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Abstract. 	Previously, our group demonstrated that recombinant porcine oviductin (pOVGP1) binds to the zona pellucida 
(ZP) of in vitro-matured (IVM) porcine oocytes with a positive effect on in vitro fertilization (IVF). The fact that pOVGP1 
was detected inside IVM oocytes suggested that this protein had a biological role during embryo development. The aim of this 
study was to evaluate the effects of pOVGP1 on bovine in vitro embryo development. We applied 10 or 50 µg/ml of pOVGP1 
during IVF, embryonic in vitro culture (IVC), or both, to evaluate cleavage and embryo development. Blastocyst quality was 
assessed by analyzing the expression of important developmental genes and the survival rates after vitrification/warming. 
pOVGP1 was detected in the ZP, perivitelline space, and plasma membrane of blastocysts. No significant differences (P > 
0.05) were found in cleavage or blastocyst yield when 10 or 50 µg/ml of pOVGP1 was used during IVF or IVC. However, 
when 50 µg/ml pOVGP1 was used during IVF + IVC, the number of blastocysts obtained was half that obtained with the 
control and 10 µg/ml pOVGP1 groups. The survival rates after vitrification/warming of expanded blastocysts cultured with 
pOVGP1 showed no significant differences between groups (P > 0.05). The use of pOVGP1 during IVF, IVC, or both, 
increased the relative abundance of mRNA of DSC2, ATF4, AQP3, and DNMT3A, the marker-genes of embryo quality. 
In conclusion, the use of pOVGP1 during bovine embryo in vitro culture does not affect embryo developmental rates but 
produces embryos of better quality in terms of the relative abundance of specific genes.
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The oviduct is the female organ in which fertilization and early 
embryo development take place. During the first 3–4 days of 

development, the embryo remains in the oviduct where the conceptus 
is exposed to the oviductal fluid (OF). A 16-cell stage bovine embryo 
then enters the uterus. Although the embryo in its early stages of 
development does not need contact with the maternal tract to regulate 
its own cell division and differentiation, the reproductive tract, and its 
secretions, have important roles in providing the optimal environment 
for embryo development [1].

Preimplantation embryos are able to develop in vitro and to 
produce normal offspring after embryo transfer. However, the 
development of preimplantation mammalian embryos in vitro is 
compromised compared with those grown in vivo. Studies comparing 
bovine oocyte maturation, fertilization, and embryo culture in vivo 
versus in vitro have shown that the post-fertilization environment 
determines blastocyst quality, measured in terms of cryotolerance 

[2, 3] and relative transcript abundance [4]. Deprivation of some in 
vivo-produced maternal factors could be responsible for impaired 
in vitro development and decreased viability [4], as well as some 
pathological alterations associated with in vitro-produced embryos 
[5, 6]. Therefore, oviductal secretions are thought to be key factors 
for improving embryo quality during in vitro embryo production in 
the context of assisted reproductive techniques.

The OF is composed of simple and complex carbohydrates, ions, 
lipids, phospholipids, and proteins [7]. Individual oviductal secretions 
have an effect on oocyte and sperm function [8], and the possible 
role of proteins such as oviductin (presently termed as OVGP1), 
osteopontin, glycodelins, and lactoferrin on gamete interaction has 
been described [9]. Proteomic analysis of the OF and gene expression 
analysis of oviductal cells pointed to OVGP1 and its codifying gene 
as the main protein/gene in the oviduct in quantitative terms, whose 
abundance increases at estrus [10, 11]. OVGP1 has particularly 
been detected in the perivitelline space in fertilized eggs, where 
it is endocytosed by the blastomeres of 2-cell, 4-cell, and 8-cell 
embryos, as well as blastocysts, in hamster [12, 13]. This suggests 
that in hamster, OVGP1 could play a role in supporting the growth 
and differentiation of the embryo. Indeed, the positive effect of 
recombinant OVGP1 on embryo development has been described 
in mammalian species such as goat [14] and domestic cat [15]. 
Furthermore, antibodies against the C-terminal peptide of rabbit 
OVGP1 inhibit early embryo development in mouse [16].
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It is clear that a study of the oviductal environment, especially 
the effect of OVGP1, is crucial to further our understanding of the 
underlying regulatory mechanisms controlling embryo development. 
Most functional studies in ovine, porcine, and bovine species have 
used native OVGP1 purified from OF or complete OF [17–20]. 
However, OF undergoes continuous renewal in the oviduct in vivo 
as the reproductive tract modifies its activity to provide the optimal 
environment for the gametes and embryos at each step of the reproduc-
tive process [1]. As a result, the amount of proteins is modified by 
the oviduct according to each embryo-stage or the different phases 
of the estrous cycle, potentially hindering a successful transfer to in 
vitro conditions. Moreover, as native OVGP1 is difficult to obtain 
in sufficient amounts, recombinant OVGP1 represents a reasonable 
alternative.

Previously, we have shown that recombinant porcine OVGP1 
(pOVGP1) has a positive effect on porcine fertilization efficiency, 
when it is added to the IVM or IVF medium and we attribute an 
order-specific role in modulating sperm binding, penetration, and 
fertilization, to the C-terminus of OVGP1 [21]. This allows heter-
ologous OVGP1 proteins (porcine and bovine) sharing the same 
conservative regions at their C-terminal regions (Supplementary Fig. 
1: online only) [21] to exert the same positive effect on IVF [22]. 
However, to our knowledge, the effects of recombinant OVGP1 on 
bovine embryo development have not yet been studied. Based on 
the amino acid sequence, porcine (Q28990) and bovine (Q28042) 
OVGP1 are 78% homologous and, more importantly, both proteins 
share the same C-terminal regions which are involved in the specific 
ZP-binding patterns that remodel the ZP matrix and allow protein 
endocytosis [21].

