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Abstract
Gestations between bighorn (Ovis canadensis) and domestic sheep (O.  
aries) can be considered for ex situ conservation of bighorn. In the first exper-
iment, domestic sheep were inseminated with bighorn or domestic semen. 
Bighorn inseminated sheep showed lower fertility than domestic inseminat-
ed sheep (40% vs. 65%, p = 0.11). Bighorn inseminated sheep had lon-
ger gestation periods (152.13 days vs. 146.54 days, p < 0.001) and lower 
progesterone levels during the last third. Hybrid lambs weighed less than 
domestic lambs (2.46 kg vs. 5.10 kg, p < 0.001). Their placentas were not 
as long (48.67 cm vs. 72.17 cm, p < 0.001), were less wide (17.83 cm vs.  
23.83  cm, p  <  0.001), and the weight of cotyledons was lower (1.50  g  
vs. 3.20  g, p  <  0.001). In the second experiment, hybrid embryos (O. 
canadensis × O. aries) were transferred into domestic recipients, and preg-
nant ewes were divided into the treated group, which had a progesterone 
daily dose of 25 mg from weeks 7 to 20, and the non treated group. Gesta-
tion in domestic sheep that received one hybrid embryo and progesterone 
reached 152.60 days, which was similar to the 153.33 days (p = 0.51) in the 
non treated sheep. Hybrid offspring of the group treated with progesterone 
were heavier, 3.41 kg, than the control, 2.21 kg (p < 0.001), and their pla-
centas were longer (71.20 vs. 50.83 cm, p = 0.002). Although progesterone 
levels were lower in domestic females inseminated with bighorn and in the 
recipients of hybrid embryos, it is possible to establish pregnancies between 
both species and the birth of viable offspring. The administration of proges-
terone during gestation increases the length of the placenta and promotes 
higher birth weights of hybrids.  
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Introduction
Bighorn sheep is one of 14 species of Mexican fauna considered a priority under 
special protection status by NOM-059-ECOL-2010,1,2 and only the bighorn sheep 
of México is still in Appendix II of the Convention on International Trade of Wild 
Fauna and Flora Endangered Species.3 In 1994, Mexican subspecies of the “desert 
bighorn sheep” were classified by the Red List of Threatened Species of Internation-
al Union for the Conservation of Nature (IUCN) as “vulnerable” (O. c. mexicana), 
“endangered” (O. c. cremnobates), and “critically endangered” (O. c. weemsi).4 
Since 2010, the IUCN reclassified bighorn sheep as of “least concern”5 because 
their populations in North America are stable, even though they have increased, 
mainly in the United States of America, with at least 31,000 desert bighorn sheep 
in the wild;6 and 3000 to 4500 with private landowners, mostly in México. Howev-
er, their distribution is only 4% of the historical range.6-9

Assisted reproduction techniques in wild animal practice as a tool for conser-
vation have been widely discussed by several authors,10-11 but there has been little 
progress in terms of the possible value of interspecies gestations. This is because 
there are important knowledge voids on the phylogenetic closeness, differences in 
oestrous cycle and gestation length, differences in placenta formation, and in the 
immunological gestation that have sparked conflicts.12 

Interspecies gestations have been achieved in the Ovis genus with the birth 
of fertile, pure or hybrid lambs, when species have similar chromosome num-
ber (mostly 2n = 54), and when the oestrus cycle and gestations are of similar 
lengths.13-14 There are hybrids between Mouflon sheep (O. musimon) and do-
mestic sheep (O. aries),15 and between Mouflon and argali sheep (O. argali).16-17 
Mouflon embryos have been successfully transferred into domestic sheep,18 and 
Armenian red sheep (O. orientalis) lambs have been produced by in vitro fertiliza-
tion and embryo transfer into domestic females.19 These mentioned species have 
oestrus cycles of 16 days and gestations of 150 days, on average. It has also been 
possible to produce hybrids between Dall sheep (O. dalli) and bighorn sheep (O. 
canadensis),20 because they share oestrus cycles of approximately 28 days and a 
gestation period between 175 and 179 days.21-22

A recent work on gestations between bighorn and domestic sheep has uncov-
ered that, in these interspecies gestations, there was placental insufficiency, charac-
terized by a significant decrease in the plasma concentration of progesterone and 
endothelial dysfunction characterized by an increase in plasma levels of vascular 
endothelial growth factor and placental insulin-like growth factor-1, as well as an 
overexpression of hypoxia-inducible factor-1α.23 

This work sought to confirm if the production of hybrids is viable, despite the 
phylogenetic distance between bighorn and domestic sheep, and if the adminis-
tering of progesterone throughout these gestations could favour placental develop-
ment and promote foetal growth.

