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Abstract 
 

Hybrids between species are often infertile and 
extremely rare among mammals. Mules, i.e. crossing 
between the horse and the donkey, on the other hand are 
very common in agricultural and leisure practices due to 
their enhanced post-natal physical characteristics that is 
believed to occur for outbreeding or hybrid vigor. Since 
no reports are availableon the effects of hybrid vigor 
during early development, this study focused on 
characterizing the intrauterine development of mule 
conceptuses during critical embryo-to-fetus transition 
period. Nine embryos and fetuses of early gestation, 
obtained after artificial insemination and transcervical 
flushing, were evaluated by means of gross anatomy 
and histology and compared to data available for the 
equine. We found that some events, such as C-shape 
turning, apearence of branchial archs, limb and tail 
buds, formation of primary and secondary brain 
vesicles, heart compartmentalization, and development 
of somites, occurred slightly earlier in the mule. 
Nonetheless, no major differences were observed in 
other developmental features, suggesting similarities 
between the mule and the horse development. In 
conclusion, these data suggest that the effect of hybrid 
vigor is present during intrauterine development in the 
mule, at least with regard to its maternal parent. 
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Introduction 
 

Hybrids as crossbreeds of strains, varieties, or 
species occur in both plants and animals. The effect of 
hybridization on an organism is variable; in some 
instances the offspring is similar to one parent or it may 
be intermediate between the parental traits. In addition, 
hybrid offspring may have characteristics that are 
regarded to be superior or inferior in comparison to the 
traits of one or both parents. Offspring superiority is 
regarded as outbreeding enhancements, heterosis or 
hybrid vigor. Briefly, hybrid vigor is a fundamental 
biological phenomenon characterized by superior 
performance of the hybrid offspring as heterozygote 
between the two lines over its parents that are 
representing the homozygote conditions. It may increase 
the biomass, stature, growth rate, fertility and/or fitness 
in a population (Birchler et al., 2003, 2010; 

Hochholdinger and Hoecker, 2007; Chen, 2010a). 
Several investigations of the effects of heterosis have 
been performed in the rabbit, pig and cattle (Long, 
1980; Blasco et al., 1993; Galvin et al., 1993; Newman 
et al., 1993). In addition, studies on hybrids allows for 
investigations onthe specific role of genes in 
developmental attributes (Goodwin, 2007). For instance, 
hybridization studies have revealed how epigenetic 
variation (Jirtle and Skinner, 2007; Simmons, 2008; 
Skinner et al., 2010; Guerrero and Skinner, 2012; 
Groszmann et al., 2013) contributes to a better 
understanding of the molecular mechanisms of complex 
traits associated with hybrid vigor (Cubas et al., 1999; 
Manning et al., 2006; Shindo et al., 2006; Ni et al., 
2009; He et al., 2010). In domestic animal and plants, 
hybrid vigor seems to minimize inbreeding and to 
enhance breeding outcome (Gray, 1972; Anderson, 
1988). 

Hybrids between true species are rare, 
especially among mammals. Nonetheless, the mixing of 
species has always fascinated humans and inspired 
imaginations of creatures such as sphinx and centaurs in 
mythology. However, due to natural barriers and 
isolating mechanisms, interspecies mating is successful 
only in a few closely related mammalian species 
(McGovern, 1976). Examples that are able to crossbreed 
are known for felids, ursids and bovides as well as 
several species of equides. Hybrids between the horse 
Equus caballus and the donkey Equus asinus are 
common, resulting in the mule as a hybrid of a female 
horse and a male donkey and the hinny as the reciprocal 
crossbreed (Allen and Short, 1997). They are usually 
infertile, mainly because of chromosome 
inconsistencies, i.e. the horse possesses 64, the donkey 
62 and the hybrids 63 chromosomes that generally 
inhibit proper pairing during meiosis (Camillo et al., 
2003). Besides this, mules are commonly used in 
agriculture and other purposes. In particular, mules 
often demonstrate hybrid vigour in physical 
characteristics (Travis, 1990). They inherit a dense 
musculature from their donkey farther and tend to be 
stronger for carrying more weight and have better 
endurance than a horse but are associated with the 
steadfast temperament and surefootedness of their 
donkey mother. They are usually tall, relatively slow, 
but without severe leg problems (Travis, 1990). The 
mules' performance in cognition tests is significantly 
better than that of the parent species (Proops et al.,
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2009). Appart from a study based on ultrasonography 
(Paolucci et al., 2012), little is known about the 
morphological effects of hybrid vigor during the critical 
phase of intrauterine development. Therefore, our 
objective here was to obtain accurate information of the 
gross anatomy and histology of mule conceptuses and 
compare these to developmental patterns observed in 
previous equines (Franciolli et al., 2011; Rodrigues et 
al., 2014). So far, no comparable data are available on 
donkey early ontogeny. 
 

