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Resumen

La raza asnal Andaluza estd catalogada actualmente como raza autoctona
espanola en peligro de extincién (RD 2129/2008, Catalogo Oficial de Razas de Ganado
de Espana). Hasta la fecha, so6lo 94 garaiones estan considerados como individuos de
alto valor genético (DAD-IS-FAO 2013). En este contexto, es necesaria la aplicacion de
técnicas de reproduccion asistida como la inseminacion artificial y la criopreservacion
de espermatozoides con el objetivo de mejorar la variabilidad genética de la raza y
evitar asi su extincion. Para ello, consideramos imprescindible realizar un estudio previo
de las caracteristicas reproductivas y los parametros seminales propios de la raza. Hoy
en dia, en el analisis de las caracteristicas seminales de numerosas razas de mamiferos
ha sido objeto de gran interés el estudio de las subpoblaciones espermaticas presentes en
los eyaculados, observandose una correlacion directa entre la presencia de determinadas
subpoblaciones espermaticas, la resistencia a la criopreservacion y las tasas de fertilidad
obtenidas. Por lo tanto, es importante estudiar la distribucion de las subpoblaciones
espermaticas que conforman el eyaculado del asno Andaluz para establecer la calidad
espermatica de las muestras seminales recolectadas, asi como para predecir su
congelabilidad y fertilidad. Actualmente, son escasos los estudios publicados sobre
refrigeracion y congelacion del semen de burro, siendo inexistentes en el caso de la raza
asnal Andaluza. Por ello, es necesario establecer un protocolo adecuado, asi como
seleccionar aquellos diluyentes y crioprotectores con los que obtener muestras

seminales con buena calidad tras los procesos de refrigeracion y crioconservacion.

En la primera publicacion se estudiaron las caracteristicas seminales (volumen,
pH, concentraciéon, movimiento y morfologia espermatica) del eyaculado del asno
andaluz con el objetivo de poder establecer los parametros de normalidad propios de la
raza. Asimismo, se comprobd la existencia de diferentes subpoblaciones de
espermatozoides dentro del eyaculado del asno andaluz asi como la influencia del
individuo y del eyaculado dentro de un mismo individuo en su frecuencia de
distribucion. Ademads, se investigd la correlacion existente entre la edad y el peso
corporal del garaiion, las caracteristicas de calidad espermatica y la distribucion de las

subpoblaciones espermaticas. Para ello, se recolectaron un total de 60 eyaculados de 12




Resumen

asnos andaluces (5 eyaculados por burro), con edades comprendidas entre los 4 y 15
afios (edad media: 9,9 + 0,4 afos) y pesos corporales de 313 a 435 kg (peso medio:
381,1 £5,8 kg). Mediante un andlisis estadistico multivariante se evidenci6 la existencia
de cuatro subpoblaciones espermaticas (sP) con patrones cinéticos especificos: sP1,
constituida por espermatozoides lentos y no progresivos (15,4%); sP2, constituida por
espermatozoides moderadamente lentos pero progresivos (35,9%); sP3, constituida por
espermatozoides muy activos pero con movimiento no progresivo (18,5%); sP4,
constituida por espermatozoides muy activos y con movimiento progresivo (30,2%). La
proporcion de las diferentes subpoblaciones espermadticas existentes dentro del
eyaculado no se vio afectada por el peso o la edad del garanon (P>0,05). Sin embargo,
factores como el individuo, el eyaculado, el movimiento total o la concentracion media
del eyaculado si influyeron significativamente (P<0,05) en la distribucion de las
subpoblaciones espermaticas dentro del eyaculado. Por otra parte, se demostré una
correlacion significativa (P<0,05) entre el peso corporal de los garafiones y el pH del
eyaculado, el movimiento (porcentaje de movimiento total y progresivo) y la
morfologia espermatica. Por el contrario, la correlacion entre la edad de los garafiones y

las caracteristicas del eyaculado fue baja y no significativa (P>0,05).

En la segunda publicacion se compararon las caracteristicas seminales evaluadas
en el andlisis espermatico convencional asi como los patrones de movimiento de las
diferentes subpoblaciones espermaticas presentes en los eyaculados de asnos con
diferente fertilidad, y se establecid su relacion con la fertilidad in vivo. Durante el
periodo experimental se recolectaron un total de 30 eyaculados de 6 asnos andaluces. La
fertilidad de los garanones fue clasificada atendiendo a la tasa de gestacion por ciclo,
considerando a aquellos asnos con tasas de gestacion por ciclo > 60% como “fértiles” (n
= 3) y a aquellos con tasas de prefiez por ciclo < 40% como “‘subfértiles” (n = 3). Se
observaron diferencias significativas (P<0,001) entre el grupo de asnos “fértiles” y el
grupo de “subfértiles” para los valores de movimiento total y progresivo asi como para
la velocidad lineal. Por otro lado, se demostré que las caracteristicas del eyaculado que
producen un aumento significativo (P<0,05) de la tasa de gestacién por ciclo son el
movimiento total (r = 0,37) y progresivo (r = 0,53), la velocidad curvilinea (r = 0,44), la
rectitud (r = 0,39), la frecuencia de cruzamiento (r = 0,44) y el volumen del eyaculado (r
= 0,53). También evidenciamos que tres de las cuatro subpoblaciones espermaticas

(sP2, sP3 y sP4) existentes en el eyaculado del asno andaluz, descritas con anterioridad
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en la primera publicacion, estan significativamente (P<0,05) correlacionadas con la
fertilidad del garafion (sP2, r = 0,54; sP3, r = 0,45; sP4, r = 0,56). Asi, se observo una
presencia significativamente (P<0,001) baja de la Subpoblacion 4 en los eyaculados de
los asnos pertenecientes al grupo de “subfértiles”. En conclusion, este estudio demostro
la relacion existente entre los parametros de movimiento espermadtico valorados in vitro
mediante el sistema de andlisis de esperma asistido por ordenador (CASA) y la

fertilidad in vivo del eyaculado de asno.

En la tercera publicacion buscamos seleccionar un diluyente apropiado para
refrigerar semen de asno andaluz. Para ello, se evalud la eficacia de dos diluyentes
comerciales ampliamente utilizados para la refrigeracion de semen equino (Gent” A e
INRA 96%) para preservar semen de asno andaluz a 5°C durante 72 horas. Ademas, se
estudi6 el efecto de la incorporacion en el diluyente de refrigeracion de tres
aminoacidos (glutamina, prolina y taurina) a diferentes concentraciones (0, 20, 40 y 60
mM). Por ultimo, se investigd la influencia de la estacionalidad en las caracteristicas
seminales del asno andaluz. Durante un afio, 50 eyaculados fueron recolectados de un
total de 10 asnos andaluces. El movimiento (mediante el sistema de analisis CASA,
Sperm Class Analyzer), la morfologia espermdtica (en muestras tefiidas con Diff-
Quik™), y la integridad de la membrana plasmatica (Vital-Test® kit) y acrosémica
(tincion doble con los fluorocromos Isocianato de fluoresceina conjugado con la lectina
Arachis hipogea e loduro de Propidio) fueron evaluados antes de la refrigeracion
(muestras frescas) y tras su almacenamiento durante 72 horas a 5°C. El diluyente Gent®
A preservo significativamente (P<0,05) mejor que el INRA 96° el movimiento
espermatico tras 72 horas de refrigeracion. La incorporacion de glutamina, prolina o
taurina en el diluyente Gent® A mejor6 significativamente (P<0,001) el movimiento del
espermatozoide de asno andaluz. Se observo una influencia significativa (P<0,05) de la
estacion sobre todas las caracteristicas seminales evaluadas, excepto sobre el volumen
del eyaculado, la concentracion espermatica, el movimiento total y algunos parametros
cinéticos (oscilacion, WOB; linealidad, LIN; rectitud, STR). En conclusion, nuestros
resultados demostraron la eficacia del diluyente comercial Gent® A para refrigerar
semen de asno andaluz. Ademas, se evidencio6 el efecto crioprotector de los aminoacidos
testados sobre el espermatozoide de asno durante el proceso de refrigeracion,
obteniéndose mejores resultados de movimiento espermatico en aquellas muestras en

las que el diluyente Gent® A fue suplementado con diferentes concentraciones de
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glutamina, prolina o taurina en comparacion con aquellas en las que el Gent® A no fue
suplementado. Por ultimo, se demostré un efecto estacional en la calidad espermatica

del eyaculado del asno andaluz.

En la cuarta publicacion, con el objetivo de seleccionar un diluyente adecuado
para congelar semen de asno andaluz, comparamos el efecto de dos diluyentes de
congelacion, ampliamente usados para la congelacion de semen de caballo (Gent® B e
INRA 96, este wltimo suplementado con 2% de yema de huevo y 2,5% de glicerol),
sobre la calidad espermatica a la descongelacion. Posteriormente, se estudio el efecto de
sustituir el glicerol presente en el diluyente de congelacion por otros crioprotectores de
menor peso molecular: etilenglicol (EG; 1 o 1,5%), dimetilsulféxido (DMSO; 1,5 o
2%), dimetilformamida (DMFA; 1 o 2,5%) o una combinacion de EG 1% y DMFA
1,5%. Para tal fin, 74 eyaculados procedentes de 10 asnos adultos fueron recolectados.
La metodologia para valorar los pardmetros de calidad seminal antes de la congelacion
(muestras frescas) y tras su almacenamiento en un tanque de nitrégeno liquido a -196 °C
fue similar a la empleada en la publicacién precedente. El diluyente Gent® B
proporcion6 valores de movimiento espermatico significativamente (P<0,01) superiores
a los obtenidos con el INRA 96" modificado. La integridad de la membrana plasmatica
tras la descongelacion fue significativamente (P<0,001) superior cuando se empled6 EG
1% como crioprotector, mientras que el DMSO afectdé negativamente (P<0,001) al
movimiento espermatico y a la integridad de la membrana plasmatica. La DMFA 2,5%
proporciond los mejores resultados de calidad espermatica tras el proceso de
crioconservacion, incrementando significativamente (P<0,001) el movimiento
espermatico y la integridad de la membrana plasmatica. De los resultados obtenidos en
este estudio podemos concluir que el Gent®™ B mejora la calidad espermatica in vitro del
espermatozoide de asno a la descongelacion. Sin embargo, la sustitucion del glicerol por
otros crioprotectores de menor peso molecular, como el EG 1% y la DMFA 2,5%,
mejora la proteccion del espermatozoide durante el proceso de congelacion y
descongelacion. Ademas, este estudio demuestra que el uso del DMSO para
criopreservar semen de asno es insatisfactorio, y se sospecha pueda tener un efecto
toxico para los espermatozoides de esta especie. Finalmente, los diluyentes de
congelacion evaluados en el presente estudio deberian ser incluidos en futuros estudios

en los que se determine el diluyente de congelacién mas adecuado para cada asno.
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Summary

The Andalusian donkey (Equus asinus) is currently considered in Spain as an
endangered breed (Real Decreto 2129/2008, regulation of the National Catalogue of
Endangered Species). Currently, only 94 individuals are considered as breeding males
(DAD-IS-FAO 2013). In such situation, the application of assisted reproductive
technologies such as artificial insemination and semen cryopreservation becomes
necessary for improving gene distribution and for reducing the effects of excessive
inbreeding. However, for this purpose, a previous study of the reproductive features
and/or semen characteristics of the Andalusian donkey is required. Nowadays, the
identification of sperm subpopulations within mammalian ejaculates has become an
issue of the utmost interest for the sound evaluation of the ejaculates. In this sense, a
direct relationship between the presence of discrete motile sperm subpopulations, the
resistance to cryopreservation and the fertility rates obtained has been demonstrated.
Therefore, it is interesting to characterize the distribution of subpopulations in the
ejaculate of the Andalusian donkey in order to study the relationship between the
quality and the reproductive performance of semen samples, and to predict its
freezability and fertility. To date, published studies concerning on cooling or freezing
donkey semen are scarce, and, to our knowledge, no previous studies reporting of
Andalusian donkey semen cryopreservation have been published. Consequently, it is
important to develop a suitable technique and select those extenders and cryoprotectants
which provide the highest sperm quality after cooling or freezing Andalusian donkey

spermatozoa.

In the first study the physiological sperm characteristics of Andalusian donkey
(gel-free volume, pH, sperm concentration, motility and morphology) raw ejaculates
were assessed to establish the average values normal for this donkey breed. Moreover,
we studied the existence of sperm subpopulations with specific motion characteristics in
raw Andalusian donkey ejaculates, evaluate the effects of individual donkey and
ejaculates within the same male on the distribution of the subpopulations found, and
explore the relationship between the age and the body weight of donkey donors, the
sperm quality parameters, and the sperm subpopulations structure. To this end, 60

ejaculates (5 ejaculates per donkey) were collected from 12 Andalusian donkeys whose
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age ranged from 4 to 15 years (mean: 9.9 + 0.4 years) and their body weight varied from
313 to 435 kg (mean: 381.1 £ 5.8 kg). A multivariate clustering procedure evidenced
the existence of four well-defined motile sperm subpopulations (sP) in Andalusian
donkey ejaculates: sP1, consisting of slow and non-progressive spermatozoa (15.4%);
sP2, consisting of moderately slow but progressive spermatozoa (35.9%); sP3
consisting of highly active but non-progressive spermatozoa (18.5%); sP4, consisting of
highly active and progressive spermatozoa (30.2%). The proportions of sperm
subpopulations in the ejaculates did not vary with age and body weight (P>0.05).
However, the distribution of these subpopulations varied significantly (P<0.05)
according to several parameters such as the individual donkey, the ejaculate of the same
male, the total motility or the overall sperm concentration. On the other hand,
significant (P<0.05) correlations were established between the body weight of donkeys
and the pH, sperm motility (percentages of total and progressive motile spermatozoa)
and total sperm abnormalities, respectively. Nevertheless, the correlations of the age

with the measures of semen quality were low and not significant (P>0.05).

In the second study, we compared the conventional sperm parameters, plus the
characteristics of the motility patterns of the different sperm subpopulations, of donkey
donors with different fertility level, to determine their relationships to in vivo fertility.
During the experimental period, 30 ejaculates from 6 Andalusian donkeys were
collected. The fertility of donkeys was classified on the basis of pregnancy rates per
cycle, where donkeys with a per cycle pregnancy rate > 60% were considered to be
“fertile” (n = 3) and those with a per cycle pregnancy rate < 40% were categorized to be
“sub-fertile” (n = 3). Significant differences (P<0.001) between the “fertile” and the
“sub-fertile” group were found for total and progressive motility, and for straight line
velocity. Sperm variables associated (P<0.05) with an increase in percent pregnant per
cycle included total motility (r = 0.37), progressive motility (r = 0.53), curvilinear
velocity (r = 0.44), straightness (r = 0.39), beat cross frequency (r = 0.44) and gel-free
volume (r = 0.53). Similarly, three of the sperm subpopulations (sP2, sP3 and sP4)
present in Andalusian donkey ejaculates, previously described in the first study, were
related (P<0.05) to fertility (sP2, r = 0.54; sP3, r = 0.45; sP4, r = 0.56). Thus, a lower
percentage (P<0.001) of sP4 spermatozoa was observed in the “sub-fertile” group. In

conclusion, we were able to relate the in vitro measures of sperm motility using
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computer-assisted sperm analysis techniques (CASA) with the in vivo fertility of

donkeys.

In the third study, we tried to select a suitable semen extender for cooling
Andalusian donkey semen. For this purpose, we evaluated the efficacy of two
commercially available liquid stallion semen extenders (Gent” A and INRA 96®) for the
preservation of Andalusian donkey semen at 5°C for up to 72 h. Moreover, we assessed
the effect of amino acid addition (glutamine, proline, or taurine) on sperm quality of
cooled donkey semen. In addition, this study investigated the effect of seasons on the
semen quality of the Andalusian donkey. Throughout a year, 50 ejaculates were
collected from 10 adult donkeys. Fresh semen and chilled samples were evaluated for
sperm motility (assessed by computerized-assisted semen analysis - CASA),
morphology (Diff-Quick® staining), acrosome integrity (PI/peanut agglutinin-
fluorescein isothiocyanate double stain), and plasma membrane integrity (Vital-Test®
kit). Sperm motility variables were greater (P<0.05) in Gent® A than in INRA 96°. The
addition of glutamine, proline, or taurine to Gent” A improved (P<0.001) the motility of
Andalusian donkey spermatozoa. A seasonal influence (P<0.05) was observed for all
the sperm characteristics evaluated, with the exception of gel-free volume, sperm
concentration, total motility and some sperm kinematic variables: wobble (WOB),
linearity (LIN) and straightness (STR). In conclusion, this study showed the efficacy of
Gent® A for cooling and preserving Andalusian donkey semen. Moreover, the
protective effect of amino acids during cold storage was evidenced. Thus, the sperm
motility was greater when Gent® A was supplemented at different concentrations of
glutamine, proline, or taurine than Gent® A with no supplementation. Finally, the
present study clearly showed a seasonal influence on the characteristics of fresh semen

of the Andalusian donkey.

In the fourth study, in order to obtain an appropriate freezing semen extender for
the cryopreservation of Andalusian donkey semen, we compared the effect of two
equine semen extenders (Gent® B and INRA 96" supplemented with 2% clarified egg
yolk and 2.5% glycerol) on sperm quality of frozen-thawed Andalusian donkey semen.
Secondly, we investigated the replacement of glycerol by other lower molecular weight
cryoprotectants on the freezing extender: ethylene glycol (EG; 1% or 1.5%), dimethyl
sulfoxide (DMSO; 1.5% or 2%), dimethylformamide (DMFA; 1% or 2.5%) or a
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combination of EG 1% and DMFA 1.5%. To this end, 74 ejaculates were collected from
10 healthy Andalusian donkeys. Methodology for sperm quality assessment prior (fresh
samples) and after cryopreservation was similar to that used in the previous study.
Gent” B yielded a higher (P<0.01) post-thaw sperm motility than modified INRA 96.
EG 1% increased the sperm membrane integrity (P<0.001), whereas DMSO affected
sperm motility and membrane integrity (P<0.001). DMFA 2.5% yielded higher
(P<0.001) values for sperm motility and membrane integrity. We concluded that Gent B
improves in vitro post-thaw sperm quality of donkey spermatozoa, but the replacement
of glycerol with 1% EG or 2.5% DMFA increases sperm protection against
cryodamage. The use of DMSO for freezing donkey semen was unsuccessful and a
toxic effect is suspected. These extenders should be included in the prefreezing test for

each donkey.
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Introduccion

Durante siglos el asno (Equus asinus) andaluz al igual que otras razas espafiolas,
ha sido demandado principalmente para la cria mular (Rodero y col., 1998). Sin
embargo, esta raza asnal se encuentra actualmente sumida en una profunda crisis reflejo
directo del hundimiento de la cultura rural y de los sistemas de explotacion agraria y
ganadera sostenible, lo que se traduce en un rapido descenso en el numero de
ejemplares y consecuentemente en su variabilidad genética. De acuerdo con el ultimo
censo elaborado por la FAO (Food and Agriculture Organization), el asno andaluz se
localiza fundamentalmente en Andalucia y Extremadura y cuenta con 749 animales, de
los cuales solo 94 individuos estan considerados de alto valor genético (DAD-IS-FAO,
2013). Por ello, la raza asnal Andaluza esté, hoy en dia, catalogada como raza autoctona
espafiola en peligro de extincion (Catdlogo Oficial de Razas de Ganado de Espana,

BOE 23/2009, RD 2129/2008, 26 de diciembre).

En esta situacion, el desarrollo de técnicas de reproduccion asistida tales como la
criopreservacion de semen y la inseminacion artificial (IA) resulta indispensable para
gestionar e integrar las poblaciones de esta raza asnal en peligro de extincion. No
obstante, es imprescindible realizar un estudio previo de las caracteristicas
reproductivas y de los pardmetros seminales de esta raza para posteriormente desarrollar
y optimizar los protocolos de conservacion de esperma. Recientemente, algunos
estudios han investigado la estacionalidad reproductiva en otras razas extranjeras de
asnos, con el objetivo de mejorar su eficacia reproductiva. Asi, se ha demostrado una
influencia estacional tanto en el comportamiento sexual (Gastal y col., 1996; Henry y
col., 1998) como en las caracteristicas seminales (Carluccio y col., 2013; Contri y col.,
2010; Gastal y col., 1997) de los garafnones. Sin embargo, estos estudios llevados a cabo
en otras razas localizadas en areas con condiciones climatologicas diferentes, son
dificilmente extrapolables (Carluccio y col., 2013) a otras razas de asnos (p.ej. el asno
andaluz). Segin nuestro conocimiento, actualmente no existen estudios que hayan
analizado la influencia de la estacionalidad sobre las caracteristicas seminales del asno

andaluz.




Introduccion

El andlisis convencional en el laboratorio de la calidad espermatica incluye una
serie de parametros (volumen eyaculado, concentracion espermatica, movimiento total y
progresivo y morfologia) que son faciles de valorar y tienen un coste relativamente
bajo. La relacion entre estos parametros espermaticos y la fertilidad ha sido investigada
en muchas especies de mamiferos (Gadea, 2005; Kastelic y Thundathil, 2008; Love,
2011; O' Meara y col., 2008). Sin embargo, segln la bibliografia consultada, no existen
estudios que establezcan la relacion existente entre estos pardmetros de calidad

espermatica y la fertilidad de los eyaculados de asno.

En los mamiferos, el movimiento espermatico juega un papel importante en el
transporte del esperma dentro del tracto reproductor femenino, principalmente para la
penetracion de la zona pelucida. Actualmente, la identificacion de subpoblaciones de
espermatozoides moviles dentro de un mismo eyaculado en mamiferos se ha convertido
en un tema de maximo interés para la correcta evaluacion de los eyaculados. Es
ampliamente conocido que los eyaculados de diferentes especies de mamiferos estan
compuestos por distintas subpoblaciones de espermatozoides (Abaigar y col., 1999;
Dorado y col., 2010a; Holt, 1996; Mir6 y col., 2005; Quintero-Moreno y col., 2003,
2007; Rigau y col., 2001), las cuales se caracterizan por parametros cinéticos
especificos, obtenidos por los sistemas de analisis de esperma asistido por ordenador
(Computer-Assisted Sperm Analysis, CASA). De esta manera, la presencia de estas
subpoblaciones cinéticas se ha relacionado con la resistencia a la criopreservacion
(Flores y col., 2009; Martinez-Pastor y col., 2005; Nufiez-Martinez y col., 2006a,
2006b), la presencia de estimulantes (Abaigar y col., 1999), la respuesta a la
refrigeracion (Dorado y col., 2011) y la fertilidad (Quintero-Moreno y col., 2003, 2004).
Aunque algunos estudios han demostrado la existencia de subpoblaciones espermaticas
en los eyaculados de otras razas de asno (Flores y col., 2008; Mir¢6 y col., 2005, 2009),
no se ha encontrado en la bibliografia actual ningun estudio que identifique la presencia
de estas subpoblaciones en los eyaculados del asno andaluz. Tampoco existen estudios
hasta la fecha que correlacionen los parametros cinéticos obtenidos mediante sistemas
CASA vy la estructura subpoblacional con la edad y el peso corporal del garafion, asi
como con la calidad espermadtica del eyaculado. Por otro lado, si bien en el caballo si se
ha establecido la correlacion existente entre los parametros cinéticos del espermatozoide

y las subpoblaciones cinéticas con la fertilidad in vivo (Jasko y col., 1992; Love, 2011),
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segin nuestro conocimiento, en el garafion ain no se han realizado estudios de estas

caracteristicas.

Las técnicas de reproduccion asistida como la refrigeracion de esperma y su
posterior uso en programas de [A permiten transportar dosis seminales procedentes de
individuos de alto valor genético entre poblaciones asnales aisladas, sin necesidad de
trasladar a los animales. Ademas de permitirse asi una Optima y eficiente distribucion
del material genético, se reduce también el riesgo de endogamia y se potencia el
desarrollo de programas de conservacion de razas de proteccidon especial (Rota y col.,
2008). En los ultimos afios, la refrigeracion de semen de caballo ha sido ampliamente
estudiada hasta el punto de convertirse en una técnica reproductiva de uso rutinario en la
industria equina debido a los buenos indices de fertilidad obtenidos y los costes
relativamente bajos de esta técnica (Contri y col., 2010a; Aurich, 2008). En el caso del
asno, no obstante, son escasos los estudios publicados hasta la fecha sobre refrigeracion
de semen (Miro y col., 2009; Rota y col., 2008; Cottorello y col., 2002; Santos y col.,
1995; Serres y col., 2002; Vidament y col., 2009). Algunos estudios han comparado el
uso de diferentes diluyentes para preservar el semen de garafion a 5°C, obteniéndose
resultados muy variables. Sin embargo, el uso de diluyentes a base de yema de huevo ha
demostrado tener un efecto beneficioso sobre el movimiento espermatico tras la
refrigeracion (Cottorello y col., 2002; Mello y col., 2000), por lo que parecen mas
apropiados. Entre los diluyentes lacteos usados en el garafion, los diluyentes INRA 82 y
Kenney preservaron mejor el movimiento espermatico que la leche desnatada (Gomez-
Cuetara y col., 2004), mientras que el INRA 96 mejor los porcentajes de movimiento
en comparacion con el E-Z Mixin (Contri y col., 2010). Rota y col. (2008) publicaron
que el uso de INRA 96 produce resultados de calidad espermatica similares a los
obtenidos con INRA 82, tras el almacenamiento de semen de asno Amiata a 5°C durante
72 horas. Hasta la fecha, no existen estudios que evaluen la eficacia del diluyente
comercial de refrigeracion de semen equino Gent” A para preservar semen de garafién a
5°C. En cualquier caso, debido a la inexistencia de trabajos de este tipo en el asno
andaluz, se requieren estudios individualizados en esta raza que garanticen la obtencion

de los mejores resultados posibles.

