, although 300 ng/ll (26%) showed higher
rates than 30 ng/ll (18%) and 3 ng/ll (11%, Table 1).

Fig. 1. Experimental design. (a)
Experiments performed using
parthenogenic porcine embryos to
determine the best conditions for
cytoplasmic injection of the
plasmid. Experiment 1: the
concentration of the plasmid
30 ng/ll was chosen for further
experiments. Experiment 2: linear
conformation of the plasmid was
selected for next experiments.
Experiment 3: the plasmid co-
incubated with vesicles was chosen
for the future experiment. (b) The
experimental conditions selected in
section (a) were assayed in IVF
porcine embryos. CP, circular
plasmid; LP, linear plasmid

Table 1. Embryo development and egfp expression of porcine diploid
parthenogenic zygotes after cytoplasmic injection with 3, 30 and
300 ng/ll of circular pcx-egfp plasmid

Experimental

group N

Cleaved/

Total (%)

Blastocysts/

Cleaved (%)

eGFP+/
Total (%)

Blastocysts

eGFP+/Total
Blastocyst (%)

300 ng/ll 65 37 (57)* 0 17 (26)* 0

30 ng/ll 95 38 (40)* 3 (8) 17 (18) 0

3 ng/ll 105 64 (61)* 9 (14) 11 (11) 0

Sham 105 68 (65)* 5 (7)* – –
Control 223 170 (76) 37 (22) – –

Asterisk indicates significant differences vs control (Fisher’s exact test:

*: p < 0.05).

Table 2. Embryo development and egfp expression of porcine diploid
parthenogenic zygotes after cytoplasmic injection with naked 30 ng/ll
linear pcx-egfp plasmid and vesicles co-incubated with plasmid

Experimental

group N

Cleaved/

Total (%)

Blastocysts/

Cleaved (%)

eGFP+/
Total (%)

Blastocysts

eGFP+/Total
Blastocyst (%)

30 ng/ll
vesicles

115 94 (82) 7 (7)* 87 (76)* 7 (100)

30 ng/ll
naked

78 49 (84) 3 (6)* 36 (46) 1 (33)

Sham vesicles 59 43 (73) 2 (5)* – –
Control 198 147 (74) 32 (22) – –

Asterisk indicates significant differences vs control (Fisher’s exact test:

*: p < 0.05).
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The injection had a deleterious effect on embryo
development, reflected on lower cleavage rates in the
experimental groups than in the control (Table 1). The
injection with vehicle alone (Sham) or with 300 ng/ll
plasmid affected the rate of blastocyst/cleaved embryos
when compared to control. The highest concentration of
plasmid that allowed development to blastocyst stage
was 30 ng/ll. However, blastocysts expressing the
transgene were not obtained.

Detection of DNA fragmentation in porcine
parthenogenetic zygotes cytoplasmically injected with
naked circular plasmids by TUNEL assay

To determine whether cytoplasmic injection induces
DNA fragmentation, TUNEL assay was performed in
blastocysts of each experimental group. It was not
possible to test TUNEL in the group injected with
300 ng/ll because in this group, there were no blastocyst
production. The proportion of TUNEL positive cells
was not different between treatments [control: 2 � 1
positive/38 � 8 total cells (N = 3); 3 ng/ll: 2 � 1 pos-
itive/40 � 9 total cells (N = 3); 30 ng/ll: 3 � 1 positive/
40 � 8 total cells (N = 2)]. Figure 2 shows a represen-
tative picture of TUNEL in a control blastocyst.

Cytoplasmic injection of linear naked and vesicles co-
incubated plasmids into porcine parthenogenetic zygotes

Diploid parthenogenic zygotes were injected into the
cytoplasm with naked pcx-egfp plasmid linearized with
HindIII or with vesicles previously co-incubated with
linearized plasmid. The concentration used was 30 ng/ll
because it was the higher concentration tested in this

study that allowed embryo development to blastocyst
stage. The injection did not affect cleavage rate
(Table 2). On the other hand, the blastocyst/cleavage
rate decreased in all groups compared to the control
(Table 2). Both groups injected with linear plasmid
expressed eGFP. The use of vesicles increased eGFP
expression when compared to naked plasmid (vesicles
76% vs naked 46%). Using naked linear plasmid, only
one blastocyst expressed transgene. The use of vesicles
co-incubated with plasmid increased the transgene-
expressing blastocysts rate to 100% (Table 2). Figure 3
shows a representative picture of an eGFP-expressing
blastocyst produced by cytoplasmic injection of vesicles.