Material and Methods 
 
Animals 
 
All procedures using live animals were approved by an 
animal ethical committee from Scholl of Veterinary 
Medicine and Animal Science at University of Sao 
Paulo (CEUA/FMVZ-USP) (protocol n°2573/2012). 
The mule conceptuses were collected in the Faculty of 
Animal Science and Food Engineering, University of 
São Paulo (FZEA-USP) and the Universidade Federal 
Rural do Rio de Janeiro (UFRRJ - Seropédica). Using 1 
to 2 liters of Ringer's lactate solution at 37°C (Camillo 
et al., 2010), eight embryos and fetuses were collected 
by transcervical uterine flushing from mares at days 17 
to 63 after insemination (Tab. 1). Samples were fixed in 
4% paraformaldehyde and crown-rump length 
measurements of the conceptuses were obtained after 
the dissection of the extra-embryonic membranes. The 
extra-embryonic membranes of mule conceptuses at 33, 
40, 51 and 63 days of gestation were analyzed 
macroscopically, as well as the external characteristics of 
embryos at 17, 25 and 33 days of gestation and fetuses at 
45 and 63 days of gestation. Macroscopic appearance of 
the brain, lung, kidney and fetal gonads was obtained 
from the fetus at 63 days of gestation using a 
stereomicroscope (Stemi DV4, Zeiss, USA). Results were 
photographed with a Nikon Coolpix P510 digital camera. 
 
Table 1. Crown-rump measurements according to the 
gestational age of embryos and fetuses. The crowm rump 
of these embryos/fetuses increases as they develop. 

AGE (days) Crown-rump (cm) 
17 0.3 
25 1.7 
33 2.5 
35 2.8 
40 3.3 
45 4.2 
51 5.3 
63 7.8 

 
Light Microscopy 
 

The brain of conceptuses with 35, 40, 45 and 
63 days of gestation, as well as the lung, heart, kidney 
and gonads from conceptuses with 40 and 63 days of 
gestation were analyzed. The samples were fixed in 4% 
paraformaldehyde, washed in distilled water followed 
by dehydration in a series of ethanol solutions at 
increasing concentrations (70-100%) for 30 minutes 

each. The sections were diaphanized in xylene for 1h 
and embedded in paraffin (HistosecV-MERCK, Sao 
Paulo, Brazil). The paraffin blocks were sectioned at 
5µm in an automatic microtome (Leica, RM2165, 
Nussloch, Germany), mounted on histological slides, 
and incubated at 60°C. The sections were then 
deparaffinized and stained with hematoxylin and eosin 
(H&E) . 
 

Results 
 
Extra-embryonic membranes 
 

At 17 days of gestation, the conceptus was oval 
in shape, loosely attached to the maternal system and 
had a large yolk sac. At 33 days, the large yolk sac had 
an extended bilaminar omphalopleura, but also 
possessed blood vessels forming a trilaminar 
omphalopleura. The chorioallantoic membrane was 
small, but well vascularized (Fig. 1A). At day 40, the 
yolk sac was smaller with bi- and trilaminar 
omphalopleura. The chorioallantoic membrane was 
relatively expanded (Fig. 1B). In the fetus of 51 days, 
the yolk sac was even more regressed (Fig. 1C). At 63 
days, a yolk sac lumen was absent and the tissue was 
found only around the umbilical cord (Fig. 1D). The 
chorioallantoic membrane was continuously expanded 
(Fig. 1C,D). The amnion surrounded the fetus and 
enlarged continuously during gestation (Fig. 1A-C). 
 
External features of the conceptuses 

 
Until day 33, the skin was translucent and then 

became opaque (Fig. 2A-C). Optic vesicles were 
apparent at day 25 (Fig. 2B) and became pigmented 
from day 33 onwards (Fig. 2C-E). Forelimb and tail 
buds were present early in development whereas the 
hind limb buds were first observed only at day 25 (Fig. 
2A and B). From day 33 onwards a forelimb and hind 
limb could be clearly identified, and the tail at day 45 
(Fig. 2B-D). Somites were present until day 25 (Fig. 
2A-C). At the 45th day, external ears were present and 
neck and nostrils could be observed (Fig. 2D). On day 
63, lips, eyelids, hooves and genital tubercles occurred 
(Fig. 2E). 
 
