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INTRODUCTION 
 
Mules (Equus mulus) and hinnies (Equus hinnus) are 

the sterile hybrid offspring that result from the mating of 
donkeys (Equus asinus) to horses (Equus caballus; 
Benirschke et al., 1962). The main cause of the sterility of 
mules and hinnies is probably related to failure of pairing of 
homologous chromosomes at meiosis during 
spermatogenesis (Wodsedalek, 1966; Taylor and Short, 
1973; Chandley et al., 1974; 1975). A few studies have 
addressed fertility in female mules and hinnies (Rong et al., 
1985; 1988; Ryder et al., 1985). Although the chromosomes 
in the very few fertile mules and hinnies are probably 

similar to those of their parents (Anderson, 1939), more 
recent research on karyotypes of fertile mules and hinnies 
have demonstrated indirectly that the arrangement of their 
chromosomes differs from that of horses and donkeys 
(Zong and Fan, 1989; Henry et al., 1995). Because so few 
studies of fertile mules and hinnies have been reported, 
good scientific evidence explaining their reproductive 
ability has not yet been produced. 

Basic testicle structure is highly conserved among 
vertebrates (Capel, 2000). Consequently, quantitative data 
can be used to investigate testis function and 
spermatogenesis (França and Russell, 1998). The 
spermatogenic process is nearly the same in all mammals 
(Sharpe, 1994), although germ cells at different stages of 
development exhibit different morphological characteristics 
during spermatogenesis (França and Russell, 1998). 
Therefore, these morphological characteristics are major 
criteria for stage identification of germ cells. A few studies 
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have reported upon the spermatogenic process and testis 
morphometry in horses, donkeys and their hybrids 
(Hernández-Jáuregui and Monter, 1977; Nipken and Wrobel, 
1997). However, these studies did not use quantitative 
methods and were therefore unable to elucidate testicular 
development and block to spermatogenesis in the hybrids.  

Specific proteins are expressed at different stages of the 
spermatogenenic cycle. In human testis, the deleted in 
azoospermia-like (DAZL) protein is expressed in 
spermatogonia, early and late spermatocytes and 
postmeiotic cells (Yen et al., 1996). A recent study by Jung 
et al. (2014) showed that the DAZL protein is localized to 
the cytoplasm of spermatogonia and primary spermatocytes 
in stallion testis. During meiosis, the homologous 
chromosomes pair and recombine. The synaptonemal 
complex is essential during synapsis (Yang and Wang, 
2009). As a DNA binding protein and structural component, 
synaptonemal complex protein 3 (SCP3) regulates 
homologous chromosome synapsis and pairing during 
meiosis in germ cells (Yuan et al., 2000). A lack of SCP3 
can cause apoptosis and death of germ cells in mouse testes 
(Yuan et al., 2000). During spermatogenesis, somatic cell 
histones are replaced by sperm protamines in a multi-step 
process (Oliva and Dixon, 1991), the first step of which 
involves replacement of the histones with the transition 
nuclear proteins, transition protein 1 (TNP1) and TNP2, in 
round spermatids. Subsequently, the protamines replace 
TNP1 and TNP2 in elongating spermatids (Aoki et al., 
2005). Hence DAZL, SCP3, and TNP1 can all be used as 
markers to distinguish spermatogonia, spermatocytes, 
spermatocytes in synapsis and spermatids. 

To elucidate the mechanism of the reproductive block in 
hinnies, the present study used traditional histological 
analysis and recently developed immunofluorescent 
staining methods to characterize the development of the 
testes and to analyse spermatogenesis in the male hinny 
compared to stallion and Jack donkey. 

 
MATERIALS AND METHODS 

 
Animal 

The testes of a male hinny, stallion and Jack donkey, all 
3 to 5-years of age and in good health, were obtained from a 
local abattoir. The testes were maintained at 34°C in sterile 
0.9% saline. After taking back to laboratory, they were 
washed twice with 75% ethanol and rinsed thrice in sterile 
0.9% saline. The testes were then sectioned to enable the 
thickness of the tunica albuginea, the distribution of blood 
vessels and the colour of the parenchyma to be recorded. 
Small pieces (1.0 cm×1.0 cm×0.5 cm) of testis tissue were 
fixed in 4% formaldehyde ≥48 h for subsequent preparation 
of histological sections. 