Materials and methods
Experiment I
Procedures
To produce hybrids between O. canadensis and O. aries, a total of 40 domestic 
Suffolk sheep between three and four years old, with at least two previous deliv-
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eries and a live weight of about 90 kg, were used in the first experiment. To cover 
the daily requirements during early pregnancy (first two-thirds), sheep were given 
1.75 kg of dry matter, 3.35 MCal of metabolizable energy and 96 g of metaboliz-
able protein.  During late gestation (last third), sheep were given 2.15 kg of dry 
matter, 4.10 MCal of metabolizable energy and 124 g of metabolizable protein. 
These requirements were provided by oat hay, alfalfa and commercial feed. Water 
was available ad libitum throughout the experiment.24

Twenty sheep were inseminated with frozen bighorn semen obtained by elec-
troejaculation from two males, one located in the Chapultepec Zoo of México City 
and the other in the Centro Ecológico de Sonora (Sonora State, México), after 
fasting and anaesthesia using xylacine (1 mg/kg live weight) and ketamine (4 mg/
kg) and reversed after the process with yohimbine (0.25 mg/kg).25 An additional 
20 domestic sheep were inseminated with frozen semen collected from two do-
mestic males using an artificial vagina. Previously, the semen of both species was 
evaluated, diluted with Triladyl (Minitübe) at 37 °C, cooled at 5 °C for at least two 
hours, packaged in 0.25-mL straws at a concentration of 70 × 106 and frozen in 
liquid nitrogen (-196 °C) in 10 minutes.26

The ewes were synchronized using vaginal sponges with 20  mg of fluoro-
gestone acetate (FGA) (Chronogest, Intervet) for 12 days and 100 IU of equine 
chorionic gonadotropin (eCG) (Folligon, Intervet) at the day of removal. Intrauterine 
insemination was carried out 56 hours later through laparoscopy27 after fasting and 
anesthesia using xylacine (0.22 mg/kg live weight) and ketamine (1 mg/kg live 
weight). The diagnosis of gestation was carried out by transrectal ultrasonography 
with a linear 7.5 MHz transducer at day 30 post-insemination and confirmed by 
transabdominal ultrasonography with a linear 5 MHz transducer at day 40.28-29 

Progesterone levels were measured once a week from only six females with single 
gestations from each group from weeks 6 to 22 of gestation. Blood samples were 
obtained by venipuncture from the jugular using vacutainer tubes and needles. 
Samples were centrifuged at 1200 g for 10 min to obtain serum, which was kept at 
-20 °C until processing. Progesterone was quantified by a solid-phase radioimmu-
noassay, which was done in duplicate and in a single assay, using a commercial kit 
ensuring an intra-assay coefficient of variation <10% and an inter-assay coefficient 
of variation <15% (Coat-A -Count Progesterone, Siemens Medical Solutions) and 
according to the method described by the supplier. The minimum sensitivity of the 
assay was 0.094 ng/mL, and the intra-assay coefficient of variation was 3.6%. The 
assay kit has been validated for the ewe.30

At parturition, the condition of single gestations was confirmed, the duration 
was determined, offspring were weighed, and placentas were recovered in order 
to measure their length and width. Placentas were divided into four quadrants. All 
of the cotyledons present were counted, and three cotyledons from each quadrant 
were weighed.31