Neural system 

 
Primary brain vesicles (forebrain, midbrain, 

and hindbrain) were present at day 17 (Fig. 2A), 
whereas secondary brain vesicles and the spinal cord 
became evident between the 35th to 45th days (Fig. 2B-
D). At 35days, ventricular and subventricular zones 
differentiated in the lateral ventricles (Fig. 3A). The 
choroid plexus of the fourth ventricle consisted of a 
single layer of columnar epithelial cells (Fig. 3B). 
Vertebrae with fibrocartilaginous tissue in between were 
present around the spinal cord and its dorsal ganglions 
(Fig. 3C). In the fetus of day 40, neuro-epithelium 
surrounded the spinal cord and the epithelium of the 
choroid plexus became more cuboidal, well supplied by 
vessels (Fig. 3D, E). At 45 days (Fig. 3F), the forebrain
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consisted of telencephalon with expanded cerebrum and 
cerebral hemispheres and diencephalon. Three flexures 
were found: the cephalic flexure between fore- and 
midbrain, the cervical flexure ventrally as well as the 
pontine flexure between hindbrain and myelencephalon 
(Fig. 3F). In the fetus of 63 days, lissencephalic cerebral 
hemispheres occurred had a prominent olfactory bulb. 

The thalamus occurred in the diencephalon, a 
mesencephalic aqueduct reached the fourth ventricle 
and the cerebellum occurred dorsal to bridge and the 
conoid medulla oblongata (Fig. 4A-C). The walls of the 
ventricle were complexly differentiated (see Fig. 4D). 
The cerebellum had primary fissures and the pons was 
developed (Fig. 4B,E,F). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Fetal membranes of mule conceptuses at (A) 33 days, (B), 40 days, (C), 51 days, and (D) 63 days of 
gestation. Abbreviations: Chorioallantoic membrane (CoAl), yolk sac (YS), bilaminar omphalopleura (BOp), 
trilaminar omphalopleura (Top), amnion (Am), umbilical cord (UmCo). 
 

 
 
Figure 2. Macroscopic evaluations of mule conceptuses at (A) 17, (B) 25, (C) 33, (D) 45, and (E) 63 days of 
gestation. Abbreviations: Cerebral Hemispheres (CerHem), Prosencephalon (Pos), Mesencephalon (Mes), 
Rhombencephalon (Rhom), Telencephalo (Tel), Dyencephalon (Dye), Metencephalon (Met), Myelencephalon 
(Mye), Optical vesicles (OV), Forelimb buds (FLB), Hindlimb buds (HLB), tail bud (TAB), forelimbs (FL), 
hindlimbs (HL), umbilical cord (UmCo), oral cavity (OrCa). 
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Figure 3. Nervous systemof mule conceptuses at 35 days (A-C), 40 days (D,E) and 45 days (F). (A) Lateral ventricle 
(LV) with ventricular (VZ) and subventricular zone (SVZ). (B) Choroid plexus (CP) of the fourth ventricle (IV Ve) 
with columnar epithelium (ColEp) and vessels (asterisks). (C) Somites with fibrous tissue (FB) and dorsal root 
ganglions (DRG). (D) Spinal cord surrounded by primitive meninges (PM). (E) Choroid plexus with more cuboidal 
epithelium (CubEp). (F) Three flexures were present. 
 

 
 

Figure 4. Nervous system of a mule conceptusat 63 days. (A-C) Macroscopy in dorsal, ventral and medial view 
showed differentiation of main brain areas. Telencephalon (Tel) with olfactory bulb (OB), Diencephalon (Die), 
Mesenchephalon (Mes) with aqueduct (Aq), thalamus (Tha), Metencephalon (Met),cerebellum (Ce), 
myelencephalon (Myel), medulla oblongata (MO), spinal cord (SC), pons (PO), and fourth ventricle (IV Ve). (D) 
Wall of the lateral ventricle (LV) with motor cortex (MC), marginal zone (MZ), cortical plate (CP), intermediate 
zone (IZ) with white matter (WM), the zone (SVZ) and ventricular zone (ZV). (E) The cerebellum with primary 
fissures. (F) Pons was developed. 
 
Organs of thoracic and abdominal cavities 

 
Liver and heart were most prominent until day 

33 (Fig. 2A-C). From day 40 onwards, the heart was in 
its mature position in the chest cavity along with the 
pericardium. It had the typical format of right and left 
atria and ventricles thatbegan to be separated by an 
intermediary septum (Fig. 5A,B). At 63 days, the atria 
had developed valves and a well-structured myocardium 
was present ventricles (Fig. 5C,D). The lung possessed 
the bifurcation into the primary bronchi occurred at day 
40 (Fig. 5E) and at day 63 the lung was lobulated and 
had both primary and second bronchi (Fig. 5F). 

