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Abstract

Transgenic mammals have been produced using sperm as vectors for exogenous DNA (sperm-mediated gene transfer (SMGT)) in

combination with artificial insemination. Our study evaluated whether SMGT could also be achieved in combination with IVF to

efficiently produce transgenic bovine embryos. We assessed binding and uptake of fluorescently labelled plasmids into sperm in the

presence of different concentrations of dimethyl sulphoxide or lipofectamine. Live motile sperm displayed a characteristic punctuate

fluorescence pattern across their entire surface, while uniform postacrosomal fluorescencewas only apparent in dead sperm. Association

with sperm or lipofection reagent protected exogenous DNA fromDNase I digestion. Following IVF, presence and expression of episomal

and non-episomal green fluorescent protein (GFP)-reporter plasmids was monitored in oocytes and embryos. We found no evidence of

intracellular plasmid uptake and none of the resulting zygotes (nZ96) and blastocysts were GFP positive by fluorescence microscopy

or genomic PCR (nZ751). When individual zona-free oocytes were matured, fertilised and continuously cultured in the presence of

episomal reporter plasmids until the blastocyst stage, most embryos (38/68Z56%) were associated with the exogenous DNA. Using

anti-GFP immunocytochemistry (nZ48) or GFP fluorescence (nZ94), no GFP expression was detected in blastocysts. By contrast,

ICSI resulted in 18% of embryos expressing the GFP reporter. In summary, exposure to DNA was an inefficient technique to produce

transgenic bovine sperm or blastocysts in vitro.
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Introduction

The ability of mammalian spermatozoa to bind exogen-
ous DNA and transfer it to the oocyte after fertilisation
in utero was first demonstrated in rabbits in 1971
(Brackett et al. 1971). Using sperm-mediated gene
transfer (SMGT) in combination with IVF (SMGT–IVF),
efficient production of transgenic mice was subsequently
reported in 1989 (Lavitrano et al. 1989). Since then,
various contradictory reports on applying this technique
to livestock were published (Gandolfi et al. 1996,
Garcia-Vazquez et al. 2011). By combining SMGT with
laparoscopic insemination or artificial insemination
(AI; SMGT–AI), one laboratory has reported transgenic
embryos and offspring in pigs (Lavitrano et al. 2002,
2003, Manzini et al. 2006). However, transgene
transmission appeared to be only transient (Giovannoni
et al. 2010). Efficiency and reproducibility of the
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technique was poor in other laboratories and species
(Brinster et al. 1989, Gandolfi et al. 1996, Chan et al.
2000, Garcia-Vazquez et al. 2011, Pereyra-Bonnet et al.
2011). As a consequence, SMGT has not become a
widely and routinely used method for generating
transgenic animals, despite its potential for simple,
low-cost, scalable transgenesis with large transgenes
(Osada et al. 2005).

Several methods were tested to improve uptake of
DNA into sperm. These include electroporation (Gagne
et al. 1991, Rieth et al. 2000), lipofection (Bachiller et al.
1991, Hoelker et al. 2007) and magnetofection (Kim
et al. 2010) as well as addition of DMSO (Kuznetsov &
Kuznetsova 1995, Li et al. 2006, Shen et al. 2006) or
protamine (Alderson et al. 2006). Irrespective of the
transfection method, the mode of transferring exogenous
DNA from the sperm into the oocyte via fertilisation is
DOI: 10.1530/REP-12-0340
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not well understood. First, it is unclear whether and how
sperm could internalise DNA. A number of studies have
employed indirect methods to investigate this phenom-
enon. These include liquid scintillation counting of
radioactively labelled DNA co-precipitating with sperm
(Lavitrano et al. 2002, Kang et al. 2008, Kim et al. 2010),
flow cytometry of sperm incubated with fluorescently
labelled plasmids (Canovas et al. 2010) and genomic
PCR assays after incubating sperm with DNase to destroy
any non-internalised exogenous DNA (Hoelker et al.
2007, Kang et al. 2008). While these assays demon-
strated association between exogenous DNA and sperm,
they provide no direct evidence for DNA uptake across
the plasma membrane into the sperm cytoplasm or
nucleus. Few studies have addressed DNA uptake into
sperm using direct visualisation, such as autoradio-
graphy (Brackett et al. 1971, Atkinson et al. 1991),
wide-field (Anzar & Buhr 2006) and confocal laser
scanning epifluorescence microscopy of fluorescently
labelled sperm (Bachiller et al. 1991, Chan et al. 2000)
or transmission electron microscopy on thin sections
(Kim et al. 2010). These studies have shown DNA
binding to the sperm surface, preferentially in the
postacrosomal region, but not provided conclusive
evidence for its uptake into sperm with an intact plasma
membrane. Secondly, the potential of sperm to transfer
DNA into the oocyte upon fertilisation remains to be
demonstrated. A study directly addressing this by
confocal microscopy showed that fluorescently labelled
DNA transferred to the oocyte plasma membrane but
not the oocytoplasm following sperm fusion, suggesting
that the DNA was not internalised but bound to the
sperm surface (Chan et al. 2000). Thirdly, detection of
exogenous DNA in embryos after SMGT remains
controversial. Many studies have relied on indirect
genomic PCR assays that may demonstrate the presence
of an exogenous DNA sequence in the embryo or
surrounding culture medium but not cellular uptake of
this sequence (Rieth et al. 2000, Kim et al. 2010).
Cellular expression of different reporter proteins at
various embryonic stages has been analysed. However,
conclusive images showing expected sub-cellular local-
isation of the reporter accompanied by normalised signal
quantification have not been reported (Webster et al.
2005). Furthermore, crucial controls to account for
non-specific auto-fluorescence from green fluorescent
protein (GFP)-based reporters and its variants in non- and
mock-transfected embryos were often lacking (Anzar &
Buhr 2006, Hoelker et al. 2007).

By contrast, transgenesis can readily be achieved by
sperm that have been co-incubated with exogenous
DNA via ICSI (SMGT–ICSI). This route circumvents
membrane fusion and therefore does not rely on sperm
internalising exogenous DNA. It results in conclusive
DNA uptake and reproducible reporter gene expression
in transgenic embryos and animals (Perry et al. 1999,
Chan et al. 2000, Lai et al. 2001, Pereyra-Bonnet et al.
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2008, Garcia-Vazquez et al. 2009, Wu et al. 2009,
Shadanloo et al. 2010).

