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A B S T R A C T   

Assisted reproductive technologies are key to maintain genetic stocks of endangered wild species, such as the 
Iberian ibex (Capra pyrenaica). Due to the low availability of ibex ovaries, heterologous in vitro fertilization (IVF) 
with domestic goat (Capra hircus) oocytes constitutes an excellent alternative to determine the fertilization ca
pacity of ibex sperm doses. The aim of this study was to optimize heterologous ibex-goat IVF procedures by 
testing two different IVF media (TALP and SOF) and to determine whether estrous sheep serum (ESS) is required 
for fertilization. We found that TALP medium provides optimal conditions to conduct heterologous ibex-goat IVF, 
yielding blastocyst rates above 50%, and that supplementation with ESS is not required. No differences were 
found in embryo quality between embryos fertilized in TALP, SOF alone, or SOF supplemented with 2 or 20% 
ESS, based on the analysis of cell lineages development at day (D) 8 and D10 of development. Optimized het
erologous ibex-goat IVF, together with embryo quality assessment through lineages development analysis, 
constitute an excellent system to assess fertilization capacity of ibex sperm doses, and opens the possibility of 
performing homologous in vitro embryo production in this species.   

1. Introduction 

Assisted reproductive technologies (ARTs) are very valuable tools to 
preserve genetic diversity and to protect wild species. The Iberian ibex 
(Capra pyrenaica) is a wild caprine species comprising four subspecies, 
from which two are already extinct and two are included in the IUCN red 
list of threatened species [1]. Although sperm collection can be complex 
in this species, viable epididymal sperm has been recovered post mortem 
and cryopreserved [2–6], making Iberian ibex an excellent model to 
establish ARTs that can be applied to other wild ungulate species. In vitro 
fertilization constitutes an optimal test to check the fertilization ability 
of cryopreserved epididymal sperm, but access to ibex oocytes is very 
limited [7]. 

Heterologous IVF performed on oocytes obtained from a phyloge
netically close domestic species can be used to circumvent the limited 
access to oocytes from wild animals. Heterologous IVF has been suc
cessfully performed employing endangered felids sperm and cat oocytes 
[8–10]; antelope [11] or oryx [12] sperm and bovine oocytes; Iberian 
red deer and sheep oocytes [13]; or Iberian ibex sperm and goat oocytes 
[2,3]. In the case of the studies focused on Spanish Ibex [2,3], 

heterologous IVF was conducted in SOF medium supplemented with 
estrous sheep serum (ESS) at an optimal concentration of 2%. Although 
ESS constitutes an important source of variability and potential media 
contamination, it is required for sheep IVF due to its sperm capacitating 
effect [14,15] and is widely used to supplement SOF medium in ho
mologous domestic goat IVF [16–18]. However, other studies have re
ported high fertilization rates following homologous goat IVF conducted 
in TALP, a medium initially developed for bovine IVF [19], without ESS 
supplementation and thus in defined conditions [20–22]. 

The aim of this study was to compare two different IVF media, and to 
evaluate the effect of ESS supplementation during ibex-goat heterolo
gous IVF in terms of fertilization rates, ability to develop to the blasto
cyst and post-hatching stages and embryo quality assessed by lineage 
development analysis. 

2. Materials and methods 

All reagents were purchased from Sigma-Aldrich unless otherwise 
stated. 
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Fig. 1. Heterologous in vitro embryo production rates with Iberian ibex sperm and domestic goat oocytes. Cleavage rates at 48 h post-fertilization and blastocyst 
rates at day 8 after fertilization in FERT medium or SOF medium alone (SOF-0) or supplemented with 2% (SOF-2) or 20% (SOF-20) estrous sheep serum. Mean ± s.e. 
m. Different letters indicate statistically significant differences (One-way ANOVA; p < 0.05). 
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Fig. 2. Lineages development in heterologous ibex-goat blastocysts. A) Scatter plots indicating SOX2 + , SOX17 + , CDX2 + and total cell numbers in D8 blastocysts 
after IVF in the conditions indicated above. Graphs represent mean ± s.e.m. No statistically significant differences were detected by One-way ANOVA; Kruskal-Wallis 
test; p > 0.05. B) Representative immunofluorescence images of D8 blastocysts after IVF in FERT, SOF-0, SOF-2 or SOF-20 medium, stained for epiblast (SOX2, 
green), hypoblast (SOX17, magenta), trophectoderm (CDX2, white) and DAPI (blue). Scale bars: 100 µm. 
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2.1. Oocytes collection and in vitro maturation 