At day 40, some glomerulus occurred in the 
renal capsule, surrounded by the mesonephric tubules 
that had cubic epithelial cells (Fig. 6A). At 63 days, the 
metanephros had the shape of the kidney with 
glomeruli, capsule, proximal and distal convulated 

tubules (Fig. 6B,C). At this stage, the gonads already 
were differentiated into testis and epididymis (Fig. 6D). 
The testis possessed interstitial cells and the 
seminiferous tubules (Figure 6E) and tubules were 
present in the epididymis (Fig. 6F).  
 
Comparative aspects of the development of mule 
conceptuses 
 

Comparison of the morphological structures 
identified previously in equine conceptuses (Franciolli et 
al., 2011; Rodrigues et al., 2014) at similar stages during 
gestation indicated that the mule embryonic development 
is advanced in relation to the horse, in particularly the 
turning of the embryo (i.e., appearance of C format), 
presence of branchial archs, limb and tail buds, formation 
of primary and secondary brain vesicles, heart 
compartmentalization and visualization of somites. 
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Figure 5. Heart and lung development in mule conceptuses. (A) Heart at 40 days with right atrium (RA), left atrium 
(LA), right ventricle (RV), left ventricle (LV) and intermediate septum (IS). (B) Heart in situ at day 63. (C) Atrium 
with valves and myocardium at day 63. (D) Lung (L) at day 40 with primary bronchi (1). (E) Lung in situ at 63 days. 
(F) Lung at day 63 also with secondary bronchi (2) and lung parenchyma (3). 

 

 
Figure 6. Renal and testicular development in mule conceptuses. (A) Mesonephros at 40 days of gestation with 
glomeruli (1) surrounded by renal capsule (1’) and mesonephric tubules (2). (B-F) Day 63. (B) Macroscopy of 
kidney. (C) Histology of kidney with glomerulus (3), capsule (3’), proximal convulated tubule (4), and distal 
convulated tubule (5). (D) Testicles and epididymis. (E) Interstitial cells (IC) and seminiferous tubules (ST) inside 
the testis. (F) Ductus epididymis (DE). 
 

Discussion 
 

At 17 days of gestation, the conceptus 
presented an oval shape, a large yolk sac as well as the 
primary brain vesicles. The forelimb and tail buds were 
present earlier than limb buds that were observed at day 
25, the same age at which the somites were present. At 
this age, the optic vesicles were apparent and became 
pigmented from day 33 onwards, even as the skin 
became opaque. At 33 days of gestation, the forelimb 
and hind limb could be clearly identified. The liver and 
heart were prominent. And the large yolk sac possessed 

blood vessels that allowed forming a trilaminar 
omphalopleura. The chorioallantoic membrane was 
small, but well vascularised. The secondary brain 
vesicles and spinal cord became evident at 35 days of 
gestation, as well as the ventricular and subventricular 
zones differentiated in the lateral ventricles, and the 
choroid plexus was observed at the fourth ventricle. At 
day 40, the yolk sac became smaller whereas the 
chorioallantoic membrane expanded. The choroid 
plexus epithelium became more cuboidal, as well as the 
neuro-epithelium around the spinal cord. The heart had 
the typical format of right and left atria and ventricles
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separated by an intermediary septum. The lung 
possessed the bifurcation into the primary bronchi. In 
the kidney, glomerulus was surrounded by the 
mesonephric tubules. At day 45, the external ears, neck 
and nostrils were observed. The telencephalon and 
diencephalon were present, and the three flexures were 
found. In the fetus of 51 days, the yolk sac was more 
regressed. At 63 days, the yolk sac was found only 
around the umbilical cord, the chorioallantoic 
membrane was expanded, and the amnion enlarged. The 
lips, eyelids, hooves and genital tubercles occurred, 
even as the lissenphalic cerebral hemispheres presented 
a prominent olfactory bulb. The thalamus occurred in 
the diencephalon, and the cerebellum occurred dorsal to 
bridge and the conoid medulla oblongata. The walls of 
the ventricle were complexly differentiated, the 
cerebellum had primary fissures and the pons was 
developed. In the heart, the atria had developed valves 
and a well-structured myocardium was present in the 
ventricles. The lung was lobulated and had both primary 
and second bronchi. The metanephros had the shape of 
the kidney with glomeruli, capsule, proximal and distal 
convulated tubules. And the gonads already were 
differentiated into testis and epididymis.  

Crossbreeding is a method to develop more 
productive animals by obtaining an additive merit for 
specific characters through the interactions between 
maternal and paternal alleles that promote genome-wide 
changes, resulting in hybrid vigor (Chen, 2010b). This 
phenomenon as observed in mules is in agreement with 
the evidences observed in the differences in fetal and 
placental weight between inbreed and outbreed rats 
(Matthews, Peel, 1991), as well as in mouse F1 embryos 
(Hetherington, 1973; Blakley, 1978). The variation in 
the degree of hybrid vigor during different stages of 
growth and development also was reported in plants 
(Lippman et al., 2008).  