Actualmente, los esfuerzos para mejorar la conservacion del esperma equino

mediante refrigeracion se centran en la modificacion de diluyentes especificos mediante
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la adicion de diferentes componentes como azucares, antioxidantes o electrolitos, con el
fin de proteger la membrana plasmatica, prevenir el estrés oxidativo o preservar el
movimiento de los espermatozoides (Samper, 2000). Hoy en dia es ampliamente
conocido el efecto protector que proporcionan los aminodcidos a las células animales
frente a la hipotermia (Heinz y col., 1990; Kruuv y Glofcheski, 1990; Lalonde y col.,
1991). En los espermatozoides, algunos estudios han demostrado que la adicién de
taurina al diluyente mejora la calidad espermatica del semen refrigerado en el gato
(Baran y col., 2009), el conejo (Alvarez y Storey, 1983a), el carnero (Bucak y col.,
2007) y el caballo (Ijaz y Ducharme, 1995). El efecto protector durante el proceso de
congelacion y descongelacion tanto de la glutamina (Khlifaoui y col., 2005; Trimeche y
col., 1996, 1999) como de la prolina (Rudolph y Crowe, 1985; Trimeche y col., 1999)
sobre los espermatozoides de caballo y asno también ha sido publicado. Sin embargo,
Phetudomsinsuk y col. (2009) demostraron que la inclusion de glutamina a
concentraciones de 50 mM en el diluyente de congelaciéon produce una disminucion
significativa a la descongelacion del movimiento espermatico y de la integridad de la
membrana acrosdmica del espermatozoide de caballo. La disparidad de resultados
obtenidos en estos estudios sugiere un efecto especie dependiente, no solo del tipo de
aminoacido empleado, sino de la concentracion utilizada, lo que fue sugerido
previamente por Cabrita y col. (2011). Hoy en dia, no existen estudios que valoren el
efecto protector de los aminoacidos sobre los espermatozoides de asno andaluz durante

el proceso de refrigeracion.

Debido a la situacion actual de la raza asnal Andaluza se hace necesario también
el desarrollo de la metodologia de criopreservacion de esperma de asno que permita la
creacion de bancos de germoplasma basados en la congelacion de muestras seminales
de aquellos garanones de mayor valor genético, como requisito para la conservacion de
esta raza asnal (Andrabi y Maxwell 2007; Smits y col., 2012). Hasta la fecha, aunque
algunos estudios han comparado el efecto de diferentes protocolos de criopreservacion
(Trimeche y col., 1998; Canisso y col., 2008; Cortés-Gutiérrez y col., 2008; Flores y
col., 2008; Contri y col., 2012b), diluyentes de congelacion (Serres y col., 2004a;
Canisso y col., 2011) y crioprotectores (Alvarez y col., 2004; Serres y col., 2004a;
Alvarez y col., 2006; Oliveira y col., 2006; Rota y col., 2012; Madison y col., 2013)
sobre la calidad del espermatozoide de asno tras la descongelacion, los resultados

obtenidos en los programas de IA con semen congelado de asno no son satisfactorios
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(Vidament y col., 2005; Vidament y col., 2009; Rota y col., 2012; Serres y col., 2014).
Por ello, el desarrollo de un protocolo para la correcta criopreservacion de
espermatozoides de asno andaluz es necesario para obtener buenos resultados en los
programas de IA con semen congelado. Sin embargo, segun nuestro conocimiento, no

existen estudios previos sobre la congelacion de semen de esta raza asnal.

El proceso de congelacion y descongelacion provoca dafios irreversibles sobre la
ultraestructura y la funcionalidad de los espermatozoides, afectando asi a los indices de
fertilidad obtenidos tras la IA con dosis descongeladas (Watson, 1995). La adicion de
crioprotectores a los diluyentes de congelacién de semen reduce el dafio espermatico
producido durante el proceso de criopreservacion (Oldenhof y col., 2010). Durante los
ultimos 50 afios el glicerol ha sido considerado el crioprotector penetrante de referencia
para la criopreservacion de esperma equino (Hoffmann y col., 2011), siendo también
empleado satisfactoriamente para congelar semen de asno (Trimeche y col., 1998;
Serres y col., 2004a; Oliveira y col., 2006; Vidament y col., 2009; Rota y col., 2012;
Ortiz y col., 2015). Sin embargo, el glicerol, debido a su baja permeabilidad (Ball y Vo,
2001), penetra mas lentamente que el agua y otros crioprotectores a través de la
membrana plasmatica del espermatozoide de caballo (Glazar y col., 2009), induciendo
asi estrés osmotico durante el proceso de congelacion y descongelacion (Pefia y col.,
2011). Recientemente, ha sido demostrado (Macias Garcia y col., 2012) que el efecto
toxico del glicerol sobre el espermatozoide de caballo se produce cuando se emplea a
concentraciones superiores al 3,5%. Ademas, una mayor sensibilidad del
espermatozoide de asno al glicerol en comparacion con el espermatozoide de caballo ha

sido sugerida (Vidament y col., 2009).

El empleo de crioprotectores que poseen un menor peso molecular que el
glicerol (92,09 g/mol), como el etilenglicol (62,07 g/mol), el dimetilsulfoxido (78,13
g/mol) o la dimetilformamida (73,09 g/mol), reduce el dafio osmotico sobre el
espermatozoide de caballo (Glazar y col., 2009). En la ultima década, algunos autores
han demostrado una mayor eficacia del etilenglicol (Alvarenga y col., 2000b; Ball y Vo,
2001; Henry y col.,, 2002; Mantovani y col.,, 2002; Squires y col., 2004), la
dimetilformamida (Alvarenga y col., 2000a; Gomes y col., 2002; Medeiros y col., 2002;
Alvarenga y col., 2005) y el dimetilsulféxido (Chenier y col., 1998), en comparacion

con el glicerol, para preservar las caracteristicas del espermatozoide de caballo durante

13



Introduccion

el proceso de crioconservacion. Estas consideraciones nos permiten hipotetizar que
estos crioprotectores penetrantes (etilenglicol, dimetilsulfoxido y dimetilformamida)
podrian ser una buena opcidén para congelar semen de asno andaluz. Aunque algunos
crioprotectores han sido comparados con anterioridad (Alvarez y col., 2004; Alvarez y
col., 2005; Oliveira y col., 2006; Vidament y col., 2009; Rota y col., 2012), actualmente
no existe ningin estudio en la bibliografia consultada que compare la eficacia del
glicerol y de estos tres crioprotectores alternativos (etilenglicol, dimetilsulfoxido y

dimetilformamida) para criopreservar espermatozoides de asno.

Recientemente, diluyentes ampliamente usados para la congelacion de semen de
caballo, como el Gent” B y el INRA 96° suplementado con 2% de yema de huevo y
2,5% de glicerol, han sido empleados con éxito (Flores y col., 2008; Rota y col., 2012;
Ortiz y col., 2015) para congelar espermatozoides de asno. No obstante, segun nuestro
conocimiento, no se ha realizado ningun estudio que compare el efecto de estos

diluyentes sobre la calidad del espermatozoide de asno tras la descongelacion.
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Objetivos

En la presente Tesis Doctoral se plantearon diversos objetivos especificos,

desarrollados en cada una de las cuatro publicaciones siguientes:

- Primera Publicacion: Sperm motility patterns in Andalusian donkey (Equus asinus)
semen: Effects of body weight, age, and semen quality. J. Dorado, D. Acha, M.J.
Galvez, 1. Ortiz, J.J. Carrasco, B. Diaz, V. Gomez-Arrones, R. Calero-Carretero, M.

Hidalgo. Theriogenology 2013, 79: 1100-1109.

1. Estudiar la existencia de subpoblaciones espermaticas con patrones de movimiento

especificos en el eyaculado del asno andaluz.

2. Investigar la influencia de los diferentes garafones empleados y de los sucesivos
eyaculados de cada macho en la distribucidon de las subpoblaciones espermaticas

identificadas en el eyaculado del asno andaluz.

3. Valorar la relacion existente entre la edad y el peso corporal del garaion, las
caracteristicas de calidad espermatica y la distribucion de las subpoblaciones

espermaticas.
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- Segunda Publicacion: Relationship between conventional semen characteristics,
sperm motility patterns and fertility of Andalusian donkeys (Equus asinus). J.
Dorado, D. Acha, 1. Ortiz, M.J. Galvez, J.J. Carrasco, B. Diaz, V. Gomez-Arrones, R.
Calero-Carretero, M. Hidalgo. Animal Reproduction Science 2013, 143: 64-71.

1. Comparar las caracteristicas espermaticas convencionales y la distribucion de las
subpoblaciones espermaticas presentes en eyaculados de asnos con diferente tasa de

fertilidad.

2. Determinar la relacion existente entre las caracteristicas espermaticas
convencionales, asi como de las diferentes subpoblaciones presentes en el
eyaculado del asno andaluz, con la fertilidad in vivo, medida como tasa de prefiez

por ciclo.
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- Tercera Publicacion: Effect of extender and amino acid supplementation on sperm
quality of cooled-preserved Andalusian donkey (Equus asinus) spermatozoa. J.
Dorado, D. Acha, I. Ortiz, M.J. Galvez, J.J. Carrasco, V. Gomez-Arrones, R. Calero-
Carretero, M. Hidalgo. Animal Reproduction Science 2014, 146: 79-88.

1. Evaluar la eficacia de dos diluyentes comerciales de refrigeracion de esperma
equino (Gent® A e INRA 96%) para preservar semen de asno andaluz durante 72

horas a 5°C.

2. Valorar el efecto de la adicion al diluyente de refrigeracion de diferentes
concentraciones (0, 20, 40 y 60 mM) de glutamina, prolina y taurina, sobre los

parametros de calidad seminal.

3. Investigar la influencia de la estacionalidad en las caracteristicas espermaticas del

eyaculado del asno andaluz.
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- Cuarta Publicacion: Freezability of Andalusian donkey (Equus asinus)
spermatozoa: effect of extenders and permeating cryoprotectants. D. Acha, M.
Hidalgo, M.J. Galvez, 1. Ortiz, JJ. Carrasco, V. Gomez-Arrones, J. Dorado.
Reproduction, Fertility and Development 2015, accepted 4 June 2015.

1. Comparar la eficacia de dos diluyentes de congelacion de esperma equino que
contienen glicerol como crioprotector (Gent® B e INRA 96“ suplementado con un
2% de yema de huevo y un 2,5% de glicerol) para criopreservar semen de asno

andaluz.

2. Evaluar el efecto de cuatro crioprotectores penetrantes (glicerol, etilenglicol,
dimetilsulfoxido y dimetilformamida) sobre la calidad espermatica a Ila

descongelacion de semen de asno andaluz.
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Capitulo 1 / Chapter I

“Sperm motility patterns in Andalusian donkey (Equus asinus)

semen: Effects of body weight, age, and semen quality”.

J. Dorado, D. Acha, M.]. Gdlvez, I. Ortiz, ].J. Carrasco, B. Diaz, V. Gomez-Arrones,

R. Calero-Carretero, M. Hidalgo. Theriogenology 2013, 79: 1100-1109.
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ABSTRACT

The aims of this study were to (1) identify sperm subpopulations with specific motion
characteristics in fresh Andalusian donkey ejaculates; (2) evaluate the effects of individual
donkey and ejaculates within the same donkey on the distribution of the subpopulations
found; and (3) explore the relationship between the age and the body weight of donkey
donors, the sperm quality parameters, and the sperm subpopulations structure. Sixty
ejaculates from 12 Andalusian donkeys (five ejaculates per donkey), ranging in age from 4
to 15 years, were collected. Immediately after collection, sperm characteristics (volume,
sperm concentration, objective sperm motility, and sperm morphology) were assessed.
Donkeys were evaluated for body weight. Significant (P < 0.05) correlations were estab-
lished between the body weight of the donkeys and the pH (r = —0.52), sperm motility
(percentage of motile spermatozoa: r = —0.31; percentage of progressive motile sperma-
tozoa: r = —0.34), and total sperm abnormalities (r = 0.38). The correlations of the age with
the measures of semen quality were low and not significant (P > 0.05). A multivariate
clustering procedure separated 65,342 motile spermatozoa into four subpopulations:
subpopulation 1, consisting of slow and nonprogressive spermatozoa (15.4%), subpopula-
tion 2, consisting of moderately slow but progressive spermatozoa (35.9%), subpopulation 3,
consisting of highly active but nonprogressive spermatozoa (18.5%), and subpopulation 4,
consisting of highly active and progressive spermatozoa (30.2%). The distribution of these
subpopulations varied significantly (P < 0.05) according to several parameters such as the
individual donkey, the ejaculate of the same donkey, the total motility, and the overall
sperm concentration. Our results show the existence of four well-defined motile sperm
subpopulations in Andalusian donkey ejaculates, and suggest a high heterogeneity in the
ejaculate structure in donkey. The relationship between the distribution of the sperm
subpopulations and individual donkey, total motility, and sperm concentration shows that
the spermatozoa of each have different motility patterns. However, the proportions of
sperm subpopulations in the ejaculates did not vary with age and body weight. Finally, the
study of discrete subpopulations of motile spermatozoa could lead to a substantial increase
in information acquired during donkey semen analysis.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The Andalusian donkey (Equus asinus) is found mainly in
Andalusia and Extremadura (southwest Spain). The value of
this breed in mule breeding has been known for centuries.
However, the Andalusian donkey, among other Spanish

0093-691X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.theriogenology.2013.02.006
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breeds of donkey, is currently considered in Spain as
endangered (Real Decreto 2129/2008, regulation of the
National Catalogue of Endangered Species). According to the
Food and Agricultural Organization, the Andalusian donkey
is at a critical risk of disappearing because of its small pop-
ulation size [1]. In such a situation, assisted reproductive
technologies such artificial insemination and semen cryo-
preservation are powerful tools to manage and integrate
populations of endangered species [2,3]. However, the
scant information available regarding the assessment of
sperm quality in Spanish breeds of donkeys is not consistent
with the risk of the extinction of these populations. In
this context, greater knowledge of the reproductive features
and semen characteristics of the Andalusian donkey will
be required (e.g., sperm motile subpopulations and other
sperm quality parameters) to increase the population of this
breed of donkey and help avoid its extinction.

The laboratory assessment of sperm quality is essential if
assisted reproduction in domestic species is to be efficient. In
mammals, sperm motility is important for sperm transport
within the female reproductive tract and for penetration into
the oocyte. Distinct sperm subpopulations showing forward
progressive motility or, in contrast, nonprogressive patterns
of movement will have different probability to cross the
uterotubal junction and enter the oviduct [4]. Currently, the
identification of subpopulations within the mammalian
ejaculate has become an issue of utmost interest for the
sound evaluation of the ejaculates. It is widely known that
the ejaculates of many mammalian species contain different
subpopulations of motile spermatozoa [5-11], which are
characterized by precise values of the motion parameters
obtained after a computer-assisted sperm analysis (CASA).
Moreover, the presence of discrete motile sperm subpopu-
lations has been related to resistance to cryopreservation
[12-15], presence of stimulants [6], storage [16], and fertility
[8,17]. Although several studies have identified sperm
motile subpopulations in donkeys [9,18,19], no studies on
the characterization of these subpopulations in Andalusian
donkeys were found in the literature. Moreover, until now,
no studies have correlated either CASA measurements or the
proportions of sperm subpopulations in the ejaculates with
the age, the body weight, or sperm quality of donkeys.

The aims of the present study were therefore to (1)
identify sperm subpopulations with specific motion char-
acteristics in fresh Andalusian donkey ejaculates; (2) study
the variation of the subpopulation motility characteristics
among different donkeys and between successive ejaculates
within the same donkey; and (3) explore the relationship
between the age and the body weight of donkey donors, the
sperm quality parameters, and the sperm subpopulations
found. The results obtained could lead to new ways for
investigating the peculiarities of the Andalusian donkey
semen, and to study the association between sperm char-
acteristics and reproduction performance.

2. Materials and methods
2.1. Animals

Twelve mature Andalusian donkeys located at the Equine
Center for Assisted Reproduction of the Centro de Seleccion

y Reproduccién Animal - CENSYRA (Badajoz, Spain) were
used. All these animals were considered of high genetic
value and were clinically healthy. Donkeys were weighed at
the time of semen collection and the body weight and age
were recorded. All donkeys were maintained under the
same feeding and management conditions.

2.2. Semen collection and evaluation

Semen collections were performed on a regular basis
(two collections per week) during two breeding seasons
(2011 and 2012). Sixty ejaculates (five ejaculates per
donkey) were collected from 12 donkeys of different age
groups using a Missouri-model artificial vagina (Minitiib,
Tiefenbach, Germany) lubricated with a sterile non-
spermicidal gel (Minitiib) and prewarmed to 45 °Cto 50 °C,
fitted with an in-line gel filter (Minitiib) to separate the gel
fraction. A jenny in natural or prostaglandin-induced
estrus (Luprostiol 7.5 mg im, Prosolvin; Intervet Interna-
tional B.V., Boxmeer, The Netherlands) was used to induce
copulatory activity.

After collection the gel-free volume was measured in
a graduated tube. Sperm concentration was calculated
with a photometer (SpermaCue; Minitiib), as described by
Vidament et al. [20], and pH was determined using a pH
meter (HI 2211-02; Hanna Instruments Inc., Woonsocket,
RI, USA) [19]. The photometer was calibrated every day,
using a control cuvette provided by the manufacturer. The
percentage of spermatozoa with abnormal morphology
was estimated on Diff-Quik stained smears (Baxter DADE
Diagnostics AG, Didingen, Switzerland) [21]. The sperm
motility was evaluated using a CASA system. Before the
assessment of movement, semen aliquots were diluted
with dry skimmed milk extender with a defined glucose
composition [22] to reach a sperm concentration of
approximately 50 x 10° spermatozoa per mL [23] and
incubated at 37 °C for 5 minutes.

2.3. Computer-assisted sperm motility analysis

Motion characteristics of the samples were assessed
just after collection using a CASA system (Sperm Class
Analyzer; Microptic SL, Barcelona, Spain), as described by
Mir6 et al. [9] for donkey semen. The analysis was based on
the analysis of 25 consecutive, digitized images obtained
from a single field. Images were taken in a time lapse of
1 second, corresponding to a velocity of image-capturing
of 1 photograph every 40 milliseconds. For each evalua-
tion, three consecutive 5-uL drops of each semen sample
were then evaluated using a phase contrast microscope
(Eclipse 50i; Nikon, Tokyo, Japan) with a prewarmed stage
at 37 °C at magnification x100. Two microscopic fields
per drop were filmed at random, including a minimum of
200 spermatozoa. Objects incorrectly identified as sper-
matozoa were minimized by using the playback function.
With respect to the setting parameters for the program,
spermatozoa with a mean average path velocity (VAP)
<10 pum/s were considered immotile. Spermatozoa with
VAP >90 pm/s were considered rapid, and spermatozoa
deviating <25% from a straight line were designated as
linear motile.
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The measured parameters of sperm motion were
curvilinear velocity (VCL; total distance travelled by the
sperm head per unit time), straight line velocity (VSL; net
distance gain of the sperm head per unit time), VAP
(length of a derived “average” path of sperm head
movement per unit time), wobble (WOB; ratio [VAP/VCL]
x 100), linearity (LIN; ratio [VSL/VCL] x 100), straightness
(STR; ratio [VSL/VAP] x 100), beat cross frequency (BCF;
number of times the curvilinear path crosses the average
path per unit time; approximation to the flagellar beat
frequency for seminal spermatozoa), and amplitude of
lateral head displacement (ALH; width of the head
movement envelope) [24].

24. Classification, ordination, and identification of sperm
subpopulations

Data from all the motile spermatozoa obtained in
evaluations of 60 ejaculates (12 donkeys x five ejacu-
lates) were imported into a single data set that repre-
sented 65,342 spermatozoa, each one defined by the
eight motility descriptors specified in section 2.3. A
clustering procedure was used to classify the sperma-
tozoa of the data set into a reduced number of subpop-
ulations according to their patterns of movement as
previously described [12]. Briefly, the PRINCOMP proce-
dure was first applied to perform principal component
analysis of the motility data. A nonhierarchical cluster
analysis using the FASTCLUS procedure and the selected
principal components as variables was then applied.
The CLUSTER procedure, which performed a hierarchical
clustering on the cluster obtained by the previous steps,
was then applied using the average linkage method
(AVERAGE) for joining the clusters. To determine the
final number of clusters (step four), we studied the
evolution along the clustering process of three statistics
provided by CLUSTER: the pseudo-t%, the pseudo-F, and
the cubic clustering criterion.

2.5. Statistical analysis

The results were expressed as mean + SEM. Normality
of data was assessed with the Kolmogorov-Smirnov test.
Because data reported in this study were not normally
distributed, percentages were subjected to arc sine
transformation and absolute measures to logarithmic
transformation. Spearman correlation analysis (PROC
CORR) was used to correlate the sperm characteristics of
individual donkey ejaculates (N = 60) with the body
weight and age of the 12 donkeys. A general linear model
(PROC GLM) was used to evaluate significant differences
(P < 0.05) in which donkey (12 donkeys) and ejaculates of
the same donkey (five ejaculates per donkey) were
entered as random effects, and the Duncan multiple range
test was applied to list these differences. To study the
distributions of observations (individual motile sperma-
tozoa) within donkeys, ejaculates, and subpopulations,
and to relate the distribution of motile spermatozoa
belonging to the different subpopulations with sperm
quality (sperm concentration, total motility and abnormal
sperm morphology), we used the general linear model

(PROC GLM) and chi-square test (FREQ procedure). For
this purpose, all the ejaculates were categorized by the
FASTCLUS procedure as follows:

According to sperm concentration:

Group 1 ejaculates: <221 x 10® spermatozoa per mL(N = 16)
Group 2 ejaculates: >221 and <441 x 10® spermatozoa per mL
(N=30)

Group 3 ejaculates: >441 x 10® spermatozoa per mL(N = 14)

According to total motility:

Group 1 ejaculates: total motility <86% (N = 15)

Group 2 ejaculates: total motility >86% and <98% (N = 29)
Group 3 ejaculates: total motility >98% (N = 16)

According to sperm abnormalities:

Group 1 ejaculates: sperm abnormalities >21% (N = 13)
Group 2 ejaculates: sperm abnormalities <21% and >9%
(N =32)

Group 3 ejaculates: sperm abnormalities <9% (N = 15)

The main objective of these categories was to provide
a reference that allowed changes in the distribution of
subpopulations of motility characteristics to be detected.
To complement the statistical analyses, the effects of age
and body weight of donkey donors on the proportions of
sperm subpopulations in the ejaculates were analyzed by
Spearman correlation analysis (PROC CORR). All analyses
were performed with the SAS statistical package v9.0 [25].
Significance was set at P < 0.05.

3. Results

Donkeys ranged in age from 4 to 15 years (mean: 9.9 +
0.4 years) and their body weight varied from 313 to 435 kg
(mean: 381.1 + 5.8 kg). These donkeys were grouped into
various ages which were4to 8 (N =3),9 and 10(N =5),11
to 13 (N = 2), and >14 (N = 2) years.

3.1. Mean results for the semen quality analysis of donkey
ejaculates: Correlation of sperm characteristics with body
weight and age of the donkey

Table 1 shows the sperm characteristics for the 60 ejac-
ulates collected from 12 Andalusian donkeys. Means values
of most of the sperm parameters examined in this study
varied between donkeys (P < 0.01), with the exception of the
mean percentage of spermatozoa with head and midpiece
defects (P > 0.05), and even between ejaculates of the same
donkey (P < 0.05). However, when data were pooled across
donkeys, there were no differences (P > 0.05) in semen
quality parameters between different experimental days.

The correlations of the different evaluated sperm
characteristics with the body weight and age of the
donkey, respectively, are summarized in Table 2. The body
weight of the donkeys was negatively correlated with the
pH (r = —0.52; P < 0.01), sperm motility (percentage of
motile spermatozoa: r = —0.31; P < 0.05; percentage of
progressive motile spermatozoa: r = —0.34; P < 0.05), and
total sperm abnormalities (r = 0.38; P < 0.05). The corre-
lations of the age with other variables of semen quality
were not statically significant (P > 0.05).
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Table 1
Seminal parameters measured in fresh ejaculates (N = 60) from 12
different Andalusian donkeys.

Table 2
Correlations and P values between sperm quality parameters and the body
weight and age of the donkeys (N = 60).

Mean + SEM? Confidence
interval (95%)

Gel-free volume (mL) 675 + 3.8 59.9-75.1
Sperm concentration (x10% per mL) 337.8 +18.7 300.1-3754
Total motility (%) 91.7 + 1.1 89.5-93.9
Progressive motility (%)° 75.0 + 1.8 71.4-78.6
pH 7.3 +00 7.2-73

Characteristic

Total abnormalities (%) 164 + 1.1 14.2-18.6
Head morphological 0.6 + 0.0 0.4-0.8
abnormalities (%)
Neck and midpiece abnormalities, 3.5+05 24-46
including cytoplasmic droplets (%)
Tail abnormalities (%) 123 +1.2 9.9-14.7
VCL (pm/s) 1355 +£5.5 124.4-146.5
VSL (umy/s) 90.8 + 2.6 85.5-96.0
VAP (um/s) 1166 +4.3 108.1-125.2
LIN (%) 65.6 + 1.2 63.2-68.1
STR (%) 752 +1.0 73.2-77.1
WOB (%) 843 + 0.7 82.9-85.7
ALH (pm) 3.0+02 2.7-34
BCF (Hz) 79 +0.1 7.6-8.1

Abbreviations: ALH, amplitude of lateral head displacement; BCF, beat
cross frequency; LIN, linearity; STR, straightness; VAP, average path
velocity; VCL, curvilinear velocity; VSL, straight line velocity; WOB,
wobble.

2 Five ejaculates were assessed from each donkey.

b Total motility is defined as the percentage of spermatozoa with
a mean velocity >10 pm/s.

¢ Progressive motility is defined as the percentage of spermatozoa with
a mean velocity >90 pm/s and straightness >75%.

3.2. Motile sperm subpopulation

Two principal components with eigenvalues >1 were
identified by the principal component analysis, which
accounted for 76.8% of the variance. Considering the scores
of CASA parameters, the first principal component was
related to fast and linear movement, and the second
principal component was related to fast and irregular
movement.

Four sperm subpopulations were defined by the appli-
cation of nonhierarchical and subsequent hierarchical
classification of 65,342 individual motile spermatozoa using
the eight motility parameters (VCL, VSL, VAP, LIN, STR, WOB,
ALH, and BCF). The spermatozoa were distributed among
the donkeys in the following manner: 7371 motile sper-
matozoa were from Donkey 1, 5919 from Donkey 2, 5469
from Donkey 3, 4377 from Donkey 4, 3452 from Donkey 5,
3210 from Donkey 6, 4816 from Donkey 7, 6026 from
Donkey 8, 6735 from Donkey 9, 5760 from Donkey 10, 5827
from Donkey 11, and 6380 from Donkey 12.