Numerous plasmid-based DNA vector systems have
been used for SMGT, most of them relying on
chromosomal integration for transgenesis. A safe
alternative is the use of non-viral, non-integrating
episomal plasmids such as pEpi (Jenke et al. 2004b).
Owing to the presence of a human scaffold/matrix
attachment region (S/MAR), these vectors are stably
maintained as an episomal entity in mammalian cell
lines and primary cultures (Jenke et al. 2004a). Using
pEpi, the generation of transgenic pigs via SMGT–AI has
been reported (Manzini et al. 2006). Here, we tested the
suitability of pEpi and conventional non-episomal
reporter plasmids for bovine SMGT–IVF, using SMGT–
ICSI embryos as a positive control. Using a novel
chemically defined, cumulus- and zona pellucida-free
culture system for SMGT–IVF, we demonstrate DNA
association with sperm and embryos but no evidence of
transgenic blastocysts. We conclude that spontaneous
DNA uptake into live sperm or embryos is exceedingly
rare, severely restricting the practicality of SMGT for
bovine transgenesis in vitro.
Results

Live sperm bind labelled DNA and exclude non-specific
uptake of label

We first determined the interaction between exogenous
DNA and capacitated sperm. Fluorescently labelled
reporter plasmids were co-incubated with live (motile) or
dead (frozen/thawed) sperm. Independent of the plasmid
used, this resulted in three different staining patterns
(Fig. 1). Live sperm showed discrete fluorescent dots or
larger clusters that were randomly distributed over the
entire sperm surface (Fig. 1A). Dead sperm displayed
similar punctuate staining but, in addition, also showed
a uniform fluorescent signal, mainly in the postacro-
somal region (Fig. 1B and C). While the majority of live
sperm associated with discrete dots (282/304Z93%),
uniform postacrosomal fluorescence was almost com-
pletely absent from this group (2/304Z0.7% uniform
and 11/304Z3.6% mixed stain). In contrast, all dead
sperm showed uniform postacrosomal fluorescence
and most of those (149/157Z95%) also displayed dots
(Fig. 1D). We conclude that a homogenous postacroso-
mal staining pattern indicates non-specific fluorescence
signal uptake in dead sperm that is excluded from
live sperm.
Sperm and lipofectamine association protects exogen-
ous DNA from DNase

We next investigated whether the observed fluorescent
signal originated from labelled exogenous DNA bound
to the sperm surface or from internalised DNA. For this,
www.reproduction-online.org
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Figure 1 Binding of fluorescently labelled DNA to
sperm. (A) Live motile sperm were incubated with
Cy3-pEpi. (B and C) Dead (frozen/thawed) sperm
were incubated with rhodamine-pGeneGrip-lacZ.
Observed staining patterns were categorised into
(A) discrete fluorescent dots (arrows), (B) uniform
postacrosomal fluorescence (arrowheads) or (C) a
mix of both (arrows and arrowheads). Non-specific
green auto-fluorescence of the mid-piece is also
visible (B and C). Mean percentage (GS.D.) of
different fluorescent patterns in dead frozen/thawed
vs motile sperm with three replicate
experiments (D).
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we conducted DNase protection assays. Sperm were
transfected with fluorescently labelled DNA in the
absence (DM0) or presence of DMSO (DM1 and DM3)
or lipofectamine (LP1 and LP3). While most motile
sperm from all groups displayed fluorescent dots,
uniform postacrosomal staining was only visible in a
minority (Fig. 2A). Following DNase incubation, fluor-
escent dots largely disappeared from sperm but the
homogenous postacrosomal fluorescent signal persisted
(Fig. 2B). As postacrosomal stain was only observed in
dead sperm, which are unable to fertilise during IVF and
transmit the transgene, this group was excluded from
quantification. Only sperm with randomly distributed
discrete fluorescent dots were categorised as live,
carrying DNA and quantified (Fig. 2C). Within this
group, untreated (DM0) and DMSO-treated sperm (DM1
and DM3) transfected better than lipofectamine-treated
sperm (LP1 and LP3). Following DNase digestion, a
significant proportion of untreated and DMSO-treated
sperm lost their fluorescent signal (92% before vs 34%
after DNase, 92 vs 44% and 93 vs 47% for DM0, DM1
and DM3 respectively). No significant change in
fluorescent signal was observed in the lipofectamine
groups (64% before vs 74% after DNase and 29 vs 37%
for LP1 and LP3 respectively), indicating that the sperm-
associated DNA was protected from DNase digestion.
The highest proportion of DNase-resistant plasmid was
present in the DM3 and LP1 groups, which did not differ
significantly (51 and 74% respectively).

To validate the use of fluorescently labelled plasmids
as marker for DNA–sperm interaction, we performed an
independent assay. Transfected sperm were centrifuged
and the pellet and supernatant subjected to semi-
quantitative PCR against the reporter plasmid. Plasmid
www.reproduction-online.org
DNA was detectable in both supernatant and sperm
pellet (Fig. 2D). Following DNase incubation, there
was no or reduced target amplification, indicative of
reduced amounts of plasmid DNA, in untreated and
DMSO-treated samples, but not in any of the lipo-
fectamine-treated samples (Fig. 2D). This suggests that
DNA is protected from digestion through association
with sperm and/or lipofectamine, precluding accurate
quantification of DNA uptake using the DNase assay.
No evidence of DNA uptake into embryos fertilised
with DNA-associated sperm

After establishing the most effective conditions for
producing sperm carrying fluorescently labelled and
DNase-resistant plasmid, we evaluated their effect on
in vitro bovine embryo production. Sperm were
incubated with either pEpi or pMax-GFP under DM3,
LP1 or combined DM3/LP1 conditions and used for IVF.
Irrespective of the vector, cleavage into 2-cell was
reduced in the presence of lipofectamine (Table 1).
Accounting for the lower cleavage rate, development
into blastocysts was no longer reduced for pMax-GFP
but still lower for pEpi (63.3 vs 48.9%). For both
plasmids, a reduction in blastocyst development was
observed in the presence of DMSO (DM3).