In beef cattle, economical importance of the 
cumulative effects of hybrid vigor on individual and 
maternal traits have been obtained from breed crosses 
(Gregory and Cundiff, 1980; Long, 1980; Kress et al., 
1995; Brandt et al., 2010), resulting in increased 
production levels (Cundiff et al., 1992; Williams et al., 
2010; Retallick et al., 2013). In sheep, crossbreeding has 
been used to develop more productive sheep and the 
magnitude of individual hybrid vigor for litter size and 
its components (Land et al., 1974; Bradfort et al., 1989; 
Di et al., 2012) in which the typical estimates for 
average lamb weight per ewe varied from 15 to 20% 
(Shrestha et al., 1983) and for survival from 9 to 15% 
(Ferreira et al., 2015).  

Despite the economic importance and since 
equidae crossbreeding studies have been conducted only 
in adult mules (Travis, 1990; Proops et al., 2009), little 
is known about the occurrence of hybrid vigor during 
intrauterine development. Compared to developmental 
pattern of horse conceptuses, we founded that some 
structures occurred slightly earlier in the mule. 
However, besides these advanced developmental 
features, there were no major differences in most fine 
anatomical structures between the mule and the equine 
conceptuses.  

More specifically, some structures showed 
histological similarities between mule and equine 
conceptuses of the same age, even though they occurred 
earlier in the mule. For instance, the typical form of the 
heart and main differentiation of two atrium, two 
ventricles and the prominent interventricular groove 
developed very similarly within a period of 30 to 45 
days in both mule and equine (Tab. 2; Cottrill et al., 
1997; Betteridge, 2000; Giussani and Fowden, 2005; 
Franciolli et al., 2011; Rodrigues et al., 2014).  

Likewise, the internal differentiation of 
lobulation and primary and secondary bronchi inside the 
lung as well as the inner structure of the meso- and 
metanephros followed similar principles (Tab. 2; Moore 
and Persuad, 2004; Franciolli et al., 2011). In addition, 
the differentiation and regionalization of the central 
nervous system resembled equivalent internal features 
(Tab. 2; Franciolli et al., 2011; Rigoglio et al., 2017). 
Finally, there were also structures that occurred 
somewhat earlier in the horse compared to the mule, e.g. 
the cerebral hemispheres, thalamus, aqueduct, and 
cerebellum inside the central nervous system (Tab. 2; 
Franciolli et al., 2011; Rigoglio et al., 2017). Even 
though we found some temporal adjustments in the 
occurrences of structures between the mule and the 
equine, they showed small dissimilarity at internal 
differentiation, suggesting that hybrid vigor in the 
intrauterine development is present in the mule, at least 
with regard to its maternal equine developmental 
patterns.  

According to the “parental conflict of interest 
hypothesis” (Moor and Haig, 1991), genomic 
imprinting’s evolutionary explanation is that the father’s 
genes enhance fetal growth to improve the success of 
the paternal genome to be passed on. In the case of 
mules, growth-related paternally-expressed donkey 
genes such as IGF2 may be upregulated or the growth-
restrictive maternally-expressed horse genes such as 
IGF2R may be downregulated in the mule conceptus, 
leading to accelerated developmental rates. Further 
studies to characterize the development characterists of 
the hinny conceptus (reciprocal cross of a stallion with a 
jenny) could elucidate whether genomic imprinting 
plays a role in these divergent developmental rates 
during gestation. Moreover, horses have shorter 
gestation intervals (11 months) compared to donkeys 
(12 months).  

Although little is known of the length of mule 
gestations, a report has shown a 7 day increase in 
gestation length in mares carrying mule foals (Giger et 
al, 1997), indicating that mule conceptuses have a 
longer period to develop and therefore no physiological 
need to accelerate their developmental rate to meet 
maternal gestational length. Analysis of the donkey 
conceptus at similar stages would be necessary to 
confirm whether the mule development is advanced in 
comparisson to both parental species. Together, these 
data show that the mule development at the embryo-to-
fetus transition period is accelerated in some features, 
indicating that either hybrid vigor and/or genomic 
imprinting may play a role in these developmental 
divergencies. 



 Rigoglio et al. Mule growth during the embryo-to-fetus transition. 
 

1220 Anim. Reprod., v.15, n.4, p.1214-1222, Oct./Dec. 2018 

Table 2. Comparison of timing of appearance of morphological characteristics inequine and mule conceptuses. The 
data indicate that most of the structures appear first in the mule conceptuses. 