Summary statistics for the motility characteristics
of the subpopulations are shown in Table 3. Subpopulation
1 (sP1) contained the lowest number of spermatozoa
(15.4%) and included spermatozoa whose movements
were less vigorous (low VCL, VAP, ALH, and BCF) and
less progressive (low VSL, LIN, and STR) than in all
other groups. Subpopulation 2 (sP2) contained the
largest number of spermatozoa (35.9%) and included
spermatozoa with relatively low velocity (medium VCL,
VSL, and VAP) but with high progressiveness (high LIN,
STR, WOB, BCF, and low ALH). Subpopulation 3 (sP3)

Characteristic Age (y) Weight (kg)
Correlation P Correlation P
Gel-free volume (mL) 0.19 0.18 -0.29 0.12
Sperm concentration -0.05 0.74 0.32 0.09
(x106 per mL)

Total motility (%) 0.01 092 -0.31 0.05
Progressive motility (%) —0.03 083 -—-034 0.03
pH 0.23 011 —-0.52 0.00
Total abnormalities 0.03 0.86 0.38 0.04
VCL (pm/s) 0.02 091 -0.17 0.27
VSL (um/s) 0.07 0.59 -0.20 0.23
VAP (um/s) 0.04 0.75 -0.19 0.24
LIN (%) 0.11 0.42 -0.01 0.94
STR (%) 0.07 0.59 0.08 0.61
WOB (%) 0.13 0.31 -0.12 045
ALH (um) —0.08 0.57 -0.02 0.93
BCF (Hz) 0.10 044 -0.01 0.96

Values in bold are statistically significant (P < 0.05).

Abbreviations: ALH, amplitude oflateral head displacement; BCF, beat cross
frequency; LIN, linearity; STR, straightness; VAP, average path velocity;
VCL, curvilinear velocity; VSL, straight line velocity; WOB, wobble.

included highly active but nonprogressive spermatozoa, as
indicated by the high values of VCL and ALH together with
low LIN and STR values and moderate BCF. The total
motile spermatozoa included in this population was 18.5%.
Subpopulation 4 (sP4) were the most vigorous sperma-
tozoa (highest VCL and BCF and high ALH) and progressive
(highest VSL and VAP), yielding 30.2% of the total motile
population. The sperm trajectories were regular and linear
(high LIN and STR), showing a moderate lateral head
displacement (medium ALH).

3.2.1. Effect of individual variability on the distribution of
spermatozoa within subpopulations

There were significant (P < 0.001) differences in the
distribution of the four sperm subpopulations in diluted

Table 3
Motility parameters for the four sperm subpopulations (sP1, sP2, sP3, and
sP4) defined after pattern analysis in Andalusian donkey ejaculates.

Sperm Sperm subpopulation

motllity  py sP2 sP3 sP4
parameters

N 10,080 23,439 12,113 19,710
(%) 154 35.9 18.5 30.2

VCL (um/s) 949 + 04* 104.1 +0.1° 198.1 + 0.3 203.1 + 0.24
VSL (um/s) 343 +02° 857+01°> 889+02° 161.8 +0.2¢
VAP (um/s) 712+ 04 954+ 0.1° 1557 +02° 1834 +02¢
LIN (%) 386+ 02 826+0.19 460+0.1° 80.6+0.1°
STR (%) 53.7+02% 899+01¢ 589+02° 886+0.1°

WOB (%) 738 +01° 916+0.1¢ 788+0.1" 90.7 +0.0°
ALH (um) 31+£00° 21+00° 53+00% 3.7+00°
BCF (Hz) 66+00° 84+00° 76+00° 93+00¢

Values are mean =+ SEM.
Abbreviations: ALH, amplitude of lateral head displacement; BCF, beat
cross frequency; LIN, linearity; STR, straightness; VAP, average path
velocity; VCL, curvilinear velocity; VSL, straight line velocity; WOB,
wobble.

a-d Different letters indicate significant differences between subpopu-
lations (P < 0.05). Raw data are shown but statistical comparisons were
calculated after arc sine and logarithmic transformations.
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ejaculates depending on the individual donkey donor
(Fig.1). Spermatozoa moving forward actively (sP4) ranged
from 0.3% to 56.8%, and spermatozoa moving forward
slowly (sP2) ranged from 4.8% to 86.5%. Subpopulation 1
(poorly motile nonprogressive spermatozoa) varied from
6.7% to 21.9% and sP3 (highly active but nonprogressive
spermatozoa) from 0.2% to 35.5%. In addition, significant
(P < 0.001) differences were seen between ejaculates of
the same donkey with respect to the distributions of the
four subpopulations (data not shown).

Exploration of the factors determining the relative
proportions of sperm subpopulations in the ejaculates
revealed that none of the sperm subpopulation frequencies
were correlated with age or body weight. Moreover, body
weights were negatively correlated (r = —0.65; P < 0.001)
with the age of donkeys.

3.2.2. Effect of sperm quality on the distribution of spermatozoa
within subpopulations

Relationship of sperm quality (sperm concentration,
total motility, and abnormal sperm morphology) to
sperm subpopulation proportions is presented in Table 4.
Significant (P < 0.001) differences were seen when the
distributions of the four sperm subpopulations were
compared with the classification of the ejaculates
according to their percentages of total motility, with
the exception of the sP1. The greater percentages of
spermatozoa included in sP3 and sP4 were observed in
ejaculates of groups 3 and 4 total motility (motility >86%),
and the greater percentage of spermatozoa included
in sP2 (72.7%) was observed in group 1 ejaculates (total

a
100% | b
9% - | P cd 9 E==d hicd
; d 4—d d
1 € ]
so% | [0 d be “d o
70% Ll
@ ]
g 60%
®
E 1 3
0% |
na:_ 50% | | 4 b a at
QU
B a0%
=
30%
20%
10%
abc abc abc
0%
1 2 3 4 5 6

motility <86%). Similarly, the distribution of these sub-
populations also varied significantly (P < 0.05) depending
the sperm concentration of the ejaculates (Table 4).
The greater percentages of spermatozoa included in sP1
and sP2 (18.3% and 57.9%, respectively) were observed
in group 1 ejaculates (sperm concentration <221 x 108
spermatozoa per mL). Conversely, the greater percentages
of spermatozoa included in sP3 and sP4 were observed
in groups 2 and 3 ejaculates (sperm concentration >221 x
10°® spermatozoa per mL). As in the case of total motility,
this indicates that the precise subpopulation structure
could also be related to the overall sperm concentration.
However, no significant (P > 0.05) differences were
found when the distributions of the four sperm subpop-
ulations were compared with the classification of the
ejaculates according to their percentages of morphology
(Table 4).

The proportion of sP2, sP3, and sP4 spermatozoa
in diluted ejaculates was correlated with motility (sP2:
r=-0.66,P < 0.001; sP3: r=0.68,P < 0.001; sP4: r=0.49,
P < 0.001) and sperm concentration (sP2: r = —0.40,
P < 0.01; sP3: r = 0.40, P < 0.01; sP4: r = 0.37, P < 0.01).
None of the sperm subpopulation frequencies were
correlated with morphology.

3.3. Effects of body weight and age of the donkey on sperm
characteristics and on the subpopulation distribution of motile
spermatozoa

Relationship of age with sperm parameters and the
proportions of spermatozoa in the different subpopulations
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Fig. 1. Relative frequency distribution of motile spermatozoa (mean percentages; N = 60) within subpopulations (sP1, sP2, sP3, and sP4) between donkeys in
fresh ejaculates. Different letters (a-d) inside or beside columns indicate significant differences within subpopulations between donkeys (P < 0.05). Different
letters (a-d) above the columns indicate significant differences in total sperm motility between donkeys (P < 0.05).
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is presented in Table 5. Mean gel-free volume was similar at
all ages apart from 11 to 13 years of age where it was lower
(P < 0.05). Mean pH was higher (P < 0.05) in group 3
donkeys (11-13 years of age), and mean sperm concen-
tration and morphological abnormalities did not change (P
> 0.05) with age. No significant (P > 0.05) differences
between age groups were found for all of the evaluated
sperm kinematic parameters (except for BCF). Moreover,
the distributions of the four sperm populations did not
change (P > 0.05) with age (Table 5).

Relationship of body weight with sperm parameters
and sperm subpopulation proportions is presented in
Table 6. Mean values of sperm motility (total and
progressive motility) and VAP were lower (P > 0.05) in
group 3 donkeys (weight >400 kg), and the opposite
was found for the mean morphological abnormalities
(P < 0.05). Mean pH was also higher (P < 0.001) in groups
1 and 2 donkeys (weight <400 kg). Although the distri-
bution of the subpopulations did not change (P > 0.05)
with weight of the donkeys (Table 6), the proportion of
spermatozoa present in sP4 (7.0%) was minimally lower in
group 3 donkeys (weight >400 kg).

4. Discussion

To our knowledge, this study is the first attempt to
describe sperm characteristics, including the characteris-
tics of motility patterns, of the Andalusian donkey. All
physiological characteristics of freshly ejaculated semen
that we observed were comparable with those previously
recorded in other donkey breeds [9,19,26-29].

Although it is assumed by the scientific community
that the presence of distinct subpopulations of motile
spermatozoa is either an important reproductive strategy
or an unavoidable consequence of sperm production and/or
the microenvironment of the sperm [30], their mechanism
of formation and physiological role are not known. Until
now, the presence of different sperm subpopulations in
mammalian ejaculates has been related to the ability to
undergo capacitation and fertilize [31,32], and that
freezability might vary significantly among sperm subpop-
ulations [12,33]. Therefore, it is interesting to characterize
the distribution of subpopulations in the ejaculate of the
Andalusian donkey to study the relationship between

Table 4

the quality and the reproductive performance of semen
samples, and to predict the ejaculate freezability and fertility.

The results obtained showed that ejaculates from
these donkeys could be divided into four subpopulations
of motile spermatozoa. A simple interpretation of this
sperm subpopulation structure is that these four groups
represent spermatozoa in different physiological states
[6], either because cell metabolism is damaged or because
they are hyperactive spermatozoa [9] or because a
progressive sequence in population structure is produced
during epididymal storage [34], reflected by very different
swimming behaviors. The smallest subpopulation (sP1)
was characterized by low speed, nonlinear motion. This
subpopulation might represent a subgroup of metaboli-
cally compromised spermatozoa, that were soon to lose
their motility altogether. The largest sperm subpopulation
(sP2) included highly progressive but not very vigorous
spermatozoa. It might be understood that this group of
spermatozoa, which have complex but overall straight
trajectories, is a stage of evolution of the rapid progressive
group (sP4). The sP3 spermatozoa were moderately
vigorous but poorly progressive. The low LIN values indi-
cate that these cells possibly show a form of circular or
uncoordinated and/or erratic movements. Likewise, high
VCL values coupled with remarkably high ALH values
indicated that this subpopulation is typified by wide
lateral excursions of the sperm head. This result might be
indicative that sperm were affected by sample manage-
ment or by other intrinsic factors, and had begun
a degenerative process. Subpopulation 4 represents the
highest quality spermatozoa (spermatozoa with rapid
and progressive movement). Recent studies indicated that
the spermatozoa belonging to this subpopulation can be
considered the ones with the highest fertilizing potential
[8,13,35], and the ejaculates with the largest populations of
rapid progressive spermatozoa are also the most resistant
to cryopreservation injury [36]. Therefore, it is reasonable
to presume that sP4 spermatozoa exhibited the pattern
movement most suitable for being part of the fertilizing
subpopulation.

The presence of four well-defined motile sperm
subpopulations has been demonstrated in different species
[8,11,34,36], and, as indicated by our current and previous
results [9,18,19], the Spanish breeds of donkeys do not seem

Sperm subpopulation proportions in donkey semen and their change with sperm quality.

Sperm Sperm concentration Total motility (%) Abnormal sperm morphology (%)

subpopulation (x108 spermatozoa per mL)
Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 Group 1 Group 2 Group 3
<221 >221 and <441 >441 <86 >86 and <98 >98 <9 >9 and <21 >21

1 18.3¢ 11.7° 15.32b 16.3?2 13.1° 16.4° 15.82 13.1° 14.9°

2 57.9% 33.0° 12.0° 72.7% 36.3° 18.3° 479° 31.32 29.0°

3 7:7° 20.0° 26.6% 29° 17.6% 25.2° 11.4% 19.7¢ 21.6%

4 16.1° 35.32 46.12 8.1° 33.0° 40.1?2 24.9° 35.9% 34,52

Sperm subpopulations are described in Section 3.2. Results express the percentages of the sperm subpopulations distributed among the three groups
depending on the sperm concentration, total motility, and abnormal sperm morphology values of the ejaculates. The results were obtained from 60
ejaculates; five ejaculates from each animal. The spermatozoa were distributed among the ejaculates in the following manner: 13,466 motile spermatozoa
were from ejaculate 1; 13,736 from ejaculate 2; 13,018 from ejaculate 3; 12,870 from ejaculate 4; and 12,252 from ejaculate 5. The total number of motile

spermatozoa analyzed was 65,342.

ab Different superscript letters between rows in the same group indicate significant differences (P < 0.05).
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Table 5

Relationship of age to sperm quality characteristics (mean + SEM) and relative proportions of sperm subpopulations 1 through 4 (%) in 12 Andalusian

donkeys (4-15 years of age).

Variables Age (y)
4-8 (N = 3) 9-10 (N =5) 11-13 (N =2) >14 (N = 2)
Sperm characteristics
Gel-free volume (mL) 57.4 + 0.1*° 75.1 + 0.22 479 +0.1° 79.3 + 0.2
Sperm concentration (x10° per mL) 3823 + 1.1° 299.0 + 0.8* 361.1 + 0.9° 364.5 + 1.5°
Total motility (%)° 90.8 + 0.1° 93.5 + 0.0° 90.1 + 0.1° 90.0 + 0.1%
Progressive motility (%) 72.0 + 0.1? 78.7 +£ 0.1* 76.0 +0.1? 69.0 + 0.17
pH 7.2 + 0.0° 7.3 + 0.0° 7.4 + 0.0 72 +0.0°
Total abnormalities 14.7 + 0.1? 164 + 0.1% 19.8 £ 0.1? 15.2 +0.17
VCL (umy/s) 133.2 + 04 1533 + 0.3 147.5 + 0.6° 1349 + 0.5°
VSL (pm/s) 946 + 0.4% 103.09 + 0.3? 102.6 + 0.6* 99.3 + 0.52
VAP (nm/s) 115.9 + 0.4* 132.6 + 0.32 129.7 + 0.6% 120.7 + 0.5%
LIN (%) 72.1 +0.2¢ 67.7 + 0.1% 71.4 +0.22 74.2 +0.22
STR (%) 813 +£0.22 77.6 +0.1° 79.7 £ 0.2¢ 82.0 +£0.2°
WOB (%) 87.3 +0.1° 86.0 &+ 0.1° 88.5 + 0.1° 89.2 4+ 0.1%
ALH (pm) 3.0 + 0.0? 3.3 +0.0% 3.1 +0.0? 2.7 +0.0°
BCF (Hz) 8.0 + 0.0° 82+ 0.0° 9.3 +0.0° 8.1+ 0.0°
Sperm population
1 15.8° 15.9° 9.8% 15.6°
2 49.3° 31.6% 45.7% 449°
3 13.3¢ 19.4° 15.82 11.0?
4 21.6% 33.1° 28.7% 28.5%

Sperm populations are described in Section 3.2. Results express the percentages of the sperm populations distributed among the four groups depending on
the age of the donkeys. The results were obtained from 60 ejaculates; five ejaculates from each animal. The total number of motile spermatozoa analyzed
was 65,342. The spermatozoa were distributed among the ejaculates in the following manner: 13,466 motile spermatozoa were from ejaculate 1; 13,736
from ejaculate 2; 13,018 from ejaculate 3; 12,870 from ejaculate 4; and 12,252 from ejaculate 5.

Abbreviations: ALH, amplitude of lateral head displacement; BCF, beat cross frequency; LIN, linearity; STR, straightness; VAP, average path velocity; VCL,

curvilinear velocity; VSL, straight line velocity; WOB, wobble.

b Different superscript letters in a row indicate significant differences (P < 0.05).
¢ Total motility is defined as the percentage of spermatozoa with a mean velocity >10 pm/s.
d Progressive motility is defined as the percentage of spermatozoa with a mean velocity >90 pm/s and straightness >75%.

to be an exception. However, the specific parameters and
the specific percentages of each of the motile sperm
subpopulations present in Andalusian donkey ejaculates
seem to differ to those observed in the ejaculates of Cata-
lonian donkeys [9]. These results could suggest differences
between breeds in the sperm subpopulation structure
within donkey species. Similar findings have been recently
reported in bulls [36]. In fact, it should be emphasized that
Andalusian donkey spermatozoa are more rapid and more
progressive than Catalonian donkey spermatozoa. It should
also be noted that the sperm number and total motility was
higher in the ejaculates of Andalusian donkey compared
with those in Catalonian donkey ejaculates. In addition, the
individuals who defined the sperm subpopulations in this
study were different from the one in the present study. The
influence of several variables such as the individual donkey,
total motility, and total sperm per mL on the specific
subpopulation of an ejaculate has been demonstrated in
a large number of studies [6,8,9,11,37].

Considering the characteristics of the sperm analysis
using CASA, it is difficult to compare the movement pat-
terns of the sperm subpopulations identified because of the
fact that either the CASA system (hardware or software)
or the kinematic parameters used to define the sperm
subpopulations in previous studies were different from the
one used in the present study. Moreover, the identification
of motile sperm subpopulations in ejaculates might depend
on the account of the methods used for the study of the
clusters, as it has been previously suggested by Bravo et al.
[37]. To improve the results and facilitate comparison

among studies, standardization and improvement of the
statistical methods used to disclose the subpopulation
pattern have also been recommended in a recent study [38].

The present methodology, a multistep procedure, is one
of the preferred methods currently used in sperm subpop-
ulations analyses [38]. From a practical point of view, it
might be desirable, when the subpopulation patterns are
characterized, to use validated datasets as a guide to classify
new datasets, instead of repeating the clustering process.
Holt [5] used discriminat analysis (a supervised classifica-
tion system) to assign cluster memberships to unclustered
datasets, using an initial dataset that had been classified
using cluster analysis. Other studies [39,40] examined
sperm motility patterns in capacitating conditions for ram
and for mouse spermatozoa, using the support vector
machines methodology. Ramén et al. [41], more recently,
used the support vector machines method to characterize
the sperm motile population structure in Iberian red deer
related to freezability. The application of these statistical
tests on validated clustered data sets would allow us to
develop automated supervised classification of sperm
samples.

It is worth noting that the specific motile subpopulation
structure of an ejaculate depends on the donkey from
which the sample came. Most studies demonstrate the
influence of the animal on the distribution of motile sperm
subpopulations in the ejaculate [6,8,9,14,42,43], and there
appear to be genetic bases for variations in the distribution
of sperm subpopulations in the ejaculate between indi-
viduals [34]. The sperm subpopulation structure was also
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Table 6

Relationship of body weight to sperm quality characteristics (mean =+
SEM) and relative proportions of sperm subpopulations 1 through 4 (%) in
12 Andalusian donkeys (weight 313-435 kg).

Variables Body weight (kg)
<370 (N =3) >370 and >400 (N = 4)
<400 (N =5)
Sperm characteristics
Gel-free volume (mL) 684 +0.2*° 841+ 02* 584 +0.2?%

Sperm concentration 226.5 + 0.3 306.2 + 0.8 316.2 + 1.3%
(x10° per mL)

Total motility (%)° 91.8 +£0.1* 93.7+00% 80.1 £0.1°
Progressive 726 +0.1° 746+01° 568 +0.1°
motility (%)4
pH 7.2 +0.0° 7.3 + 0.0 7.0 +0.0°
Total abnormalities 11.2+00° 13.0+£0.1* 185 +0.1%
VCL (umy/s) 127.7 + 0.4* 1255 +0.3* 101.2 +0.3?
VSL (um/s) 935+ 03 915403 780 +04°
VAP (umy/s) 1146 + 03 1114+ 03*® 90.8 +0.3°
LIN (%) 743 £02°  73.1+£01° 759 +03%
STR (%) 81.8+02* 81.8+01* 845+02°
WOB (%) 896+ 0.1* 883+01° 887 +0.1°
ALH (um) 2.6 + 0.0 2.5+ 0.0 23 +0.0%
BCF (Hz) 7.8 + 0.0° 8.9 + 0.0% 8.2 + 0.0*°
Sperm populations

15.4° 16.12 20.7%
2 56.6 52.3% 69.2%
3 9.12 9.1° 3.12
4 18.9° 22.5% 7.0

Sperm populations are described in Section 3.2. Results express the
percentages of the sperm populations distributed among the three groups
depending upon the body weight of the donkeys. The results were
obtained from 60 ejaculates; five ejaculates from each animal. The total
number of motile spermatozoa analyzed was 65,342. The spermatozoa
were distributed among the ejaculates in the following manner: 13,466
motile spermatozoa were from ejaculate 1; 13,736 from ejaculate 2;
13,018 from ejaculate 3; 12,870 from ejaculate 4; and 12,252 from ejac-
ulate 5.
Abbreviations: ALH, amplitude of lateral head displacement; BCF, beat
cross frequency; LIN, linearity; STR, straightness; VAP, average path
velocity; VCL, curvilinear velocity; VSL, straight line velocity; WOB,
wobble.

a5 Different superscript letters in a row indicate significant differences
(P < 0.05).

¢ Total motility is defined as the percentage of spermatozoa with
a mean velocity >10 pm/s.

4 Progressive motility is defined as the percentage of spermatozoa with
a mean velocity >90 pm/s and straightness >75%.

different between ejaculates for the same donkey, sug-
gesting the presence of functionally different spermatozoa
in a single ejaculate of Andalusian donkey.

The present study is the first, to the best of our knowl-
edge, to investigate the effect of some factors responsible for
this interejaculate variation (e.g., age and body weight) on
donkey semen quality. Likewise, this is the first attempt to
elucidate the influence of these factors on the specific
subpopulation structure present in the ejaculates of Anda-
lusian donkey. It has been clearly demonstrated that aging
has detrimental effects on testicular function, affecting
sperm quality in humans [44] and animals [6,34,45]. In
contrast, no reports have been published on this topic in
donkeys. In our study conditions, none of the evaluated
sperm characteristics were affected by the age of the
donkeys. Indeed, no correlation was found between age and
semen characteristics. In dogs, it has been demonstrated
using a CASA system that there was no effect of age on the

motility [45]. In addition, in bulls, it has been demonstrated
using conventional sperm evaluation techniques that the
percentages of motile and morphologically normal sper-
matozoa did not change with age [46].

The body weight of the donkeys was significantly corre-
lated with pH, sperm motility (total and progressive
motility), and morphology of spermatozoa. In the present
study, donkeys with higher body weights tend to produce
ejaculates which have lower percentages of progressively
motile and morphologically normal spermatozoa. These
results are in accordance with previous findings by Rijsse-
laere et al. [45]. In their study, dogs with higher body weights
tend to produce a greater proportion of spermatozoa with
lower intrinsic velocity. It has previously been suggested that
differences in food intake might be the reason for the body
weight changes [47]. For this reason, in the present study;,
all animals were fed sufficiently to maintain their body
weights and nutritional status at a stable level throughout
the experiment. So, our results indicate that body weight has
a direct effect on sperm quality characteristics of these
donkeys, and, as has already been suggested in bovine, it
might be possible that the increased body weight might
affect scrotal or testicular thermoregulation by reducing the
amount of heat that can be radiated and evaporated from the
scrotal neck. Consequently, the temperature of the testes and
the scrotum might be increased, thereby negatively influ-
encing the sperm quality parameters [48]. However, no
effects of age and body weight on the relative frequency
distribution of motile spermatozoa within subpopulation
were demonstrated. This conclusion is not consistent with
earlier findings in the Mohor gazelle [34], which showed that
heavier animals tend to produce a greater proportion of
highly motile spermatozoa. These differences might be
partially because of different species (i.e., genetics, selection,
etc.) and different experimental conditions applied (i.e.,
location, feeding management, etc.). Another explanation
could be because the donkeys were in good nutritional
condition, allowing all the male donkeys to have an adequate
seminal quality, including sperm motion parameters, and
in consequence similar motility patterns. In any case,
a comparison of motility parameters among species is diffi-
cult because of the intrinsic and specific properties of sper-
matozoal movement and because of different settings of
CASA instruments [28].

The comparison between motile subpopulation struc-
ture and sperm quality indicates that sperm trajectories
vary according to the sperm number and total motility. This
is logical if it is assumed that the motility of a single sper-
matozoon depends on the different interactions established
with other sperm cells [8]. Hence, these factors strongly
affect the percentages and the motility characteristics of the
motile subpopulations of Andalusian donkey ejaculates.
Although the hemocytometer is regarded as the gold stan-
dard for the evaluation of sperm concentration, this method
is often not applied in routine laboratory practice, especially
where semen of several donkeys is collected daily [23].
Because of this, the photometer SpermaCue (Minitiib), an
accurate and precise analytic technique for routine use in
artificial insemination centers, was used for assessing sperm
concentration of raw semen of adult Andalusian donkeys.
Regardless of the method used, our results are in accord
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with previous studies [8,11,17], in which sperm concentra-
tion was measured using a hemocytometer chamber.

Motility is considered as a manifestation of structural
and functional competence of spermatozoa, and pro-
gressive motility is usually positively correlated with normal
morphology [49]. However, in the present study, the
distributions of the four sperm populations did not vary
according to the sperm morphology. Moreover, none of the
sperm subpopulation frequencies were correlated with
morphology. Although sperm morphology might play a role
in sperm subpopulation structure, a number of factors have
also been proposed to explain the existence of discrete
motile sperm subpopulations. In fowl, a distinction between
sperm with high and low motility was attributed to
phenotypic differences in rates of ATP synthesis [50,51].
Functionality of mitochondria has also been reported as
abasis for sperm heterogeneity in humans [52]. Conceivably,
heterogeneity in mitochondrial function might influence
sperm motility characteristics and underlie the presence of
discrete sperm subpopulations [30]. Furthermore, the exis-
tence of discrete subpopulations of motile sperm might, at
least in part, be associated with the chemical nature of the
sperm’s environment [53]. Therefore, further studies are
required to clarify this question and to explain the relevance
on motile sperm subpopulation structure.