Following fertilisation, zygotes and culture media
were analysed by PCR using the DNase protection
assay. Analysis of the media demonstrated the presence
of contaminating carry-over DNA that was sensitive to
DNase digestion with the target sequence no longer
detectable after treatment. PCR with zygotes derived
from IVF with DNA-incubated sperm that were DNase
treated to remove any DNA attached to the outside of the
Reproduction (2013) 145 97–108
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Figure 2 Effect of DNase treatment on DNA–sperm
association. (A) Motile sperm co-incubated with 3%
DMSO and rhodamine-pGeneGrip-lacZ show discrete
fluorescent dots in various locations (arrows) and
occasionally uniform postacrosomal fluorescence (arrow-
heads). (B) DNase-treated sperm show uniform postacro-
somal fluorescence (arrowheads). (C) Mean percentages
(GS.D.) of rhodamine-pGeneGrip-lacZ-labelled motile
sperm with discrete fluorescent dots were quantified with
(black bars) and without (white bars) DNase treatment
under different conditions (0, 1, 3% DMSO (DM) or 1, 3 mg
lipofectamine (LP)). Different letters denote significant
differences (P!0.05) within (a,b,c) or between (x,y) different
DNase treatment groups (GDNase). (D) Presence of
pEGFP-C1 plasmid DNA in supernatant and sperm pellet
following transfection under different conditions.
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zygote generated strong target amplification (Fig. 3A).
If the zygotes were to contain the plasmid intracellularly,
this would have required the DNA-associated sperm
to transfer the reporter plasmids into the oocyte
cytoplasm after fusion with the oocyte plasma membrane.
Table 1 In vitro development of bovine embryos after IVF with sperm transf
different conditions.

Plasmid Group n nIVC R2-Cell (%, GS.E.M.)

pEpi No DNA 4 164 150 (91.5G4.0)*
DM3 4 228 187 (82.0G2.9)†

LP1 4 215 176 (81.9G5.2)†

DM3/LP1 4 214 168 (78.5G3.2)†

pMax-GFP No DNA 6 345 312 (90.4G1.5)*
DM3 6 331 298 (90.0G1.3)*
LP1 6 347 287 (82.7G4.5)†

DM3/LP1 6 337 261 (77.4G2.9)†

n, number of independent IVF experiments; B1–3 were tested for the presen
microscopy respectively; *,†For each plasmid, rows with these different sup
aProportion of the total number of embryos placed into IVC (nIVC) that dev

Reproduction (2013) 145 97–108
To directly assess internalisation, sperm was incubated
with fluorescently labelled DNA and used for IVF. To
maximise the proportion of membrane-bound or fused
sperm, thereby increasing the chances of detecting
fluorescent label at the oocyte plasma membrane or in
ected with episomal (pEpi) or non-episomal (pMax-GFP) vectors under

B1–3a (%, GS.E.M.)
%B1–3a of

cleavedGS.E.M. PCR-positive B1–3

95 (57.9G3.0)* 63.3G3.3* 0/95
84 (36.8G4.3)† 44.9G4.7† 0/84
86 (40.0G5.9)† 48.9G5.8† 0/86
88 (41.1G2.7)† 52.4G4.3*,† 0/88

188 (54.5G2.5)* 60.3G2.6* 0/188
151 (45.6G3.1)† 50.7G4.1† 0/151
183 (52.7G4.2)*,† 63.8G5.8* 0/183
159 (47.2G5.6)*,† 60.9G8.4* 0/159

ce or expression of the GFP reporter by PCR or epifluorescence
erscripts within a column differ significantly (P!0.05).
eloped into blastocysts (B) grades 1–3 (B1–3).
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Figure 3 Presence of reporter DNA in IVF zygotes. (A) Oocytes were
fertilised with non-transfected (control) or pEpi-transfected sperm
(DM0 and DM3). One day post-fertilisation, culture medium with (C)
or without (K) DNaseI treatment and pools of 20 DNase-treated
zygotes were analysed by PCR. No template controls (‘water’) were
performed in triplicates (‘1, 2 and 3’). (B) Zygotes were derived from
zona-free IVF using sperm transfected with Cy3-labelled Label IT
plasmid (positive control, a), Cy3-labelled pEpi (b), unlabelled pEpi
(negative control 1, c) or non-transfected (negative control 2, d). Sperm
were transfected under DM0 conditions. Zygotes were fixed 1 day post-
fertilisation, stained with Hoechst 33342, scored for the presence of
two pronuclei (data not shown) and analysed by confocal microscopy.
Complete confocal image stacks are shown in Z-projection.
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the cytoplasm, we used zona-free oocytes for IVF.
Indeed, zona-free IVF increased the rate of polyspermy
as judged by the number of zygotes with either 1–2 vs
O2 pronuclei (250/290Z86 vs 7/290Z2%, nZ6, for
zona-intact controls and 132/176Z75 vs 12/176Z7%,
nZ8, for zona-free IVF respectively, P!0.05). Zona-free
zygotes were analysed by confocal microscopy and
fertilisation confirmed by the presence of two pronuclei
after Hoechst 33342 staining. No specific signal above
background spots of auto-fluorescence was detected
at the plasma membrane or in the cyto- or nucleoplasm
of zygotes derived from Cy3-labelled pEpi (nZ60) or
control IVF with Cy3-IT label only (nZ36) (Fig. 3B).