Ovaries from adult domestic goats (Capra hircus) were obtained from 
local slaughterhouses and transported to the laboratory in 0.9% saline 
solution supplemented with penicillin and streptomycin at room tem
perature (RT). After washing the ovaries, cumulus oocyte complexes 
(COCs) were aspirated from 2 to 8 mm diameter follicles, using a 23 g 
needle connected to an aspiration pump (VMAR 5100, Cook) adjusted to 
− 25 mmHg. COCs were collected in a 50 ml tube with Euroflush (IVM 
Technologies). COCs with a compact cumulus and homogeneous cyto
plasm were selected and matured for 24 h in TCM-199 supplemented 
with 40 μg/ml gentamicin sulphate, 10% (v/v) fetal bovine serum (FBS) 
and 10 ng/ml epidermal growth factor (EGF) at 38.5 ◦C under an at
mosphere of 5% CO2 in air with maximum humidity. 

2.2. Evaluation of epididymal sperm 

Epididymal spermatozoa from the same male, recovered within 8 h 
after death, was used for all experimental replicates to avoid a possible 
confounding male effect on embryo development. The following pa
rameters were assessed after sperm thawing, before IVF: motility, 
quality of motility, viability, plasma membrane integrity, acrosome 
integrity and morphological abnormalities. The percentage of motile 
spermatozoa was 80% and the quality of motility (scored on a scale from 
0 [lowest] to 5 [highest]) was 3. Both parameters were subjectively 
evaluated using a phase-contrast microscope (Zeiss, Germany). Sperm 
viability was assessed by nigrosine-eosin staining, which labels non- 
viable spermatozoa [23], and 65% spermatozoa were viable. Plasma 
membrane integrity was evaluated with the hypo-osmotic swelling test 
(HOST) [24]. Spermatozoa showing sperm tail swelling were classified 
as having an intact plasma membrane and represented 78% of sperm. 
The percentage of spermatozoa with an intact acrosome was assessed in 
sperm samples fixed with buffered 2% glutaraldehyde solution at 37 ◦C 
under a phase-contrast microscope [25]. Spermatozoa showing a 
crescent-shaped apical ridge were classified as having an intact acro
some (72%). However, spermatozoa with an irregulary shaped apical 
ridge, no apical ridge, or loose and vesiculated acrosomal cap were 
classified as not showing acrosome integrity (28%) [26]. Morphological 
abnormalities were evaluated in glutaraldehyde-fixed spermatozoa. 
Those spermatozoa with cytoplasmic droplets were considered 
morphologically normal, since this morphology is physiological in 
epididymal sperm cells. Only 1% of spermatozoa showed abnormal 
shapes. Moreover, this male showed a 40% fertility rate by artificial 
insemination with frozen sperm (2 pregnant out of 5 females). 

2.3. Heterologous in vitro fertilization 

Matured COCs were partially denuded by gentle pipetting and 
fertilized with frozen-thawed Bovi-Pure® (Nidacon) - separated ibex 
epididymal spermatozoa at a final concentration of 2 × 106. Gametes 
were co-incubated in 50 μl droplets of four different media: TALP me
dium (Supplementary Table 1) [19] supplemented with 50 IU/ml hep
arin (TALP) or synthetic oviductal fluid (SOF) (Supplementary Table 1) 
[27] supplemented with 50 IU/ml heparin alone (SOF-0) or combined 
with 2% (SOF-2) or 20% (SOF-20) (v/v) heat-inactivated estrous sheep 

serum (ESS), covered by mineral oil, at 38.5 ◦C in an atmosphere of 5% 
CO2 with maximum humidity. 