In vitro bovine embryo production is already well established and 
is used on a global scale for the cheap production of calves. The 
bovine species is an economically important livestock animal and 
investigations into cow reproduction have recently generated renewed 
interest due to its importance as a model animal in transgenesis and 
stem cell research. Therefore, the main objective of the present study 
was to analyze in vitro the effects of purified recombinant pOVGP1 
supplementation on bovine embryo development and embryo quality. 
For that purpose, we used two different concentrations of pOVGP1 
(10 and 50 µg/ml) during the period when, in vivo, the embryo is 
still in the oviduct: IVF (from day 0 to day 1) (D0–D1), early IVC 
(from day 1 to day 3.5) (D1–D3.5), or both (from day 0 to day 3.5) 
(D0–D3.5).

Materials and Methods

Unless otherwise stated, all chemicals were purchased from Sigma 
Aldrich Quimica S.A Company (Madrid, Spain).

Recombinant OVGP1 protein production
Recombinant pOVGP1 was expressed in the Human Embryonic 

Kidney (HEK 293T) cell line and purified as described previously 
[21]. HEK 293T cells were grown in Corning® Roller Bottles 
(Sigma-Aldrich, St. Louis, MO, USA) (37°C, 5% CO2, and 95% 
humidity) for 48–72 h to 80–90% confluence in DMEM medium 
(Dulbecco’s Eagle Medium, Thermo Fisher Scientific, Rockford, IL, 
USA) supplemented with 10% fetal bovine serum and 4 mM glutamine 

(both from Gibco BRL-Life Technologies, Gaithersburg, MD, USA). 
Cells were transfected using polyethylenimine (PEI, Sigma-Aldrich) 
to express pOVGP1. Conditional media were harvested at 72 h after 
transfection and adjusted with a buffer resulting in a final composition 
of 10 mM imidazole, 20 mM HEPES, and 150 mM NaCl, pH 7.8, 
and incubated with Ni-NTA Superflow (Qiagen, Hilden, Germany) 
overnight at 4ºC. The nickel beads were washed and the proteins were 
eluted with a 500 mM imidazole, 20 mM HEPES, 150 mM NaCl, 
pH 7.8 buffer. A buffer exchange was made by dialysis to obtain the 
protein in a 150 mM Tris HCl, 200 mM NaCl, 10% glycerol buffer. 
The authenticity of pOVGP1 was verified as described previously [21].

Immunoblotting
Purified protein was separated by SDS-PAGE and transferred 

to PVDF membranes, which were probed with Penta-His mouse 
monoclonal antibody (Qiagen) and visualized by chemiluminescence. 
Proteins were also stained with Simply BlueTM Safe Stain (Invitrogen, 
Carlsbad, CA) after SDS-PAGE.

Confocal microscopy
Bovine presumptive zygotes and embryos supplemented with 

pOVGP1 during IVF, IVC, or both processes, at two different 
concentrations of pOVGP1 (10 and 50 µg/ml), were analyzed by 
confocal microscopy to detect the presence of the protein.

After treatment, presumptive zygotes (D1) and embryos (D3.5 
and D9) were washed and fixed with 2% paraformaldehyde (Electron 
Microscopy Sciences, Hatfield, PA) in PBS. Half of the D3.5 embryos 
and all of the D1 presumptive zygotes and D9 embryos were permea-
bilized using TritonTM X-100 at 1% in PBS for 5 min (Sigma-Aldrich) 
to enable detection of pOVGP1. Half of the D3.5 embryos were left 
unpermeabilized in order to check whether pOVGP1 had bound 
to the blastomere membranes. D3.5 embryos were stained for 15 
min in 1% Hoechst in PBS. Permeabilized and non-permeabilized 
presumptive zygotes and embryos were stained with Penta-His mouse 
monoclonal antibody diluted 1:100 in PBS. Stained embryos were 
mounted on a microscope slide. Samples were analyzed with a DM 
IRE2 confocal microscope (True Confocal Scanner TCS-SP2, Leica 
Microsystems, Barcelona, Spain).

Oocyte collection and IVM
Immature cumulus oocyte complexes (COCs) were obtained by 

aspirating follicles (2–8 mm) from ovaries of heifers collected at 
a commercial abattoir. COCs were matured for 24 h in 500 µl of 
TCM 199 supplemented with 10% (v/v) fetal calf serum (FCS) and 
10 ng/ml epidermal growth factor in a four-well dish, in groups of 
50 COCs per well at 38.5ºC, under an atmosphere of 5% CO2 in air 
with maximum humidity.

Sperm preparation and IVF
Frozen semen from a single Asturian Valley bull, was thawed at 

37ºC in a water bath for 1 min and centrifuged for 5 min at 290 × 
g through a gradient of 1 ml of 40% and 1 ml of 80% Bovipure, 
according to the manufacturer’s specification (Nidacon Laboratories 
AB, Göthenborg, Sweden). The sperm pellet was isolated and washed 
in 3 ml of Boviwash by centrifugation at 290 × g for 5 min. The 
pellet was resuspended in the remaining 300 µl of Boviwash. Sperm 
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concentration was determined and adjusted to a final concentration of 
1 × 106 sperm/ml for IVF. Gametes were co-incubated for 18–22 h in 
droplets of 100 µl of fertilization medium (Tyrode’s medium with 25 
mM bicarbonate, 22 mM Na lactate, 1 mM Na-pyruvate, and 6 mg/ml 
fatty acid-free bovine serum albumin (BSA) supplemented with 10 
mg/ml heparin sodium salt, Calbiochem, San Diego, CA, USA), in 
groups of 50 COCs per droplet under an atmosphere of 5% CO2 in air 
with maximum humidity at 38.5ºC. Depending on the experimental 
group (Fig. 1), the fertilization medium was supplemented with 10 
or 50 µg/ml of recombinant pOVGP1.