Following in vitro development and epifluore-
scence microscopy, no GFP-positive blastocysts were
detected from oocytes fertilised with pEpi-transfected
sperm (nZ156). Using a stringent PCR assay, no GFP
reporter plasmid was detectable in any of the IVF
blastocysts derived from sperm that were co-incubated
with pEpi and pMax-GFP under DM3 (nZ84 and
www.reproduction-online.org
nZ151 respectively), LP1 (nZ86 and nZ183 respect-
ively) or DM3/LP1 (nZ88 and nZ159 respectively)
conditions (Table 1).
Transfecting zona-free embryos fertilised with
DNA-associated sperm

Since IVF with transfected sperm did not produce
transgenic embryos, we sought to combine this treatment
with direct transfection of bovine embryos. The zona
pellucida was removed before in vitro-matured (IVM) or
IVF and zona-free oocytes and embryos were cultured
singularly in the presence of DNA. Compared with
standard zona-intact group culture, cleavage and blas-
tocyst development was significantly reduced in zona-
free single-cultured embryos (Table 2). This reduction in
development did not depend on whether the zona and
surrounding cumulus corona was removed before IVM or
IVF and might have partially contributed to the increased
rate of polyspermy. Addition of DNA (DM0) and DMSO
(DM3) or lipofectamine (LP1) during IVM or IVF and
subsequent in vitro culture (IVC) did not further
compromise development. Embryos obtained from both
zona-free treatments were analysed for the presence of
transgene by epifluorescence and subsequent PCR. None
of the embryos analysed for GFP fluorescence were
found positive (nZ45 and nZ49 for zona-free IVM and
IVF respectively; Table 2) compared with non-transfected
controls. A subset of these was analysed by anti-GFP
immunocytochemistry (nZ48) without detecting a
positive signal (data not shown). As the reporter plasmid
was continuously present during IVC, culture medium
and individual embryos were extensively washed,
incubated with DNase and analysed separately by PCR
(Fig. 4A). Non-transfected embryos served as additional
controls. No reporter DNA was detectable in the
collected culture medium, ruling out false signals from
carry-over contamination. Morulae and blastocysts from
all three treatments were positive for the GFP transgene
(14/22Z63, 15/24Z63 and 9/22Z40% for DM0, DM3
and LP1 respectively). Taken together, our results indi-
cate the presence of the reporter DNA on or in bovine
embryos but provide no evidence for its uptake.
ICSI generates transgenic embryos expressing GFP

To rule out the technical problems in expression or
detection of GFP fluorescence, we performed several
control experiments. The pEpi vector was strongly
expressed after transient transfection into bovine
embryonic fibroblasts (115/554Z20.8%, data not
shown). Following ICSI, the pEpi vector significantly
reduced cleavage into 2-cell compared with non-
injected and pDB2-injected controls (Table 3). However,
blastocyst development from cleaved embryos was not
affected and 18–25% of pEpi- and pDB2-injected
Reproduction (2013) 145 97–108



Table 2 In vitro development of bovine embryos produced from zona-free oocytes cultured and transfected under different conditions.

Transfection
Zona-free
step IVC n nIVC

R2-Cell
(%, GS.E.M.)

B1–3a

(%, GS.E.M.)
%B1–3a of

cleavedGS.E.M.
GFP-positive

B1–3
PCR-positive
M/B1–3 (%)

No No Group 4 183 141 (77.0G6.4)* 83 (45.4G5.7)* 58.9G3.8* ND ND
No IVM Single 5 162 79 (48.8G6.2)† 17 (10.5G3.5)† 21.5G11.3† 0/17 0/17 (0)
DM0 IVM Single 4 104 61 (58.7G4.4)†,‡ 8 (7.7G1.8)† 13.1G3.4† 0/8 6/10 (60)
DM3 IVM Single 5 165 123 (74.5G6.4)* 26 (15.8G3.7)† 21.1G4.5† 0/24 7/12 (58)
LP1 IVM Single 3 101 67 (66.3G7.9)*,‡ 13 (12.9G5.1)† 19.4G8.0† 0/13 5/13 (38)
No No Group 2 91 79 (86.8G3.1)* 58 (63.7G8.9)* 73.4G7.6* ND ND
No IVF Single 4 122 90 (73.8G1.9)† 8 (6.6G1.0)† 8.9G2.9† 0/8 0/8 (0)
DM0 IVF Single 5 168 99 (58.9G5.3)‡ 14 (8.3G0.9)† 14.1G2.2†,‡ 0/14 8/12 (67)
DM3 IVF Single 4 160 114 (71.3G6.3)†,§ 29 (18.1G3.7)‡ 25.4G5.1‡ 0/29 8/12 (67)
LP1 IVF Single 2 62 41 (66.1G7.1)‡,§ 6 (9.7G1.0)†,‡ 14.6G0.3†,‡ 0/6 4/9 (44)b

Sperm were transfected with pEpi under different conditions (0, 3% DMSO (DM) or 1 mg lipofectamine (LP)). The zona pellucida was either left intact
or removed before IVM or IVF respectively. Embryos were cultured in group (zona-intact control) or single IVC. n, number of independent
experiments; *,†,‡,§For each zona-free treatment, only rows with no common superscripts within a column differ significantly (P!0.05). ND, not
determined. aProportion of the total number of embryos placed into IVC (nIVC) that developed into blastocysts (B) grades 1–3 (B1–3). bAdditional
morulae (M) grades 1–3 (M1–3) were included in the analysis.
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cleaved embryos were GFP positive (Table 3, Fig. 4B, C,
D and E), demonstrating uptake and expression of the
reporter DNA.
Discussion

We have shown that due to the lack of DNA uptake into
sperm, combining SMGT with IVF was an inefficient
method to produce transgenic bovine embryos. Plasmid
binding to the sperm surface, preferentially in the
postacrosomal region, has been extensively documented
(Spadafora 1998). In our experiments, almost all motile
sperm associated with fluorescently labelled plasmid in
a characteristic pattern of randomly localised discrete
dots. Following DNase treatment, less than half of these
sperm retained their fluorescent label. This reduction is in
agreement with the previous studies using radioactively
(Atkinson et al. 1991) or fluorescently labelled DNA
(Carballada & Esponda 2001). In the label-retaining
C DB
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sperm fraction, exogenous DNA was protected from
DNase digestion, either via association with the sperm
membrane or via internalisation. The former is a
plausible possibility, given that the presence of lipo-
somes was sufficient to protect plasmid DNA from
degradation, both in a fluorescent and in a PCR-based
assay. A similar protective effect has been observed
with complexes of plasmid DNA and silk-polylysine
molecules (Numata & Kaplan 2010) and may be due to
liposomes preventing DNase from access to the plasmid.
The DNase-resistant signal was predominantly a uniform
postacrosomal stain. This uniform stain was almost
completely absent (!5%) in live sperm but became
apparent in O99% of immotile sperm following freeze–
thawing. We therefore interpreted this pattern as
indicative of dead sperm. Our finding is consistent
with a previous study where similar postacrosomal
staining accounted for O99% of labelling in cold-
shocked immotile sperm (Atkinson et al. 1991).
Figure 4 Presence of reporter DNA in transfected zona-
free IVF and control ICSI embryos (A) Detection of pEpi
in DM0, DM3 and LP1 blastocysts derived from zona-
free IVF. All samples were washed and DNase treated
before PCR. Non-transfected samples provide controls
(NTC). Numbers indicate different individual embryos
analysed. No template controls (‘water’) were per-
formed in triplicates (‘1, 2 and 3’). (B, C, D, E, F and G)
GFP expression in D7 embryos after ICSI with pEpi- (C)
or pDB2-incubated sperm (F), corresponding bright
field (B and E respectively) and merged images
(D and G respectively).

www.reproduction-online.org



Table 3 In vitro development of bovine embryos after ICSI transfected with episomal (pEpi) or non-episomal (pDB2) vectors.