2.4. In vitro embryo culture up to the blastocyst stage 

At 18 h post-insemination, presumptive zygotes were denuded by 
pipetting and cultured in 50 μl droplets of SOF supplemented with 0.3% 
bovine serum albumin (BSA) under mineral oil at 38.5 ◦C under an at
mosphere of 5% CO2, 5% O2, and 90% N2 with maximum humidity. 
Cleavage was assessed at 48 h, and at day (D) 4 after fertilization, em
bryos were transferred to SOF supplemented with foetal bovine serum 
(FBS). Blastocyst rates were assessed at D6, 7 and 8. 

2.5. Post-hatching embryo culture 

At D 6 and 7 after fertilization, blastocysts were transferred to 
Nunclon Sphera low attachment dishes (Thermo Scientific, Roskilde, 
Denmark) in groups of 10–15. Blastocysts were cultured in N2B27 me
dium [1:1 Neurobasal and DMEM/F12 medium supplemented with 
penicillin/streptomycin, 2 mM L-glutamine, N2 and B27 supplements 
(Thermo Fisher Scientific)] supplemented with 20 ng/ml activin A and 
10 μM ROCK inhibitor Y27632 (StemCell Technologies) [28] at 38.5 ◦C 
in a water saturated atmosphere of 5% CO2, 5% O2, and 90% N2, and 
half of the culture medium was replaced every other day. 

2.6. Immunofluorescence to analyze lineages development 

Zona pellucida was removed by brief incubation in PBS pH 2 at room 
temperature (RT) when present. Zona-free embryos were fixed in 4% 
paraformaldehyde (PFA) for 15 min at RT and washed in phosphate- 
buffered saline (PBS) - 1% bovine serum albumin (BSA). If immunoflu
orescence was not performed right after fixation, embryos were kept in 
PBS – 1% BSA at 4 ◦C, and incubated in 125 mM glycine in PBS-1% BSA 
for 2 h at 4 ◦C right before immunostaining. Next, embryos were per
meabilized in 1% Triton X-100 in PBS for 15 min at RT, and blocked in 
10% Donkey Serum - 0.02% Tween 20 in PBS for 1 h at RT. Then, em
bryos were incubated overnight at 4 ◦C with primary antibodies to 
detect epiblast (SOX2; Invitrogen, 14–9811-80; 1:100 dilution), hypo
blast (SOX17; R&D, AF1924; 1:100 dilution) and trophectoderm (CDX2; 
Biogenex, MU392A; 1:100 dilution). After 4 washes in PBS-1% BSA, 
embryos were incubated in Donkey anti-Rat IgG Alexa 488, Donkey anti- 
Goat IgG Alexa 555 and Donkey anti-Rabbit IgG Alexa 647 antibodies 
(Life Technologies) and counterstained with 10 µg/ml DAPI for 1 h at 
RT. Finally, embryos were washed 4 times in PBS-1% BSA. Then, em
bryos were mounted in PBS drops in CoverWell™ incubation chambers 
(Invitrogen) and imaged at a structured illumination equipment 
composed by a Zeiss Axio Observer microscope coupled to ApoTome.2. 

2.7. Experimental design and end-point analyses 

To compare the performance of different media for heterologous 
ibex-goat in vitro fertilization, domestic goat oocytes were co-incubated 
with ibex sperm in TALP [19] (n = 295), SOF [27] alone (SOF-0; n =
300) or supplemented with 2% (SOF-2; n = 301) or 20% (SOF-20; n =
310) estrous sheep serum. Cleavage rates were evaluated at 48 h 
post-fertilization and blastocyst rates at D8 (6 experimental replicates). 
In a first experiment, epiblast, hypoblast, trophectoderm and total cell 
number were analyzed in D8 blastocysts (3 experimental replicates) to 
assess embryo quality. In a second experiment, to further characterize 
embryo quality, D6/7 blastocysts were cultured in a recently established 
post-blastocyst culture system that allows ovine embryos to develop up 
to peri-gastrulating stages [28]. Embryos were cultured up to D14 (1 
experimental replicate), D12 (1 experimental replicate) or D10 (3 
experimental replicates). One experimental replicate provided enough 
embryos to analyze both D8 and D14 embryos fertilized in the four 
different experimental conditions, and another one was used to analyze 

Table 1 
Post-hatching embryo and epiblast survival of heterologous ibex-goat embryos 
at D10, 12 and 14 of development.  