 

Karyotyping of the hinny, stallion, and Jack donkey 
Small pieces of testis parenchyma were cultured in T25 

cell culture flasks (Sigma–Aldrich, St Louis, MO, USA) 
and maintained at 37°C in a humidified 5% CO2 atmosphere. 
The culture medium used was Alpha Minimal Essential 
Medium (MEM-Apha, GIBCO, Grand Island, NY, USA) 
containing 10% fetal bovine serum (FBS; HyClone, Logan, 
UT, USA) and 1% penicillin/streptomycin (GIBCO, USA); 
the medium was changed every 2 to 3 days. When cells 
were cultured for 6 to 8 passages and covered 90% of the 
surface of the T25 cell culture flasks, they were prepared 
for metaphase chromosomes and analysis of their 
karyotypes as described previously (Zhang et al., 2011). 
Thirty well spread and moderately long chromosome sets 
per testis were observed microscopically (×1,000) and 
photographed. Karyotype analysis was performed using AI 
(applied imaging) Cytovision 3.93 software as described 
previously (Zhang et al., 2011). 

 
Developmental characteristics and histology of testes 

Histological examinations were used to determine the 
mean number and percentage of seminiferous tubules (ST) 
per mm2 and the mean diameter and cross-sectional area of 
those ST. The blocks of fixed tissue were thoroughly 
washed with tap water and then dehydrated through a 
graded series of ethanol concentrations of 20%, 50%, 75%, 
85%, 95% (×2), and 100% for 1 h per concentration. 
Subsequently, they were cleaned twice in xylene for 1 h 
each and embedded in paraffin wax. Tissue sections were 
cut at 2 to 3 µm and mounted on glass slides. These were 
then immersed in xylene twice, each for 15 min, followed 
by a six-step rehydration through a graded series of ethanol. 
The rehydrated tissues were then stained with hematoxylin 
and eosin (H&E) for 30 min.  

First, 100 areas from hinny, stallion and Jack donkey 
were selected randomly to count the mean number and 
percentage of that area occupied by tubules, per unit area 
(660/1 mm2 square method) under 100× and 200× 
magnifications. One hundred ST were selected to count the 
Sertoli cells, then 100 mostly round ST and Sertoli cell 
nuclears from each animal were selected to measure their 
mean diameter using an ocular micrometer. The formula πr2 
was used to calculate ST area.  

 
Immunofluorescent analysis of different stages of germ 
cell development 

The objective of this immunofluorescent staining 
method was to distinguish spermatogonia, spermatocytes, 
spermatocytes in synapsis and spermatids during the 
spermatogenic cycle in the three species. Several germ cell-
specific antibodies were used as follows: i) the 
spermatogonia and spermatocyte-specific antibody, DAZL; 
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ii) the spermatocyte in synapsis-specific antibody, SCP3; 
iii) the spermaid-specific antibody, TNP1. Antigen retrieval 
was performed by incubating the tissue sections in sodium 
citrate buffer for 1 20 min. The sections were then cooled to 
room temperature and washed three times in phosphate-
buffered saline (PBS) for 5 min. Next the sections were 
permeabilized in 0.3% (v/v) TritonX-100 in PBS for 30 min 
at room temperature before being transferred to a 
humidified chamber and blocked in 10% FBS in PBS for 40 
min at 37°C. Subsequently, the samples were incubated 
overnight at 4°C in a humidified chamber with the primary 
antibodies, which included i) goat polyclonal DAZL (Santa 
Cruz, CA, USA, sc-27333, 1/100), ii) rabbit polyclonal 
SCP3 (Abcam, Cambridge, MA, USA, ab85621, 1/200), 
and iii) rabbit polyclonal TNP1 (Abcam, Cambridge, MA, 
USA, ab73135, 1/200). Next day, slides were washed three 
times in 0.05% Tween-20/PBS (v/v) and treated for 45 min 
at room temperature with the respective secondary 
antibodies; rabbit anti-goat IgG (Alexa Fluor 488, 
Invitrogen, Carlsbad, CA, USA, 1/1,000) for DAZL and 
goat anti-rabbit IgG (FITC , Abcam, Cambridge, MA, USA, 
1/400) for SCP3 and TNP1. The sections were washed three 
times in 0.05% Tween-20/PBS and Incubated in DAPI 
(Sigma, USA) nuclear stain. They were again washed three 
times in 0.05% Tween-20/PBS and then coverslipped using 
Vectashield mounting medium (Biyuntian, China). A 
confocal laser scanning microscopic imaging system was 
used to photograph some visual fields before 30 ST from 
each individual animal were selected to calculate the mean 
numbers of germ cells at different stages of the 
spermatogenic cycle. Positive cells were stained green after 
treatment with three kinds of antibodies.  