Group n nIVC R2-Cell (%, GS.E.M.) B1–3a (%, GS.E.M.)
B1–3 of cleaved

(%, GS.E.M.)
GFP-positive embryosb

(%, GS.E.M.)

No DNA 3 68 52 (76.4G4.2)* 15 (22.1G4.6) 28.8G7.5 –
pEpi 3 74 42 (56.8G2.0)† 12 (16.2G4.1) 28.6G8.0 10 (23.8G10.0)
pDB2 3 65 48 (73.8G5.8)* 13 (20.0G4.8) 27.1G5.1 9 (18.8G2.2)

n, number of independent experiments; *,†Rows with these different superscripts within a column differ significantly (P!0.05).
aProportion of the total number of embryos placed into IVC (nIVC) that developed into blastocysts (B) grades 1–3 (B1–3). bProportion of
GFP-fluorescent embryos to total number of injected zygotes that developed into R2-cell.
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Despite this evidence for sperm–DNA association, it is
still unclear whether and how exogenous DNA could
cross the sperm plasma membrane. In principle,
eukaryotic cells can take up DNA by direct transfer,
carrier-mediated transfer or via transient membrane
permeabilisation (Stephens & Pepperkok 2001). We
employed all three approaches in our experiments.
Direct transfer via microinjection is technically challen-
ging and low throughput but achieves transfer efficien-
cies and survival rates up to 100%. We used this method
to test the episomal reporter plasmid pEpi, as well as
non-episomal control plasmids, by injecting them
directly into oocytes. SMGT–ICSI produced green
fluorescent embryos at various stages, confirming
previous results that showed expression and episomal
maintenance of the CMV-driven reporter gene in
bovine blastocysts after oocytoplasmic injection (Iqbal
et al. 2009). Thus, the CMV promoter is not silenced in
bovine pre-implantation stages, validating our use of
CMV-driven reporter plasmids. Carrier-mediated transfer
is comparatively simple, high throughput and does not
require technically advanced equipment. It relies on
coupling DNA to cell-permeable molecules, such as
cationic liposomes, and piggybacking it into the cell
(lipofection). The positive charge of the liposomes allows
them to non-covalently interact with the negatively
charged backbone of polynucleotides, forming lipo-
plexes. These then interact with the negatively charged
plasma membrane, resulting in delivery to the target
cells. Internalisation of the nucleic acids occurs
primarily via endocytosis, rather than direct lipoplex–
plasma membrane fusion and translocation of genes into
the cytosol (Pichon et al. 2010). Various endocytic
pathways operate in eukaryotic cells and the relative
contribution of clathrin-dependant and -independent
lipoplex internalisation remains poorly defined (Pichon
et al. 2010). Although internalisation is a necessary step
for transfection to occur, it does not determine eventual
transfection efficiency. This rather depends on the
subsequent intracellular trafficking, namely escape of
plasmid DNA from the endosome, cytosolic migration to
the perinuclear space and nuclear import through the
nuclear pores (Hoekstra et al. 2007). This entire cellular
uptake mechanism is unlikely to operate efficiently in
mature spermatozoa, which lack the intracellular
organisation required for membrane trafficking, includ-
ing endosomes, endoplasmic reticulum and Golgi
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apparatus (Fawcett 1975). What little cytoplasm exists
in the sperm head is confined to small areas between the
plasma and acrosome membrane, the acrosome and
nuclear membrane (peri- and subacrosomal layers
respectively), as well as the postacrosomal region
(Toshimori 2009). Consequently, sperm are unable to
endocytose a variety of exogenous tracers for fluid-phase
or receptor-mediated endocytosis, even when those
tracers clearly adsorbed to the spermatozoon cell surface
(Oko et al. 1993). Putative DNA binding proteins have
been described in sperm (Zani et al. 1995, Carballada &
Esponda 2001), but it is unclear whether these are
identical to the membrane-associated glucosaminogly-
cans suggested as potential binding sites for lipoplexes
(Mislick & Baldeschwieler 1996). In addition to these
general concerns regarding the efficacy of liposomes in
mediating DNA uptake into sperm, lipofectamine
interfered with the DNase protection assay. We could
therefore not determine whether it affected DNA binding
or uptake. Another reagent used for increasing DNA
uptake is DMSO. This is thought to transiently permea-
bilise the membrane, allowing passive diffusion of DNA
through the pores. In conjunction with cold- and heat-
shock treatment, this method has significantly increased
DNA–sperm binding in mouse and rabbit IVF (Kuznetsov
et al. 2000, Li et al. 2006, Shen et al. 2006). However, no
effect on DNA–sperm binding or sperm viability was
found in pig (Garcia-Vazquez et al. 2011). We also
found no significant increase in DNA binding to DMSO-
treated sperm. While the effect on initial cleavage was
not consistent, bovine blastocyst development was
significantly reduced after IVF with DMSO-treated
sperm. This indicates some damaging effect of DMSO
on sperm integrity and capacity to contribute towards
normal development, similar to what has been described
in fish (Liu et al. 1999). This damage could be alleviated
by the inclusion of lipofectamine (DM3/LP1 in Table 1).
As DMSO interacts electrostatically with phospholipid
membranes (Anchordoguy et al. 1991), it may similarly
bind liposomes, potentially neutralising its negative
effect on the sperm plasma membrane. Such an
interaction may increase clearance of DMSO–lipofecta-
mine complexes into the surrounding mineral oil,
minimising exposure to biological membranes.