In vitro culture (IVC) of presumptive zygotes
At approximately 20 h post-insemination (p.i.), presumptive 

zygotes were denuded of cumulus cells by vortexing for 3 min and 
then cultured in groups of 25 in droplets of 25 µl of culture medium 
(Synthetic Oviduct Fluid-SOF) [23] with 4.2 mM sodium lactate, 0.73 
mM sodium pyruvate, 30 µl/ml BME amino acids, 10 µl/ml MEM 
amino acids, 1 µg/ml phenol-red, under mineral oil at 38.5ºC and 
under an atmosphere of 5% CO2, 5% O2, and 90% N2. Depending 
on the experimental group (Fig. 1), SOF was supplemented with 10 
or 50 µg/ml of pOVGP1 until D3.5. Then, from D3.5 until D9, all 
embryos were cultured in SOF supplemented with 3 mg/ml of BSA.

Assessment of embryo development and quality
Embryo development: Cleavage rate was recorded at Day 2 (48 

h p.i.) and cumulative blastocyst yield was evaluated at Days 7, 8, 
and 9 p.i.

Embryo quality assessed in terms of cryotolerance: The ability 
of the produced embryos to survive after vitrification was used as 
an indicator of embryo quality. BSA was used as a control as this 
implies a delay in embryo development compared with embryos 
cultured with FCS, resulting in a lower proportion of blastocysts 
on D7 and an increase on D8 (Tables 1 to 3). For that reason, D7 
and D8 expanded blastocysts were vitrified following the two-step 
protocol described previously [2, 24], using a Cryoloop device 
(Hampton Research, Aliso Viejo, CA, USA). Briefly, the blastocysts 
were first exposed to Holding Medium (HM; TCM 199 supplemented 
with 10% (v/v) FCS) with 7.5% ethylene glycol and 7.5% dimethyl 
sulfoxide (DMSO) for 3 min. In the second step, the embryos were 
exposed to HM with 16.5% ethylene glycol, 16.5% DMSO, and 0.5 
M sucrose for 20–25 sec, directly transferred to the cryoloop, and 
plunged into liquid nitrogen. The blastocysts were then warmed 
in two steps, being first exposed to HM with 0.25 M sucrose for 5 
min, followed by an incubation in HM with 0.15 M sucrose for 5 
min. Finally, the blastocysts were left in HM for 5 min before they 
were put in 25-ml droplets of SOF with 5% FCS. The definition of 
embryo survival was based on re-expansion of the blastocoel, its 
maintenance for 24, 48, and 72 h, and its ability to hatch from the ZP.

Embryo quality assessed in terms of gene expression pattern: 
As another indicator of embryo quality, genes related to glucose 
metabolism, epigenetics, cell-to-cell communication, endoplasmic 
reticulum homeostasis, and aquaporins were studied. Gene expression 
was analyzed in three pools of 10 expanded blastocysts recovered 
from D7-D8 for each experimental group.

Poly (A) RNA was extracted using a Dynabeads® mRNA 
DIRECT™ Micro Kit (Ambion®, Thermo Fisher Scientific, Oslo, 

Norway) following the manufacturer’s instructions with minor 
modifications [25]. After a 10-min incubation in lysis buffer with 
Dynabeads, the poly (A) RNA attached to the Dynabeads was extracted 
with a magnet and washed twice with washing buffer A and washing 
buffer B. The RNA was then eluted with Tris-HCl. Immediately after 
extraction, the reverse transcription (RT) reaction was carried out 
following the manufacturer’s instructions (Epicentre Technologies, 
Madison, WI, USA) using poly (T) primers, random primers, and 
MMLV High Performance Reverse Transcriptase enzyme in a total 
volume of 40 µl, to prime the RT reaction and to produce cDNA. The 
tubes were heated at 70ºC for 5 min to denature the secondary RNA 
structure and the RT mix was then completed with the addition of 50 
units of reverse transcriptase. The reactions were then incubated at 
25ºC for 10 min to favor the annealing of random primers, followed 
by 37ºC for 60 min to allow the RT of RNA, and finally 85ºC for 5 
min to denature the enzyme.