Characteristics Days of gestation 
Equine Mule 

Translucient skin   - 17 
Format in letter C   28 25 
Branchial archs   22 17 
Optic vesicles   25 25 
Optic cups   21-26 - 
Limb buds   25/22 17 
Tail    25/28 17 
Mesonephro   19 - 25 17 
Metanephro   36 - 38 - 
Primary brain 
vesicles 

Prosencephalon, Mesencephalon, 
Rhombencephalon 

34 17 to 32 

 Optic bulb 50 40 
Cephalic, Pontine 
and Cervical 
flexures 

40 40 

Secondary brain 
vesicles 

  Starting from 40 33 
Telencephalon (Tel) 
Dyencephalon (Dye) 
Mesencephalon (Mes) 

Cerebral 
hemispheres (CH) 
Thalamus (Tha) 
Aqueduct (Aq) 

40 – Tel/Dye/Mes 
50 – CH/Tha/Aq 

33 – Tel/Dye/Mes 
63 – CH/Tha/Aq 

Metencephalon IV Ventricle 40 40 
Pons 50 40 
Cerebellum 50 63 

Myelencephalon Medulla oblongata 50 40 
Retina pigmented   38/32 33 
Eyelid formation   38/45 45 - complete 
Nostrils formation   38 45 
Heart  2 chambers  21 17 
 Compartmentalized   28 25 
 Definitive position  30 – 45  25 – 45 
Liver Projection abdominal 

cavity 
 25 17 

Somite    25 17 
Spinal cord   - 33 
Vertebral bodies   38 45 

 
 

References 
 
Allen WR, Short RV. 1997. Interspecific and 
extraspecific pregnancies in equids: anything goes. J 
Hered, 88:384-392. 
Anderson GB. 1988. Interspecific pregnan cy: barriers 
andprospects. Biol Reprod, 38:1-15. 
Betteridge KJ. 2000. Comparative aspects of equine 
embryonic development. Anim Reprod Sci, 60-61:691-
702. 
Birchler JA, Yao H, Chudalayandi S, Vaiman D, 
Veitia RA. 2010. Heterosis. Plant Cell, 22:2105-2112. 
Birchler JA, Auger DL, Riddle NC. 2003. In search of 
themolecular basis of heterosis. Plant Cell, 15:2236-
2239. 
Blakley A. 1978. Maternal and embryonic gene effects 
on placental weight in mice. J Reprod Fertil, 54:301-
307. 
Blasco A, Ouhayoun J, Masoero G. 1983. 
Harmonization of criteria and terminology in rabbit 
meat research. World Rabbit Sci, 1:3-10. 

Bradfort GE, Lahlou-Kassi A, Berger YM, 
Boujenane I, Derqaoui L. 1989. Performance of 
D’man and Sardi breeds of sheep on accelerated 
lambing. II. Ovulation rate and embryo survival. Small 
Rumin Res, 2:241-252. 
Brandt H, Müllenhoff A, Lambertz C, Erhardt G, 
Gauly M. 2010. Estimation of genetic and 
crossbreeding parameters for prewearing traits in 
German Angus and Simmental beef cattle and the 
reciprocal crosses. J Anim Sci, 88:80-86. 
Camillo F, Vannozi I, Rota A, Di Luzio B, 
Romagnoli S, Aria G, Allen WR. 2003. Successful 
nonsurgical transfer of horse embryos to mule 
recipients. Reprod Domest Anim, 38:380-385. 
Chen ZJ. 2010a. Molecular mechanisms of polyploidy 
and hybrid vigor. Trends Plant Sci, 15:57-71. 
Chen X. 2010b. Small RNAs - Secrets and surprises of 
the genome. Plant J, 61:941-958. 
Cottrill CM, Ho SY, O'Connor WN. 1997. 
Embryological development of the equine heart. Equine 
Vet J Suppl, 24:14-18. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Camillo%20F%5BAuthor%5D&cauthor=true&cauthor_uid=20083302�


 Rigoglio et al. Mule growth during the embryo-to-fetus transition. 
 