For live sperm, we found no preference in DNA
binding across the entire sperm surface. This is in contrast
to other reports that have seen preferential binding to the
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postacrosomal region (Carballada & Esponda 2001). This
discrepancy may be due to the sensitivity of our method
as well as difference in sperm viability. Fluorescently
labelled plasmids appeared as discrete dots of variable
size, similar to what has been observed after transfection
of other eukaryotic cells (Watt et al. 2002). We estimate
that sperm viability and motility was O95% following
DNA incubation and purification. This may account for
the lack of postacrosomal staining described in other
studies. In our hands, preferential localisation of
fluorescent signal in the postacrosomal region was only
evident in immotile sperm, in accordance with previous
reports (Brackett et al. 1971, Atkinson et al. 1991). This
postacrosomal signal was uniform and DNase resistant,
indicating that it was of a different quality from the
randomly localised, DNase-sensitive puncta in live
sperm. We interpret this staining as non-specific signal
uptake across the compromised plasma membrane of
frozen–thawed sperm (Leahy & Gadella 2011). Repeated
freeze–thaw cycles would lead to lateral phase sepa-
ration in the membrane, increasing its permeability
and allowing leakage of labelled DNA or free Cy3 or
rhodamine dye into the postacrosomal region, which
comprises the major cytosolic compartment in the sperm
head. Disrupting the sperm membrane by sonication
also induced postacrosomal uptake in immature sperm
that would otherwise not bind DNA (Carballada &
Esponda 2001).

Using sperm co-incubated with reporter plasmids for
IVF, we initially found O80% of all embryos producing
the expectedGFP band after genomic PCR. However, this
signal was due to carry-over of plasmid from the sperm
preparation into the IVC medium and disappeared after
repeated washing and DNase treatment of the medium.
Under such stringent detection conditions, we were
unable to detect the transgene or GFP expression in 845
embryos screened. Using a GFP transgenic cell line
carrying a single-copy integration of the GFP gene as
control, we were able to amplify sufficient DNA from as
little as seven to nine cells (data not shown). Thus, the
negative results were unlikely due to low sensitivity of the
genomic PCR method. Likewise, our ICSI control showed
that the CMV reporter genes generated sufficient GFP
fluorescence to be detectable from the 8-cell stage
onwards. Our results are consistent with the previous
reports failing to produce blastocysts containing or
expressing the transgene following IVF with zona-intact
oocytes (Brinster et al. 1989, Bachiller et al. 1991, Chan
et al. 2000, Rieth et al. 2000, Pereyra-Bonnet et al. 2011).

In order to increase the chances of transfecting bovine
embryos, we directly exposed them to naked DNA.
Liposome-mediated DNA uptake into mouse oocytes
and embryos has been previously reported (Carballada
et al. 2000). In order to maximise transfection efficiency,
we removed the zona pellucida before IVM or IVF. In
both groups, cleavage and blastocyst development were
significantly reduced in zona-free embryos cultured
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singularly to the blastocyst stage in the absence or
presence of DNA. This reduction in development did
neither depend on whether the zona and surrounding
cumulus corona was removed before IVM or IVF, nor on
whether DMSO or lipofectamine was added during IVC.
Several reports have emphasised the importance of
cumulus cells for IVM and IVF. Even though cumulus-
denuded oocytes can complete meiotic maturation
in vitro (Chian et al. 1994) and develop into fully
developmentally competent blastocysts (Geshi et al.
2000), this occurs at much reduced efficiency. Therefore,
it is generally accepted that cumulus cells are beneficial
for IVM and developmental competence post-IVF
(Tanghe et al. 2002). In our hands, between 8–16 and
7–18% of denuded zona-free oocytes and zygotes
respectively developed into blastocysts. To our knowl-
edge, this is the first demonstration of a chemically
defined, cumulus- and zona pellucida-free In vitro
production (IVP) system resulting in blastocyst develop-
ment. Some of these blastocysts were morphologically
suitable for embryo transfer (Robertson & Nelson 1998)
and their in vivo developmental potential remains to be
determined. In contrast to a similar approach being
successful in mouse embryos (Carballada et al. 2000),
none of the bovine blastocysts that had been continu-
ously exposed to the transgene for 8 days in vitro
expressed detectable GFP protein. The only evidence
that the transgene was present in embryos came from
genomic PCR against the reporter plasmid after extensive
washing and DNase treatment to minimise carry-over
contamination from the IVM, IVF and IVC medium.
Exogenous DNA, resistant to washing and inaccessible
to DNase, was detectable in 63% of individual embryos,
irrespective of whether DMSO was present or not. This
may be due to extracellular incorporation or intracellular
uptake of the reporter plasmid. Given the lack of reporter
gene expression, we suggest that DNA present in the
sperm preparation and culture medium may has simply
been incorporated into the developing embryo and
thereby become resistant to washing and DNase
digestion. In this scenario, exogenous plasmid remains
extracellular at all times. It first associates with the sperm
plasma membrane before transferring to the oocyte
membrane during fertilisation and sperm–oocyte fusion.
As the embryo cleaves, it remains associated with the
blastomere membrane and may be progressively
protected from digestion during compaction and blas-
tocyst formation, especially if it becomes located inside
the developing embryo. Details of the sustained
molecular interactions between DNA and the sperm,
oocyte or embryo plasma membrane are presently
unclear. However, we cannot rule out the alternative
possibility that at low efficiency (!1/845Z0.002%)
some sperm took up DNA, imported it into the nucleus,
fertilised an oocyte and developed into an embryo
capable of expressing integrated or extrachromosomal
copies of the exogenous DNA. To distinguish between
www.reproduction-online.org
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the two scenarios, it would be important to employ a
combination of stringent assays demonstrating transgene
uptake, integration and expression, such as electron
microscopy, Southern blot, RT-qPCR and quantitative
epifluorescence. In summary, the evidence and potential
mechanism for spontaneous DNA uptake into live
sperm or early embryos remains obscure.