All primers were designed using Primer-BLAST software (www.
ncbi.nlm.nih.gov/tools/primersblast/) to span exon-exon boundaries 
when possible. All qPCR reactions were carried out in duplicate 
on a Rotor-GeneTM 6000 Real Time Cycler (Corbett Research, 
Sydney, Australia) by adding a 2 µl aliquot of each sample to the 
PCR mix (GoTaq® qPCR Master Mix, Promega, Madison, WI, 
USA) containing the specific primers selected to amplify activating 
transcription factor 4 (ATF4), DNA-damage-inducible transcript 3 
(DDIT3), DNA (cytosine-5-)-methyltransferase 3 alpha (DNMT3A), 
lysine (K)-specific demethylase 1A (KDM1A), desmocollin 2 (DSC2), 
gap junction protein, alpha 1 (GJA1, formerly CX43), insulin-like 
growth factor 2 receptor (IGF2R), aquaporin 3 (AQP3), and solute 
carrier family 2 (facilitated glucose transporter) member 1 (SCL2A1, 
formerly GLUT1). Primer sequences and the approximate sizes of the 
amplified fragments of all transcripts are shown in Supplementary 
Table 1 (online only). Cycling conditions were 94ºC for 3 min 

Fig. 1.	 Experimental design. The effect of 10 and 50 µg/ml of pOVGP1 
supplementation was evaluated at three levels: during IVF 
supplementation (D0–D1) (Control, n = 141; IVF 10, n = 189; 
IVF 50, n = 151), during IVC (D1–D3.5) (Control, n = 141, IVC 
10, n = 147; IVC 50, n = 150), and during IVF and IVC (D0–
D3.5) (Control, n =141, IVF+IVC 10, n = 194; IVF+IVC 50, n 
= 201). On the left, the numbers of days post-insemination that 
the COCs or zygotes were kept in each treatment are indicated. 
Three replicates were carried out.
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followed by 35 cycles of 94ºC for 15 sec, 56ºC for 30 sec, 72ºC for 
10 sec, and 10 sec of fluorescence acquisition. Each pair of primers 
was tested to achieve efficiencies close to 1 and the comparative cycle 
threshold (CT) method was used to quantify expression levels, as 
described by Schmittgen et al. in 2008 [26]. To avoid primer dimer 
artifacts, fluorescence was acquired in each cycle at a temperature 
higher than the melting temperature of the primer dimers (specific 
for each product, 80 to 86°C). The threshold cycle, or the cycle 
during the log-linear phase of the reaction, at which fluorescence 
increased above background was determined for each sample. The 
ΔCT value was determined by subtracting the endogenous control 
(an average of H2AZ and ACTB) CT value for each sample from 
each gene CT value of the sample. Calculation of ΔΔCT involved 
using the highest sample ΔCT value (i.e., the sample with the lowest 
target expression) as a constant to subtract from all other ΔCT sample 
values. Fold-changes in the relative gene expression of the target 
were determined using the equation 2–ΔΔCT.

Experimental design
Based on previous studies [14, 15], two different concentrations 

of pOVGP1 were used in vitro: 10 and 50 µg/ml. The developmental 
capacity and quality of the blastocysts obtained was assessed after 
the supplementation with pOVGP1 in three different steps: during 
IVF (D0-D1), early IVC (D1-D3.5), or during IVF and early IVC 
(D0-D3.5) (Fig. 1). In all experiments, embryo development was 
assessed at D2 and D7-D9. D7 and D8 embryos were used for gene 
expression analysis. Three replicates were carried out, after which 
a further four replicates were carried out, but only using the group 
supplemented with pOVGP1 during early IVC (D1-D3.5). The 
embryos obtained at D7 and D8 were vitrified/warmed to evaluate 
their survival rate.

The chosen species to test recombinant porcine OVGP1 was 
bovine because the embryo production system is more optimized than 
in porcine species. In addition, based on the amino acid sequence, 
porcine (Q28990) and bovine (Q28042) OVGP1 are 78% homologous 
and, more importantly, both proteins share the same C-terminal 
regions (Supplementary Fig. 1), which are involved in the specific 
ZP-binding patterns to remodel the ZP matrix and allow protein 
endocytosis [21]. These data suggest that pOVGP1 would be able 
to bind to the bovine ZP to be then endocytosed.

The effect of supplementation with pOVGP1 during IVF on 
embryo development (D0–D1)

After IVM, COCs were fertilized in three groups: without 
supplementation (Control; n = 160), supplemented with 10 µg/ml 
of pOVGP1 (IVF 10; n = 237), and supplemented with 50 µg/ml 
of pOVGP1 (IVF 50; n = 182). The presumptive zygotes were then 
cultured in SOF supplemented with 3 mg/ml of BSA until D7–D9. 
Presumptive zygotes were fixed (n = 15) at D1.

The effect of supplementation with pOVGP1 during early IVC 
on embryo development (D1–D3.5)

Presumptive zygotes were cultured in SOF without supplementation 
(Control; n = 160), supplemented with 10 µg/ml (IVC 10; n = 174), 
or 50 µg/ml of pOVGP1 (IVC 50; n = 153) until D3.5, when all 
groups were cultured in SOF supplemented with 3 mg/ml BSA until 

D7–D9. At D3.5 embryos were fixed (n = 56).

The effect on embryo development of supplementation with 
pOVGP1 during IVF and early IVC (D0–D3.5)

The matured COCs were fertilized in three groups: without 
supplementation (Control; n = 160), supplemented with 10 µg of 
pOVGP1 during IVF and early IVC (IVF+IVC 10; n = 194), or 50 
µg of pOVGP1 during IVF and early IVC (IVF+IVC 50; n = 202) 
until D3.5 when all groups were cultured in SOF supplemented with 
3 mg/ml BSA until D7–D9. At Day 9 embryos were fixed (n = 21).

Statistical analysis
All statistical analyses were carried out using the SigmaStat 

software package (Jandel Scientific, San Rafael, CA, USA). Cleavage 
rate, blastocyst yield, embryo survival after vitrification, and relative 
mRNA abundance were analyzed using one-way ANOVA. Tukey’s 
post-hoc test was used after one-way ANOVA. Values were considered 
significantly different when P was lower than 0.05.