5. Conclusions

Our results confirm that four sperm subpopulations
with specific motility patterns are present in ejaculates from
this group of Andalusian donkeys, and suggest a high
heterogeneity in the ejaculate structure in donkey. There-
fore, the relationship between the distribution of the sperm
subpopulations and individual donkey, total motility, and
sperm concentration shows that the spermatozoa of each
have different motility patterns. However, the proportions of
sperm subpopulations in the ejaculates did not vary with age
and body weight. Moreover, for the first time, this study
highlights that body weight in the donkey are significantly
correlated with sperm motility, morphology, and pH,
whereas none of the evaluated sperm characteristics were
correlated with the age of the donkey. Finally, the study of
discrete subpopulations of motile spermatozoa could lead to
asubstantial increase in information acquired during donkey
semen analysis. Further studies should be performed,
however, to assess the effect of cold storage and freezing on
subpopulations, and determine the relative importance of
the different sperm motile subpopulations coexisting in
a donkey ejaculate when predicting its in vivo fertility.
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ABSTRACT

Sperm quality has an important role in determining fertility. The aims of this study were to
compare the conventional sperm parameters, plus the characteristics of the motility pat-
terns of the different sperm subpopulations, of donkey donors with different fertility level,
and to determine their relationships to fertility. Thirty ejaculates from 6 Andalusian donkeys
were assessed for gel-free volume, pH, sperm concentration, motility and morphology. The
fertility of donkeys was classified on the basis of pregnancy rates per cycle, where donkeys
with a per cycle pregnancy rate >60% were considered to be “fertile” (n=3) and those with
a per cycle pregnancy rate <40% were categorized to be “sub-fertile” (n=3). Significant dif-
ferences (P<0.001) between the “fertile” and the “sub-fertile” group were found for total
and progressive motility, and for straight line velocity. Sperm variables associated (P < 0.05)
with an increase in percent pregnant per cycle included total motility (r=0.37), progressive
motility (r=0.53), curvilinear velocity (r=0.44), straightness (r=0.39), beat cross frequency
(r=0.44), and gel-free volume (r=0.53). Four sperm subpopulations (sP) were identified
in fresh semen: sP1 (slow and non-progressive spermatozoa, 20%), sP2 (moderately slow
but progressive spermatozoa, 71.2%), sP3 (highly active but non-progressive spermatozoa,
2.9%), and sP4 (highly active and progressive spermatozoa, 5.9%). The lowest percentage
(3.1%; P<0.001) of sP4 spermatozoa was observed in the “sub-fertile” group. Three of the
sperm subpopulations were related (P<0.05) to fertility (sP2, r=0.54; sP3, r=0.45; sP4,
r=0.56).In conclusion, we were able to relate the fertility of donkeys with in vitro measures
of sperm motility using computer-assisted sperm analysis techniques.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

As other Spanish breeds of donkey, the Andalusian
donkey (Equus asinus) is currently considered in Spain

as endangered (Real Decreto 2129/2008, regulation of
the National Catalog of Endangered Species) because of
its small population size (101 jackasses and 447 jennies
in 2011) (DAD-IS-FAO, 2011). In such situation, greater
knowledge of the reproductive features and/or semen
characteristics of the Andalusian donkey will be required
to increase the population of this breed of donkey and
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de Rabanales (Edif. Hospital Clinico Veterinario), Ctra. Madrid-Cadiz, km
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0378-4320/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.anireprosci.2013.10.003

help to avoid its extinction. This strategy is particularly
important when the information available regarding
the assessment of sperm quality in endangered Spanish
donkey breeds is scarce.
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The laboratory assessment of sperm quality includes
a number of conventional sperm parameters {volume of
the ejaculate, sperm concentration, total and progressive
motility, and morphology) that are simple to perform and
at relatively low cost. The relationships between these
sperm features and fertility have been investigated in
males of many domestic species {Gadea, 2005; Kastelic and
Thundathil, 2008; Love, 2011; O’ Meara et al., 2008). In
the case of sperm morphology, it has been demonstrated
that a decrease in the number of morphologically normal
spermatozoa in stallion ejaculates leads to reduced fer-
tility (Jasko et al., 1990, 1992; Love, 2011). In mammals,
sperm motility is important for sperm transport within
the female reproductive tract and for penetration into
the oocyte. Distinct sperm subpopulations showing for-
ward progressive motility or, in contrast, non-progressive
patterns of movement will have different probability to
cross the utero-tubal junction and enter the oviduct {Scott,
2000). In practice, computer-assisted semen motility anal-
ysis (CASA) of spermatozoa has also been correlated with
fertility of fresh stallion semen (Jasko et al., 1992; Love,
2011).

The identification of subpopulations within the mam-
malian ejaculate has become an issue of utmost interest
for the sound evaluation of the ejaculates. It is widely
known that the ejaculates of many mammalian species
contain different subpopulations of motile spermatozoa
(Abaigar et al.,, 1999; Dorado et al., 2010a; Holt, 1996;
Miré et al., 2005; Quintero-Moreno et al., 2003, 2007;
Rigau et al., 2001), which are characterized by precise val-
ues of the sperm motility descriptors obtained by CASA
analysis. Moreover, the presence of discrete motile sperm
subpopulations has been related to resistance to cryo-
preservation (Flores et al., 2009; Martinez-Pastor et al.,
2005; Nafiez Martinez et al., 2006a, 2006b), presence of
stimulants (Abaigar et al.,, 1999), storage (Dorado et al.,
2011) and fertility (Quintero-Moreno et al., 2003, 2004).
Although several studies have identified sperm motile sub-
populations in donkeys (Flores et al., 2008; Mir6 et al,,
2005, 2009), no studies have explored the relationship
between either sperm quality parameters or proportions of
sperm subpopulations in the ejaculates and the fertility of
donkeys.

Using semen from 6 donkeys grouped according to their
in vivo fertility, the aims of the present study were to:
(1) compare the conventional sperm characteristics and
the sperm subpopulations found in ejaculates of donkey

Table 1

donors with different fertility, and (2) determine their
relationships to fertility, as measured by per cycle preg-
nancy rate, The results obtained could lead to identify
which parameters in the ejaculate of the Andalusian don-
key were useful in determining in vivo fertility differences.

2. Materials and methods
2.1. Animals and fertility data

Semen was collected from six healthy mature Andalu-
siandonkeys (4-15 years of age, 313-435 kg in weight). The
jackasses were housed in individual paddocks at the Equine
Center for Assisted Reproduction of the Centro de Seleccién
y Reproducciéon Animal - CENSYRA (Badajoz, Spain).

In a retrospective study, the per cycle pregnancy rates
following insemination of 27 Andalusian jennies in 76
estrous cycles during two breeding seasons (2011 and
2012) were examined. Fresh semen inseminations were
performed with semen collected from six fertile Andalusian
donkeys used in the CENSYRA' routine artificial insemina-
tion (Al) program. On each estrous cycle, the jennies were
inseminated within 1 h of semen collection with 800 x 106
total spermatozoa diluted in skim milk-glucose extender
(Kenney et al., 1975) (20 mL total volume) every other day
until ovulation. Finally, fertility was measured according
to the per cycle pregnancy rate, as defined previously by
Vidament et al. (2009). The number of jennies inseminated
per donkey and fertility rates are presented in Table 1.

Based on their in vivo fertility, the jackasses were
grouped arbitrarily into two groups: donkeys with a preg-
nancy rate per cycle of 60% or higher were considered to be
“fertile”, whereas they were categorized to be “sub-fertile”
if they yielded low pregnancy rates per cycle (<40%) (Casey
et al,, 1997; Novak et al.,, 2010).

2.2. Semen collection and evaluation

Semen collections were performed on a regular basis
(two collections per week) during two breeding sea-
sons (2011 and 2012). Semen (n=30; five ejaculates per
donkey) was collected from donkeys using a Missouri-
model artificial vagina {Minitiib, Tiefenbach, Germany) in
the presence of a jenny in natural or prostaglandin-induced
estrus(Luprostiol, 7.5 mg intramuscularly; Prosolvin, Inter-
vet International B.V., Boxmeer, The Netherlands) was used
to induce copulatory activity.

Estimates of fertility (based on pregnancy rate per cycle in jennies following artificial insemination with fresh semen) for individual donkeys used in the

present study (breeding seasons 2011 and 2012).

Donkey ID No. of jennies assigned to No. of estrous No. of Donkey fertility® Donkey category”
each donkey cycles inseminated pregnancies

1 3 4 3 75.0 Fertile

2 4 13 5 385 Sub-fertile

3 11 28 9 321 Sub-fertile

4 8 16 10 62.5 Fertile

5 2 4 3 75.0 Fertile

6 6 11 4 364 Sub-fertile

2 Fertility was based on pregnancy diagnosis by rectal ultrasound scanning after Al (Vidament et al., 2009).

b Categorized on the basis of estimated fertility.
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After collection the gel-free volume was measured in a
graduated tube. Sperm concentration was calculated with
aphotometer (SpermaCue, Minitiib, Tiefenbach, Germany),
as described by Vidament et al. (2009), and pH was deter-
mined using a pH meter (HI 2211-02, Hanna Instruments
Inc., Woonsocket, USA) (Mir6 et al., 2009). The percentage
of spermatozoa with abnormal morphology was estimated
on Diff-Quik stained smears (Baxter DADE Diagnostics AG,
Diidingen, Switzerland) (Brito, 2007). The sperm motil-
ity was evaluated by means of a CASA system. Prior
to the assessment of movement, semen aliquots were
diluted with skim milk-glucose extender to reach a sperm
concentration of approximately 50 x 106 spermatozoa/mL
(Harald, 2009) and incubated at 37 °C for 5 min.

2.3. Computer-assisted sperm motility analysis

Motion characteristics of the samples were assessed
just after collection using a CASA system (Sperm Class
Analyzer, Microptic SL, Barcelona, Spain), as described by
Mir6 et al. (2005) for donkey semen. The analysis was
based on the analysis of 25 consecutive, digitized images
obtained from a single field. Images were taken in a time
lapse of 1s, corresponding to a velocity of image-capturing
of 1 photograph every 40 ms. For each evaluation, three
consecutive 5L drops of each semen sample were then
evaluated using a phase contrast microscope (Eclipse 50i,
Nikon, Tokyo, Japan) with a pre-warmed stage at 37°C at
100 x magnification. Two microscopic fields per drop were
filmed at random, including a minimum of 200 spermato-
zoa. Objects incorrectly identified as spermatozoa were
minimized by using the playback function. With respect
to the setting parameters for the program, spermatozoa
with a mean average path velocity (VAP) <10 pm/s were
considered immotile. Spermatozoa with VAP >90 pwm/s
were considered as rapid, while spermatozoa deviat-
ing <25% from a straight line were designated as linear
motile.

The measured parameters of sperm motion were: curvi-
linear velocity, VCL (total distance traveled by the sperm
head per unit time); straight line velocity, VSL (net dis-
tance gain of the sperm head per unit time); average
path velocity, VAP (length of a derived “average” path
of sperm head movement per unit time); linearity, LIN
(ratio [straight line velocity/curvilinear velocity]| x 100);
straightness, STR (ratio [straight line velocity/average path
velocity| x 100); wobble, WOB (ratio [average path veloc-
ity/curvilinear velocity] x 100); amplitude of lateral head
displacement, ALH (width of the head movement enve-
lope) and beat cross frequency, BCF (number of times the
curvilinear path crosses the average path per unit time;
approximation to the flagellar beat frequency for seminal
spermatozoa) (Dorado et al., 2007).

2.4. Classification, ordination and identification of sperm
subpopulations

Data from all the motile spermatozoa obtained in
evaluations of 30 ejaculates (6 donkeys x 5 ejaculates)
were imported into a single data set that represented
29,798 spermatozoa, each one defined by the 8 motility

descriptors specified above. A clustering procedure was
used to classify the spermatozoa of the data set into a
reduced number of subpopulations according to their
patterns of movement as previously described (Martinez-
Pastor et al., 2005). Briefly, the PRINCOMP procedure was
first applied to perform principal component analysis (PCA)
of the motility data. A nonhierarchical cluster analysis
using the FASTCLUS procedure and the selected principal
components as variables was then applied. The CLUSTER
procedure, which performed a hierarchical clustering on
the cluster obtained by the previous steps, was then applied
using the average linkage method (AVERAGE) for joining
the clusters. To determine the finally number of clusters
(step four), we studied the evolution along the clustering
process of three statistics provided by CLUSTER: the
pseudo-tZ, the pseudo-F, and the cubic clustering criterion.

2.5. Statistical analysis

The study was performed under blind conditions
and the fertility rate data was obtained from CENSYRA
after the assessment of semen samples from the vari-
ous donkeys was completed. The results were expressed
as mean + SEM. Normality of data was assessed with the
Kolmogorov-Smirnov test. Since data reported in this
study were not normally distributed, percentages were
subjected to arcsine transformation and absolute measures
to logarithmic transformation. The sperm quality charac-
teristics between fertility groups were compare using a
general linear model (PROC GLM), in which donkey (six
donkeys) and ejaculates of the same donkey (5 ejacu-
lates per donkey) were entered as random effects, and
the Duncan's Multiple Range test was applied to list
these differences. The proportions of sperm subpopula-
tions between fertility groups were also compared using
the general linear model (PROC GLM) and Chi-square test
(FREQ procedure). The relationships between semen traits
and fertility were determined by linear regression analysis
(PROCREG). All analyses were performed with SAS statistic
package v9.0 (SAS Institute Inc., Cary, NC, USA). Significance
was set at P<0.05.

3. Results

Ejaculates wused in this study (n=30) had
the following characteristics; gel-free  volume
76.3+ 6.6 mL (range: 36-160 mL), sperm concentration
240.3 £21.5 x 10 spermatozoa/mL (range: 121-531x
108 spermatozoa/mL), pH 7.2 +0.0 (range 6.8-7.6), total
motility 89.1 £ 1.8% (range 71.5-98.9%), progressive motil-
ity 67.2+2.9% (range 46.6-87.4%), total abnormalities
12.9+1.4% (range 3.6-22.6%). Other sperm quality char-
acteristics for the collected ejaculates are described in
Table 4.

As shown in Table 2, a significant (P<0.05) effect of the
donkey on the quality of the fresh ejaculate was recorded in
gel-free volume, pH, sperm concentration,and morphology
as well as in some CASA-derived parameters (MT, MP, and
VCL). No significant (P> 0.05) differences were recorded
between ejaculates of the same animal for any sperm qual-
ity parameter. In addition, when data were pooled across
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Table 2
Mean measurements of semen quality from six donkeys categorized as “fertile” or “sub-fertile” based on in vivo fertility data of breeding season.
Sperm characteristics Fertile group Sub-fertile group P-values
Donkey 1 Donkey 4 Donkey 5 Donkey 2 Donkey 3 Donkey 6
Gel-free volume (mL) 112,52 88.12b 62.7° 54.3b 54.4b 62.5° 0.011
Sperm concentration (x 108/mL) 152.7¢ 193.0¢ 229.7b¢ 404.32 293.0 228.0bc 0.001
Total motility (%) 9842 90.6% 90.7% 82.3b 84.5b 81.6° 0.008
Progressive motility (%) 83.9? 65.4° 70.3b 55.0¢ 62.3bc 55.0¢ 0.001
pH 7.33 7.23 7.13b 6.9¢ 7.23 7.0b¢ 0.004
Total abnormalities (%) 6.0 12:2 8.3 16.5 18.6 20.6 0.000
VCL (pm/s) 116.0% 104.5% 106.0% 101.3b¢ 93.3¢ 97.2b¢ 0.002
VSL (pum/s) 82.6 76.6 81.32 76.12 72.92 74.52 0.309
VAP (pm/s) 10142 92.82 95.72 90.52 84.52 86.3? 0.060
LIN (%) 70.7% 7342 76.7° 74.0° 77.82 75.6 0.513
STR (%) 80.52 8142 84.12 82.52 85.42 849 0.509
WOB (%) 86.72 88.72 90.08 88.32 90.32 87.9 0.593
ALH (jum) 220 2.3? 2.3? 2.3? 2.1° 2.3? 0.717
BCF (Hz) 9.9? 8.2? 7.8? 8.0° 9.0° 8.2? 0.150

Different superscript letters (a-d) indicate significant differences between donkeys (P<0.05). Raw data are shown but statistical comparisons were
calculated after arc sine and logarithmic transformations.

Table 3

Fresh semen sperm subpopulations (sP1, sP2, sP3, and sP4) and motility descriptors.

Sperm motility parameters

Sperm subpopulations (sP)

1 2 3 4
N 5954 21,208 861 1775
(%) 200 712 29 5.9
VCL (pm/s) 92.1+0.54 103.3+0.1¢ 155.1+0.6% 145.7+0.3
VSL (pmy/s) 33.1+0.24 86.0+0.1¢ 91.1+0.7° 130.9+0.32
VAP (pmy/s) 70.0+0.44 95.1+0.1¢ 1243+ 06° 137.9+0.32
LIN (%) 38.5+0.24 835+0.1° 59.3+04¢ 90.1+0.2°
STR (%) 524+0.3d 90.5+0.1b 743+ 0.6 95.0+0.1°
WOB (%) 754+ 0.14 91.9+0.0 80.4+0.3° 94.9+0.1¢
ALH (pm) 29+0.0b 2.0+0.04 4.0+0.0? 2.2+0.0°
BCF (Hz) 7.6+0.0¢ 8.7 +0.0b 10.2+0.1° 104+0.12

Values are mean + SEM for 30 semen samples from 6 Andalusian donkeys. The total number of spermatozoa analyzed was 29,798.

VCL, curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; LIN, linearity; STR, straightness; WOB, wobble; ALH, amplitude of lateral
head displacement; BCF, beat cross frequency.
Different superscript letters (a—d) indicate significant differences between subpopulations (P<0.05). Raw data are shown but statistical comparisons were
calculated after arc sine and logarithmic transformations.

Table 4

Sperm quality characteristics of two groups of donkeys (“fertile” and “sub-fertile”; n=6).

Sperm characteristics

Total group (n=6)

Fertile group (n=3)

Sub-fertile group (n=3)

Gel-free volume (mL)
Sperm concentration (x 10°/mL)
Total motility (%)?
Progressive motility (%)P
pH

Total abnormalities (%)
VCL (pm/s)

VSL (pmy/s)

VAP (jpum/s)

LIN (%)

STR (%)

WOB (%)

ALH (jpum)

BCF (Hz)

763 + 6.6 80.6 + 11.12
240.3 + 215 2594 + 37.6°
89.1+ 1.8 90.2 +2.72
67.2+29 70.1 + 4.1
7.2+ 00 7.2 +0.12
129+ 14 12.2 £ 2.12
105.1 + 02 106.6 + 0.2
782+ 02 78.5 + 0.3
934+ 02 94.4 +0.22
742 + 0.1 73.3 £ 0.2b
82.7 + 0.1 82.2 +0.2b
885+ 0.1 88.0 + 0.1°
23 +00 2.2 +0.0b
86+ 00 9.2 + 0.0°

712 £ 597
2169 + 124°
87.6 £2.3°
63.6 + 3.82

7.1 £0.0°
13.7 £ 2.0°
1035 + 0.2b
779 £ 0.22
924 + 0.2°
75.1 £ 0.22
832 £ 0.2¢
89.0 £ 0.12
23+ 00
8.0 + 0.0°

Results are expresses as mean + SEM for 30 ejaculates from 6 Andalusian donkeys. The jackasses were divided arbitrary into two different groups according
to their fertility (n= 76 estrous cycles from 27 jennies).
VCL, curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; LIN, linearity; STR, straightness; WOB, wobble; ALH, amplitude of lateral
head displacement; BCF, beat cross frequency.
Different superscript letters (a, b) in a row indicate significant differences (P <0.05).
3 Total motility is defined as the percentage of spermatozoa with a mean velocity >10 pm/s.
b Progressive motility is defined as the percentage of spermatozoa with a mean velocity >90 pum/s and straightness >75%.
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donkeys, there were no differences (P>0.05) in semen
quality parameters between different experimental days.

3.1. Motile sperm subpopulation

Four sperm subpopulations were defined by the appli-
cation of nonhierarchical and subsequent hierarchical
classification of 29,798 individual motile spermatozoa.
Table 3 shows the mean values for each motility variable
in each subpopulation.

Subpopulation 1 (sP1) included spermatozoa whose
movements were less vigorous (low VCL, VAP, and BCF) and
less progressive (low VSL, LIN, and STR) than in all other
groups, yielding 20% of the total motile population. Sub-
population 2 (sP2) included spermatozoa with relatively
low velocity (medium VCL, VSL, and VAP) but with high
progressiveness (high LIN, STR, WOB, BCF, and low ALH),
yielding 71.2% of the total motile population. Subpopu-
lation 3 (sP3) included highly active but non-progressive
spermatozoa (high values of VCL, ALH, and BCF together
with low LIN and STR values), yielding 2.9% of the total
motile population. Subpopulation 4 (sP4) were the most
vigorous spermatozoa (high VCL and BCF) and progressive
(highest VSL and VAP), yielding 5.9% of the total motile
population. The sperm trajectories were regular and lin-
ear (high LIN and STR), showing a moderate lateral head
displacement (medium ALH).

There were significant (P<0.001) differences in the
distribution of the four sperm subpopulations in diluted
ejaculates depending on the individual donkey donor.
Spermatozoa moving forward actively (sP4) ranged from
0.3% to 13.4%, whereas spermatozoa moving forward
slowly (sP2) ranged from 60.0% to 85.8%. sP1 (poorly motile
non-progressive spermatozoa) varied from 13.7% to 23.3%
and sP3 (highly active but non-progressive spermatozoa)
from 0.2% to 6.5%. In addition, significant (P<0.001) differ-
ences were seen between ejaculates of the same male with
respect to the distributions of the four subpopulations.

3.2. Variations in conventional sperm characteristics and
in subpopulation distribution of motile spermatozoa for
pregnancy rate per cycle in jennies

Sperm quality parameters and sperm subpopulation
proportions for the total group of donkeys (n=6) and for
the two different subgroups (“fertile” and “sub-fertile”)
are summarized in Tables 4 and 5. Significant differences
(P<0.001) between the “fertile” and the “sub-fertile” group
were found for all of the evaluated sperm motility param-
eters (except for MT, MP, and VSL). Mean VCL, VAP, and
BCF values were higher in “fertile” donkeys, whereas the
opposite was found for LIN, STR, WOB, and ALH. No sig-
nificant (P>0.05) differences were found between the
“fertile” and the “sub-fertile” group for the conventional
sperm parameters of fresh semen (Table 4). Finally, the
proportions of spermatozoa assigned to the Subpopula-
tions 3 (highly active but non-progressive spermatozoa)
and 4 (rapid and progressive spermatozoa) were signifi-
cantly (P<0.001) lower in the “sub-fertile” group (1.7% and
3.1%, respectively), whereas the opposite was found for sP2

Table 5
Relative proportions of sperm subpopulations 1-4 (%) of two groups of
donkeys (“fertile” and “sub-fertile”; n=6).

Sperm populations  Total group  Fertile group Sub-fertile
(sP) (n=6) (n=3) group (n=3)
1 20.0 19.5° 2042

2 71.2 67.7° 74.8

3 29 4.13 1.7

4 5.9 8.72 3.1P

Sperm populations are described in Section 3.2. Results express the per-
centages of the sperm populations distributed among the two groups
depending upon the fertility of the donkeys. The results were obtained
from 30 ejaculates, five ejaculates from each animal. The spermatozoa
were distributed among the ejaculates in the following manner: 8146
motile spermatozoa were from ejaculate 1, 7349 from ejaculate 2, 4052
from ejaculate 3, 4810 from ejaculate 4 and 5441 from ejaculate 5. The
total number of motile spermatozoa analyzed was 29,798.

VCL, curvilinear velocity; VSL, straight line velocity; VAP, average path
velocity; LIN, linearity; STR, straightness; WOB, wobble; ALH, amplitude
of lateral head displacement; BCF, beat cross frequency.

Different superscript letters (a, b) in a row indicate significant differences
(P<0.05).

(67.7% versus 74.8%; Table 5). The percentage of spermato-
zoa assigned to sP1 did not differ between groups (P> 0.05).

3.3. Relationships between sperm characteristics and
percent pregnant per cycle

Correlations between per cycle pregnancy rate and
MT (r=0.37) and STR (r=0.39) were low, but significant
(P<0.05). Correlations were higher when per cycle preg-
nancy rate were associated with MP (r=0.53, P=0.003),VCL
(r=0.44, P=0.014), and BCF (r=0.44, P=0.016). Gel-free
volume was positively correlated with per cycle pregnancy
rate (r=0.53, P=0.015). Three of the sperm subpopulations
(sP2, sP3, and sP4) were positively correlated (P<0.05)
with per cycle pregnancy rate (r=0.54,r=0.45, and r = 0.56,
respectively).

4. Discussion

To the best of our knowledge, the present study is
the first to report the relationship between the ejacu-
lated sperm characteristics and field fertility in a group of
Andalusian donkeys. To date, other studies have reported
relationships between sperm quality (motility and mor-
phologic features) and fertility outcome in the stallion
(Jasko et al.,, 1990, 1992; Love, 2011; Love et al., 2000;
Morrell et al., 2008), but these studies varied depending
on how fertility was defined and the design may have
been limited by small numbers of stallions (Love, 2011).
In addition, methodologies used to determine sperm qual-
ity criteria vary, thereby introducing bias that may alter
interpretation of findings (Rodriguez-Martinez, 2003).

Sperm production capacity as reflected in sperm con-
centration, semen volume, and number of spermatozoa
in the ejaculate gives valuable information with regard to
the number of mares a stallion can cover, or insemination
doses he can produce, per day. However, the relationship
between fertility and these sperm parameters is very poor
(Colenbrander et al., 2003). In our study, no differences
were observed between “fertile” and “sub-fertile” groups
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regarding gel-free volume or sperm concentration, which
is in consonance with previous findings (Parlevliet and
Colenbrander, 1999). However, a relationship between gel-
free volume and fertility was found. In this connection, it
has beenreported that alarge number of factors(breed, age,
housing, etc.) can affect sperm production capacity (Gadea,
2005). On the other hand, the pH of gel-free volume of
the “fertile” donkeys tended to be greater (P=0.392) when
compared with the measurement of “sub-fertile” donkeys;
however, a significant difference was not detected. Differ-
ences in pH could be accounted for by the contribution of
secretions from accessory glands fluids (Brun et al., 2002).