Despite the lack of evidence for DNA uptake into
sperm and subsequent transmission to oocytes and
embryos in vitro, transgenic pigs have been repeatedly
reported after using in utero insemination with ‘trans-
fected’ sperm (Lavitrano et al. 2002, 2003, Manzini et al.
2006). The discrepancy to IVF results is unclear. It may
perhaps be explained by uptake of the injected DNA into
the embryo at some later developmental stage, resulting
in genetically mosaic animals. We conclude that
transfection methods that simply rely on incubating
naked DNA with sperm or early embryos in vitro are of
limited practical value for reliably and efficiently
producing transgenic blastocysts and animals.
Materials and Methods

Chemicals were supplied by Sigma–Aldrich and all sperm and
embryo manipulations were carried out at 38.5 8C unless
otherwise indicated.
Plasmid preparation and labelling

Several plasmids were used for co-incubation or co-injection
with spermatozoa. Episomal vector pEpi (systematic desig-
nation pEPI-FGSARF, 7.1 kb) is a non-viral self-replicating
plasmid carrying enhanced GFP (EGFP) cDNA under
regulation of a CMV promoter (Broll et al. 2010). It was used
for all experiments throughout this study and owes its function
to a S/MAR from the upstream border of the human IFNb gene
domain. Additionally, non-episomal reporter plasmids pGene-
Grip-LacZ (8.5 kb, Genelantis, San Diego, USA), pEGFP-C1
(4.7 kb, Clontech), pEGFP-C1-based pDB2 (5 kb, Addgene
plasmid 18954) and pMAX-EGFP (3.5 kb, Amaxa Biosystems,
Cologne, Germany), all carrying their respective reporter genes
under control of the CMV promoter, were used for monitoring
DNA uptake into sperm, IVF embryos and ISCI embryos
respectively. All plasmids were used in circular form, except for
pEGFP-C1, which was digested with SspI (Jena Bioscience,
Jena, Germany) to give two fragments. The larger one (4.1 kb),
containing the CMV–EGFP sequence, was purified with
QIAquick-gel extraction kit (Qiagen) and used for transfection.

Plasmids were transformed into DH5a competent cells and
isolated using a PureLink HiPure Plasmid Filter Kit (Invitrogen).
For fluorescence tracking experiments to monitor uptake into
sperm or zygotes, plasmids were purchased either rhodamine
labelled (pGeneGrip-LacZ, Genelantis) or Cy3 labelled using
Mirus label IT tracker kit (Mirus, Madison, WI, USA) according
to the manufacturer’s instructions. Kit-provided Cy3-labeleld IT
plasmid provided a positive control.
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Incubation of sperm with plasmid DNA

In order to determine DNA binding, sperm were thawed,
centrifuged at 700 g for 10 min and separated through a
PureSperm gradient (45%:90%). The sperm pellet was
washed twice in Hepes buffered Tyrode’s albumin lactate
pyruvate (TALP) medium and centrifuged at 200 g for 10 min
to remove cryoprotectant and sperm–DNA binding inhibitors
(Carballada & Esponda 2001). To induce cell death, one
fraction of sperm was exposed to three freeze–thaw cycles in
liquid nitrogen.

For transfection, motile and necrotic sperm (1!106

spermatozoa/ml final concentration) were incubated at 37 8C
for 30 min with 1 mg of each plasmid in i) 60 ml TALP buffer
(transfection reagent control or ‘DM0’) or in TALP buffer
supplemented with ii) 1 or 3% (v/v) DMSO (‘DM1 and DM3’)
or iii) 1 or 3 ml lipofectamine 2000 (Life Technologies,
Auckland, New Zealand; ‘LP1 and LP3’). Before lipofection,
the plasmid–liposome complex was incubated for 30 min at
room temperature in 30 ml TALP, before it was added to 30 ml of
sperm-containing TALP medium. Sperm co-incubated without
DNA and transfection reagents (transfection control) provided
an additional control. Sperm prepared this way were either
analysed directly or used for IVF.
In vitro production of embryos

IVM oocytes were derived from Holstein–Friesian dairy cows
as described (Schurmann et al. 2006). IVM oocytes were
fertilised at 20 to 22 h post-start of maturation as described
previously (Thompson et al. 2000). Spermatozoa were
prepared from commercially obtained frozen–thawed semen
from a sire with proven fertility for IVF. The contents of two
0.25 ml straws (containing w1!108 spermatozoa/ml) were
layered upon a RediGrad gradient (45%:90%). Then motile
spermatozoa were collected after centrifugation at w1200 g
for 20 min at room temperature and washed twice in TALP and
then incubated with pEpi or pMax-GFP (1!106 spermatozoa
with 1 mg plasmid in 60 ml of fertilisation medium). Fertilisa-
tion was performed in 50 ml IVF–SOF over a 24 h period as
described (Schurmann et al. 2006). For IVC, ten embryos were
pooled in 10 ml ESOF medium (Wells et al. 2003) and cultured
for 7 days (D0: fertilisation). On D5, embryos were changed
into fresh LSOF drops containing 10 mM 2, 4-dinitrophenol
(Thompson et al. 2000). All cultures were overlaid with
mineral oil and kept in a humidified modular incubation
chamber (ICN Biomedicals, Inc., Aurora, OH, USA) gassed
with 5% CO2, 7% O2 and 88% N2. Embryos were
morphologically evaluated and classified as early blastocyst,
blastocyst, late blastocyst and hatched blastocysts as described
(Robertson & Nelson 1998).
Incubation of zona-free embryos with plasmid DNA

The cumulus–corona was dispersed by vortexing oocytes in
500 ml of 1 mg/ml bovine testicular hyaluronidase in H199
before or after 18–20 h of IVM, followed by three washes
in H199 containing 0.1 mg/ml cold soluble polyvinyl acetate
(PVA; 10–30 kDa; H199-PVA). The zona pellucida was either
Reproduction (2013) 145 97–108
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removed before IVM (‘zona-free IVM’) or before IVF (‘zona-free
IVF’). For both experimental groups, the zona was digested
with pronase (5 mg/ml in H199) as described (Oback & Wells
2003). For zona-free IVM, oocytes were matured individually
in 5 ml droplets of IVM medium. Mature zona-free oocytes
were cultured individually in 5 ml droplets of IVF medium
and inseminated with 2!105 spermatozoa/ml as described
(Misica-Turner et al. 2007). Following insemination for
18–24 h, embryos were cultured singularly in 5 ml droplets of
biphasic ESOF/LSOF as described (Oback & Wells 2003). For
zona-free IVF, the zona was removed from zona-intact mature
oocytes just before fertilisation and embryos cultured as
described earlier. When initial results with zona-free SMGT–IVF
were negative, we supplemented IVM, IVF and IVC culture
media with 20 ng/ml of pEpi plasmid to further increase the
chance of DNA uptake into embryos during the entire IVP period.
Production of embryos via ICSI