Cytoplasmic injection of linear naked plasmid and vesicles
co-incubated with plasmid to IVF embryos

IVF zygotes were injected with naked linear pcx-egfp
plasmid or with vesicles previously co-incubated with
linear plasmid into the cytoplasm. The concentration
used was 30 ng/ll. The cytoplasmic injection increased
cleavage rates compared to the control (Table 3). There
were no significant differences in blastocysts/cleaved
embryos between groups. Both groups injected with
plasmid, naked or vesicles co-incubated showed trans-
gene expression. The group injected with vesicles
showed 53% of GFP+ blastocysts, whereas the group
injected with naked plasmid showed no GFP+ blasto-
cysts.

Discussion

In this work, vesicles previously co-incubated with
plasmids were used for the first time to improve the

Table 3. Embryo development and egfp expression of porcine IVF zygotes after cytoplasmic injection with naked 30 ng/ll linear pcx-egfp
plasmid and vesicles co-incubated with plasmid

Experimental group N Cleaved/Total (%) Blastocysts/Cleaved (%) eGFP+/Total (%) Blastocysts eGFP+/Total Blastocyst (%)

30 ng/ll vesicles 94 79/94 (84)* 15/79 (19) 48/94 (51) 8/15 (53)

30 ng/ll naked 44 40/44 (91)* 5/40 (13) 16/44 (36) 0 (0)

Sham 59 48/59 (81)* 10/48 (21) – –
Control 79 41/79 (52) 6/41 (15) – –

Asterisk indicates significant differences vs control (Fisher’s exact test: *: p < 0.05).

Fig. 2. Representative picture of
TUNEL assay in an 8 days
parthenogenic porcine control
blastocyst. (a) Under bright light.
(b) Under fluorescent light. Arrow
indicates a TUNEL positive cell
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efficiency of cytoplasmic injection of transgenes into
porcine parthenogenic and IVF zygotes. In a series of
experiments conducted in diploid parthenogenetic
embryos, it was shown that the cytoplasmic injection
of naked DNA at three different concentrations results
in the expression of the green fluorescent protein gene
(gfp). This confirmed that the exogenous DNA (eDNA)
is delivered from the cytoplasm to the nucleus, but does
not give information about the integration of the
transgene in the embryonic genome. Most likely,
expression might be transient, from episomal plasmids.
It remains unclear how the plasmid DNA translocates
into the nucleus after the cytoplasmic injection. How-
ever, after nuclear membrane disassembly in the first cell
cycle, some plasmid molecules might be taken up in the
newly forming nucleus. Although the foreign DNA
plasmids are mainly maintained as episomal entities
during pre-implantation development, they accurately
behave like nuclear DNA (Iqbal et al. 2009). The
injection of foreign DNA into the cytoplasm of zygotes
has demonstrated to be a simple and reliable technique
to induce its transcription and expression of genes of
interest. Cytoplasmic injection of plasmids allowed the
production of mice, cattle, sheep and buffalo expressing
embryos (Iqbal et al. 2009; Pereyra-Bonnet et al. 2011;
Bevacqua et al. 2012; Meng et al. 2015). Using cyto-
plasmic injection in combination with active transgen-
esis technologies, transgenic embryos and animals were
produced in different species, including mice (Page et al.
1995; Dunlap-Brown et al. 2012), rats (Shao et al.
2014), cynomolgus monkey (Niu et al. 2014), cattle
(Bevacqua et al. 2013) and pigs (Garrels et al. 2011;
Ivics et al. 2014; Li et al. 2014a,b). Our results also