It has been demonstrated that a decrease in the number
of motile, morphologically normal spermatozoa in stal-
lion ejaculates leads to reduced fertility (Jasko et al., 1990,
1992; Love, 2011). In contrast, in donkeys, no reports
have been published on this topic. Under our experimen-
tal conditions, there were no differences between “fertile”
and “sub-fertile” donkeys for both sperm parameters. This
limited usefulness to relate either sperm motility or mor-
phology to fertility results has already become evident in
stallions (Malmgren, 1992; Voss et al., 1981). With regard
to sperm morphology, intra- and inter-stallion variationsin
sperm morphology have been reported (Voss et al., 1981),
suggesting that it has a more limited value in determining
the potential fertility in the stallion (Kuisma et al., 2006).
In fact, differences are noticeable among donkeys for con-
ventional sperm parameters (gel-free volume, pH, sperm
concentration, and morphology), and for total and pro-
gressive motility (CASA). Therefore, these variations add
to the already complicated process of attempting to pre-
dict potential fertility in vivo. However, it is possible that
tests based on more animals and/or ejaculates per donkey
would improve the predictive value of the in vitro process.

The majority of the CASA motion parameters used in the
present study have been previously identified as the most
reliable markers of sperm quality in humans (De Geyter
et al.,, 1998; Larsen et al., 2000) and in domestic animals
(Dorado et al., 2009; Holt et al., 1997). Moreover, some of
those CASA-derived parameters (VSL, VAP, LIN, STR, ALH,
and BCF) have been previously associated with fertility in
humans (Macleod and Irvine, 1995) and in domestic ani-
mals (Brun et al., 2002; Farrell et al., 1998; Holt et al., 1997;
Vidament et al., 2000). Our results show that only three spe-
cific CASA parameters (VCL, VAP, and BCF) were poorer in
donkeys with lower in vivo fertility results. Sperm motility
parameters that were different between groups also tended
to be correlated. Therefore, VCL, STR, and BCF were pos-
itively related to per cycle pregnancy rate, Similar to our
study, Jasko et al.(1992) and Love (2011) reported that VAP
were higher in the group of higher fertility based on per-
cent pregnant per cycle, Studies in dogs (Silva et al., 2006)
and boars (Holt et al., 1997) have demonstrated that high
sperm velocities are landmarks of fertility both in vivo and
in vitro. It has also been reported previously that VCL is
of key importance for formation of the sperm reservoir at
the utero-tubal junction in mice (Olds-Clarke, 1996). More-
over, BCF has been positively correlated with pregnancy
rate or in vitro fertilization rate (Suarez et al., 1991).

The importance of VSL to the fertilizing of the spermato-
zoa has been observed in many species (Gillan et al., 2008;

Silva et al., 2006; Van den Bergh et al., 1998) and it may play
a role in sperm transport through the reproductive tract
and penetration of the oocyte (Gillan et al., 2008). However,
under our experimental conditions, no differences were
observed between “fertile” and “sub-fertile” donkeys. Like-
wise, VSL was not related to per cycle pregnancy rate. Other
authors have failed to determine an association between
motion parameters of semen samples and fertility after Al
in bull (Bailey et al., 1994), sheep (Sanchez-Partida et al,,
1999), goat (Dorado et al., 2010b), and stallion (Nie et al.,
2002), due in part to the many factors involved in the fertil-
ization process and in the fertility of animals (Gadea, 2005).
In any case, it is well known that the positive relationship
between single semen quality characteristics such as motil-
ity and fertility is either of low significance or measurable in
some sires but not in others, as reported by Gil et al. (2005).

The ALH was shown to affect the outcome of in vivo fer-
tility (IVF) in humans (Barlow et al., 1991) and rats (Moore
and Akhondi, 1996). However, this parameter has to be
considered with caution, as it depends on the capacitation
status of the spermatozoon (Iguer-ouada and Verstegen,
2001). In fact, mean ALH values were significantly greater
in the “sub-fertile” group than in the “fertile” one. Because
LIN is the ratio of VSL to VCL and is negatively correlated
to IVF rate, the infertile spermatozoa may tend to have a
high proportion of VSL to VCL (Verstegen et al., 2002). This
study produced results which corroborate these findings.

This study has also been aimed to characterize those
sperm subpopulations based on motile characteristics that
could be related with fertility in Andalusian donkeys. In our
conditions, the percentage of the subpopulation with the
most rapid and progressive spermatozoa (sP4), and with
high values of VCL, VSL, and VAP was lower in donkeys
with poor in vivo fertility results. In addition, three of
the subpopulations identified (sP2, sP3, and sP4) were
related to per cycle pregnancy rate. Our findings suggest
the relationship between the predominance of a particular
motile subpopulation and fertility, as has been concluded in
other studies (Harrison, 1996; Martinez-Pastor et al., 2005;
Petrunkina et al., 2007). Therefore, knowing the percentage
of the subpopulation with the most rapid and progressive
spermatozoa and with high velocities, together with BCF,
might be used as a powerful tool to predict the fertilizing
ability of an animal.

Problems confronted in previous fertility studies are
also obvious here. The number of breeding per donkey was
small in comparison with other species such as bovine,
ovine, caprine, or porcine, and fertility of jackass can vary
between years. Many other factors in addition to semen
characteristics influence fertility. Percent pregnant per
cycle is a more accurate and reliable measure of fertility
than other ones (i.e. seasonal pregnancy rate, foaling rate),
due to this estimate separates the highly fertile jackass that
required few estrous period to impregnate a jenny from
the less fertile individual that required more opportuni-
ties (Love, 2011). However, this measure of fertility does
not eliminate other factors affecting fertility results, such
as management and reproduction performance of jennies,
their previous reproductive status, and possible genetic
factors (Jasko et al., 1992). Standardizing all these variables
is clearly not possible.
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5. Conclusions

Relationships between the evaluated sperm character-
istics and fertility of this group of donkeys have been
evidenced. Among CASA-derived sperm motion measures,
mean VCL, VAP, and BCF values were higher in donkeys
achieving a percent pregnant per cycle >60%. Per cycle
pregnancy rate seemed to be related to computer-assisted
measurements of sperm motility. Based on our findings, we
could consequently elucidate specific sperm characteristics
which are indicative for the IVF in donkeys. In addition,
the subpopulation characterized by rapid and progres-
sive spermatozoa was significantly lower in donkeys with
poor in vivo fertility results. Moreover, fertility was related
to the subpopulations identified. Our results stress the
importance of using the CASA techniques to detect sub-
tle differences in sperm motility between “fertile” and
“sub-fertile” donkeys. In addition, the study of discrete sub-
populations of motile spermatozoa could add additional
insight into the detection of sub-fertility.
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The main aim of this study was to evaluate the efficacy of two commercially available liquid
stallion semen extenders for the preservation of Andalusian donkey semen at 5°C for up to
72 h, and to evaluate the effect of amino acid addition on sperm quality of cooled donkey
semen. [n addition, this study investigated the effect of seasons on semen characteristics
of Andalusian jackasses. Throughout a year, 50 ejaculates were collected from ten adult
donkeys and a complete semen evaluation was performed immediately after collection. In
Experiment 1, semen samples (n=32) were pooled, divided into two aliquots, and cooled in
either Gent® A or INRA 96®. In Experiment 2, pooled semen samples (n=9) were cooled in
Gent A® supplemented with 0 (as control), 20, 40, or 60 mM for each glutamine, proline, or
taurine. Fresh semen and chilled samples were assessed for sperm motility, morphology,
acrosome integrity, and plasma membrane integrity. Sperm motility variables were greater
(P<0.05) in Gent® A than in INRA 96®. The presence of glutamine, proline, or taurine in
Gent® A improved (P<0.001) the motility of Andalusian donkey spermatozoa. Differences
(P<0.05) in some sperm variables were observed among seasons. In conclusion, Gent® A
maintained sperm motility characteristics after 72 h of cold storage to a greater extent
than INRA 96®. Moreover, motility was greater when Gent® A supplemented at different
concentrations of amino acids than Gent® A with no supplementation. An effect of seasons
on the semen quality of the Andalusian donkey was demonstrated.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

One of the strategies to increase jackass breeding
efficiency, especially in endangered breeds such as the

Andalusian donkey (Equus asinus), is the use of cooled
semen in artificial insemination (Al) programs as a tool for
improving gene distribution and for reducing the effects
of excessive inbreeding (Rota et al., 2008). Artificial insemi-
nation of mares with cooled-shipped semen has become a
routine procedure in the equine breeding industry because

* Corresponding author at: Department of Medicine and Animal
Surgery, Faculty of Veterinary Medicine, University of Cordoba, Campus
de Rabanales (Edif. Hospital Clinico Veterinario), Ctra. Madrid-Cadiz, km
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E-mail address: jdorado@uco.es (J. Dorado).

http://dx.doi.org/10.1016/j.anireprosci.2014.02.009
0378-4320/© 2014 Elsevier B.V. Allrightsreserved.

of its good fertility rates and relatively low costs (Contri
et al., 2010). Although the use of cooled semen in horse
reproduction has been investigated (Aurich, 2008), far less
studies are available for donkeys (Miro et al., 2009; Rota
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etal.,2008; Santos et al., 1995; Serres et al., 2002; Vidament
et al., 2009). Few previous studies have compared different
semen extenders for the preservation of donkey semen at
5°C and the results vary between studies. However, the
use of extenders containing egg yolk seems advantageous
(Cottorello et al., 2002; Mello et al., 2000; Rota et al., 2008).
Among the milk-based extenders used in donkeys, use of
INRA 82 and Kenney resulted in maintenance of a greater
sperm motility than use of skimmed milk alone (Gomez-
Cuetara et al., 2004), whereas use of INRA 96%® resulted
in greater maintenance of motility than use of E-Z Mixin
(Contri et al., 2010). Rota et al. (2008) reported that the
use of INRA 96® produces similar results to INRA 82 dur-
ing semen preservation at 5°C for 72 h in Amiata donkeys.
To date, there has not been an evaluation or comparison of
the efficacy of Gent® A extender, a commercially available
stallion semen extender, for cooling and preserving donkey
semen, There are no studies concerning the preservation of
semen quality during storage in the Andalusian donkey.

A wide variety of organisms are known to accu-
mulate amino acids in response to cold temperatures
(Anchordoguy et al.,, 1988)., To date, it has also been
reported that some amino acids protect several types of
animal cells against hypothermia (Heinz et al., 1990; Kruuv
and Glofcheski, 1990; Lalonde et al., 1991). In spermatozoa,
several studies have demonstrated that the addition of tau-
rine to semen extenders improves the quality of chilled
semen in cats (Baran et al., 2009), rabbits (Alvarez and
Storey, 1983a), rams (Bucak et al., 2007), and stallions (Ijaz
and Ducharme, 1995). The protective effect of both glu-
tamine (Khlifaoui et al., 2005; Trimeche et al., 1996, 1999)
and proline (Rudolph and Crowe, 1985; Trimeche et al,,
1999) against freezing-thawing damage in stallion and
donkey spermatozoa have also been reported. However,
Phetudomsinsuk et al. (2009) reported that the inclusion
of glutamine (50 mM) in freezing extenders resulted in a
significant decrease in sperm motility and plasma mem-
braneintegrity of frozen-thawed stallion spermatozoa. The
disparity of results obtained by these previous studies sug-
gests a species-specific effect depending not only on the
type of antioxidants used but also on the concentration
used, which has been suggested by Cabrita et al. (2011). No
previous comparative studies concerning the use of amino
acids for cooling and preserving Andalusian donkey semen
have been conducted.

To improve the reproductive performance of donkeys,
several studies on reproductive seasonality have recently
been performed. Therefore, previous studies have demon-
strated the seasonal influences on both sexual behavior
(Gastal et al., 1996; Henry et al., 1998) and seminal vari-
ables (Carluccio et al., 2013; Contri et al., 2010; Gastal et al,,
1997) of jackasses. However, studies performed on differ-
ent breeds or in climatically different study areas are poorly
transferable to other breeds of donkeys (e.g., Andalusian
donkeys) as has been suggested previously (Carluccio et al.,
2013). To our knowledge, no studies have been conducted
to evaluate semen quality of Andalusian donkeys through-
out an annual cycle.

With this background, the aims of the present study
were to: (1) evaluate the efficacy of two commercially
available liquid stallion semen extenders (Gent® A

compared with INRA 96®) for the preservation of Andalu-
sian donkey semen at 5°C for 72 h, (2) assess the effect
of different concentrations (0, 20, 40, and 60 mM) of
glutamine, proline, and taurine amino acids added to
the extender on quality of cooled donkey semen, and (3)
investigate the effect of seasons on semen characteristics
of Andalusian jackasses.

2. Materials and methods
2.1. Experimental animals

This study was conducted in Badajoz
(38°54'6" N-6°58'28" W; altitude of 182m above sea
level), Spain, between June 2011 and November 2012,
Ten healthy mature Andalusian donkeys (4-15 years of
age and weighting 313-435 kg) were used. The jackasses
were housed in individual paddocks at the Equine Center
for Assisted Reproduction of the Centro de Seleccién y
Reproducciéon Animal (CENSYRA) and maintained out-
doors under natural photoperiod. The animals were fed
daily hay and grain, and water was freely available.

Semen was collected from the jackasses using a
Missouri-model artificial vagina (Minitiib GmbH, Tiefen-
bach, Germany) with an in-line gel filter {Minitiib GmbH,
Tiefenbach, Germany). A jenny in natural or prostaglandin-
induced estrus (Luprostiol, 7.5mg intramuscularly;
Prosolvin, Intervet International B.V. Boxmeer, The
Netherlands) was used to induce copulatory activity.

2.2. Analysis of semen quality variables

Immediately after collection the gel-free volume of
each ejaculate was measured in a graduated tube. Sperm
concentration was calculated with a photometer (Sperma-
Cue, Minitiib GmbH, Tiefenbach, Germany) as described by
Vidament et al. (2009), and seminal pH was determined
within 5 min using a pH meter (HI 2211-02, Hanna Instru-
ments Inc., Woonsocket, MA, USA) (Miro et al., 2009). At the
same time, an aliquot of the ejaculate was diluted in pre-
warmed (37 °C) skim milk-glucose extender (Kenney et al.,
1975) to a final concentration of 25 x 10° spermatozoa/mL.
Aliquots of the diluted semen were subsequently taken as
needed to conduct the appropriate analyses.

Sperm motility was assessed using the computer-
assisted sperm analyzer (CASA) system Sperm Class
Analyzer (Microptic SL, Barcelona, Spain), as described
by Miro et al. (2005) for donkey semen. Prior to the
assessment of movement, aliquots of diluted semen were
incubated at 37°C for 5 (fresh semen) or 10 min (cooled
samples). For each evaluation, three consecutive 5 pLdrops
of each diluted semen sample were evaluated using a
phase contrast microscope (Eclipse 50i, Nikon, Tokyo,
Japan) with a pre-warmed stage at 37°C at 100x mag-
nification. Two microscopic fields per drop were filmed
randomly, including a minimum of 200 spermatozoa.
Objects incorrectly identified as spermatozoa were mini-
mized by using the playback function. Regarding the setting
variables of the program, spermatozoa with a mean average
path velocity (VAP)< 10 wm/s were considered immotile.
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Spermatozoa with VAP >90 pm/s were considered as rapid,
while spermatozoa deviating<25% from a straight line
were designated as linear motile. The measured variables
of sperm motion were total motility (MT; %), progres-
sive motility (MP; %), curvilinear velocity (VCL; pm/s),
straight line velocity (VSL; pm/s); average path velocity
(VAP; pm/s), linearity (LIN, as VSL/VCL; %), straightness
(STR, as VSL/VAP; %), wobble (WOB, as VAP/VCL; %), beat
cross frequency (BCF; Hz), and amplitude of lateral head
displacement (ALH; pm). Definitions of these descrip-
tors of sperm movement can be found in Dorado et al.
(2007).

Sperm morphology was examined by light microscopy
evaluation (Olympus BH-2, Olympus Optical Co., Ltd.,
Tokyo, Japan) on smears stained with Diff-Quick® (Medion
Diagnostics AG, Diidingen, Switzerland) staining (Brito,
2007). At least 200 spermatozoa per slide were counted to
determine the percentage of spermatozoa with abnormal
morphology (ASM, %).

Sperm membrane integrity was assessed using the dou-
ble stain propidium iodide (PI) with acridine orange (AO)
from the Vital-Test® kit (Halotech SL, Madrid, Spain), fol-
lowing the manufacturer’ instructions. Briefly, an aliquot
(10 L) of diluted semen (15 x 10° spermatozoa/mL) was
placed on a microscope slide at 37°C and mixed with
1 L PI stock solution and 1 L AO stock solution. At least
200 spermatozoa per slide were counted with fluorescence
microscopy (Olympus BX40, Tokyo, Japan), using a U-
ND25-2 filter (a 460-490 nm excitation filter). The nuclei of
spermatozoa with intact plasma membrane stained green
with AO whereas those with a damaged membrane stained
red with PL The results are expressed as percentages of
membrane-intact spermatozoa — MIS (AO+; %).

To evaluate the sperm acrosomes, the PI/peanut
agglutinin—fluorescein isothiocyanate (FITC-PNA) double
stain (Sigma-Aldrich Chemie GmbH, Steinheim, Germany),
was used as described by Cheng et al. (1996) with minor
modifications. In brief, a 10 pL aliquot of diluted semen
(25 x 108 spermatozoa/mL) was spread on a microscope
slide, air dried, fixed, and permeabilized with 70% (v:v)
ethanol for 30s. A mixture of 10pL PI (0.1 mg/mL in
ultra-pure water) and 20 pL FITC-PNA (0.1 mg/mL in PBS),
previously incubated at 38°C for 5min in the dark, was
then spread over each smear and the slides were incu-
bated in a dark, moist chamber at 4°C for 30 min. The
slides were subsequently rinsed with deionized water at
4°C, mounted with 10 pL of Vectashield (Vector Laborato-
ries, Inc., Burlingame, CA, USA), covered with a coverslip,
and sealed with nail polish. The acrosome morphology
of spermatozoa was observed using an epifluorescence
microscope (Olympus BX40, Tokyo, Japan). At least 200
spermatozoa were evaluated on each slide under 1000x
magnification. Ethanol-permeabilized donkey spermato-
zoa could be classified into two groups: (1) acrosome-intact
spermatozoa — AlS (the acrosomal region of the sperm head
displayed bright green fluorescence; PI+/FICT-PNA+), and
(2) acrosome-reacted spermatozoa — ARS (green fluores-
cent at the equatorial segment or no anterior acrosomal
staining; PI+/FICT-PNA-). All spermatozoa showed red flu-
orescence due to counterstaining with PL. Values were
expressed as percentages.

2.3. Storage of semen at 5°C

Semen quality was assessed before cooling as detailed
below. The cooling protocol was based on those used in
previous studies (Miro et al., 2009; Serres et al., 2002)
including the following modifications. Briefly, aliquots
(1mL) of each ejaculate were pooled (two ejaculates
per pool) and diluted 1:4 (v:v, semen:extender) with
skim milk-glucose extender (EquiPro® A, Minitiib GmbH,
Tiefenbach, Germany) without antibiotics, in sterile 15-mL
Falcon centrifuge tubes (BDFalcon™ Tubes, BD Bio-
sciences, Erembodegem, Belgium). Pooled semen samples
were then centrifuged at 660 x g for 15 min at 20°C, After
supernatant aspiration, the pellet was re-suspended in the
tested extenders (see experimental design) at a final con-
centration of 50 x 106 spermatozoa/mL, and then cooled at
22 °C for 10 min. Vials were placed in Equitainer™ I{Hamil-
ton Research, Inc.,, Danvers, MA, USA) for the first 24 h of
chilled preservation, and then transferred to a 5°C refrig-
erator (Refrigerated Thermostat - FTC 90E, VELP Scientifica,
Usmate, Italia) for preservation until hour 72,

Semen assessments were performed after recovery (in
skim milk-glucose extender) and after 72 h of storage in
the tested extenders. For assessment, aliquots of diluted
semen were re-warmed to 37 °Cand evaluated as described
previously.

2.4. Experimental design

2.4.1. Experiment 1: effect of extender on sperm quality

The effects of two different commercial equine semen
extenders, Gent® A (Minitiib GmbH, Tiefenbach, Germany)
and INRA 96® (IMV Technologies, L'Aigle, France) on
sperm quality of cooled donkey semen were evaluated.
Gent extender was developed at the University of Ghent
(Belgium), and it is marketed by Minitiilb GmbH (REF.
13571/0045). Although the precise formulation of Gent®
A has not been released by the manufacturer, it consists
of buffers, milk, and egg yolk (Janett et al.,, 2012), INRA
96% is patented and available as a ready-to-use solution
(REF. 01644). The INRA 96® extender contains a defined
milk protein (native phosphocaseinate), which is then sup-
plemented with Hank' balanced salt solution, glucose, and
lactose (Batellier et al., 1998). Ejaculates (n=32; four ejac-
ulates per donkey) were collected from eight donkeys from
June 2011 to November 2012. Ejaculates from two donkeys
were pooled on each collection day to avoid uncontrolled
male-to-male variation. Eight pooled semen samples (two
ejaculates per pool; four replicates) were divided into two
aliquots and cooled in either Gent® A or INRA 96®. Osmo-
lality and pH of the extenders were determined (Gent®
A: 312mOSm/kg, 6.73; INRA 96®: 314mOSm/kg, 7.01).
All osmolalities were assessed using a freezing-point dig-
ital micro-osmometer Type 6 (Loser Messtechnik, Berlin,
Germany).

2.4.2. Experiment 2: effect of amino acid
supplementation to Gent A® extender

To evaluate the effect of amino acid addition on sperm
quality of donkey semen preserved at 5°C for 72 h, three
ejaculates were collected from six donkeys (total of 18)
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Table 1

Mean values (+SEM) of sperm morphology, acrosome integrity, mem-
brane integrity, and sperm motility evaluated by the Sperm Class Analyzer
system, in four ejaculates collected from eight Andalusian donkeys (n =32)
and 16 pooled semen samples of donkeys (two ejaculates per pool) after
72 h of cooled preservation in Gent® A and INRA 96%.semen extender.

Sperm Fresh semen Extenders
characteristics
Gent® A INRA 96®

MT (%)* 959 4+ 042 66.8 + 5.5P 494 + 3.9¢
MP (%)P 732 + 362 51.3 £+ 5.5P 36.5 + 3.8¢
VCL (pm/s) 1433 + 7.82 128.1 + 10.0b 107.2 £ 4.7¢
VSL (pm/s) 89.8 + 4.6% 95.5 + 9.82 75.3 + 5.9P
VAP (pm/s) 121.0 + 652 1119 + 1052 84.4 + 5.9b
LIN (%) 60.2 + 0.8° 66.9 + 3.2% 62.4 + 0.3
STR (%) 70.6 + 0.6° 789 + 222 80.7 + 1.82
WOB (%) 823 4+ 0.62 815 + 242 73.8 + 2.6
ALH (pm) 354022 2.9+ 020 3.1+ 0.2%
BCF (Hz) 74 4+ 0.2¢ 8.1+ 04b 9.0 + 05°
ASM (%) 10.7 + 1.6 174 + 1.4° 20.1 + 142
AlIS (%) 89.7 +£2.32 834 + 2.9° 77.9 + 4.8
MIS (%) 795 + 262 65.3 + 4.4P 60.8 + 4.9b

MT, total motility; MP, progressive motility; VCL, curvilinear velocity;
VSL, straight line velocity; VAP, average path velocity; LIN, linearity;
STR, straightness; WOB, wobble; ALH, amplitude of lateral head displace-
ment; BCF, beat cross frequency; ASM, abnormal sperm morphology;
AlS, acrosome-intact spermatozoa; MIS, membrane-intact spermatozoa.
Different superscript letters (a—-c) in the same row indicate differences
(P<0.05).

2 Total motility is defined as the percentage of spermatozoawith amean
velocity > 10 pm/s.

b Progressive motility is defined as the percentage of spermatozoa with
a mean velocity > 90 pm/s and straightness > 75%.

from October 2011 to November 2012. The methodol-
ogy was similar to that used in Experiment 1. The Gent
A® extender was chosen for this experiment based on
the results obtained in Experiment 1. Nine pooled semen
samples (two ejaculates per pool; three replicates) were
divided into ten aliquots and cooled in Gent A® supple-
mented with 0 (as control), 20, 40, or 60mM for each
glutamine, proline, or taurine. Osmolality and pH of the
extenders were determined (Control; 312 mOSm/kg, 6.73;
20mM glutamine: 333 mOSm/kg, 6.71; 40 mM glutamine
345mO0Sm/kg, 6.69; 60mM glutamine: 365 mOSm/kg,
6.67; 20mM proline;: 322 mOSm/kg, 6.82; 40mM pro-
line; 340 mOSm/kg, 6.80; 60 mM proline; 360 mOSm/kg,
6.78; 20 mM taurine: 323 mOSm/kg, 6.71; 40 mM taurine:
348 mOSm/kg, 6.70; 60 mM taurine: 370 mOSm/kg, 6.69).
Semen quality was evaluated before cooling and 72 h after
initiating the cooling process.

2.4.3. Experiment 3: effect of season on semen
characteristics

To evaluate the seasonal influence on semen quality
of donkeys, the same ejaculates as those used in Experi-
ments 1 and 2 (n=50) were analyzed during each season
(winter, spring, summer, and autumn). The ejaculates were
collected from ten donkeys (three or four ejaculates per
donkey) from June 2011 to November 2012, with an even
distribution of collection days across the seasons for each
donkey. Calendar-based seasons were considered; win-
ter (December 22-March 20), spring (March 21-June 20),

summer (June 21-September 22), and autumn (September
23-December 21).

2.5. Statistical analysis

Results are expressed as mean + SEM. All data were ana-
lyzed using the SAS statistical package (v9.0; SAS Institute
Inc., Cary, NC, USA). Normality of data was assessed with
the Kolmogorov-Smirnov test. Since data reported in this
study were not normally distributed, percentages were
subjected to arc sine transformation and absolute measures
to logarithmic transformation.

In Experiments 1 and 2, semen characteristics of cooled
semen were analyzed with a univariate approach using a
repeated measure GLM. Extender treatment was consid-
ered to be fixed factor, whereas different collections were
considered to be random. Differences between mean values
were analyzed by the Duncan method.