Anim. Reprod., v.15, n.4, p.1214-1222, Oct./Dec. 2018 1221 

Cubas P, Vincent C, Coen E. 1999. An epigenetic 
mutation responsible for natural variation in floral 
symmetry. Nature, 401:157-161. 
Cundiff LV, Nuñez-Domingues R, Dickerson GE, 
Gregory KE, Koch RM. 1992. Heterosis for lifetime 
production in Hereford, Angus, Shorthorn, and 
crossbred cows. J Anim Sci, 70:2397-2410. 
Di R, Chu MX, Li YL, Zhang L, Fang L, Feng T, 
Cao GL, Chen HQ, Li XW. 2012. Predictive potential 
of microsatellite markers on heterosis of fecundity in 
crossbreed sheep. Mol Biol Rep, 39:2761-2766. 
Ferreira VC, Rosa GJM, Berger YM, Thomas DL. 
2015. Survival in crossbreed lambs: breed and heterosis 
effects. J Anim Sci, 93:912-919. 
Franciolli ALR, Cordeiro BM, Da Fonseca ET, 
Rodrigues MN, Sarmento CA, Ambrósio CE, de 
Carvalho AF, Miglino MA, Silva LA. 2011. 
Characteristics of the equine embryo and fetus from days 
15 to 107 of pregnancy. Theriogenology, 76:819-832. 
Galvin JM, Wilmut I, Day BN, Ritchie M, Thomson 
M, Haley CS. 1993. Reproductive performance in 
relation to uterine and embryonic traits during early 
gestation inMeishan, large white and crossbred sows. J 
Reprod Fertil, 98:377-384. 
Giger R, Meier HP, Küpfer U. 1997. Length of 
gestation of Freiberger mares with mule and horse foals, 
Schweiz Arch Tierheilkd, 139:303-307.  
Giussani DA, Fowden AL. 2005. Development of 
cardiovascular function in the horse fetus. J Physiol, 
565:1019-1030. 
Goodwin D. 2007. Equine learning behaviour: what we 
know, what we don’t and future research priorities. 
Behav Processes, 76:17-19. 
Gray AP. 1972. Mammalian hybrids.2. ed. Farnham 
Royal, Slough, United Kingdom: Common wealth 
Agricultural Bureaux, pp.125-128. 
Gregory KE, Cundiff LV. 1980. Crossbreeding in beef 
cattle: evaluation of systems. J Anim Sci, 51:1224-1242. 
Groszmann M, Greaves IK, Fujimoto R, Peacock 
WJ, Dennis ES. 2013. The role of epigenetics in hybrid 
vigour. Trends Genet, 29:684-690.  
Guerrero-Bosagna C, Skinner MK. 2012. 
Environmentally induced epigenetic transgenerational 
inheritance of phenotype and disease. Mol Cell 
Endocrinol, 354:3-8. 
He G, Zhu X, Elling AA, Chen L, Wang X, Guo L, 
Liang M, He H, Zhang H, Chen F, Qi Y, Chen R, 
Deng XW. 2010. Global epigenetic and transcriptional 
trends among two rice subspecies and their reciprocal 
hybrids. Plant Cell, 22:17-33. 
Hetherington CM. 1973. The absence of any effect of 
maternal fetal incompatibility at the H-2 and H-3 loci on 
pregnancy in the mouse. J Reprod Fertil, 33:135-139. 
Hochholdinger F, Hoecker N. 2007. Towards the 
molecularbasis of heterosis. Trends Plant Sci, 12:427-
432. 
Jirtle RL, Skinner MK. 2007. Environmental 
epigenomics and disease susceptibility. Nat Rev Genet, 
8:253-262. 
Kress DD, Doornbos DE, Anderson DC, Davis KC. 
1995. Tarentaise and Hereford breed effects on cow and 
calf traits and estimates of individual heterosis. J Anim 