Day Embryo survival (%) Epiblast survival (%) 

10 227/243 (93.42) 174/204 (85.29)a 

12 59/60 (98.33) 19/59 (32.2)b 

14 33/33 (100) 6/33 (18.18)b 

Values with different superscripts in the same column differ significantly (Chi- 
square test; p < 0.05). 
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Fig. 3. Post-hatching development in heterologous ibex-goat embryos. A) Scatter plots indicating embryo area, percentage of hypoblast migration and SOX2 + cell 
number in D10, 12 and 14 heterologous ibex-goat embryos. Graphs represent mean ± s.e.m. Different letters indicate statistically significant differences detected by 
One-way ANOVA; Kruskal-Wallis test; p < 0.05. B) Representative immunofluorescence images of D10, 12 and 14 embryos. D10 and D12 embryos were stained for 
epiblast (SOX2, green), hypoblast (SOX17, magenta), trophectoderm (CDX2, white) and DAPI (blue), and D14 embryos were stained for epiblast (SOX2, green), 
hypoblast (FOXA2, magenta), mesoderm (T, white) and DAPI (blue). Scale bars: 200 µm for embryos; 50 µm for epiblast magnifications. White arrows indicate 
degenerating hypoblast cells. 
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both D8 and D12 embryos. At the end of the culture period, embryo 
survival was analyzed (alive embryos were able to maintain the blas
tocoel, whereas dead embryos collapsed), and surviving embryos were 
collected for lineages development analysis by immunofluorescence. 
Embryo area was measured using the Contour plugin in ZEN 3.2 (Carl 
Zeiss Microscopy GmbH, Germany). To quantify hypoblast migration, 
each spherical embryo was divided into two halves in the Z axis and 
orthogonal projections were performed. Then, total area and the area 
covered by SOX17 + hypoblast cells were quantified in each projection, 
and the percentage of hypoblast migration was calculated as the area 
covered by hypoblast divided by the total area. The percentage of hy
poblast migration was calculated for each embryo as the mean of both 
projections. Epiblast survival was scored as the presence of SOX2 + cells 
at the end of the culture period. SOX2 + cell number was counted 
manually using the multi-point counter plugin in ZEN 3.2. 

2.8. Statistical analysis 

Data were analyzed using the GraphPad Prism (GraphPad Software, 
San Diego, CA, USA) package and a value of P < 0.05 was considered 
significant. Differences in cleavage and blastocyst rates, cell counts, 
embryo area and hypoblast migration were analyzed by One-way 
ANOVA when data distribution was normal. When normality test 
failed, statistical differences were analyzed by non-parametric One-way 
ANOVA (Kruskal-Wallis test). Differences in embryo survival and 
epiblast survival were analyzed by Chi-square test. 

3. Results 

3.1. Heterologous in vitro embryo production with Iberian ibex sperm and 
domestic goat oocytes 

Similar cleavage and blastocyst rates were found when IVF was 
performed in TALP, SOF alone (SOF-0) or SOF supplemented with 2% 
(SOF-2) estrus sheep serum (ESS). However, cleavage rate was signifi
cantly lower in SOF medium supplemented with 20% ESS (SOF-20) than 
in TALP medium or SOF-0. Blastocyst rate at D8 was significantly higher 
in TALP medium than in SOF-20 (Fig. 1). When lineages development 
was analyzed in D8 blastocysts, epiblast (SOX2 +), hypoblast (SOX17 
+), trophectoderm (CDX2 +) and total cell number was similar between 
blastocysts fertilized in TALP, SOF alone or supplemented with 2% or 
20% ESS (Fig. 2). 

3.2. Post-hatching development of heterologous embryos 

Ibex-goat hybrid embryos showed high survival rates during post- 
hatching culture (Table 1) growing extensively from D10 to D14 
(Fig. 3A). However, in contrast to cattle or ovine embryos [28,29], hy
poblast migration was incomplete and many embryos showed a compact 
mass of degenerating hypoblast cells at D12 and 14 (Fig. 3B). A similar 
trend over post-hatching culture was noted for epiblast, as both the 
percentage of embryos with surviving epiblast cells (Table 1) and the 
number of SOX2 + epiblast cells were significantly lower at D12 and 14 
than at D10 (Fig. 3A). Epiblast did not develop into an embryonic disc, 

and initiation of gastrulation was not observed (Fig. 3B), in contrast to 
sheep embryos [28]. 