 
Statistical analysis 

All the data are presented as means±standard error of 
the mean. T-test were conducted using the programme SPSS 
for Windows, Version 16.0 (SPSS Inc., Chicago, IL, USA). 
The highly significance level was p<0.01. 

 

RESULTS 
 

Karyotypes 
As shown in Figure 1, the karyotypes of the hinny, 

stallion and Jack donkey were 2n = 63, 2n = 64, and 2n = 
62, respectively. The X chromosome in hinny was the 
fourth longest in the maternal donkey. The Y chromosome 
was smallest chromosome in all three species. 

 
Structural characteristics and seminiferous tubule 
development of the testes 

The tunica albuginea was thinner in both the stallion 
and jackass than in the hinny. It was also obvious that the 
sections were rich in blood vessels in the stallion and Jack 
donkey testes, whereas they exhibited fewer blood vessels 
in the hinny. 

The results of the histological cross sections of ST in the 
three species are shown in Figure 2 and Table 1. Analysis of 
100 unit areas per animal showed the mean numbers of ST 
per unit area of 29.87±8.46 for the hinny, 28.65±16.68 for 
the stallion and 21.04±5.86 for the Jack donkey. This mean 
number of ST per unit area was significantly higher in the 
hinny and stallion than the Jack donkey (p<0.01). The mean 
proportion of total area of ST per unit area were 40.15%± 
7.02% for the hinny, 47.66%±6.07% for the stallion and 
41.15%±4.90% for the Jack donkey; the value was 
significantly higher in the stallion than in either the hinny or 
the Jack donkey (p<0.01). The mean diameters and area of 
100 round or nearly round ST cross-sections for each 
species were 107.38±16.25 µm and 9,051.41±207.29 µm2 

for the hinny, 133.46±15.92 µm and 13,982±198.96 µm2 for 
the stallion and 132.36±15.35 µm and 13,752.54±184.96 
µm2 for the Jack donkey. The mean tubular diameter and 
area in the hinny were significantly lower than in the 
stallion and Jack donkey (p<0.01). However, there was 
considerable variation among tubule diameter in the hinny. 
Additionally, numerous observations revealed that the 
lumenae of the ST appeared more deflated, folded, and 
vacuolated in the hinny than in the stallion and Jack donkey. 
Early and late spermatids were regularly distributed in the 

Figure 1. Hinny karyotype (A) compared with that of the stallion (B) and the Jack donkey (C). The number of chromosomes was 2n
= 63 (XY), 2n = 64 (XY), and 2n = 62 (XY) in the hinny, stallion (B) and Jack donkey, respectively. 
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lumen of the tubules in the stallion and Jack donkey but not 
found in the hinny ST. Additionally, the number of Sertoli 
cells per ST and the mean diameter of Sertoli cell nuclears 
were 33.15±14.92 and 9.37±1.26 µm for the hinny, 
27.02±12.34 and 9.23±1.01 µm for the stallion and 
8.36±3.49 and 9.73±1.39 µm for the Jack donkey, 
respectively. The number of Sertoli cells per ST was 
significantly lower in the Jack donkey than either in the 
hinny or the stallion (p<0.01). However, the mean diameter 
of Sertoli cells nulear were higher in the Jack donkey than 
in the hinny and stallion (p<0.01). 