Sci, 73:2574-2578. 
Land RB, Russell WS, Donald HP. 1974. The litter 
size and fertility of Finnish Landrace and Tasmanian 
Merino sheep and their reciprocal crosses. Anim Sci, 
18:265-271. 
Lippman ZB, Cohen O, Alvarez JP, Abu-Abied M, 
Pekker I, Paran I, Eshed Y, Zamir D. 2008. The 
making of a compound influorescence in tomato and 
related nightshades. PLoS Biol,18:e288. 
Long CH. 1980. Crossbreeding for Beef Production: 
Experimental Results. J Anim Sci, 51:1197-1223. 
Manning K, Tör M, Poole M, Hong Y, Thompson 
AJ, King GJ,Giovannoni JJ, Seymour GB. 2006. A 
naturally occurringepigenetic mutation in a gene 
encoding an SBP-box transcriptionfactor inhibits tomato 
fruit ripening. Nat Genet, 38:948-952. 
Matthews J, Peel S. 1991. The uterine response in 
pregnant inbred and non-inbred rats. J Anat, 178:101-
113. 
McGovern PT. 1976. The barriers to interspecific 
hybridization in domestic and laboratory mammals. II. 
Hybrid sterility. Br Vet J, 132:68-75. 
Moore KL, Persaud TVN. 2004. EmbriologiaClínica. 
[ClinicalEmbryology]. 7 ed. Rio de Janeiro: Elsevier. 
609p. 
Moore T, Haig D. 1991. Genomic imprinting in 
mammalian development: a parental tug-of-war. Trends 
Genet 7: 45-49. 
Newman S, MacNeil MD, Reynolds WL, Knapp BW, 
Urick JJ. 1993. Fixed effects in the formation of a 
composite line of beef cattle. I. Experimental design and 
reproductive performance. J Anim Sci, 71:2026-2032. 
Ni Z, Kim ED, Ha M, Lackey E, Liu J, Zhang Y, Sun 
Q, Chen ZJ. 2009. Altered circadian rhythms regulate 
growth vigour inhybrids and allopolyploids. Nature, 
457:327-331. 
Paolucci M, Palombi C, Sylla L, Stradaioli G, 
Monaci M. 2012. Ultrasonographic features of the mule 
embryo, fetus and fetal-placental unit. Theriogenology, 
77:240-252. 
Proops L, Burden F, Osthaus B. 2009. Mule 
cognition: a case of hybrid vigour. Anim Cogn, 12:75-
84. 
Retallick KM, Faulkner DB, Rodriguez-Zas SL, 
Nkrumah JD, Shike DW. 2013. The effect of breed 
and individual heterosis on the feed efficiency, 
performance and carcass characteristics of feed lot 
steers. J Anim Sci, 91:5161-5166. 
Rigoglio NN, Barreto RSN, Favaron PO, Jacob JCF, 
Smith LC, Gastal MO, Gastal EL, Miglino MA. 
2017. Central Nervous System and Vertebrae 
Development in Horses: A Chronological Study with 
Differential Temporal Expression of Nestin and GFAP. 
J Mol Neurosci, 61:61-78. 
Rodrigues RF, Rodrigues MN, Franciolli ALR, 
Carvalho RC, Rigoglio NN, Jacob JCF, Gastal EL, 
Miglino MA. 2014. Embryonicand fetal development of 
the cardiorespiratory apparatus in horses 
(EquusCaballus) from 21 to 105 Days of Gestation. J 
Cytol Histol, 5:240. 
Shrestha JNB, Rempel WE, Boylan WJ, Miller KP. 
1983. General, specific, maternal and reciprocal effects

http://www.ncbi.nlm.nih.gov/pubmed/?term=Galvin%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=8410801�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wilmut%20I%5BAuthor%5D&cauthor=true&cauthor_uid=8410801�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Day%20BN%5BAuthor%5D&cauthor=true&cauthor_uid=8410801�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ritchie%20M%5BAuthor%5D&cauthor=true&cauthor_uid=8410801�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thomson%20M%5BAuthor%5D&cauthor=true&cauthor_uid=8410801�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Thomson%20M%5BAuthor%5D&cauthor=true&cauthor_uid=8410801�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Haley%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=8410801�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Giussani%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=15790668�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fowden%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=15790668�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Groszmann%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23953922�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Greaves%20IK%5BAuthor%5D&cauthor=true&cauthor_uid=23953922�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fujimoto%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23953922�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Peacock%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=23953922�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Peacock%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=23953922�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dennis%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=23953922�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guerrero-Bosagna%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22020198�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20086188�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Elling%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=20086188�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20086188�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Qi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20086188�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Palombi%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21958639�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sylla%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21958639�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stradaioli%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21958639�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Monaci%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21958639�


 Rigoglio et al. Mule growth during the embryo-to-fetus transition. 
 

1222 Anim. Reprod., v.15, n.4, p.1214-1222, Oct./Dec. 2018 

for ewe productivity in crossing five breeds of sheep. 
Can J Anim Sci, 63:497-509. 
Shindo C, Lister C, Crevillen P, Nordborg M, Dean 
C. 2006. Variation in the epigenetic silencing of FLC 
contributes to natural variationin Arabidopsis 
vernalization response. Genes Dev, 20:3079-3083. 
Simmons D. 2008. The behavior of a person's genes 
doesn't just depend on the genes' DNA sequence - it's 
also affected by so-called epigenetic factors. Changes in 
these factors can play a critical role in disease. 
Epigenetic Influences and Disease NatureEducation, 
[serial on the Internet], 1:6pp. Available in: 

https://www.nature.com/scitable/topicpage/epigenetic-
influences-and-disease-895. Acessed in: Aug 9th 2016. 
Skinner MK, Manikkam M, Guerrero-Bosagna C. 
2010. Epigenetic transgenerational actions of 
environmental factors in disease etiology. Trends 
Endocrinol Metab, 21:214-222. 
Travis L. 1990. The Mule. 1. ed. London, England: J.A. 
Allen & Co. 
Williams JL, Aguilar I, Rekaya R, Bertrand JK. 
2010. Estimation of breed and heterosis effects for 
growth and carcass traits in cattle using published 
crossbreeding studies. J Anim Sci, 88:460-466. 

 
 
 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Skinner%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=20074974�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Manikkam%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20074974�

	Cubas P, Vincent C, Coen E. 1999. An epigenetic mutation responsible for natural variation in floral symmetry. Nature, 401:157-161.