Given that no further development was observed beyond D10, the 
effects of the IVF media on subsequent embryo development were 
analyzed at D10. Survival was significantly lower in embryos fertilized 
in SOF-0 (Table 2). However, no significant differences were detected in 
embryo area, hypoblast migration, the percentage of embryos with 
surviving epiblast and the number of SOX2 + cells (Table 2, Fig. 4). 

4. Discussion 

The development of assisted reproductive technologies is crucial to 
preserve endangered wild species. Access to Iberian ibex female gametes 
is very limited, but cryopreserved ibex epididymal sperm are available 
[4], and heterologous IVF using domestic goat oocytes is an excellent 
system to test the fertilization capacity of stored ibex sperm doses. Here, 
we have optimized heterologous ibex-goat IVF, achieving over 50% 
blastocyst rates when IVF was performed in TALP medium, in the 
absence of estrous sheep serum (ESS). 

Heterologous ibex-goat IVF has been previously performed employ
ing SOF medium alone or supplemented with 2 or 20% ESS, yielding 1%, 
7% and 0% blastocyst rates, respectively [3]. A posterior study reported 
a 4.5% blastocyst rate (per oocyte) using SOF with 2% ESS, the best IVF 
medium according to the first study [2]. The higher blastocyst rates 
obtained herein (35–53%) could be associated to the use of adult instead 
of prepubertal goat oocytes, as prepubertal oocytes also show a reduced 
developmental ability compared to adult ones during domestic goat IVF. 
For instance, Leoni et al. reported 6.7 vs. 18.44% blastocyst rate from 
prepubertal vs. adult oocytes, respectively employing SOF medium 
supplemented with 10% ESS [18]; and Romaguera et al. reported 10.9 
vs. 20.8% using TALP medium [20]. 

Based on previous reports on heterologous ibex-goat IVF, we tested 
SOF medium alone or supplemented with 2 or 20% ESS, and TALP 
medium, which is regularly used for bovine IVF [19] and has been also 
employed in domestic goat IVF [20]. ESS is essential for sheep IVF due to 
its sperm capacitating effect [14,15] and blastocyst rates ranging from 
32 to 46% have been obtained in domestic goat IVF with adult oocytes 
and SOF medium supplemented with 10% ESS [16,17], but ESS 
composition is variable and unknown. In addition, its use can increase 
the risk of media contamination [17], and serum supplementation has 
been associated to large offspring syndrome in ovine [30] and bovine 
[31]. Our data evidences that ESS supplementation is not required for 
heterologous ibex-goat IVF and that it can be detrimental for fertiliza
tion and blastocyst rates at 20%, encouraging the use of a defined 
fertilization medium, such as TALP, which yielded a very high blastocyst 
rate in this study (52.9 ± 3.67%; mean ± s.e.m.). 

Heterologous artificial insemination has been previously used to 
evaluate the fertilization capacity of cryopreserved ibex sperm in vivo 
[32]. However, apparent fertility of sperm doses is profoundly influ
enced by the variable fertility of the females, which entails that a great 
number of females need to be inseminated per sperm sample to obtain 
significant conclusions. Furthermore, a number of technical limitations 
should be taken into account, such as the individual response to oestrus 
synchronization and ovulation, the influence of environmental condi
tions (e.g. reproductive seasonality), the technical limitations for lapa
roscopic insemination, etc. Conversely, heterologous IVF with 
phylogenetically related domestic species may be a more suitable 
method to evaluate the fertilizing capacity of sperm samples in rare or 
wild species, as fertilization takes place under in vitro controlled con
ditions and it does not require the use of valuable homologous oocytes. 