  
Result of germ cell immunofluorescent staining  

The results of immunofluorescent staining with the 
DAZL, SCP3, and TNP1 antibodies are shown in Table 2 
and Figure 3. Positive staining with DAZL was observed in 
the testes of all three species. However, whereas these 

DAZL-positive cells were distributed in a single-layer along 
the basement membrane of the ST in the hinny, they were 
multi-layered in the stallion and Jack donkey. Counts of 
stained spermatogonia and spermatocytes in the three 
species were 14±13 for the hinny, 44±19 for the stallion and 
51±13 for the Jack donkey. Thus, the number of 
spermatogonia and spermatocytes in the hinny was 
significantly lower than that in the stallion and Jack donkey 
(p<0.01). The SCP3 antibody was used to stain 
spermatocytes in synapsis. In the stallion and Jack donkey, 
the SCP3-positive cells were multi-layered, whereas they 
were single-layered in most of the ST in the hinny. The 
mean numbers of spermatocytes in synapsis were 5±9 for 
the hinny, 13±12 for the stallion, and 18±11 for the Jack 
donkey. Thus there were significantly fewer spermatocytes 
in the hinny (p<0.01). TNP1 staining showed no spermatids 
in hinny, whereas they were multi-layered in both the 

Table 1. Mean number, diameter, area and percentage of total area of ST per unit area in the hinny, stallion and Jack donkey 

Animal 
Mean number and proportion of area of ST Diameter and area of ST 

Mean number and diameter of Sertoli 
cells 

N11 Mean number N21 
Propor-tion 

(%) 
N31 Diameter (µm) Area (µm2) N42 Mean number 

Mean diameter 
(µm) 

Hinny 100 29.87±8.46b 100 40.15±7.02a 100 107.38±16.25a 9,051.41±207.29a 100 33.15±14.92 b 9.37±1.26 a 
Stallion 100 28.65±16.68b 100 47.66±6.07b 100 133.46±15.92b  13,982.08±198.96b 100 27.02±12.34 b 9.23±1.01 a 
Jack donkey 100 21.04±5.86a 100 41.15±4.90a 100 132.36±15.35b 13,752.54±184.96b 100 8.36±3.49 a 9.73±1.39 b 

ST, seminiferous tubule; πr2, the formula of ST area cross-section. 
Data are presented as means±standard error of the mean. 
1 N1, N2, and N3: the investigated number of seminiferous tubules per unit. 
2 N4: the investigated number of seminiferous tubules and Sertoli cells. 
a,b Different superscripts indicate significant differences (p<0.01) between animals. 

Figure 2. Developmental characteristics in the testes of the hinny, stallion and Jack donkey. The seminiferous tubules (ST) lumenae were
more deflated, folded and vacuolated in the hinny (A and D) than in the stallion (B and E) and Jack donkey (C and F). There were fewer
germ cells and they were more irregularly distributed in the hinny than in the stallion and Jack donkey. Asterisks were highlighting the
vacuole of ST in hinny. Scale bar = 100 µm. 
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stallion and Jack donkey. Mean values of the spermatids 
were 0 for the hinny, 47±29 for the stallion and 50±36 for 
the Jack donkey.  

 
DISCUSSION 

 
This is the first comparative investigation of testicular 

structure and spermatogenesis in two equine species and the 
infertile hybrid, the hinny. Furthermore, a more detailed 

analysis of the stage of spermatogenesis block, as the cause 
of sterility in male hinny, was undertaken. 

Previous studies compared the testis weight, 
seminiferous tubule length, germ cell development and 
numbers of Sertoli and Leydig cells and seminiferous 
epithelium cycle length in mules and donkeys (Neves et al., 
2002) and a comparative morphometric analysis of mule, 
horse and donkey testes, which included assessing the 
hardness, weight and shape of the testes plus determining 

Table 2. The comparison of germ cell and spermatogenesis in the hinny, stallion and Jack donkey 

Animal Number of ST 
Spermatogenic stages 

Spermatogonia and spermatocytes Spermatocytes in synapsis Spermatids 

Hinny 30 14±13a 5±9a 0a 

Stallion 30 44±19b 13±12b 47±29b 

Jack donkey 30 51±13b 18±11b 50± 36b 

ST, seminiferous tubule 
Data are presented as mean±standard error of the mean. 
a,b Different superscripts indicate significant differences (p<0.01) between animals. 