Results

Recombinant pOVGP1 binds to the ZP of presumptive bovine 
zygotes and early embryos

As expected, bright immunofluorescence was detected through 
the entire thickness of the ZP, when bovine mature oocytes were 
incubated in IVF medium containing purified pOVGP1 (Fig. 2A), 
displaying the highest intensity at 50 µg/ml (Fig. 2B). In contrast, 
the fluorescent ZP-signal on D9 blastocysts was only detected when 
IVC medium was supplemented with 50 µg/ml of pOVGP1 (Fig. 3). 
This observation confirms that OVGP1-ZP binding is reversible [22], 
but the protein remains attached to the ZP when IVC is supplemented 
with 50 µg/ml of pOVGP1, even though the medium lacks the 
recombinant protein from Day 3.5 post-insemination.

Bovine D3.5 embryos cultured in 50 µg/ml of pOVGP1 showed 
specific labeling in the perivitelline space and plasma membrane 
between blastomeres when they were fixed and unpermeabilized. 
When embryos were permeabilized, a strong signal was detected 
within the blastomere cytoplasm (Fig. 4).

The effects of pOVGP1 on in vitro embryo development
Supplementation with pOVGP1 during IVF did not have any 

effect on the cleavage rate or blastocyst yield at Days 7, 8, or 9. In 
addition, no dose-dependent effect was observed. The cleavage rate 
ranged from 77.89 to 82.45%, while the blastocyst rate at D9 ranged 
from 24.51 to 26.08% (Table 1, P > 0.05)

When pOVGP1 was added during early IVC (D1–D3.5), the 
supplementation had no effect on the cleavage rate or blastocyst 
yield (Table 2). The cleavage and blastocyst rates were similar in all 
groups, ranging from 82.45 to 84.01% and from 21.32 to 29.53%, 
respectively (P > 0.05). These results were confirmed when four more 
replicates were carried out to evaluate the ability of the blastocyst 
to survive vitrification (data not included).

Supplementation with pOVGP1 during fertilization and culture 
was detrimental to embryo development at the higher dose. Thus, 
although the cleavage rate was similar in the control, IVF+IVC 10, 
and IVF+IVC 50 groups (82.45 ± 4.27, 85.52 ± 7.26, and 79.70 
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Fig. 4.	 pOVGP1 was bound to the ZP and in the 
perivitelline space, plasma membrane, and cytoplasm 
of bovine D3.5 embryos. Upper panels: Bovine 
D3.5 embryos cultured in IVC medium containing 
50 µg/ml of pOVGP1 were fixed and a half of them 
were permeabilized. The embryos were imaged by 
confocal fluorescence microscopy using a monoclonal 
antibody against the His tag (n = 56). Specific label 
was detected in the ZP, perivitelline space, and plasma 
membrane between blastomeres in unpermeabilized 
embryos. We also detected bright immunofluorescence 
within the blastomere cytoplasm when embryos 
were permeabilized. Lower panels: Blue signal 
corresponding to nucleic acid stained with Hoechst 
is shown merged with the immunofluorescent green 
signal and the bright field image. Scale bars = 50 µm.

Fig. 3.	 pOVGP1 is detected in the ZP of D9 blastocyst when IVC medium is supplemented with 50 µg/ml of pOVGP1. On Day 9, blastocysts 
were recovered, fixed, and imaged by confocal fluorescence microscopy using a monoclonal antibody against the His tag (n = 21). Bright 
immunofluorescence was only detected in the ZP of the blastocysts when IVC medium was supplemented with 50 µg/ml of pOVGP1. No 
fluorescent signal was found in the groups supplemented with 10 µg/ml of pOVGP1, or in the untreated group. Scale bars = 50 µm.

Fig. 2.	 pOVGP1 expressed by mammalian cells binds to ZP of bovine presumptive zygotes. 
A. pOVGP1 was expressed in HEK 293T cells, purified, separated by SDS-PAGE, 
and analyzed by immunoblot using a monoclonal antibody against the His tag and 
Coomassie blue stain. Bands of ~90 kDa correspond to reduced pOVGP1 (lanes 1 
and 3) were detected. Lanes 2 and 4 correspond to the negative control. B. Bovine 
presumptive zygotes incubated in IVF medium containing pOVGP1 at 10 or 50 
µg/ml and in IVF medium without pOVGP1 were fixed and imaged by confocal 
fluorescence microscopy using a monoclonal antibody against the His tag (n = 15). 
Bright immunofluorescence was detected throughout the entire thickness of the ZP. 
The intensity was higher in the group supplemented with 50 µg/ml of pOVGP1 than 
in the 10 µg/ml group. No fluorescent signal was found in the untreated group. Scale 
bars = 50 µm.
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± 1.66%, respectively) the blastocyst rate at D7, D8, and D9 was 
much lower in the IVF+IVC 50 group compared with the control 
and IVF+IVC 10 groups (13.28 ± 0.34 vs. 25.72 ± 4.05 and 27.21 
± 1.73% at D9, respectively; P < 0.05) (Table 3).

pOVGP1 during early IVC does not affect embryo survival 
after vitrification

No significant differences were observed on survival or hatching 
rate when D7 or D8 expanded blastocysts were vitrified, so the results 

presented in Table 4 include D7 and D8 blastocysts. Compared with 
the control, the use of 10 or 50 µg/ml of pOVGP1 during early 
embryo development did not have any significant effect on embryo 
survival at any time point measured (72 h: 76.77 ± 9.67 vs. 79.70 ± 
7.16 vs. 57.05 ± 10.77, respectively, P > 0.05) nor on the hatching 
rate after vitrification/warming (63.71 ± 10.19 vs. 63.23 ± 4.98 vs. 
60.00 ± 9.44, respectively, P > 0.05) (Table 4).