IVF efficiency is usually evaluated by fertilization rates and devel
opmental rates up to the blastocyst stage. However, embryo quality is 
another relevant parameter to analyze, as sperm cryodamage, DNA 
fragmentation and epigenetic alterations affecting chromatin conden
sation can affect subsequent embryo development [33–35]. Beyond the 
conventional morphological grading performed at the blastocyst stage, 

Table 2 
Embryo and epiblast survival of D10 heterologous embryos after IVF in TALP, 
SOF-0, SOF-2 or SOF-20 medium.  

IVF medium Embryo Survival (%) Epiblast survival (%) 

TALP 79/81 (97.53)a 55/69 (79.71) 
SOF-0 46/57 (80.7)b 37/42 (88.09) 
SOF-2 59/60 (98.33)a 50/55 (90.91) 
SOF-20 43/45 (95.55)a 32/38 (84.21) 

Values with different superscripts in the same column differ significantly (Chi- 
square test; p < 0.05). 
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Fig. 4. Post-hatching development in heterologous ibex-goat D10 embryos. A) Scatter plots indicating embryo area, percentage of hypoblast migration and 
SOX2 + cell number in D10 embryos after IVF in the conditions indicated above. Graphs represent mean ± s.e.m. No statistically significant differences were 
detected by One-way ANOVA; Kruskal-Wallis test; p > 0.05. B) Representative immunofluorescence images of D10 embryos after IVF in FERT, SOF-0, SOF-2 or SOF- 
20 medium, stained for epiblast (SOX2, green), hypoblast (SOX17, magenta), trophectoderm (CDX2, white) and DAPI (blue). Scale bars: 100 µm for embryos; 50 µm 
for epiblast magnifications. 
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the analysis of cell lineages development using specific epiblast, hypo
blast and trophectoderm markers provides a deeper insight of embryo 
quality [36], and post-hatching in vitro culture system allows to objec
tively evaluate real developmental ability beyond the blastocyst stage 
[28,29]. Although ibex-goat hybrid embryos showed limited develop
ment in vitro from D12 onwards, epiblast, hypoblast and trophectoderm 
development could be successfully quantified at D8 and D10, allowing 
the assessment of post-hatching developmental ability. D8 blastocysts 
and D10 post-hatching embryos showed proper epiblast, hypoblast and 
trophectoderm development in all IVF conditions, reflecting proper 
embryo viability beyond blastocyst hatching and adding an additional 
test to infer the suitability of stored ibex sperm doses to produce 
offspring through artificial insemination for conservation purposes [6]. 

5. Conclusions 

TALP medium provides optimal conditions to conduct heterologous 
IVF to test the fertilization ability of frozen-thawed Iberian ibex 
epididymal sperm doses in adult goat oocytes, being ESS supplementa
tion not required. Embryo quality could be objectively evaluated 
through lineages development assessment up to D10 in vitro, but no 
differences were found between embryos fertilized in TALP or SOF alone 
or supplemented with ESS. The optimized heterologous ibex-goat IVF 
protocol, achieving blastocyst rates beyond 50%, combined with em
bryo quality assessment through lineages development, could be 
employed to predict the fertilization capacity of ibex sperm doses and 
opens the gate to homologous in vitro embryo production of ibex 
embryos. 
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[2] J. López-Saucedo, M.T. Paramio, R. Fierro, D. Izquierdo, M.G. Catalá, M.A. Coloma, 
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[29] P. Ramos-Ibeas, I. Lamas-Toranzo, Á. Martínez-Moro, C. de Frutos, A.C. Quiroga, 
E. Zurita, et al., Embryonic disc formation following post-hatching bovine embryo 
development in vitro, Reproduction (2020). 

[30] J.G. Thompson, D.K. Gardner, P.A. Pugh, W.H. McMillan, H.R. Tervit, Lamb birth 
weight is affected by culture system utilized during in vitro pre-elongation 
development of ovine embryos, Biol. Reprod. 53 (1995) 1385–1391. 

[31] Z. Chen, K.M. Robbins, K.D. Wells, R.M. Rivera, Large offspring syndrome: a bovine 
model for the human loss-of-imprinting overgrowth syndrome Beckwith- 
Wiedemann, Epigenetics 8 (2013) 591–601. 

[32] J. Santiago-Moreno, M.A. Coloma, A. Toledano-Díaz, A. Gómez-Brunet, A. Pulido- 
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