 

Figure 3. i) Immunofluorescent staining of germ cells and spermatogenesis in the hinny, stallion and Jack donkey. (A) The deleted in
azoospermia-like (DAZL) was detected in the hinny, stallion and Jack donkey, respectively. Scale bar = 100 µm.  
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germ cell types plus the distribution of Sertoli and Leydig 
cells (Hernández-Jáuregui and Monter, 1977). In both, 
systematic measurements were not made of the number, 
size and area of seminiferous tubules nor the number of 
germ cells at different stages of development. Furthermore, 
the stage at which spermatogenesis is blocked in the mules 
and hinnies was not determined accurately. 

The results of the present study highlighted some 
interesting differences in testis morphology between the 
hinny and the two parental species. For example, a thicker 
tunica albuginea, fewer blood vessels and more connective 
tissue were noted in the hinny testis. Moreover, the lumenae 
of the seminiferous tubules were more deflated, folded and 
vacuolated in the hinny. The morphological figures shown 
in Table 1 demonstrate that the mean number of 
seminiferous tubules per unit area was significantly lower 
in the Jack donkey but the figures were very similar in the 
hinny and stallion. Whereas seminiferous tubule diameter 

was lower in hinny than both of the stallion and Jack 
donkey, which resulted in the mean seminiferous tubule 
cross-sectional area being lower in the hinny than either in 
the stallion or Jack donkey. Neves et al. (2002) reported that 
seminiferous tubule diameter was significantly higher in 
donkeys than mules. The proportion of seminiferous tubules 
per unit area was similar in the hinny and Jack donkey but 
higher in the stallion, this result corresponds with the 
figures of the mean number and diameter in three species. 
Neves et al. (2002) reported that the number of Sertoli cells 
were similar in the mule and donkey, and diameter was 
higher in the donkey than in the mule. While the statistical 
analysis of Sertoli cell mean diameter in hinny and Jack 
donkey was consistent with Neves et al. (2002), the mean 
number was not. 

The spermatogonia and spermatocytes were present in 
only a single layer in most of seminiferous tubules in the 
hinny. DAZL and SCP3 were expressed in the testes of all 

 

Figure 3. ii) Immunofluorescent staining of germ cells and spermatogenesis in the hinny, stallion and Jack donkey. (B) Synaptonemal
complex protein 3 (SCP3)-positive cells were observed in all three species, but whereas they were multi-layered in the stallion and Jack
donkey, they were fewer in number and were only single-layered in the hinny. Scale bar = 100 µm. 
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three species but TNP1 was not exhibited in hinny 
indicating that spermatids were not present in the hinny 
testis (Chandley et al., 1974; 1975). These findings indicate 
that primary spermatocytes in the hinny could enter into 
synapsis but because of the failure of homologous 
chromosomes to pair (Henry et al., 1995; Zhao et al., 2005), 
they could not complete meiosis and therefore could not 
advance beyond the spermatocyte phase. Studies by Trujillo 
et al. (1969) and Zong and Fan (1989) showed that irregular 
shaped spermatozoa, such as some with a diamond-shaped 
head and others with an abnormally long and thin neck were 
occasionally found in three year old hinnies. This was not 
the case in the present study and the lack of spermatids was 
perhaps due to the individual differences between hinnies. 
The literature cites several potential causes of hybrid 
sterility (Borondi et al., 1998) but the most obvious of these, 
previously observed in mules by Taylor and Short (1973) is 
due to the different numbers of parental chromosomes 

(Benirschke et al., 1962). Genetic incompatibility between 
parents (Borondi et al., 1998) and failure of pairing of sex 
chromosomes may also cause sterility (Forejt, 1996). 

In conclusion, this study showed clear defects in testis 
and seminiferous tubule development in the hinny 
compared with the stallion and Jack donkey. The main 
cause of spermatogenic block in the hinny is probably a 
failure of pairing of homologous chromosomes which 
results in unfinished synapsis and incomplete meiosis. 
Therefore, the cells cannot advance beyond spermatocytes 
and spermatids. 
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Figure 3. iii) Immunofluorescent staining of germ cells and spermatogenesis in the hinny, stallion and Jack donkey. (C) Transition protei
n 1 (TNP1) staining was observed in both of the stallion and Jack donkey where these cells were round or elongating. But no TNP1-
stained cells were observed in the hinny. Scale bar = 100 µm. 
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