In Experiment 3, the effect of season (winter, spring,
summer, and autumn) on the quality of fresh donkey semen
was tested using a multivariate general linear model (GLM),
in which donkey {ten donkeys) and season (four seasons)
were considered as fixed factors and different collections
(three or four ejaculates per donkey) were considered as
repeated measures. A Bonferroni correction was used for
multiple post hoc comparisons. For all statistical proce-
dures the level of significance was set at P<0.05.

3. Results
3.1. Experiment 1: effect of extender on sperm quality

Ejaculates used in this study had the follow-
ing characteristics: gel-free volume of 59.6+4.9mL
(range: 41.4-107.5mL), sperm concentration
of 309.6 + 19.7 x 106 spermatozoa/mL (range:
190.5-454.5 x 106 spermatozoa/mL), and pH at 7.2+0.1
(range: 6.9-7.7).

Data for comparisons of semen quality analysis are
provided in Table 1. Stored samples had a significant
(P<0.01) reduction in CASA-derived variables regardless of
the extender used, with the exception of LIN, STR, and BCF.
Sperm motility measurements differed between extenders
(Table 1). Use of Gent® A resulted in greater (P< 0.05) val-
ues of MT, MP, VCL, VSL, VAP, and WOB compared to INRA
96®, whereas use of INRA 96® was found to provide for
greater mean BCF values than use of Gent® A. Cold storage
had an effect (P<0.001) on mean ASM, AIS, and MIS values,
but there were no differences (P> 0.05) between extenders
used for these sperm quality variables (Table 1). An effect
(P<0.001) of different collections on the quality of cooled
semen was recorded for all variables except LIN, STR, WOB,
ALH, and ASM.

3.2. Experiment 2: effect of amino acid supplementation
to Gent A® extender

Ejaculates wused in this study had the fol-
lowing  characteristics; a  gel-free volume of
643+83mL (range: 30-1045ml), sperm concen-
tration of 443 +30.3 x 106 spermatozoa/mL  (range:
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334.1-630.6 x 10 spermatozoa/mL), and pH of 7.3+0.1
(range: 7.1-7.7).

Data in Table 2 show the effect of the supplementation
of the Gent® A extender at different concentrations (0,
20, 40, or 60 mM) of glutamine, proline, and taurine on
cooled-preserved spermatozoa. The results of this exper-
iment showed that treatment with Gent® A without amino
acid supplementation provided the least desirable results
(P<0.001) for the majority of CASA-derived motility vari-
ables. There were nosignificant (P> 0.05) differences for MT
when 20 mM glutamine, 20 mM taurine, and Gent® A were
used without amino acid supplementation (63.8 + 15.9%,
67.1 £2.8%, and 69.8 +4.6% respectively). In addition, no
significant (P>0.05) differences were found in mean ALH
values between treatments with 20 mM glutamine, 20 mM
proline, 20 mM taurine, 40 mM taurine, and Gent® A with
no supplementation (Table 2). No significant (P=0.073)
differences were found in ASM between treatments with
Gent® A with no supplementation and Gent® A supple-
mented at different concentrations with amino acids. The
additives glutamine, proline, and taurine did not improve
the mean AIS and MIS values, compared to use of Gent® A
without amino acid supplementation (Table 2).

When comparing the three amino acids at the different
concentrations, the results were homogeneous for all eval-
uated variables (Table 2). The least (P<0.001) mean values
of MT were obtained at 20 mM for glutamine and taurine.
The greatest MP (P<0.001) was obtained at concentrations
above 60mM for all amino acids. There were no signifi-
cant (P> 0.05) differences for VSL, VAP, LIN, STR, WOB, and
BCF with treatment at the different amino acid concen-
trations. Improvement (P<0.001) was observed at 60 mM
for AIS when using glutamine and taurine; however, there
was no improvement (P> 0.05) when glutamine, proline,
or taurine were used at 20 or 40 mM (Table 2). The great-
est (P<0.001) sperm membrane integrity was obtained at
60 mM for glutamine and taurine. An effect (P<0.01) of dif-
ferent collections on the quality of the cooled semen was
recorded for all variables.

3.3. Experiment 3: effect of season on semen
characteristics

Data in Table 3 show the mean characteristics of fresh
ejaculates in the different seasons. Gel-free volume and
sperm concentration are different (P>0.05) between sea-
sons. Seminal pH was less (P<0.001) in autumn (7.1 £ 0.0)
compared to winter (7.4+0.1) and spring (7.5 £ 0.0).

The majority of the CASA-derived variables for jackass
semen were different (P<0.001) in the different sea-
sons with VCL (184.3 £7.6 um/s), VSL (113.1£5.1 pm/s),
VAP (155.6+5.2pum/s), ALH (42+03pum) and BCF
(8.3+0.4Hz) all being greater in winter. There, however
were not differences in MT (P> 0.05) during the different
seasons of the year, whereas MP was less (P<0.001) in the
summer (76.7 £ 5.6%) and autumn (71.3 £+ 2.9%). No differ-
ences (P>0.05) in mean values of LIN, STR and WOB were
observed among seasons.

Sperm abnormalities were less (P<0.001) in the sum-
mer (11.44+ 1.5%) and autumn (10.1 £+ 1.6%) compared with

Table 2

Mean values (+SEM) of sperm morphology, acrosome integrity, membrane integrity, and sperm motility evaluated by the Sperm Class Analyzer system, in three ejaculates collected from six Andalusian donkeys

18) and nine pooled semen samples of donkeys (two ejaculates per pool) after 72 h of cooled preservation in Gent® A supplemented with different concentrations (0, 20, 40, or 60 mM) of glutamine (Glu),

proline (Pro) and taurine (Tau).

(n

Cooled samples

Fresh semen

Parameters

Glu 20 Glu 40 Glu 60 Pro 20 Pro 40 Pro 60 Tau 20 Tau 40 Tau 60

Control

82.4 + 2.4b
75.7 £ 2.9b
164.2 + 7.2b¢
125.2 + 5.42
145.8 + 6.67

69.8 + 4.6 74.4 + 3.8bc

81.0 + 1.8P
753 +1.8P
172.7 £ 54

1304 +£5.22

73.7 & 3.4b¢ 79.8 £ 2.7b 74.6 + 2.8bc 75.2 £ 2.4bc

67.1 + 2.8<d
59.2 + 3.1f
153.1 + 8.3¢
120.5 + 7.82
139.3 + 7.7P
743 + 1.92
82.8 +1.72
87.4 + 0.72

63.8 + 15.94

919 + 142
86.2 + 1.12

MT (%)
MP (%)P
VCL (pmy/s)
VSL (pem/s)
VAP (pm/s)

68.1 + 4.0bcde

160.1 + 6.95¢
126.7 + 5.82
145.7 + 6.3P

62.3 + 4.3¢f
152.7 + 10.2¢
116.8 + 9.22
136.8 + 9.9P

69.2 + 2.6bcde

162.8 + 7.8b¢
124.1 + 6.42
146.4 + 7.2P

67.2 + 2.1¢def
155.7 + 6.0b¢
1173 + 6.23
1402 + 5.8P

719+ 1.92

80.7 + 1.72

86.9 + 0.82

744 + 2.6bd
166.9 + 5.00¢
130.9 £ 4.52
150.0 + 4.63b

76.0 + 2.22

84.8 + 2.0

87.8 + 0.82

66.2 & 12.0def

1542 + 6.4b¢

121.0 + 5.52

137.9 £+ 6.0°
746 + 1.72
844 + 152

39.8 + 12.18
1042 + 9.74

1929 4+ 5.32

71.4 + 1020

1213 + 632
164.4 + 6.52

153.9 & 5.43b

84.8 + 12.4¢
63.9 & 5.00
79.4 + 2.8b
78.5 + 5.0¢

734 +2.0?
831419

76.1 £ 2.02
8434+ 1.72
88.4 + 092

73.0 4+ 252
82.4 + 2.0°

733209
824 +1.72
87.1 +£1.02

T3k 'L
8254+ 1.62
87.6 + 0.62

60.9 + 1.90
709 + 1.22
83.4 + 1.6°

LIN (%)
STR (%)

86.3 + 0.93P

86.4 + 1.23b

86.5 + 0.73b

WOB (%)

3.6+ 0.1P

3.3 + 0.2bcd

9.2 + 0.28b
20.6 + 2.8

3.3 + 0.2bcd
9.3 + 0.3

3.5 + 0.1b¢ 3.7 £0.1b
238 + 37

3.3 + 0.1bcd
8.7 + 03P

3.5 + 0.1bc
23.6 + 3.1
76.8 + 4.3f

3.5 + 0.1bc

3.1+ 0.2¢d
9.1 + 0.33b

42 + 022 29 + 044
22.5 + 3.5

ALH (pm)

9.5 + 0.33P
16.9 + 2.8

9.3 + 0.33P
19.0 + 2.8

9.3 + 0.23b
21.6+29

9.6 + 0.22
158 £ 25

9.0 + 0.23b
20.1 25

7.8 £ 0.5°¢
199 + 2.7

7.8 +£04°
19.0 + 25
92.7 + 1.72
78.7 +4.32

BCF (Hz)

ASM (%)
AIS (%)

79.6 + 4.5¢f 823 + 3.1def 89.2 + 2.23b

84.8 + 2.9bcde
66.0 + 3.8P¢

80.0 + 2.6°f 80.2 & 3.7¢f 86.8 + 2.53bcd 82.9 + 3.4¢def
60.1 + 2.1¢

59.3 4+ 4.4¢

89.7 £ 3.0%b

66.3 + 3.0b¢ 69.2 + 3.53bc

62.6 + 3.7P¢

733 + 3.0%b 63.5 + 2.3b¢

67.7 & 4.4b¢

732 + 7.23b

MIS (%)
MT, total motility; MP, progressive motility; VCL, curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; LIN, linearity; STR, straightness; WOB, wobble; ALH, amplitude of lateral head

displacement; BCF, beat cross frequency; ASM, abnormal sperm morphology; AlS, acrosome-intact spermatozoa; MIS, membrane-intact spermatozoa. Different superscript letters (a—g) in the same row indicate

differences (P<0.05).

 Total motility is defined as the percentage of spermatozoa with a mean velocity > 10 pmy/s.
b Progressive motility is defined as the percentage of spermatozoa with a mean velocity > 90 pmy/s and straightness > 75%.
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Mean values (+SEM) of sperm morphology, acrosome integrity, membrane integrity, and sperm motility evaluated by the Sperm Class Analyzer system, in
fresh ejaculates (n=50) from ten different Andalusian donkeys in the different seasons.

Sperm characteristics Overall mean Seasons
Winter Spring Summer Autumn

Gel-free volume (mL) 62.6 + 3.7 536 + 129 596 + 7.6 66.3 + 125 65.9 + 4.8
Sperm concentration (x 10% /mL) 3519 + 184 406.0 + 30.7 3604 + 30.7 366.5 + 51.6 331.1 £295
pH 73 + 00 74 + 0.1 7.5 + 0.0° 7.2 + 0.0 7.1 £ 0.0°
MT (%)? 94.3 + 0.7 92.7 £ 09 96.5 + 0.7 964 + 1.5 933+ 1.3
MP (%)° 775+ 2.1 883 4+ 1.32 849 4 3.6% 76.7 £ 5.6 71.3 +2.9°
VCL (um/s) 159.1 £5.3 1843 + 7.6% 1654 + 10.9% 1444 + 13.7b 153.1 + 7.9°
VSL (pm/s) 1023 £3.6 113.1 £ 5.12 102.2 + 6.3b 102.4 + 10.0b 99.4 + 5.7b
VAP (pmy/s) 1364 + 4.7 155.6 + 5.22 139.7 + 8.92b 1289 + 11.9b 130.9 + 7.3b
LIN (%) 61.7 + 1.0 602 4+ 14 586+ 14 63.5 4+ 39 633+ 1.5
STR (%) 71.8 £ 08 703 +£ 0.8 69.0 + 1.0 723 +£32 734+ 1.2
WOB (%) 833 + 06 837+ 19 818 + 1.1 83.7 £ 2.2 83.7 £ 0.9
ALH (pum) 3.7 +01 42 4032 3.8 + 0.2 29 +0.2¢ 3.6 +0.7°
BCF (Hz) 7.6 £0.1 83 + 04 7.7 £ 032 6.9 + 0.5¢ 7.4 + 0.1b¢
ASM (%) 134 +1.2 19.1 + 3.6° 17.8 + 1.82 114 + 1.5 10.1 + 1.6P
AlS (%) 90.6 + 1.7 936 + 2.6% 88.2 + 492 76.7 + 11.0° 93.1 + 1.2¢
MIS (%) 799 + 1.8 71.7 + 5.0 733 + 3.6° 80.2 + 6.4% 85.0 + 1.9°

MT, total motility; MP, progressive motility; VCL, curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; LIN, linearity; STR, straight-
ness; WOB, wobble; ALH, amplitude of lateral head displacement; BCF, beat cross frequency; ASM, abnormal sperm morphology; AlS, acrosome-intact

spermatozoa; MIS, membrane-intact spermatozoa. Different superscripts (a—c) in the same row indicate differences (P<0.05).
2 Total motility is defined as the percentage of spermatozoa with a mean velocity > 10 pm/s.
b Progressive motility is defined as the percentage of spermatozoa with a mean velocity >90 pm/s and straightness > 75%.

the winter(19.1 £3.6%) and spring (17.8 + 1.8%). Acrosome
integrity was less (P<0.05) in the summer (76.7 +11.0%)
compared to all the other seasons. Sperm membrane
integrity was less (P<0.001) in the winter (71.7 £5.0%) and
spring (73.3 £ 3.6%) than in the autumn (85 + 1.9%).

In the present study, an effect (P<0.05) of the jackass
on the quality of the fresh ejaculate was recorded in sperm
concentration, morphology, acrosome integrity, plasma
membrane integrity, and sperm kinematic variables with
the exception of LIN, STR, and WOB,. No significant (P> 0.05)
differences were recorded between ejaculates of the same
animal for any sperm quality variable with the exception
of gel-free volume and MP.

4. Discussion

There are no previous reports on the effectiveness of
the use of defined milk protein nor egg yolk-based semen
extenders for maintenance of semen characteristics at
5°C in Andalusian donkeys. In Experiment 1, two semen
extenders (Gent® A and INRA 96®) already in use for stal-
lion semen preservation, were tested in the Andalusian
donkey. As the quality of cooled semen deteriorates with
anincreasing period of storage (England and Ponzio, 1996),
the differences in semen characteristics between tested
extenders appears also to increase with preservation time
(Contri et al., 2010; Rota et al.,, 2008). Due to this fact, in
the present study the quality of cooled semen samples was
assessed after 72 h of cold storage.

The use of these two extenders greatly affected sperm
motility characteristics of Andalusian donkey spermato-
zoa. After 72 h, some CASA-derived motility variables (MT,
MP, VCL, VSL, VAP, and WOB) were greater for spermato-
zoa stored in Gent® A than in INRA 96®. In addition,
semen extended with Gent® A had a 29.1% decrease in
MT and 21.9% decrease in MP. When using INRA 96®, a

reduction of more than 46% in MT and more than 36% in
MP occurred. These results are consistent with previous
studies (Cottorello et al., 2002; Mello et al., 2000) in which
the use of extenders containing large amounts of egg yolk
(e.g., Baken extender, modified Baken extender, and mod-
ified INRA 82) had a beneficial effect on sperm motility of
cold-stored donkey semen. Similar findings have also been
reported installions (Bedford etal., 1995; Jasko et al., 1991),
In the present study, treatment with Gent® A resulted
in greater sperm velocity (VCL, VSL, and VAP) than INRA
96® which is particularly interesting because the sperm
velocities ascertained by CASA assessments have been
previously correlated with in vivo fertility in mammals
{(Gomendio and Roldan, 2008). Conversely, sperm motility
characteristics of semen cooled with INRA 96® was con-
sistent with data reported in previous studies on donkey
semen preservation (Contri et al., 2010; Santos et al,,
1995). Further studies are needed to better understand the
changes in motility patterns of donkey spermatozoa caused
by semen extenders and the relationship with fertility.

No differences as a result of type of extender use were
found, however, for sperm morphology, sperm membrane
integrity, and acrosome integrity. These results may be
explained by the special formulation of INRA 96® which
is thought to create a physical protection for sperm mem-
branes during preservation (Pillet et al., 2008). Moreover,
the anti-oxidative properties of native phosphocaseinates
have also been reported (Batellier et al., 2001).

Some amino acids (e.g., N-acetyl-L-cysteine, taurine,
and hypotaurine) can reduce the impact of low temper-
atures during the sperm storage process, and thus improve
the quality characteristics of cold-stored semen in stallions
(Ijaz and Ducharme, 1995), boars (Funahashi and Sano,
2005), rams (Bucak et al., 2007), cats (Baran et al., 2009),
and dogs (Michael et al., 2009). However, in donkeys there
are no relevant data concerning the supplementation of
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cooled semen extenders with amino acids to which find-
ings in the present study could be compared. The results
of the present study demonstrated, for the first time, that
the addition of glutamine, proline, or taurine to the Gent
A® extender significantly enhanced the motility variables
of donkey spermatozoa after 72 h of cold storage when
concentrations of 20-60 mM were used without affect-
ing sperm morphology, sperm membrane integrity, and
acrosome integrity, These results suggest that the cool-
ing process was harmful to sperm motility and that the
amino acid supplementation protected donkey spermato-
zoa against the temperature changes during the cooling
process. However, the exact mechanisms are not com-
pletely understood as to how donkey spermatozoa stored
in extenders supplemented at different concentrations
with amino acids for 72 h are capable of maintaining motil-
ity in cold storage.

The beneficial effects associated with the addition of
taurine may be explained by its ability to inhibit the loss of
forward motility and to prevent lipid peroxidation of sperm
membranes during cooling (Alvarez and Storey, 1983b).
Membrane lipid peroxidation causes irreversible arrest of
sperm motility (Bucak et al., 2010); however, whether
this occurred under conditions used in the present study
remains to be assessed. In addition, Meizel et al. (1980)
have reported that taurine could be of further advantage
to spermatozoa integrity due to its osmoregulatory and
capacitating properties. No references have been found
concerning the effects of both glutamine and proline on
motility variables of cooled spermatozoa. In equine species,
Trimeche et al. (1996) reported that glutamine has an active
role in recovery of sperm cell metabolism by acting at
the extracellular level. Previous studies indicate that pro-
line helps to stabilize the structure of the sperm plasma
membrane by interacting with the membrane phospho-
lipids (Storey and Storey, 1990). Investigating the amino
acid mechanism of cryo-protection in other cells, Marsh
et al. (1990) concluded that the mechanism of action of
amino acids may be related to preservation of mitochon-
drial function. In this regard, the functional status of the
mitochondria is related to the energetic status and motility
of spermatozoa (Martinez-Pastor et al., 2004).

In the current research, the effectiveness of glutamine,
proline, or taurine on donkey semen tended to increase,
though not significantly so, when added at a concentration
of 60 mM. Previous studies have reported the toxicity of
greater amino acid concentrations is related to an increase
in osmotic pressure (Khlifaoui et al., 2005; Trimeche et al.,
1996). The use of these three amino acids at 60 mM in the
Gent® A medium increased the osmolality of the extender
to 365, 360, and 370 mOSm/kg, respectively. However, at
this concentration, the protective effect of the amino acids
glutamine, proline, and taurine was not negated by the
sensitizing effect of the hyper-tonicity.

The present study failed to elucidate the effect of the
amino acids glutamine, proline, and taurine on acrosome
integrity, sperm membrane integrity, and morphology of
cooled donkey spermatozoa. Therefore, in comparison to
Gent® A without amino acid supplementation, the addi-
tion of glutamine, proline, and taurine did not result in an
improvement in sperm membrane and acrosome integrity

at concentrations of 20-60 mM. In rams, Bucak et al. (2007)
concluded that the addition of taurine at concentrations
of 50 and 100mM was ineffective in improving sperm
membrane integrity and morphology during storage at
5°C. In a study with cooled dog semen (Michael et al.,
2009), taurine supplementation only had a positive influ-
ence on sperm motility characteristics. Aside from species
differences, these contrasting findings can be explained by
differences in the extenders and cooling procedures used.
Several amino acids (e.g., glutamine, proline, and taurine)
have been detected in spermatozoa, seminal plasma, and
epididymal fluid of several mammals (Buff et al., 2001;
Khlifaoui et al., 2005; Meizel et al., 1980; Sanchez Partida
et al., 1992). Therefore, if these three amino acids exist in
donkey spermatozoa the endogenous concentration might
be enough for the protection of spermatozoa and the thus
may explain the limited effects of exogenous amino acid
supplementation. Another hypothesis is that perhaps these
amino acids do not have the same protective effects as
amino acids do on sperm integrity in other species or the
protective action in donkey spermatozoa is not evident
at the concentrations used in the present study. Further
experiments must be conducted to elucidate the exact
mechanism of sperm protection by these amino acids in
cooled donkey semen.

With regard to seasonality, the present study clearly
showed for the first time a seasonal influence on the
characteristics of fresh semen of the Andalusian don-
key. In general, the evaluated sperm characteristics were
comparable with those previously recorded in Andalu-
sian jackasses (Dorado et al., 2013) and confirmed the
results obtained in other studies in which a large amount of
good-quality semen was collected from donkeys { Carluccio
et al., 2013; Cortes-Gutierrez et al., 2008; Miro et al., 2009;
Quartuccio et al.,, 2011; Rota et al., 2012). However, the
average gel-free semen volume (62.6 mL) was less than
that with earlier studies (Contri et al., 2010; Quartuccio
et al., 2011), whereas the mean annual sperm concentra-
tion (351.9 x 106 spermatozoa/mL) was greater than those
reported for the Ragusano (Quartuccio et al., 2011) and
Amiata donkeys (Rota et al., 2012). In this regard, indi-
vidual differences in the amount of gel fraction produced
by the donkeys may play an important role {Quartuccio
etal.,2011). No seasonal variation was detected for gel-free
semen volume as had been previously reported in donkeys
(Gastal et al., 1997). Results from the present study are in
contrast to earlier findings in which the greatest values
were found in winter (Carluccio et al., 2013; Contri et al,,
2010). The limited climatic and photoperiod variations in
the present study probably contributed to this difference in
results. Sperm concentration was not modified throughout
the experimental period with reasonably constant mean
values throughout the year which is in agreement with
other published data (Contri et al.,2010; Gastal et al., 1997).
However, Carluccio et al. (2013) observed seasonal dif-
ferences in donkeys with greater sperm concentrations
occurring during the spring and summer. Because gel-
free volume is negatively related to semen concentration
(Magistrini et al., 1987), overall sperm concentration was
numerically greater in the winter, although there were no
statistical differences. The differences observed between
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studies might either be due to differences in latitude
where animals resided, donkey management or frequency
of semen collection {Carluccio et al., 2013; Janett et al.,
2003). In addition, the number of experimental animals
(sample size) as well as breed differences must be consid-
ered as possible contributors to the different results among
studies (Carluccio et al., 2013; Dowsett and Knott, 1996).

The average value of seminal pH during the entire year
was 7.3, which was somewhat less than that reported for
the Catalonian donkey {(Miro et al., 2009). However, this
value is in agreement with that previously reported for
the Andalusian (Dorado et al., 2013) and Martina Franca
donkeys (Carluccio et al., 2013). The reason for this differ-
ence could be attributed to a greater contribution of fluid
from the sexual accessory glands and/or a lesser contribu-
tion from the epididymis due to the increased frequency
of ejaculations. In addition, a clear seasonal influence was
also observed in seminal pH, which is in agreement with
previous findings (Gastal et al., 1997).

A seasonal influence on total sperm motility was not
detected in the present study similar to the findings
observed in the Martina Franca jackasses in previous stud-
ies (Carluccio et al., 2013; Contri et al., 2010). However, a
reduced progressive sperm motility was observed in sum-
mer and autumn, which is in agreement with data reported
for Ragusano donkeys (Quartuccio et al., 2011). The mean
values obtained (94.3% and 77.5%, respectively) were sim-
ilar to those previously reported for Andalusian donkeys
(Dorado et al., 2013) and for other breeds (Carluccio et al.,
2013; Quartuccio et al,, 2011; Rota et al.,, 2012), but greater
compared to other Spanish breeds (Cortes-Gutierrez et al.,
2008; Miro et al., 2009). In addition, seasonal variation
was detected for several sperm motility variables including
VCL, VSL, VAP, ALH, and BCF. The extent to which sea-
sonal changes in sperm motility are influenced by breed
and ambient conditions (temperature, humidity, etc.) is
not understood. In this context, seasonal changes in semi-
nal plasma constituents may also play an important role
(Janett et al., 2003). Small and large plasma volumes will
negatively affect sperm motility (Pickett et al., 1975).

The mean annual sperm morphology value in the
present study is similar to that reported in some previous
studies (Dorado et al., 2013; Miro et al., 2005; Quartuccio
et al., 2011). These values are, however, less compared to
those previously reported by Carluccio et al. (2013) in Mar-
tina Franca donkeys (approximately 3.7%). The differences
between these results could be the consequence of indi-
vidual differences and/or different interpretations of the
abnormalities observed in the different studies. In addition,
seasonal differences in sperm morphology were observed
in the present study, and in particular a greater ASM has
been found in the winter and spring. Results of the present
study are not consistent with earlier findings in which
sperm abnormalities did not appear to be influenced by
season {Carluccio et al., 2013; Gastal et al., 1997).

In agreement with previous findings (Carluccio et al,,
2013; Contri et al., 2010; Quartuccio et al., 2011), approx-
imately 80% of spermatozoa in the ejaculates of donkeys
used in Experiment 3 of the present study were cells with
anintact plasma membrane. Regarding acrosome integrity,
there were no studies on which information could be found

where there could be comparisons of the present results
with those in previous studies. In addition, seasonal dif-
ferences in sperm membrane and acrosome integrity were
observed in our study, and in particular a lesser AIS was
observed in summer and a greater MIS was detected in the
summer and autumn. A seasonal influence on sperm mem-
brane integrity has been reported in donkeys (Contri et al.,
2010).

The majority of the variables evaluated in the present
study were significantly affected by the jackass, which is
in agreement with previous studies (Carluccio et al., 2013;
Contri et al., 2010; Dorado et al., 2013). Due to this fact, the
male should be considered the main source of variability in
quality of donkey semen rather than season, which could
mask any effect of the season on donkey semen character-
istics.