Experiment II
Procedures
To evaluate if the administration of exogen progesterone promotes placental devel-
opment and foetal growth, the second experiment was composed of 30 domestic 
sheep (with the same characteristics and conditions as Experiment I), from which six 
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were embryo donors. Donors were synchronized using vaginal sponges containing 
20 mg of FGA during 12 days, and superovulation was induced by intramuscular in-
jection of 180 mg of follicle stimulating hormone (Folltropin, Vetoquinol). The total 
dosage was divided into two daily administrations for four days, with a decreasing 
dose pattern (from 40 mg to 10 mg) across days. The first administration was two 
days before the removal of the sponge. These sheep were intrauterine inseminated 
by laparoscopy using two doses of frozen bighorn semen with 70(106) in each 
one, 48 hours later. Embryo retrieval was carried out by mid-ventral laparotomy 
at day seven after insemination. After their evaluation, excellent and good quality 
morulae and blastocysts32 were transferred fresh and individually to 24 recipients, 
in order to assure that each ewe only gestated a single offspring. Recipients were 
previously synchronized using vaginal sponges with 20 mg of FGA during 12 days 
and a 300 IU dose of equine chorionic gonadotropin at the time of their removal. 
Embryo transfer was done at day seven with the help of an endoscope, in order 
to expose the uterine horn ipsilateral to the ovary that had the best quality corpus 
luteum. A small puncture was made on the selected uterine horn, and the embryo 
previously loaded into a catheter was introduced.33 Gestation diagnosis was carried 
out 40 days after embryo transfer using real-time ultrasonography with a linear 
5  MHz transducer, and pregnant ewes were randomly placed into two groups: 
treated (n = 5, hybrid embryo + P4), which received a daily intramuscular dose 
of 25 mg (0.5 mL) of a natural progesterone (Progesvit A-E, Dechra-Brovel) from 
weeks 7 to 20 of gestation, and non treated control (n = 6, hybrid embryo), which 
received 0.5  mL of saline solution in the same schedule as the treated group.

Similar to the first experiment, the progesterone levels were determined each 
week from weeks 7 to 22 of gestation using a radioimmunoassay, and the duration 
of gestation was noted. Offspring were weighed at birth, and placentas were recov-
ered to determine their morphometry.

Statistical analyses
In both experiments, a chi-square test was used to compare the fertility in insem-
inated or embryo recipient sheep, while a t-test was used for comparing gestation 
duration, placental morphometry and birth weight. A mixed-model for repeated 
measures analysis of variance was used to compare the effect of type of gestation 
and the week of gestation on progesterone concentration: domestic or hybrid and 
weeks 6 to 22 in Experiment I, and hybrid embryo with progesterone or hybrid em-
bryo without progesterone and weeks 7 to 22 in Experiment II. For the test, the type 
of gestation and week of gestation were considered as fixed effects, while sheep 
were considered as a random effect.34

Ethical standards
The authors declare that the experimental protocol was approved by the Internal 
Committee for Care and Use of the Animals (CICUA, FMVZ-UNAM) and according 
to Mexican legislation.
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Results and discussion
Experiment I
Domestic sheep inseminated with frozen bighorn semen had reduced fertility, 40% 
(8/20), when compared to those inseminated with domestic semen, 65% (13/20), 
(x2(1) = 2.50, p = 0.11). The duration of gestation in domestic sheep inseminated 
with bighorn semen was greater, 152.13 ±0.22 days, than in domestic sheep in-
seminated with domestic semen, 146.54 ±0.21 days (t(19) = -17.04, p < 0.001). 
Hybrid offspring (O. c. mexicana × O. aries) weighed less at birth, 2.46 ±0.09 kg, 
than domestic offspring, 5.10 ±0.22 kg, (t(10) = 10.83, p < 0.001). Table 1 shows 
the morphometry of the placentas that were recovered at birth grouped by the type 
of gestation.

Figure 1 shows the serum progesterone levels determined between weeks 6 
and 22 of gestation. In general, progesterone levels were lower during the final 
third of interspecies gestations (O. c. mexicana × O. aries) when compared to the 
levels determined from domestic sheep gestations (O. aries × O. aries), (F(33, 
170) = 9.35, p < 0.001, partial η2 = 0.64).

Table 1. Placental morphometry grouped by gestation type

Gestation type Placenta length  (cm) 
(mean ±SE)

Placenta width (cm) 
(mean ±SE)

Number of cotyledons          
(mean ±SE)

Cotyledon weight (g) 
(mean ±SE)

Intraspecies or 
domestic  (n = 6)

72.17 ±1.35a 23.83 ±1.07a 54.67 ±2.02a 3.20 ±0.27a

Interspecies or 
hybrid  (n=6)

48.67 ±2.48b 17.83 ±0.47b 53.50 ±2.23a 1.50 ±0.13b

 (t(10) = 8.30, 
p < 0.001

(t(10) = 5.09, 
p < 0.001

(t(10) = 0.38, p = 0.70 (t(10) = 5.46, 
p < 0.001

a,b Within variables, values with different letters are statistically differents.