showed that high plasmid concentrations (300 ng/ll)
significantly increased transgene expression, but com-
promised blastocyst production. This phenomenon
coincides with the observations made by Pereyra-
Bonnet et al. (2011) in bovine and ovine embryos and
Meng et al. (2015) in buffaloes and agrees with the
findings of Brinster et al. (1985) where high concentra-
tions of plasmid after the pronuclear or cytoplasmic
injection reduce embryonic development. It could be
due to a toxic effect of the H2O2 produced by GFP
(Tsien 1998) or to apoptotic mechanisms triggered by
the increased presence of eDNA (Moreira et al. 2007).
In this sense, the present study also showed a decrease in
the cleavage of zygotes injected with the plasmid or with
vehicle alone (Sham). This could indicate damage
exerted by the cytoplasmic injection technique, inde-
pendently of the plasmid introduced. As it was not
possible to observe morphological parameters that
clearly indicate injury, DNA damage was studied. This
was performed in blastocysts because this is the stage in
which cells with DNA fragmentation can be better
identified using the TUNEL technique. All experimental
groups were examined, except 300 ng/ml group, which
did not result in blastocysts. No differences in the
proportion of cells with DNA fragmentation were
observed between groups. The highest concentration
to result in development to blastocysts was 30 ng/ll. A
previous report (Bevacqua et al. 2012) demonstrated
that pcx-egfp plasmid linearization results in improved
transgene expression in bovine. Here, as in that work,
linearization of the plasmid resulted in high expression
rates and allowed transgene expression at the blastocyst
stage. In contrast to observations for the circular

(a) (b)

(c) (d)

Fig. 3. Representative pictures of
egfp expressing parthenogenic
porcine blastocysts at day 8
produced by cytoplasmic injection
of vesicles co incubated with pcx-
egfp (30 ng/ll). (a and c) Under
bright light. (b and d) Under blue
light (488 nm)
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plasmids, cleavage was not affected when the linear
plasmid was used. However, the rate of blastocysts was
hampered by linear plasmid injection. The use of vesicles
previously co-incubated with plasmids was effectively
reported for bovine and ovine zygotes (Pereyra-Bonnet
et al. 2011; Bevacqua et al. 2012). The efficiency of gfp
plasmid binding to the vesicles was previously deter-
mined by our group (Pereyra-Bonnet et al. 2011). In
that report, confocal microscopy images of oocytes
injected with vesicles revealed that vesicles encapsulated
labelled eDNA and that 60% of the oocytes analysed
contained specific signals for eDNA (vesicles were not
found in the remaining oocytes). In this study, the use of
vesicles was tested in porcine zygotes, and in agreement
with observations for bovine and ovine, it improved the
efficiency of cytoplasmic injection. Besides, it increased
the transgene expression rate when compared to naked
plasmid and also increased the percentage of blastocysts
expressing the transgene. The greatest value of the
present work is that the vesicles could exert a protective
effect on the plasmids introduced, preventing their
degradation by cytoplasmic enzymes until they reach
the nucleus. This was clearly reflected in the fact that
embryos injected with the naked plasmid showed
significantly less expression than embryos injected with
vesicles. Assays performed in parthenogenic embryos
are useful for preliminary trials. Yet, only IVF embryos
are potentially useful for embryo transfer and live
piglets production. For that reason, in the final exper-
iment, we tested the injection with vesicles co-incubated
with plasmids in IVF embryos employing the experi-
mental conditions determined for parthenogenetic
embryos. Both naked and co-incubated plasmids were
useful to generate embryos expressing the transgene, but
only the use of vesicles allowed transgene-expressing
blastocysts production. From the 51% of embryos

expressing the transgene with the use of vesicles, 53%
reached the blastocyst stage. Interestingly, cytoplasmic
injection improved the cleavage rate in IVF porcine
embryos. This can be seen in the Sham, LP naked and
LP vesicles groups. An additional mechanical activating
effect of the cytoplasmic injection could exist in these
groups. In conclusion, the use of vesicles results effective
and simple and represents a good choice for introducing
transgenes into porcine embryos. New tools for trans-
genesis such as transposases and CRISPR could be
complemented to the use of vesicles for generating
transgenic pigs with a high efficiency.
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