5. Conclusions

The present study, under climatic and management
conditions that existed, clearly showed a seasonal influence
on the majority of characteristics of Andalusian donkey
semen. As all the ejaculates were of acceptable quality,
these seasonal differences did not seem to influence semen
quality throughout the year. Moreover, use of Gent® A
resulted in maintenance of sperm motility characteristics
after 72 h of cold storage to a greater extent than INRA 96%
suggesting that Gent® A extender is more appropriate to
preserve donkey spermatozoa. The addition of glutamine,
proline, and taurine improves the outcome of preservation
of Andalusian donkey spermatozoa because CASA-derived
variables were more desirable in semen samples cooled
in Gent® A supplemented with different concentrations
of amino acids than in Gent® A with no supplementation.
However, a lesser increase was noticed when these amino
acids were added at a concentration of 20 mM. Although it
remains to be determined if the greater motility of donkey
spermatozoa in diluents containing glutamine, proline, or
taurine will be reflected in enhanced fertility when used
for inseminations, this would allow a more efficient use of
cooled donkey semen for insemination. Further studies are
needed to find more appropriate amino acids for semen
extender supplementations and to demonstrate whether
any positive additive effects can be derived from combining
several amino acids.
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Abstract. The aim of this study was to compare the effect of two semen extenders and four permeating cryoprotectants
on post-thaw sperm quality of Andalusian donkeys. First, 32 ejaculates were pooled, split and frozen in either Gent B or
INRA 96 with egg yolk and glycerol. Second, 12 pooled semen samples were simultaneously frozen in Gent B (glycerol) or
Gent A containing ethylene glycol (EG; 1 or 1.5%) or dimethyl sulfoxide (DMSO; 1.5 or 2%). Finally, nine pooled samples
were simultaneously cryopreserved in Gent A containing 1% EG (as control), dimethylformamide (DMFA; 1 or 2.5%) ora
combination of 1% EG and 1.5% DMFA. Gent B yielded a higher (P < 0.01) post-thaw sperm motility than modified
INRA96. EG 1% increased the sperm membrane integrity (P << 0.001), whereas DMSO affected sperm motility and
membrane integrity (P <0.001). DMFA 2.5% yielded higher (P < 0.001) values for sperm motility and membrane
integrity. We concluded that Gent B improves in vitro post-thaw sperm quality of donkey spermatozoa, but the
replacement of glycerol with 1% EG or 2.5% DMFA increased sperm protection against cryodamage. The use of DMSO
for freezing donkey semen was unsuccessful and a toxic effect is suspected. These extenders should be included in the

pre-freeze test for each donkey.
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Introduction

According to the last census of the Food and Agriculture
Organisation of the United Nations (FAO) conducted in 2013,
the population of the Andalusian donkey accounted for 749
animals, of which only 94 individuals are considered as breeding
males (DAD-IS-FAO 2013). This breed was declared at risk of
extinction by the Spanish government (Real Decreto 2129/2008,
regulation of the National Catalogue of Endangered Species).
In such situations, the creation of genetic banks based on
cryopreserved semen samples becomes necessary for the ex situ
management of this endangered donkey (Equus asinus) breed
(Andrabi and Maxwell 2007; Smits ef al. 2012).

To date, there are several studies on donkey semen cryopres-
ervation in which the effect of the freezing—thawing procedure
was assessed (Trimeche et al. 1998; Canisso et al. 2008; Cortés-
Gutiérrez et al. 2008; Flores et al. 2008; Contri et al. 2012b) and
direct comparisons between extenders (Serres et al. 2004a;

Journal compilation © CSIRO 2015

Canisso et al. 2011) and cryoprotectants (CPAs; Alvarez et al.
2004; Serres et al. 2004a; Alvarez et al. 2006; Oliveira et al.
2006; Rota et al. 2012; Madison et al. 2013) were also
performed. However, artificial insemination (AI) with cryopre-
served donkey semen has given disappointing results (Vidament
et al. 2005, 2009; Rota et al. 2012; Serres et al. 2014). For this
reason, a suitable method for the cryopreservation of semen
from Andalusian donkeys is needed in order to use successfully
these frozen donkey semen doses in Al programs. However, to
our knowledge, there are no previous studies evaluating semen
cryopreservation in this donkey breed.

Cryopreservation induces structural and functional damage
to the spermatozoa that reduces their fertilising ability (Watson
1995). The addition of CPAs to semen freezing media prevents
sperm cryodamage (Oldenhof ez al. 2010). Recent research has
demonstrated, however, that another source of damage to
stallion spermatozoa is the CPA used (Glazar et al. 2009).
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Over the past 50 years, glycerol (GLY) has been the CPA
most commonly used for stallion (Equus caballus) semen
cryopreservation (Hoffmann ef al. 2011), which has also been
successfully used for freezing donkey semen (Trimeche et al.
1998; Serres et al. 2004a; Oliveira et al. 2006; Vidament et al.
2009; Rota et al. 2012; Ortiz et al. 2015). However, GLY
permeates the sperm membrane more slowly than water and
other CPAs (Glazar et al. 2009) because of its low permeability
(Ball and Vo 2001), thus inducing osmotic stress on stallion
spermatozoa during cryopreservation (Pefa ef al. 2011). More
recently, Macias Garcia et al. (2012) demonstrated that the
toxic effect of GLY on stallion spermatozoa is produced at
concentrations above 3.5%. Moreover, a greater sensitivity of
donkey spermatozoa to GLY has also been suggested (Alvar-
enga et al. 2005; Vidament et al. 2009). However, the higher
pregnancy rates observed in mares compared with jennies after
frozen—thawed donkey semen Al support the hypothesis that
GLY could also exert a negative effect on the jenny genital tract
(Vidament ef al. 2009), which has not been clarified yet. In any
case, pregnancy rates in jennies with frozen—thawed donkey
semen were similar using both GLY or other CPAs (Oliveira
et al. 2006; Rota et al. 2012).

The use of low-molecular-weight CPAs such as ethylene glycol
(EG, 62.07 gmolfl), dimethyl sulfoxide (DMSO, 73.09 gmolfl)
or dimethylformamide (DMFA, 78.13gmol™"), instead of
GLY (92.09 gmol™"), reduces the osmotic damage on stallion
spermatozoa (Glazar et al. 2009) and could subsequently
improve the in vitro characteristics of Andalusian donkey
spermatozoa after thawing. In the last decade, several authors
have demonstrated the higher efficacy of EG (Alvarenga ef al.
20005; Ball and Vo 2001; Henry et al. 2002; Mantovani et al.
2002; Squires et al. 2004), DMFA (Alvarenga et al. 2000a,
2005; Gomes et al. 2002; Medeiros ef al. 2002) and DMSO
(Chenier ef al. 1998) to preserve stallion spermatozoa during the
freezing—thawing process in comparison to GLY. In donkeys,
direct comparisons between CPAs have also been performed
(Alvarez ef al. 2004; Alvarez et al. 2005; Oliveira et al. 2006;
Vidament et al. 2009; Rota ef al. 2012); however, no direct
comparisons between GLY and these three alternative CPAs
(EG, DMSO and DMFA) for donkey semen cryopreservation
were found in the literature.

Few studies have evaluated the effect of different extenders
on post-thaw donkey semen quality (Serres 2003; Serres et al.
2004a; Canisso et al. 2011). The extenders Gent B (Minitiib

s GmbH, Tiefenbach, Germany) and INRA 96 (IMV Technolo-

gies, L’Aigle, France) supplemented with 2% clarified egg yolk
and 2.5% glycerol (INRA96-EYG) have been successfully used
in stallions (Morillo Rodriguez et al. 2011) and donkeys (Flores
et al. 2008; Rota ef al. 2012; Ortiz et al. 2015). However, no
direct comparisons between those two extenders have been
performed to date.

The aims of the present study were therefore to: (1) compare
the efficacy of two stallion semen extenders contain GLY
in their composition (Gent B and INRA96-EYG) for the
cryopreservation of Andalusian donkey semen and (2) assess
the effect of four permeating CPAs (GLY, EG, DMSO and
DMFA) on sperm quality of frozen—thawed Andalusian
donkey semen.

D. Acha ef al.

Materials and methods
Animals

The study was performed at the Equine Center for Assisted
Reproduction of the Centro de Seleccion y Reproduccion
Animal — CENSYRA (Badajoz, Spain) between June 2011 and
November 2012. Ten healthy mature Andalusian donkeys of
proven fertility (4—15 years of age) were used as semen donors.
The animals were fed daily with hay and grain, and water was
freely available.

Sperm collection and evaluation

In order to deplete the extragonadal sperm reserves, an initial
semen collection was performed in sexually rested donkeys but
the sample was not evaluated. As recommended by Contri et al.
(2012a), 5 days later semen collections were performed on a
regular basis (two collections per week) and semen samples
evaluated. Collections were made using a Missouri-model
artificial vagina (Minitiib GmbH) with an in-line gel filter
(Minitiib GmbH). A jenny in natural or prostaglandin-induced
oestrus (Luprostiol, 7.5 mg intramuscular; Prosolvin, Intervet
International B.V., Boxmeer, The Netherlands) was used to
induce copulatory activity.

After collection, the gel-free volume was measured in a
graduated tube. Sperm concentration was calculated with a
photometer (SpermaCue; Minitiib GmbH) as described by
Vidament et al. (2009) and pH was determined using a pH
meter (Hanna Instruments Inc., Woonsocket, RI, USA; Mir6
et al. 2009).

Sperm morphology was examined by light microscopy
evaluation (Olympus BH-2; Olympus Optical Co. Ltd, Tokyo,
Japan) on smears stained with Diff-Quick (Medion Diagnostics
AG, Diidingen, Switzerland) staining (Brito 2007). At least 200
spermatozoa per slide were counted to determine the percentage
of spermatozoa with normal morphology (NSM, %).

Motion characteristics of the samples were assessed using a
computer-assisted sperm analysis (CASA) system (Sperm Class
Analyser; Microptic SL, Barcelona, Spain), as described by
Mir6 et al. (2005) for donkey semen. Prior to the assessment
of movement, semen aliquots were diluted with skimmed
milk-glucose extender (Kenney ef al. 1975) to reach a sperm
concentration of ~25 x 10° spermatozoa mL ™' and incubated at
37°C for 5 min. For each evaluation, three 5-uL drops of each
semen sample were then evaluated using a phase-contrast
microscope (Eclipse 50i; Nikon, Tokyo, Japan) with a warm
stage at 37°C at 100x magnification. Two microscopic fields
per drop were randomly filmed, including a minimum of 200
spermatozoa. Objects incorrectly identified as spermatozoa
were minimised using the playback function. With respect to
setting the parameters of the program, spermatozoa with a mean
average path velocity (VAP) <10 pm s~ were considered to be
immotile. Spermatozoa with VAP >90 um s~' were considered
as rapid, while spermatozoa deviating <25% from a straight line
were designated as linear motile. The measured parameters
of sperm motion were total motility (MOT, %), progressive
motility (PMOT, %), curvilinear velocity (VCL, pm s '),
straight-line velocity (VSL, pm s™'); average path velocity
(VAP, pm s™"), linearity (LIN, as VSL/VCL, %), straightness
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(STR, as VSL/VAP, %), wobble (WOB, as VAP/VCL, %), beat
cross frequency (BCF, Hz) and amplitude of lateral head
displacement (ALH, pm).

Sperm membrane integrity was assessed using the double
stain propidium iodide (PI) with acridine orange (AO) from the
Vital-Test kit (Halotech DNA SL, Madrid, Spain), as previously
described by Dorado et al. (2014). At least 200 spermatozoa
were counted, considering green spermatozoa as membrane-
intact spermatozoa (MIS, %).

To evaluate the sperm acrosomes, we used the PI with peanut
agglutinin—fluorescein isothiocyanate (FITC-PNA) double
stain (Sigma-Aldrich Chemie GmbH, Steinheim, Germany),
as described by Dorado ef al. (2014). Values were expressed
as percentages of acrosome-intact spermatozoa (AIS, %) and
acrosome-reacted spermatozoa (ARS, %).

Semen cryopreservation

Semen freezing was performed following the protocol previ-
ously described by Serres (2003) for the Zamorano—Leonés
donkey semen with modifications. After semen evaluation, a
3-mL aliquot of gel-free semen was immediately diluted 1: 1
(v:v, semen: extender) with a commercial extender without
antibiotics (EquiPro A; Minitiib GmbH), in sterile 15-mL
Falcon centrifuge tubes (BDFalcon Tubes; BD Biosciences,
Erembodegem, Belgium) and pooled (two ejaculates per pool)
in order to avoid introduction of uncontrolled male-to-male
variation (Dorado et al. 2014). Pooled semen samples were
divided into aliquots (as many as number of treatments in each
experiment) then centrifuged at 400g for 7 min at 22°C. Once the
supernatant was removed, the pellet was re-suspended in the
tested extenders (see Experimental design section below) to
reach the concentration of 200 x 10°® spermatozoa mL~'.
Extended semen was maintained at room temperature (~22°C)
for 10min. Vials were slowly cooled (0.3°C min~') in an
Equitainer I (Hamilton Research, Inc., Danvers, MA, USA) to
5°C for 120 min. Finally, the spermatozoa were loaded into
0.5-mL plastic straws at 5°C, frozen horizontally in ranks 2.5 cm
above the surface of liquid nitrogen (LN,) for 5 min and then
placed into LN,. After 24—48 h of storage, straws were thawed in
a heater bath (Incudigit horizontal; Instrumentacion Cientifica y
Técnica SL, Lardero, Spain) at 37°C for 30s, diluted to 25 x 10°
spermatozoa mL ™! with the appropriate extender (see Experi-
mental design section below) and evaluated considering sperm
morphology, motility, membrane integrity and acrosome
integrity as described previously.

Experimental design

Experiment 1: comparison of the effectiveness of
INRA96-EYG and Gent B extenders for cryopreservation
of Andalusian donkey semen

The effects of two different equine semen extenders (Gent B
and INRA96-EYG) on the quality of frozen-thawed donkey
semen were evaluated. Gent B has been successfully used for
freezing stallion (Morillo Rodriguez et al. 2011) and donkey
spermatozoa (Flores ef al. 2008; Ortiz et al. 2015), whereas
INRA96-EYG, a modified INRA 96, has also been used in
horses (Morillo Rodriguez et al. 2011) and donkeys (Rota et al.
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2012). To this end, 32 ejaculates from eight of the 10 donkeys
(four ejaculates per donkey) were collected and pooled
(two ejaculates per pool; four replicates). Each collection day,
pooled semen samples were divided into two aliquots and
re-suspended in either Gent B or INRA96-EYG. Extended
semen was then frozen and stored in LN, until analysis.
Semen quality was evaluated before freezing and after thawing.
Osmolality and pH of the extenders were determined (INRA96-
EYG, 1059 mOSm kg™, pH 7.03; Gent B, 1001 mOSmkg ™",
pH 6.8). All osmolalities were checked using a freezing-point
digital micro-osmometer Type 6 (Loser Messtechnik, Berlin,
Germany).

Experiment 2: effect of glycerol, ethylene glycol and
dimethyl sulfoxide on the quality of frozen-thawed
Andalusian donkey semen

Four ejaculates were collected from six of the 10 donkeys
(n = 24) to evaluate the effect of three different permeating CPAs
(glycerol (GLY), ethylene glycol (EG) and dimethyl sulfoxide
(DMSO)) on the quality of frozen—thawed semen samples of
Andalusian donkeys. The methodology was similar to that used in
Experiment 1. Pooled semen samples (two ejaculates per pool;
four replicates) were split into five aliquots and frozen in the
tested extenders. Based on the results obtained in Experiment 1,
the Gent B extender, which contains GLY as CPA, was chosen as
control and compared with Gent A, which has the same compo-
sition as Gent B but without GLY, supplemented with 1 or 1.5%
EG (Scharlan Chemie SA, Barcelona, Spain) or 1.5 or 2% DMSO
(Carlo Erba Reagenti SpA, Rodano, Italy). Semen quality was
evaluated before freezing and after thawing. Osmolality and pH
of the extenders are shown in Table 1.

Experiment 3: effect of dimethylformamide on the quality
of frozen-thawed Andalusian donkey semen

To evaluate the effect of dimethylformamide (DMFA) on the
quality of frozen—thawed semen samples of Andalusian donkeys,
three ejaculates were collected from six of the 10 donkeys (total

Table1. Osmolality (mOsm kg~ ") and pH values in the extenders used
in Experiments 2 and 3
DMSO 1.5, Gent A extender supplemented with 1.5% dimethyl sulfoxide;
DMSO 2, Gent A extender supplemented with 2% dimethyl sulfoxide; EG 1,
Gent A extender supplemented with 1% ethylene glycol; EG 1.5, Gent A
extender supplemented with 1.5% ethylene glycol; DMFA 1, Gent A extender
supplemented with 1% dimethylformamide; DMFA 2.5, Gent A extender
supplemented with 2.5% dimethylformamide; DMFA 1.5 + EG 1, Gent A
extender supplemented with a combination of 1.5% dimethylformamide
and 1% ethylene glycol

Extender Osmolality (mOsm kg™ ") pH
DMSO 1.5 549 6.81
DMSO 2 603 6.83
EG 1 470 6.70
EG 1.5 549 6.62
DMFA 1 461 6.84
DMFA 2.5 658 6.86
DMFA 1.5+ EG1 662 6.69
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of 18). The methodology was similar to that used in previous
experiments. The Gent A extender supplemented with 1% EG
was chosen (as control) for this experiment based on the results
obtained in Experiment 2. Nine pooled semen samples (two
ejaculates per pool; three replicates) were split into four aliquots
and frozen in Gent A extender supplemented with 1 or 2.5%
DMFA (Carlo Erba Reagenti SpA) only or in a combination of
1% EG and 1.5% DMFA. Semen quality was evaluated before
freezing and after thawing. Table 1 shows the osmolality and pH
of the extenders.

Statistical analysis

Results are expressed as mean £ s.e.m. Data were analysed by
univariate, repeated-measures analysis of variance using the
general linear model (GLM) procedure of the SAS (Version 9.0;
SAS Institute Inc., Cary, NC, USA). Extender treatment was
considered as fixed factor, whereas different collections were
considered to be random. Dependent variables expressed as
percentages were arcsine-transformed before the analysis.
Differences between mean values were analysed by the Duncan
method. The level of significance was set at P < 0.05.

Results

Experiment 1: comparison of the effectiveness of INRA96-
EYG and Gent B extenders for cryopreservation of
Andalusian donkey semen

Data for comparisons of semen quality analysis are provided in
Table 2. Cryopreservation significantly (P < 0.01) affected all
the sperm parameters assessed regardless of the extender used,
with the exception of BCF, NSM and AIS. Most CASA-derived
parameters (MOT, PMOT, VCL and ALH) were significantly
(P <0.01) higher in fresh semen than in frozen-thawed sam-
ples, whereas the opposite was found for LIN, STR and WOB
(P <0.001). Sperm motility measurements differed between
extenders (Table 2). The use of Gent B resulted in greater
(P <0.01) values of MOT, PMOT, VCL and VSL compared
with INRA96-EYG. Cryopreservation had an adverse effect
(P <0.001) on mean MIS values, but there were no differences
(P>0.05) between extenders used for this sperm quality
variable (Table 2).

Experiment 2: effect of glycerol, ethylene glycol and
dimethyl sulfoxide on the quality of frozen-thawed
Andalusian donkey semen

Data obtained for comparisons of semen quality analysis using
GLY, DMSO or EG as CPAs are provided in Table 3. As found
in Experiment 1, most semen quality parameters evaluated were
significantly (P < 0.001) higher in fresh semen than in frozen—
thawed samples, with the exception of LIN, STR and WOB. No
significant (P> 0.05) differences were found in mean BCF
values between fresh semen and frozen—thawed samples
regardless of the extender used. Sperm motility parameters
differed between CPAs, except for LIN, STR, WOB and BCF
(Table 3). The results of this experiment showed that treatment
with Gent A supplemented with DMSO at a concentration of 1.5
or 2% provided the least desirable results (P < 0.001) for the
majority of CASA-derived motility variables. There were no

D. Acha et al.

Table2. Mean values (+s.e.m.) of Andalusian donkey sperm quality in
fresh semen and after freezing—thawing using two different semen
extenders for freezing equine spermatozoa (Gent B or INRA96-EYG)
MOT, total motility; PMOT, progressive motility; VCL, curvilinear
velocity; VSL, straight-line velocity; VAP, average path velocity; LIN,
linearity; STR, straightness; WOB, wobble; ALH, amplitude of lateral head
displacement; BCF, beat cross frequency; NSM, normal sperm morphology;
AIS, acrosome-intact spermatozoa; MIS, membrane-intact spermatozoa;
Gent B, Gent B (Minitiib, Tiefenbach, Germany); INRA96-EYG, INRA 96
(IMV Technologies, L’ Aigle, France) containing 2% clarified egg yolk and
2.5% glycerol. *“Different superscript letters within a row indicate signifi-
cant differences (P < 0.05)

Parameter Fresh semen Frozen—-thawed samples

Gent B INRAY6-EYG
MOT (%) 96.33 + 0.43° 60.54 +5.61° 4926+ 5.42°
PMOT (%) 75.31 +2.68° 4876 +4.91° 38.08 +4.25°
VCL (ums™ ')  149.95+0.51° 120.57 £ 6.82° 102.08 + 6.92°
VSL (ums™') 93.30 + 4.48% 99.40 +5.13* 85.20 4 5.45°
VAP (ums™')  126.35+6.62° 113.50 & 6.65%° 94.95+6.73°
LIN (%) 60.37 +0.93° 77.2541.88" 77.24+2.36"
STR (%) 70.82 +0.68° 83.05+1.58* 84.47 + 1.74°
WOB (%) 82.54+0.57° 90.44 + 1.09° 88.46 4 1.55°
ALH (um) 3.59+0.18" 2024007 1.91 +0.09°
BCF (Hz) 7.49 +0.16* 7.36+0.15" 7.46 4 0.26
NSM (%) 88.82 + 1.26° 84.234+1.63° 84.26 4 1.94°
AIS (%) 92,05 + 1.54° 86.28 +2.81° 85.88 4 2.80"
MIS (%) 82.43 +1.68° 47.59 +4.20° 4571+ 4.25°

significant (P > 0.05) differences for MOT, PMOT, VSL, VAP
and ALH between EG 1% and GLY. EG at 1% yielded a
significant (P < 0.05) increase in mean NSM, AIS and MIS
values compared with DMSO and GLY.

Experiment 3: effect of dimethylformamide on the quality of s

frozen-thawed Andalusian donkey semen

Table 4 shows data for comparisons of semen quality analysis
using EG, DMFA or their combination as CPAs. As in Experi-
ment 2, most semen quality parameters evaluated were signifi-
cantly (P < 0.001) higher in fresh semen than in frozen—thawed
semen samples regardless of the extender used, except LIN, STR
and WOB. No significant (P > 0.05) differences were found in
mean BCF or NSM values between fresh semen and frozen—
thawed samples. The use of DMFA at concentration of 2.5%
resulted in greater (P < 0.001) values of MOT, PMOT and MIS,
but there were no differences (P > 0.05) between CPAs used for
VAP, LIN, STR, WOB, ALH, BCF or NSM (Table 4). The
lowest (P < 0.001) mean values of VCL and VSL were obtained
when using DMFA at 1%. In addition, no significant (P > 0.05)
differences were found in mean VCL and VSL values between
treatments with 1% EG, 2.5% DMFA and the combination of
1.5% DMFA + 1% EG.