Table 4.	 In vitro survival after vitrification and warming of D7+D8 expanded blastocyst that were cultured with 
10 or 50 µg/ml of pOVGP1 during early in vitro culture (D1–D3.5) (four replicates)

Groups N
Embryo survival after, n (Mean % ± S.E.M.) Hatching rate, n 

(Mean % ± S.E.M.)24 h 48 h 72 h
Control 44 35 (84.39 ± 6.94) 34 (80.82 ± 8.49) 32 (76.77 ± 9.67) 26 (63.71 ± 10.19)
IVC 10 49 41 (82.88 ± 7.08) 41 (82.88 ± 7.08) 39 (79.70 ± 7.16) 31 (63.23 ± 4.98)
IVC 50 36 27 (80.46 ± 8.25) 22 (70.68 ± 12.44) 19 (57.05 ± 10.77) 21 (60.00 ± 9.44)

N = total number of expanded D7 and D8 blastocysts vitrified and warmed. One way ANOVA, P > 0.05.

Table 1.	 The effects of supplementation with 10 or 50 µg/ml of pOVGP1 during in vitro fertilization on embryo development 
(D0–D1) (three replicates)

Groups N Cleavage, n 
Mean ± S.E.M. (%)

Blastocyst Yield

D7, n 
Mean ± S.E.M. (%)

D8, n 
Mean ± S.E.M. (%)

D9, n 
Mean ± S.E.M. (%)

Control 160 131 (82.45 ± 4.27) 29 (19.32 ± 3.41) 35 (22.69 ± 2.66) 39 (25.72 ± 4.05)
IVF 10 237 186 (77.89 ± 4.40) 34 (14.23 ± 0.73) 48 (19.93 ± 2.26) 62 (26.08 ± 0.99)
IVF 50 182 147 (81.62 ± 3.15) 18 (10.79 ± 3.35) 33 (19.34 ± 4.48) 42 (24.51 ± 5.13)

N = total number of presumptive zygotes placed in culture. One way ANOVA (P > 0.05).

Table 2.	 The effects of supplementation with 10 or 50 µg/ml of pOVGP1 during early in vitro culture on embryo development 
(D1–D3.5) (three replicates)

Groups N Cleavage, n 
Mean ± S.E.M. (%)

Blastocyst Yield

D7, n 
Mean ± S.E.M. (%)

D8, n 
Mean ± S.E.M. (%)

D9, n 
Mean ± S.E.M. (%)

Control 160 131 (82.45 ± 4.27) 29 (19.32 ± 3.41) 35 (22.69 ± 2.66) 39 (25.72 ± 4.05)
IVC 10 174 146 (83.61 ± 1.69) 26 (15.28 ± 3.15) 34 (19.74 ± 1.90) 37 (21.32 ± 1.16)
IVC 50 153 128 (84.01 ± 3.93) 24 (15.78 ± 4.97) 37 (24.48 ± 4.09) 45 (29.53 ± 2.28)

N = total number of presumptive zygotes placed in culture. One way ANOVA (P > 0.05).

Table 3.	 The effects of supplementation with 10 or 50 µg/ml of pOVGP1 during in vitro fertilization and early embryo 
culture on embryo development (D0–D3.5) (three replicates)

Groups N Cleavage, n 
Mean ± S.E.M. (%)

Blastocyst Yield

D7, n 
Mean ± S.E.M. (%)

D8, n 
Mean ± S.E.M. (%)

D9, n 
Mean ± S.E.M. (%)

Control 160 131 (82.45 ± 4.27) 29 (19.32 ± 3.41) a 35 (22.69 ± 2.66) a 39 (25.72 ± 4.05) a

IVF + IVC 10 194 170 (85.52 ± 7.26) 32 (17.18 ± 2.97) a 42 (22.13 ± 1.73) a 52 (27.21 ± 1.73) a

IVF + IVC 50 202 160 (79.70 ± 1.66) 15 (7.56 ± 0.56) b 22 (11.14 ± 0.82) b 27 (13.28 ± 0.34) b

N = total number of presumptive zygotes placed in culture. Different letters (a, b) in the same column indicate differences 
between groups (One way ANOVA, P < 0.05).
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pOVGP1 affects specific genes related to embryo quality
Supplementation with pOVGP1 during IVF significantly increased 

the expression of AQP3, at both 10 and 50 µg/ml, compared with the 
control (P < 0.05). ATF4, a gene involved in endoplasmic reticulum 
homeostasis, was upregulated in the IVF 50 group (P < 0.05), while 
the effect in the IVF 10 group only showed borderline significance (P 
= 0.054) compared with the control. In the cell-to-cell communica-
tion category, GJA1 was downregulated in the IVF 10 group and 
upregulated in the IVF 50 group compared with the control (P < 
0.05) (Fig. 5).

In IVF supplementation, the use of pOVGP1 during IVC showed 
similar differences in the gene expression of AQP3. In this case, ATF4 

was upregulated in both pOVGP1 concentrations compared with the 
control (P < 0.05). In addition, during IVC supplementation, DSC2, 
which corresponds to the cell-to-cell communication category, was 
upregulated in both groups supplemented with pOVGP1 compared 
with the control (P < 0.05) (Fig. 6).