P
4

 n
g/

m
l

Gestation weeks

P4 Intraspecies

P4 Interspecies

*

*

*

*

*

*

*

Figure 1. Progesterone (ng/mL) in interspecies gestations (O. c. mexicana × O. aries, n = 6) and intraspecies gestations 
(O. aries × O. aries, n = 6). *Statistically different values (p < 0.01).
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Experiment II
The duration of gestation in domestic sheep that received one hybrid embryo (O. c. mexicana ×  
O. aries) and progesterone treatment reached 152.60  ±0.51 days, which is similar to the 
153.33 ±0.88 days (t(9) = -0.68, p = 0.51) in the non treated group. Offspring of the group treat-
ed with progesterone had higher birth weights, 3.41 ±0.20 kg, than the control, 2.21 ±0.10 kg, 
(t(9) = 5.46, p < 0.001). Table 2 shows the morphometry of the placentas recovered at birth  
by group.

Figure 2 shows the serum progesterone levels determined between weeks 7 and 22 of ges-
tation. Progesterone levels were significantly higher during all gestation (F(31, 144) = 14.26, 
p  <  0.001, partial η2  =  0.75) in females with an interspecies gestation (O. c. mexicana ×  
O. aries) and treated with exogenous progesterone.

The establishment and development of assisted reproduction techniques in bighorn sheep 
in México have been considered. In a previous work, bighorn sheep embryos (O. c. mexicana) 
were transferred into two domestic sheep ewes (O. aries) and two F1 hybrids (O. c. mexicana ×  
O. aries), from which none of the domestic ewes became pregnant, and one of the hybrid recip-
ients lost its pregnancy of two bighorn offspring at day 156.35 

Table 2. Placental morphometry by group

Group Placenta length  (cm) 
(mean ±SE)

Placenta width (cm) 
(mean ±SE)

Number of cotyledons          
(mean ±SE)

Cotyledon weight (g) 
(mean ±SE)

Hybrid embryo + P4 
(n = 5)

71.20 ±3.03a 19.44 ±1.13a 54.60 ±2.61a 1.70 ±0.27a

Hybrid embryo 
(n = 6)

50.83 ±3.33b 18.66 ±0.76a 56.83 ±6.68a 1.33 ±0.24a

(t(9) = 4.43, p = 0.002 (t(9) = 0.58, 
P = 0.57

(t(9) = -0.28, p = 0.78 (t(9) = 0.98, 
P = 0.35

a,b Within variables, values with different letters are statistically different.

P
4

 n
g/

m
l

Gestation weeks

treated with P4

* *

*

* *

*
*

* *

* *

*

*

*

*

*

control

Figure 2. Progesterone (ng/mL) in interspecies gestations (O. c. mexicana × O. aries) treated (n = 5) or control (n = 6). 
*Statistically different values (p < 0.01).
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The value of hybrids in ex situ conservation was demonstrated with the rescue 
project for wild ibex goats (Capra pyrenaica pyrenaica), which recently became 
extinct in Spain. In these studies, the transfer of 53 ibex embryos into domestic 
goats (C. hircus) produced only two offspring. The authors attributed the loss of 
the majority of the gestations to placental incompatibility or immunological rejec-
tion.36-37 Later, ibex embryos were transferred into hybrid first (F1) and second 
(F2) filial generations (C. p. pyrenaica × C. hircus), from which three Ibex offspring 
were born, one from an F1 hybrid and two from F2 hybrids.38 Finally, after several 
attempts with an important number of cloned embryos transferred into domestic 
and hybrid goats, the gestation of an ibex in a hybrid recipient and the birth of a live 
ibex offspring was achieved, although it died due to respiratory problems minutes 
after being born.39 

Despite the differences in the length of the oestrous cycle and gestation, and 
the lower fertility of the domestic sheep inseminated with frozen semen of bighorn, 
it is possible to produce embryos, gestations and viable hybrids between these 
not very closely related species.23,40 The duration of gestation can be modified 
by different factors, and the foetal genotype has a very significant effect on the 
gestation period, because within this genome, the paternal component is the most 
important.41 In hybrids between donkey and horse (mules), the gestation period is 
closer to the father’s species than to that of the mother.42 Similarly, regarding the 
gestations of hybrids between bighorn and domestic sheep, the paternal compo-
nent of the bighorn sheep that has a gestation period of approximately 175 days21 
significantly increases the normal gestation period of domestic sheep, from 146 
days to 152 days (on average), like the results obtained in these two experiments 
and in a previous work.23