Two straws of frozen sperm were thawed and washed twice
in SP-TALP medium. One million sperm was incubated with
500 ng pEpi or pDB2 at 37 8C for 15 min. The DNA-incubated
spermatozoa of each experimental group were transferred
into polyvinylpyrrolidone (catalog no. K-SIPV-200-5; Cook
Medical, Brisbane, QLD, Australia) drops and immotile sperm
injected into matured cumulus-free oocytes with an extruded
first polar body. Oocytes were chemically activated (Shadanloo
et al. 2010) and allowed to extrude the second polar body for
3 h, before incubation in 2 mM 6-dimethyl aminopurine for 4 h
(Shadanloo et al. 2010). Immotile sperm without DNA
incubation underwent the same chemical activation and served
as sham control. Oocytes in all groups were washed in H199
plus 3 mg/ml BSA and cultured in biphasic SOF (Tervit et al.
1972) for up to 8 days.
DNAse protection assay

Sperm samples co-incubated with plasmid DNA were washed
three to five times in PBS, with centrifugation at 500 g for 5 min
in between, before treating pellets and supernatant separately
with or without five units of DNaseI (Fermentas, Thermo Fisher
Scientific, Auckland, New Zealand) at 37 8C for 30 min.
Zygotes and embryos were washed three times in 35 mm
dishes of PBS and treated with or without ten units of DNaseI at
37 8C for 1 h. Following DNase treatment, samples were
directly analysed by fluorescence microscopy (Olympus
BX51, Japan) or used fresh (sperm) or after freezing (zygotes,
embryos) at K80 8C in !2 ml medium for PCR. Supernatant
fractions from the last wash were transferred into a fresh tube
for PCR. Sperm pellets were lysed in 10 mM Tris–HCl, pH 8.0,
100 mM NaCl, 1 mM EDTA, 0.5% SDS and 2% mercaptoetha-
nol at room temperature for 30 min. Proteinase K (Invitrogen) at
200 mg/ml was added and incubated at 55 8 C for 2.5 h. Pooled
zygotes or individual embryos were transferred into 1! PCR
buffer, incubated with proteinase K (18 mg/ml) at 55 8C for 2 h,
followed by enzyme inactivation at 100 8C for 10 min. For
sperm pellets, DNA was isolated using phenol–chloroform
extraction and resuspended in TE buffer. Concentration and
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purity were determined using a NanoDrop 1000 spectro-
photometer (Thermo Fisher Scientific).
PCR

Supernatant fractions, DNA isolated from sperm, pooled
zygotes and individual embryos were subjected to PCR
analysis. PCR was performed in 25 ml of volume containing
equal amounts of template DNA, 1.5 mM MgCl2, 200 mM
dNTPs, 10 mM primer and 2.5 U Taq DNA polymerase. To
minimise contamination and false-positive results, we used
different primer sets to amplify EGFP from episomal and non-
episomal EGFP vectors. For pEpi, the amplicon went across the
junction between the EGFP and S/MAR sequences (F, 5 0-AT-
GGTGAGCAAGGGCGAGGAG-3 0 and R, 5 0-ATTACTTGTA-
CAGCTCGTCCATG -3 0); for pEGFP-C1, both primer sites
were located within the EGFP gene (F, 5 0-ATGGTCCTGCTG-
GAGTT -3 0 and R, 5 0-TCCCCACACATCTCATGCT -3 0). These
primer pairs detected 375 and 718 bp amplicons and annealed
at 59 and 55 8C respectively.
Immunocytochemistry and epifluorescence microscopy

Day 7 blastocysts were fixed in 4% (w/v) paraformaldehyde/4%
(w/v) sucrose in PBS for 15 min at room temperature, washed
three times in PBS, quenched in 50 mM NH4Cl in PBS for 10 min,
permeabilised in 0.1% (v/v) Triton X-100 in PBS for 10 min at room
temperature and blocked in 5% fatty acid-free BSA, 5% FCS, in
PBS for at least 30 min. Primary rabbit-anti-GFPantibody (1:2000,
A-11122, Invitrogen) was applied overnight at 4 8C, washed three
times in blocking buffer (5% BSA, 5% FCS, in PBS) and incubated
with Alexa Fluor 546 goat anti-mouse IgG (A-11030; 1:300; Life
Technologies) secondary antibody for 30 min at 38.5 8C; both
antibodies were diluted in blocking buffer. During secondary
antibody incubation, DNA was counterstained with 5 mg/ml
Hoechst 33342 (B-2261; 1 mg/ml in H2O; Sigma). Embryos
were washed three times in PBS and once in H2O before mounting
(DAKO mounting medium; S3023; Dako Pty Ltd, Campbellfield,
VIC, Australia) followed by assessment using an epifluorescence
microscope (BX-50; Olympus Pty Ltd, Auckland, New Zealand)
equipped with a Spot RT-KE slider CCD camera (Diagnostics
Instruments Inc, Sterling Heights, MI, USA) and GFP filter block
(excitation, 470G40 nm; dichromat, LP 495; emission, 515G
30 nm). Negative controls were processed the same way, except
that the primary antibodies were replaced with blocking buffer.
Statistical analysis

All values are presented as meanGS.E.M., unless otherwise
indicated. Statistical significance was accepted at P!0.05 and
determined using ANOVA and Tukey’s post hoc analysis for
multiple mean comparisons with SAS v9.0 for sperm data
(Figs 1 and 2). Embryo development data (Tables 1, 2 and 3)
were analysed using both the two-tailed Fisher exact test for
independence in 2!2 tables and the residual maximum
likelihood method in GenStat (12th edition), with the
treatments as fixed effects and experimental days as random
effects. Both methods gave similar results.
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