With regards to AQP3, the use of pOVGP1 during IVF+IVC 
showed a similar gene expression pattern to that observed after 
individual supplementation during IVF or IVC. DSC2 presented the 
same distribution to that observed after supplementation during IVC, 
suggesting that the strongest effect on this gene is when pOVGP1 is 
used during early embryo culture. In addition, GJA1 showed similar 
expression to IVF supplementations, being downregulated in the 

Fig. 5.	 Relative mRNA abundance (normalized against H2AZ and ACTB) of selected genes for the assessment of blastocyst quality when COCs were 
cultured with pOVGP1 during IVF (D0–D1). For each transcript, bars with different superscripts differ significantly (P < 0.05).

Fig. 6.	 Relative mRNA abundance (normalized against H2AZ and ACTB) of selected genes for the assessment of blastocyst quality when presumptive 
zygotes were cultured with pOVGP1 during early IVC (D1–D3.5). For each transcript, bars with different superscripts differ significantly (P < 
0.05).
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IVF+IVC 10 group compared with the control but not showing 
differences in the IVF+IVC 50 group. ATF4 was also upregulated 
when both doses of pOVGP1 were used compared with the control 
group, as occurred with supplementation during IVC. Furthermore, 
one gene related with epigenetics, DNMT3A, was upregulated in the 
IVF+IVC 50 group compared with the other groups (P < 0.05; Fig. 7).

Discussion

It has been shown that co-culturing embryos with oviductal cells 
or the in vivo culture of embryos in oviducts of recipient animals 
increases the success of development and mimics the pattern of 
transcript abundance of some genes observed in in vivo derived 
embryos [27, 28]. Therefore, it seems reasonable to include secreted 
oviductal components in the in vitro culture medium. Many stud-
ies have tested the OF effect on early development [19, 20, 24]. 
However, in such studies, the complete OF is usually recovered 
by aspiration from whole oviducts so that all the components are 
mixed in the same fluid, though a gradient has been observed in 
the biosynthetic activity of the functional oviductal segments [29]. 
In addition, there are also variations in the components of the OF 
during the estrous cycle [30]. Thus, the components of OF should 
be added (i) gradually to the in vitro system to be able to study 
their involvement and influence in early development and (ii) at the 
appropriate time. In the present study, pOVGP1 was added during 
IVF and early IVC, the time period when the embryo remains in 
the bovine oviduct in vivo. Recently, we showed that pOVGP1 
added during IVF remodels porcine ZP, leading to a significant 
increase in monospermy rates compared with the control, without 
affecting penetration rates and resulting in a general increase in the 
final output of the IVF system [21]. In an attempt to elucidate the 
role of OVGP1 in the early development, we describe here for the 
first time the application of recombinant pOVGP1 to an in vitro 

culture system to produce bovine embryos. Similarly, as we showed 
previously in porcine IVF [21], during the present study pOVGP1 
was bound to the ZP of presumptive bovine zygotes, when protein 
was added to the IVF medium. However, the ZP signal disappeared 
after 9 days of incubation in OVGP1-free medium or medium with a 
low concentration of OVGP1 in the IVC, suggesting reversible and 
dose-dependent OVGP1-ZP binding [22]. The presence of OVGP1 
in multivesicular-like bodies in IVM oocytes [21] and in blastomeres 
of developing embryos [12] could explain the influence of OVGP1 
in the early stages of development, as has been reported for many 
species [16–18, 31, 32]. In accordance with these data, we report that 
D3.5 embryos cultured with recombinant pOVGP1 showed specific 
labeling in the plasma membrane, perivitelline space, and inside 
blastomeres, confirming protein activity beyond the ZP of bovine 
embryos. Together, these data confirm that the C-terminal region of 
OVGP1 regulates its activity and accounts for the reproductive role 
of OVGP1 in different mammalian orders [21]. Therefore, OVGP1 
proteins containing same C-terminal region (Supplementary Fig. 1) 
could be used in heterologous systems.

A beneficial effect of purified native OVGP1 on the cleavage 
rate and number of embryos that reach the blastocyst stage was 
demonstrated in goat when the protein was used at 10 µg/ml during 
IVF and IVC. However, using higher concentrations of OVGP1 (50 
or 100 µg/ml) had an inhibitory effect on embryo production [14]. 
Indeed, in the porcine system, treatment with OVGP1 (10 µg/ml) 
during preincubation/IVF increased the number of oocytes reaching 
the blastocyst stage, while OVGP1 added during both IVF (10 µg/ml) 
and IVC (50 or 100 µg/ml), tended to diminish the above effect [18]. 
In the present study, the use of pOVGP1 during IVF or IVC during 
bovine in vitro embryo production maintained the number of oocytes 
reaching the blastocyst stage compared to control, while pOVGP1 
at a higher dose (50 µg/ml) added during both IVF and IVC, had a 
detrimental effect on embryo production. Similarly, when the IVC 

Fig. 7.	 Relative mRNA abundance (normalized against H2AZ and ACTB) of selected genes for the assessment of blastocyst quality when COCs and 
presumptive zygotes were cultured with pOVGP1 during IVF and early IVC, respectively (D0–D3.5). For each transcript, bars with different 
superscripts differ significantly (P < 0.05).
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medium was supplemented with high concentrations (5, 10, or 25%) 
of complete bovine OF, a negative effect on blastocyst development 
was observed [24]. In the present study, the use of pOVGP1 did not 
improve embryo production in any of the experimental groups (IVF, 
IVC, or IVF+IVC). This is consistent with a published study in which 
recombinant cat OVGP1 was used in IVF, with no significant effects 
on the cleavage or blastocyst rates [15]. Furthermore, in vivo studies 
by null mutation of the OVGP1 glycoprotein have shown that OVGP1 
is dispensable for the process of fertilization, at least in mice [33].