Discussion

In the present study, cryopreservation provoked a reduction in
most of the sperm quality parameters of frozen samples
regardless of the extender used; however, the average values we
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Table 3. Mean values (+ s.e.m.) of Andalusian donkey sperm quality in fresh semen and after freezing—thawing using either glycerol (Gent B),
dimethyl sulfoxide (1.5 or 2%) or ethylene glycol (1 or 1.5%) as cryoprotectants

MOT, total motility; PMOT, progressive motility; VCL, curvilinear velocity; VSL, straight-line velocity; VAP, average path velocity; LIN, linearity; STR,

straightness; WOB, wobble; ALH, amplitude of lateral head displacement; BCF, beat cross frequency; NSM, normal sperm morphology; AIS, acrosome-intact

spermatozoa; MIS, membrane-intact spermatozoa; DMSO 1.5, Gent A extender supplemented with 1.5% dimethyl sulfoxide; DMSO 2, Gent A extender

supplemented with 2% dimethyl sulfoxide; EG 1, Gent A extender supplemented with 1% ethylene glycol; EG 1.5, Gent A extender supplemented with 1.5%

ethylene glycol; GLY, Gent B extender. *Djfferent superscript letters within a row indicate significant differences (P < 0.05)

Parameters Fresh semen Frozen-thawed samples
GLY DMSO 1.5 DMSO 2 EG 1 EG 15

MOT (%) 96.58 4 0.45° 61.45+2.45% 36.85 +2.36¢ 37.48 +1.39¢ 65.09 + 1.50° 57.30 £2.24°
PMOT (%) 86.13 + 1.05° 51.09 +2.56* 27.27 +£1.74¢ 29.03 +1.91¢ 54.66 +2.43° 47.43 4+ 1.25°
VCL (um s™") 186.10 £4.57° 137.32 £ 6.96" 103.33 +6.09° 105.20 +4.73° 130.00 + 5.56" 132.25+7.36"
VSL (ums™") 117.31 £3.56° 107.65 + 6.80° 85.63 +5.68° 87.99 +4.50° 108.49 +5.73° 113.02 £7.22°
VAP (ums ') 157.57 + 4.20° 128.60 + 6.67° 96.21 + 5.94° 98.29 +4.67° 122.25 + 5.48° 125.04 +7.47°
LIN (%) 59.48 +1.16 71.80+2.14° 73.97 £2.23° 75.92 +2.22° 77.02 +2.23° 77.41 +£2.70°
STR (%) 70.11 £0.72¢ 78.16 £2.09° 82.11 +1.65° 83.48 +1.85% 83.61 +1.90%° 84.30+2.16°
WOB (%) 81.61 4 0.89° 88.99 + 1.33% 86.36 + 1.83° 87.74 + 1.54° 89.29 4 1.33" 88.55 4 1.79°
ALH (um) 4.15+0.19° 2.3040.09° 1.934+0.08° 1.96 +0.07° 2.1540.07* 2.06 4 0.06*
BCF (Hz) 7.524+0.28° 8.26 4 0.60° 7.95+0.50° 8.34 +0.44° 8.54+0.39° 8.71+£0.51°
NSM (%) 90.23 +1.20° 83.96 4 1.38° 86.49 + 1.55* 84.47 +1.83¢ 92.25 +1.55° 89.52 4+ 1.42%°
AIS (%) 88.05 +2.22% 81.50 +2.06" 81.74 +1.82° 83.34 +2.02° 90.18 + 1.59* 87.84 + 1.65%
MIS (%) 83.32 £ 1.51° 44.09+3.23° 37.49 +1.58¢ 41.18 £2.10% 56.73 £2.09° 52.99 4+1.95°

Table 4. Mean values (+ s.e.m.) of Andalusian donkey sperm quality in fresh semen and after freezing—thawing using different cryoprotectants:
ethylene glycol (1%), dimethylformamide (1 or 2.5%) or a combination of 1.5% dimethylformamide and 1% ethylene glycol

MOT, total motility; PMOT, progressive motility; VCL, curvilinear velocity; VSL, straight-line velocity; VAP, average path velocity; LIN, linearity; STR,

straightness; WOB, wobble; ALH, amplitude of lateral head displacement; BCF, beat cross frequency; NSM, normal sperm morphology; AIS, acrosome-intact

spermatozoa; MIS, membrane-intact spermatozoa; EG 1, Gent A extender supplemented with 1% ethylene glycol; DMFA 1, Gent A extender supplemented

with 1% dimethylformamide; DMFA 2.5, Gent A extender supplemented with 2.5% dimethylformamide; DMFA 1.5 + EG 1, Gent A extender supplemented

with a combination of 1.5% dimethylformamide and 1% ethylene glycol. > “Different superscript letters within a row indicate significant differences (P < 0.05)

Parameters Fresh semen Frozen—thawed samples

EG 1 DMFA 1 DMFA 2.5 DMFA 1.5 + EG 1
MOT (%) 95.91+1.05° 53.76 £2.27°¢ 50.96 + 1.84¢ 66.2142.60° 58.03 +2.44°
PMOT (%) 85.46 +2.52° 42.54 4 1.99% 39.51 +1.39¢ 57.09 + 2.99° 48.5]1 +2.25°
VCL (ums™") 188.20 +5.81* 95.08 4 7.14" 94.11 +7.96° 109.54 +7.28" 101.27 +6.85"
VSL (um s~ ") 113.06 + 5.81° 80.64 4 5.75°¢ 76.96 + 5.48° 89.64 +5.32° 86.31 +£5.26°
VAP (ums ') 155.48 + 5.80° 88.48 4 6.65° 86.62+7.12° 99.55+6.37° 94.54 4+6.17°
LIN (%) 56.92 +2.49° 76.94 £ 1.73° 7591 £2.07° 77.29+2.11° 79.40 £2.19°
STR (%) 68.55+1.73° 84.86 +1.37% 8421 +1.55° 85.81 +1.84° 86.77 + 1.60°
WOB (%) 79.63 +1.72° 86.72 + 0.92° 86.85 + 1.22° 87.00 + 1.30° 88.52 + 1.26*
ALH (um) 4.45+022° 1.78+0.11° 1.88+0.13° 22140.17° 1.85+0.12°
BCF (Hz) 7.67+£0.35° 7.98 +0.38° 8.19 +0.50° 8.88+0.51% 8.49 +0.50°
NSM (%) 83.20 + 2.44° 81.85 + 4.35 81.58 +4.17° 80.57 £4.16" 81.25+5.12°
AIS (%) 88.43 +£2.27 82.12 +3.50% 7423 +£5.47° 84.57 + 4.88% 79.22 +£5.59
MIS (%) 85.54+1.95° 53.89 £2.81° 52.93 +£2.75° 64.95+3.77° 55.66 +3.39°

obtained fall within the ranges other authors have taken to
indicate that the freezing method has been successful (Alvarez
et al. 2006; Flores et al. 2008; Contri et al. 2012b; Rota et al.
2012; Ortiz et al. 2015).

The chemical composition of freezing extenders plays a
major role in sperm survival during cryopreservation (Pillet
et al. 2008). Previous studies have demonstrated the usefulness
of'the extenders Gent B (Flores et al. 2008; Ortiz et al. 2015) and
INRA96-EYG (Rota et al. 2012) for the cryopreservation of

donkey spermatozoa; however, no direct comparison of these
semen extenders has been performed in donkeys. This study
compares, for the first time, the effectiveness of the extenders
Gent B and INRA96-EYG for freezing semen from Andalusian
donkeys. After thawing, some CASA-derived motility variables
(MOT, PMOT, VCL and VSL) were greater for spermatozoa
cryopreserved in Gent B than in INRA96-EYG. In addition,
semen extended with Gent B had a 35.8% decrease in MOT
and 26.6% decrease in PMOT. When using INRA96-EYG,
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a reduction of more than 47% in MOT and more than 37% in
PMOT occurred. In stallions, the use of Gent B had a beneficial
effect on the percentage of linearly motile spermatozoa post-
thawing compared with INRA96-EYG (Morillo Rodriguez et al.
2011). Furthermore, the use of Gent B resulted in greater sperm
velocities (VCL and VSL) compared with INRA96-EYG, which
is particularly interesting because the sperm velocities ascer-
tained by CASA assessments have been previously correlated
with ir vivo fertility in the Andalusian donkey (Dorado ef al.
2013). Conversely, sperm motility characteristics of semen
cryopreserved with INRA96-EYG were consistent with data
reported in previous studies (Rota ef al. 2012). Since a discrep-
ancy between good motility in vitro and low fertility obtained
with frozen-thawed semen in donkeys has been recently
described (Oliveira et al. 2006; Vidament et al. 2009; Rota
et al. 2012), further studies are needed to better understand the
changes in in vitro motility patterns of donkey spermatozoa
caused by semen freezing extenders and the relationship with
fertility.

No differences as a result of type of extender used were
found, however, for sperm morphology, sperm membrane
integrity and acrosome integrity. These results may be explained
by the special formulation of INRA 96, which is thought to
create physical protection for sperm membranes during preser-
vation (Pillet et al. 2008).

To our knowledge, this is the first attempt to compare the
effectiveness of four permeating CPAs (GLY, EG, DMSO and
DMFA) in protecting Andalusian donkey spermatozoa during
the cryopreservation process. In Experiment 2, EG and DMSO
were used at different concentrations and compared with GLY
(Gent B, as control). In agreement with previous findings (Rota
etal. 2012), no differences were observed between semen frozen
with GLY or EG in post-thaw motility. Similar findings have
been reported in stallions (Alvarenga et al. 2000a; Alvarez et al.
2005). Our results show, however, that GLY did not improve the
percentage of morphologically normal spermatozoa with intact
membranes. Because low-molecular-weight CPAs such as EG
permeate the plasma membrane more effectively than GLY
(Moore et al. 2006), they could cause less osmotic damage to the
spermatozoa (Hoffmann ef al. 2011).

In donkeys, when GLY and EG were used at the same
concentration (5%) motility was significantly lower with EG
(Serres et al. 2004b). It is known that EG can cause damage to
human (Alvarez and Storey 1993), dog (Martins-Bessa ef al.

s 2006) and stallion (Mantovani et al. 2002) spermatozoa, and that

this effect was concentration-dependent (humans, at 3%; dogs,
at 8%; stallions, above 3%). In fact, these last authors observed
that higher EG concentrations significantly reduced the total and
progressive motility of stallion spermatozoa. In our experiment,
a decrease in sperm motility (MOT and PMOT) was observed
when 1.5% EG was added to the freezing medium. In this regard,
it could be speculated that the toxic effect of EG at a concentra-
tion of 1.5% is more obvious for donkey than for stallion
spermatozoa. Likewise, a greater sensitivity of donkey sperma-
tozoa to GLY has been previously suggested (Alvarenga et al.
2005; Vidament ef al. 2009). Although the toxic effect of EG
could be influenced by the composition of the extender, our
results suggest that Gent A containing 1% EG provide good
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cryoprotection for donkey spermatozoa. Nevertheless, previous
studies demonstrated that pregnancy rates in jennies with
frozen—thawed donkey semen were similar using both GLY
and other CPAs (Oliveira et al. 2006; Rota et al. 2012).

The present study failed to elucidate the effect of DMSO on
sperm motility and membrane integrity of cryopreserved don-
key spermatozoa. Under our experimental conditions, DMSO
was deleterious for some sperm parameters such as MOT,
PMOT, VCL, VSL, VAP and MIS regardless of the concentra-
tion used (1.5 or 2%). Our results agree with those of previous
studies in which stallion semen cryopreserved with DMSO had
lower sperm motility and viability compared with GLY, EG or
DMFA (Alvarenga et al. 2000a; Alvarez et al. 2005). Based on
these results, a toxic effect of DMSO at concentrations of 1.5 and
2% on donkey spermatozoa is suspected.

In Experiment 3, a commercial equine semen extender (Gent
A) with different combinations of CPAs (1% EG only, 1%
DMFA only, 2.5% DMFA only, 1.5% DMFA + 1% EG) was
used. The addition of DMFA at 2.5% had a positive influence on
sperm motility (MOT and PMOT) and membrane integrity. In
stallions, several authors reported, however, that EG provided
similar or better post-thaw semen quality than DMFA (Alvar-
enga et al. 2000a; Squires et al. 2004, Alvarez et al. 2005,
Moore et al. 2006). Although the exact mechanism of action of
EG and DMFA during the sperm cryopreservation process is
unknown (Hoffmann ef al. 2011), the differences among CPAs
activity have been recently attributed to the permeability coef-
ficient and the structural model of the cryogenic agent (Snoeck
et al. 2012). In line with this, differences in the membrane lipid
composition of donkey and stallion spermatozoa have been
reported (Cortés-Gutiérrez ef al. 2008; Bucci et al. 2010), a fact
which could explain, at least in part, our results. Indeed, a
species-specific effect of EG has been suggested by Martins-
Bessa et al. (2006).

It is known that values of osmotic pressure outside the
optimal tolerance range of spermatozoa may cause cell volume
changes and cell death (Ball and Vo 2001). In the present study,
the osmolality of DMFA at 2.5% (658 mOsm kg™ 'y was within
the osmotic tolerance range (600-750 mOsmkg™') of stallion
spermatozoa (Hoffmann et al. 2010). Hence, the percentage of
membrane-intact spermatozoa was significantly higher in sam-
ples frozen in 2.5% DMFA than those frozen in the other CPAs
and combinations. Our results corroborate those of Alvarez et al.
(2004), who demonstrated that different amides, especially
DMFA, improve the post-thaw quality of Zamorano—Leonés
donkey semen.

It is noteworthy that the addition of DMFA to the Gent A
extender failed to improve the quality of cryopreserved Anda-
lusian donkey spermatozoa when a concentration of 1% was
used, a finding which is in keeping with those of earlier studies
(Vidament et al. 2009; Hoffmann et al. 2011). These studies
demonstrated that post-thaw motility of stallion and donkey
spermatozoa was significantly higher in 2-3% DMFA.

In order to minimise osmotic injury, the combination of
DMFA with EG was used at low concentrations; however, no
benefit of combining 1.5% DMFA with 1% EG was observed
compared with 1% EG or 2.5% DMFA alone. Our findings
could be due, at least in part, to the higher osmolality of this
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freezing extender (662mOsmkg™") compared with Gent A
containing 1% EG or 2.5% DMFA (470 and 658 mOsmkg™",
respectively) and consequently the protective effect of 1.5%
DMFA + 1% EG could be negated by the sensitizing effect of
the hypertonicity. According to our results, previous studies
have demonstrated that stallion spermatozoa frozen with DMFA
alone had greater motility than those frozen with other CPAs in
combination with DMFA (Medeiros et al. 2002; Vidament ef al.
2002). This effect has been attributed to the toxicity induced by a
specific combination of CPAs (Molinia ef al. 1994), which not
only prevents the use of fully protective levels of these CPAs but
also causes further damage to spermatozoa. In equine species,
combining different amides (DMFA, dimethyl acetamide or
methyl formamide) with GLY significantly enhanced the
quality of cryopreserved stallion (Medeiros et al. 2002) and
donkey (Oliveira et al. 2006) spermatozoa compared with GLY
or dimethyl acetamide alone, suggesting that not all combina-
tions of CPAs are toxic to spermatozoa.

Regardless of our i vitro results, it should be pointed out that
the current methods available for freezing donkey semen have a
negative effect on fertility of jennies with frozen—thawed
donkey semen (pregnancy rates between 0 and 20%; Trimeche
et al. 1998; Vidament et al. 2005, 2009; Oliveira et al. 2006,
Rota et al. 2012), while acceptable pregnancy rates of at least
40% have been obtained when frozen—thawed donkey semen
was employed for Al in mares (Oliveira et al. 2006; Vidament
et al. 2009; Jepsen ef al. 2010; Canisso et al. 2011). Therefore,
the higher ability of mares to conceive after Al with frozen—
thawed donkey semen, using different CPAs, than that of
jennies, supports the hypothesis that the interaction between
frozen semen and the jenny genital tract may result in reduced
fertility due to an endometrial inflammation (Mir6 et al. 2011,
Vilés et al. 2013). Further studies are necessary to optimise
pregnancy rates in jennies.

In conclusion, the use of Gent B resulted in maintenance of
sperm motility characteristics after thawing to a greater extent
than INRA96-EYG, suggesting that Gent B extender is more
appropriate to freeze donkey spermatozoa. However, the
replacement of GLY by EG improved the outcome of cryopres-
ervation of Andalusian donkey spermatozoa because it provided
higher sperm quality after thawing. The use of DMSO for
freezing donkey semen was unsuccessful and a toxic effect is
suspected. DMFA at 2.5% seemed to offer the highest protection
against cryoinjury during freezing and thawing, but no benefit

5 was shown when DMFA was used in combination with EG.

Although it remains to be determined if the better in vitro quality
of Andalusian donkey spermatozoa in diluents containing dif-
ferent CPAs will be reflected in enhanced fertility when used for
inseminations, this would allow a more efficient use of cryo-
preserved donkey semen for insemination. In any case, these
extenders should be included in a freezability test to determine
the best extender for each donkey.
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De acuerdo a los resultados obtenidos en la presente Tesis Doctoral, se pueden

extraer las conclusiones que se enumeran a continuacion:

- Primera Publicacion: Sperm motility patterns in Andalusian donkey (Equus asinus)
semen: Effects of body weight, age, and semen quality. J. Dorado, D. Acha, M.J.
Galvez, 1. Ortiz, J.J. Carrasco, B. Diaz, V. Gomez-Arrones, R. Calero-Carretero, M.

Hidalgo. Theriogenology 2013, 79: 1100-1109.

1. Los resultados del presente estudio mostraron la existencia de cuatro
subpoblaciones espermadticas con patrones cinéticos especificos en el semen fresco
del asno andaluz, observandose una gran heterogeneidad en la distribucion de estas

subpoblaciones dentro del eyaculado del garafnion.

2. La relacion existente entre la distribucion de las diferentes subpoblaciones
espermaticas y el individuo valorado, asi como con los parametros de calidad
seminal como el movimiento total y la concentracion espermatica demuestran que

los espermatozoides de cada subpoblacion tienen patrones cinéticos especificos.

3. La distribucién de las subpoblaciones espermadticas presentes en el eyaculado no se

vieron afectados por el peso o la edad del individuo.

4. Por primera vez se establecid una correlacion significativa entre el peso corporal
del individuo y determinados pardmetros de calidad espermatica como el
movimiento y la morfologia espermatica, asi como con el pH del eyaculado. Por el
contrario, ninguna de las caracteristicas espermaticas se vio influenciada por la

edad del asno.

5. Por tltimo, el estudio de las diferentes subpoblaciones espermaticas proporciono un

aumento de la informacion obtenida durante el analisis del semen de asno.
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- Segunda Publicacion: Relationship between conventional semen characteristics,
sperm motility patterns and fertility of Andalusian donkeys (Equus asinus). J.
Dorado, D. Acha, 1. Ortiz, M.J. Galvez, J.J. Carrasco, B. Diaz, V. Gomez-Arrones, R.
Calero-Carretero, M. Hidalgo. Animal Reproduction Science 2013, 143: 64-71.

1. Se evidencio la relacion existente entre las caracteristicas espermaticas evaluadas y
la fertilidad in vivo. Entre los pardmetros cinéticos obtenidos con el sistema CASA,
se evidenciaron altos valores de velocidad curvilinea (VCL) y velocidad media
(VAP) asi como una alta frecuencia de cruzamiento (BCF) en aquellos asnos con
porcentajes de prefiez por ciclo > al 60%. Asi, el porcentaje de prefiez por ciclo
obtenido esta relacionado con los pardmetros de cinética espermatica obtenidos con

el sistema CASA.

2. Ademas, se relaciond la presencia en el eyaculado de determinadas subpoblaciones
espermaticas con la fertilidad in vivo, presentandose porcentajes significativamente
bajos de la subpoblacion con espermatozoides rapidos y progresivos (sP4) en

aquellos eyaculados de asnos con baja tasa de fertilidad.

3. Por ultimo, nuestros resultados demostraron la importancia del empleo de las
técnicas CASA para detectar diferencias sutiles de movimiento espermadtico entre
asnos “fértiles” y “subfértiles”. Asimismo, el estudio de las diferentes
subpoblaciones espermaticas podria aportar informacién adicional en la deteccion

de la subfertilidad.
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- Tercera Publicacion: Effect of extender and amino acid supplementation on sperm
quality of cooled-preserved Andalusian donkey (Equus asinus) spermatozoa. J.
Dorado, D. Acha, I. Ortiz, M.J. Galvez, J.J. Carrasco, V. Gomez-Arrones, R. Calero-
Carretero, M. Hidalgo. Animal Reproduction Science 2014, 146: 79-88.

1. El presente estudi6 mostro la existencia de una influencia de la estacion sobre la
mayoria de las caracteristicas seminales del eyaculado del asno andaluz. El empleo
de eyaculados con alta calidad espermatica evitd la influencia de dicha

estacionalidad en la calidad seminal de los eyaculados obtenidos a lo largo del afio.

2. Eldiluyente Gent® A proporciond valores de movimiento espermatico tras 72 horas
de refrigeracion significativamente superiores en comparacion a los obtenidos con
el diluyente INRA 96%, sugiriendo asi que el Gent® A es mas apropiado para

preservar espermatozoides de asno a 5°C.

3. La adicion de glutamina, prolina y taurina al diluyente de refrigeracion mejoro la
preservacion de los espermatozoides de asno andaluz, obteniéndose valores
superiores para la mayoria de variables de movimiento espermatico analizadas con
el sistema CASA en aquellas muestras seminales refrigeradas con el diluyente
Gent” A suplementado con diferentes concentraciones de estos tres aminoacidos en
comparacion con aquellas muestras refrigeradas con Gent”™ A sin suplementar. Esta
mejoria fue menos pronunciada cuando los aminoédcidos se afadieron a

concentraciones de 20 mM.

4. Los resultados obtenidos nos permiten afirmar que la adicién de estos aminoacidos
al diluyente de refrigeracion daria lugar a un uso mas eficaz del semen refrigerado
de asno para la TA. Sin embargo, son necesarios futuros estudios para determinar si
la mejora del movimiento espermadtico tras la refrigeracion obtenida en aquellas
muestras seminales suplementadas con glutamina, prolina y taurina se ve reflejada

en un aumento de la fertilidad tras la TA.
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- Cuarta Publicacion: Freezability of Andalusian donkey (Equus asinus)
spermatozoa: effect of extenders and permeating cryoprotectants. D. Acha, M.
Hidalgo, M.J. Galvez, 1. Ortiz, JJ. Carrasco, V. Gomez-Arrones, J. Dorado.
Reproduction, Fertility and Development 2015, accepted 4 June 2015.

1. Los resultados del presente estudio demostraron que el diluyente comercial Gent™
B proporciona valores de motilidad espermatica significativamente superiores a los
obtenidos con el INRA96-EYG tras la descongelacion, sugiriendo asi que el

diluyente Gent” B es mas eficaz para congelar semen de asno.

2. La sustitucion del glicerol por otros crioprotectores de bajo peso molecular, como
el etilenglicol, mejord la criopreservacion del espermatozoide de asno andaluz,

proporcionando una mayor calidad espermatica a la descongelacion.

3. El empleo del dimetilsulféxido como crioprotector para congelar muestras
seminales de asno fue insatisfactorio, por lo que sospechamos pueda resultar toxico

para esta especie.

4. La dimetilformamida 2,5% fue el crioprotector que mejor conservd la calidad

espermatica durante el proceso de congelacion y descongelacion.

5. La combinacion de etilenglicol y dimetilformamida a bajas concentraciones no
proporcion6 buenos resultados de calidad seminal tras el proceso de congelacion y

descongelacion.

6. Por ultimo, aunque debe de ser determinado si una mejor calidad in vitro del
espermatozoide de asno andaluz tras el proceso de criopreservacion en diluyentes
que contienen diferentes crioprotectores proporciona una mejoria en la fertilidad in
vivo tras la inseminacion artificial, ello permitiria un uso mas eficiente del semen
criopreservado de asno para la inseminacion. En cualquier caso, los diluyentes de
congelacion evaluados en el presente estudio deberian ser incluidos en futuros
estudios en los que se determine el diluyente de congelaciéon mas adecuado para

cada asno.
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- First Paper: Sperm motility patterns in Andalusian donkey (Equus asinus) semen:
Effects of body weight, age, and semen quality. J. Dorado, D. Acha, M.J. Galvez, L
Ortiz, J.J. Carrasco, B. Diaz, V. Gomez-Arrones, R. Calero-Carretero, M. Hidalgo.
Theriogenology 2013, 79: 1100-1109.

1. Our results confirm that four sperm subpopulations with specific motility patterns
are present in ejaculates from this group of Andalusian donkeys, and suggest a high

heterogeneity in the ejaculate structure in donkey.

2. Therefore, the relationship between the distribution of the sperm subpopulations
and individual donkey, total motility, and sperm concentration shows that the

spermatozoa of each have different motility patterns.

3. However, the proportions of sperm subpopulations in the ejaculates did not vary

with age and body weight.

4. Moreover, for the first time, this study highlights that body weight in the donkey
are significantly correlated with sperm motility, morphology, and pH, whereas none

of the evaluated sperm characteristics were correlated with the age of the donkey.

5. Finally, the study of discrete subpopulations of motile spermatozoa could lead to a

substantial increase in information acquired during donkey semen analysis.
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- Second Paper: Relationship between conventional semen characteristics, sperm
motility patterns and fertility of Andalusian donkeys (Equus asinus). J. Dorado, D.
Acha, I Ortiz, M.J. Galvez, J.J. Carrasco, B. Diaz, V. Gomez-Arrones, R. Calero-
Carretero, M. Hidalgo. Animal Reproduction Science 2013, 143: 64-71.

1. Relationships between the evaluated sperm characteristics and fertility of this group
of donkeys have been evidenced. Among CASA-derived sperm motion measures,
mean VCL, VAP, and BCF values were higher in donkeys achieving a percent
pregnant per cycle > 60%. Per cycle pregnancy rate seemed to be related to

computer-assisted measurements of sperm motility.

2. In addition, the subpopulation characterized by rapid and progressive spermatozoa
was significantly lower in donkeys with poor in vivo fertility results. Moreover,

fertility was related to the subpopulations identified.

3. Our results stress the importance of using the CASA techniques to detect subtle
differences in sperm motility between “fertile” and ‘“sub-fertile” donkeys. In
addition, the study of discrete subpopulations of motile spermatozoa could add

additional insight into the detection of sub-fertility.
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- Third Paper: Effect of extender and amino acid supplementation on sperm quality
of cooled-preserved Andalusian donkey (Equus asinus) spermatozoa. J. Dorado, D.
Acha, I Ortiz, M.J. Galvez, J.J. Carrasco, V. Gomez-Arrones, R. Calero-Carretero, M.
Hidalgo. Animal Reproduction Science 2014, 146: 79-88.

1. The present study, under climatic and management conditions that existed, clearly
showed a seasonal influence on the majority of characteristics of Andalusian
donkey semen. As all the ejaculates were of acceptable quality, these seasonal

differences did not seem to influence semen quality throughout the year.

2. Moreover, use of Gent” A resulted in maintenance of sperm motility characteristics
after 72 h of cold storage to a greater extent than INRA 96" suggesting that Gent"

A extender is more appropriate to preserve donkey spermatozoa.

3. The addition of glutamine, proline, and taurine improves the outcome of
preservation of Andalusian donkey spermatozoa because CASA-derived variables
were more desirable in semen samples cooled in Gent® A supplemented with
different concentrations of amino acids than in Gent® A with no supplementation.
However, a lesser increase was noticed when these aminoacids were added at a

concentration of 20 mM.

4. Although it remains to be determined if the greater motility of donkey spermatozoa
in diluents containing glutamine, proline, or taurine will be reflected in enhanced
fertility when used for inseminations, this would allow a more efficient use of

cooled donkey semen for insemination.
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- Fourth Paper: Freezability of Andalusian donkey (Equus asinus) spermatozoa:
effect of extenders and permeating cryoprotectants. D. Acha, M. Hidalgo, M.J. Galvez,
L. Ortiz, JJ. Carrasco, V. Gomez-Arrones, J. Dorado. Reproduction, Fertility and
Development 2015, accepted 4 June 2015.

1. The use of Gent B resulted in maintenance of sperm motility characteristics after
thawing to a greater extent than INRA96-EYG, suggesting that Gent B extender is

more appropriate to freeze donkey spermatozoa.

2. However, the replacement of GLY by EG improved the outcome of
cryopreservation of Andalusian donkey spermatozoa because it provided higher

sperm quality after thawing.

3. The use of DMSO for freezing donkey semen was unsuccessful and a toxic effect is

suspected.

4. DMFA at 2.5% seemed to offer the highest protection against cryoinjury during
freezing and thawing. no benefit was shown when DMFA was used in combination

with EG.

5. No benefit was shown when DMFA was used in combination with EG.

6. Although it remains to be determined if the better in vitro quality of Andalusian
donkey spermatozoa in diluents containing different CPAs will be reflected in
enhanced fertility when used for inseminations, this would allow a more efficient
use of cryopreserved donkey semen for insemination. In any case, these extenders
should be included in a freezability test to determine the best extender for each

donkey.
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