From a physiological perspective, an inadequate placental vascularization 
and size throughout pregnancy causes reduced intrauterine foetal growth and the 
birth of small offspring.43 This condition is known as intrauterine growth restriction 
(IUGR), and it has been extensively studied in women with pre-eclampsia and 
new-born infants with an evident delay in their growth.44 Animal models that cause 
IUGR decrease blood flow between the placenta and foetus by ligature of one of 
the foetal umbilical arteries45 or by limiting the implant sites between the endome-
trium and the placenta by partial removal of endometrial caruncles.46 Placentas and 
offspring that showed restricted vascularization and reduced intrauterine growth, 
such as in those coming from numerous litters, have also been studied.47-48 Other 
models restrict feed or over feed pregnant females in order to evaluate the effects 
on placental, cotyledon and foetal development, as well as the concentrations of 
various hormones, amino acids and essential metabolites.49-51 

The proper development of the placenta is critical for determining the avail-
ability of nutrients in the development of the foetus and regulation of gas exchange 
or removal of waste products. The placental exchange efficiency is also affected 
by morphology, since it has great plasticity and adaptation to situations that cause 
stress.31,43 Since the maintenance of gestation depends greatly on the intense 
growth and formation of new blood vessels (angiogenesis) in the placenta, which 
in turn has a direct association with uterine and umbilical blood flow, the foetal 
weight and placental size are a consequence of these interactions.52-53 Several 
studies have demonstrated the existence of a positive direct relationship between 
the amount of uterine and umbilical blood flow and the growth and weight of 
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placentomes. The greater the blood flow, the heavier is the weight; therefore, the 
importance of placental circulation resides in its close relationship with foetal and 
placental weights. An increase in uterine vascular resistance has been clinically 
shown to have an effect on placental vascular and placentome development, de-
creasing the nutrient exchange capacity, which in turn has a negative effect on 
foetal growth and birth weight.54-55 This is similar to the results obtained with the 
interspecies gestations between bighorn and domestic sheep that are not treated 
with exogenous progesterone.

Progesterone is a hormone that is directly related to gestation, due to its mul-
tiple effects on the differentiation of the endometrial stroma, the control of the 
secretion of molecules that provide nutrition to the embryo at early stages, and 
the uterine secretion of local immunomodulating molecules, among others, that 
determine the gestation success or failure.56-57 With regard to domestic sheep, pro-
gesterone is produced at the beginning of gestation only by the corpus luteum, but 
starting from day 50 of gestation, the placenta produces higher levels.58-59 There 
is evidence in different species, including sheep, where both embryo survival and 
development rhythm depend on the concentration of progesterone present during 
the first weeks of life.60-64 In addition, the lamb birth weight has been positively 
correlated with the progesterone concentrations from weeks 9 to 19 of gestation.65 

Higher levels of progesterone during all of gestation allow the mobilization of larger 
quantities of fatty acids and glucose from reserves into the maternal circulation, and 
similarly, greater development of the placenta produces greater placental lactogen 
and other hormones with mitogenic activity favouring the intrauterine growth of the 
foetus.51,66 

When comparing placental development in the second experiment of this 
work, it becomes noticeable that placentas from O. c. mexicana × O. aries inter-
species gestations treated with progesterone have greater lengths, similar to that 
of intraspecies O. aries × O. aries gestations from the first experiment. This result 
could explain why the birth weight of hybrid offspring from the group treated with 
progesterone was also higher in relation to the hybrid offspring weight of the non 
treated control group. These results also suggest that progesterone could have a 
major effect on foetal growth in restricted gestations.  

Conclusions
Although the insemination of domestic sheep with bighorn sheep semen causes 
reduced fertility and lighter offspring birth weight, the production of hybrids is pos-
sible. Since foetal genotype has an effect on the duration of gestation, the use of 
hybrid females could be proposed as bighorn sheep embryo recipients. This type 
of interspecies gestations, O. canadensis × O. aries, could be considered as a 
restricted intrauterine growth model that could provide information regarding both 
domestic and wild animals. Similarly, the evaluation of simple treatments, such as 
the administration of progesterone to promote placental development and higher 
weights at birth, which are events related to placental vascularization and in turn 
with intrauterine foetal growth, could contribute to the development of assisted 
reproduction techniques for the conservation of wild species that are threatened, as 
well as to the study of an issue relevant to animal health and wellbeing.
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