All these data reflect the importance of establishing the optimal 
protein dose in in vitro assays. Histochemical and immunocytochemi-
cal studies have demonstrated regional differences in the localization 
of materials and proteins in the oviductal epithelium [34]. Besides, 
the differing presence of proteins within the three functional oviductal 
segments (infundibulum, ampulla, and isthmus) is probably related 
with their individual functions [29]. The segmented microenvironment 
in the oviduct is likely to ensure the optimal protein doses necessary 
for fertilization and early embryo development in vivo. Consequently, 
a detailed protein analysis of the oviductal content from the different 
segments is necessary to optimize the concentration of OVGP1 for 
culture conditions [35] .

The culture environment during embryo development has an 
effect on embryo quality in terms of gene expression [2, 36, 37]. 
Our results show the overexpression of AQP3, a gene coding for 
aquaporin 3, in all treatments with pOVGP1. Aquaporins are proteins 
that form membrane channels which facilitate rapid and passive 
movement of water [38, 39], whose presence has been detected in 
mouse oocytes and human embryos [40]. They play a crucial role 
in cellular homeostasis and transport of cryopreserved oocytes and 
mouse blastocysts [41–43]. Therefore, the upregulation of this gene 
improves the survival of mouse oocytes and embryos following 
cryopreservation, as well as regulating apoptosis in the same embryos 
[44–47]. The downregulation of this gene is associated with low 
fertilization rates [48] and inhibits embryonic development in 2-cell 
mouse embryos [40], suggesting an important role in embryonic 
development. In mice, the knockout of Aqp3 leads to a deterioration 
in the formation of epidermal cells [49]. Despite these reports, this 
was not confirmed under our experimental conditions. Regardless of 
AQP3 overexpression in blastocysts produced from mature oocytes 
and early embryos treated with either concentration of pOVGP1, 
their cryotolerance was not enhanced. However, it cannot be ruled 
out that pOVGP1 may be responsible for distinct embryo qualita-
tive differences not associated with cryotolerance, but essential for 
implantation and/or fetal development.

Our results also point to a significant upregulation of the gene 
encoding transcription factor 4 (ATF4) when either concentration 
of pOVGP1 was used during IVC. This factor has been described 
as being critical for normal cell proliferation, especially during 
peak proliferation, and is required in fetal hematopoiesis, while its 
absence results in severe fetal anemia [50]. In mouse embryos, Atf4 
deficiency produces a severe defect in the formation of the lens [51].

Another gene showing differences after treatment with both doses 
of pOVGP1 during IVC is DSC2 (desmocollin 2), a member of the 
superfamily of cadherins. DSC2 is a cell adhesion protein present in 
desmosomes [52], where it is involved in the formation of desmosomal 
junctions, which stabilize the expansion of the blastocyst [53, 54]. 

Desmosomal junctions play an important role in integrity and signaling 
activity in tissues [55]. DSC2 upregulation has been described in 
the morula and blastocyst stage [56] and it has been observed that 
the relative abundance of mRNA is significantly greater in high 
quality blastocysts than in those of low quality [57]. The expression 
of this gene affects embryo quality, and could be used as a marker 
in IVC. In our study, both 10 and 50 µg/ml of pOVGP1 used during 
IVC upregulated DSC2, indicating that supplementation of bovine 
embryos with pOVGP1 during early embryonic culture favors the 
production of high quality embryos.

In the present study, the experimental group that produced the 
fewest embryos was IVF+IVC 50. The embryos obtained in this 
group overexpressed a gene related with epigenetic embryo markers, 
DNMT3A (DNA methyltransferase 3 alpha). The methyltransferase 
family (DNMTs) mediates the establishment and maintenance of 
dynamic patterns of DNA methylation in the genome. DNA methyla-
tion is an epigenetic event of great importance in gene regulation 
and for maintaining an optimal DNA methylation pattern during 
oocyte maturation. This is essential for the viability and develop-
ment of embryos [58]. DNMT3A encodes a methyltransferase that 
has been identified as acting as a de novo DNA methyltransferase 
[59], establishing both maternal and paternal imprints [60, 61]. The 
expression of DNMT3A is affected by in vitro culture [62], as well 
as by serum supplementation [24].

Our results showed that the expression pattern of the Gap junction 
protein alpha 1 (GJA1) was contrary for both doses during IVF, i.e., 
10 µg/ml of pOVGP1 downregulated and 50 µg/ml upregulated 
its expression. The use of recombinant feline OVGP1 during IVF 
increased the expression of GJA1 in cat blastocysts [15]. In the bovine 
system, GJA1 was expressed to a significantly higher extent in in 
vivo-cultured embryos from D4 onward, compared with those cultured 
in vitro [63], suggesting its importance in embryo development.

In conclusion, the use of pOVGP1 at an appropriate dose during 
IVC of bovine embryos does not affect embryo development, but 
produces embryos of better quality in terms of the relative abundance 
of specific quality-related genes. In vitro bovine embryo production 
is already well established, but it is necessary to further study embryo 
development in order to analyze the effects of assisted reproductive 
technologies (ART) in bovine and other species. Recently, it has been 
shown that DNA methylation and gene expression changes derived 
from ART can be decreased by using reproductive fluids [64] as OF, 
highlighting the importance of searching for strategies to mitigate 
the adverse effects on the health of ART-derived offspring.
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