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Abstract

The general aim of this thesis has been to analyse sources of variation for some of the most
important components of fertile artificial insemination (AI) dose production in order to
explore the interest and limitations of different strategies for their genetic improvement in a
paternal line of rabbits selected for growth rate. These components refer to seminal
production and quality traits, being considered the male reproductive performance as the final
expression of the effect of the seminal characteristics and the effect of the interaction among

them and with the female.

Threshold and linear mixed models have been used in all the studies included in this thesis

under a Bayesian approach.

In chapter 1, genetic parameters of male libido and characteristics involved in the ejaculate
rejection criteria and semen production traits have been estimated as well as the genetic
relationship between all of these traits with average daily gain (ADG). A linear tri-trait model
was used to analyse sperm concentration, ejaculate volume and ADG. Threshold and linear
two-trait models were used for the analyses of the remaining traits with ADG. The amount of
ejaculates rejected for Al was high (38 %), primarily due to low individual sperm motility
scores. Male libido and variables related to the quality of the ejaculate such as presence of
urine and calcium carbonates in the ejaculate, individual sperm motility, semen pH and
suitability for Al of the ejaculate (which involves the subjective combination of several semen
quality traits) were found to be lowly heritable, but repeatable. This indicates performance of
bucks for seminal quality traits and libido in Al centres would be more strongly affected by
management practices rather than genetic selection. Semen production traits (sperm
concentration, ejaculate volume and total number of sperm) exhibited moderate values of
heritability (h2) suggesting the possibility of effective selection for these traits. A moderate to
high negative genetic correlation (rg) was estimated between sperm concentration and
ejaculate volume suggesting that total number of sperm would be of most interest to select for.
The ADG was estimated to have a moderate to low h?, to have a low, positive r; with sperm
concentration, to have a low, negative rgy with ejaculate volume, and to be genetically
uncorrelated with all remaining traits analysed. Therefore, it is concluded that selection for
increasing ADG in paternal lines is expected to have no detrimental effects on male libido and

traits involved in semen quality and little to no effect on semen production traits.

The aim of chapter 2 was to explore the feasibility of indirect selection of male contribution to
fertility through the use of semen pH because it is an immediate, not expensive and easy to

measure global marker of the expression of some seminal quality traits. Different methods



were used to model the relationship between pH of the pool of ejaculates of each male in the
day and male fertility (defined as the failure or the success to Al): 1) ignoring genetic and
environmental correlations and including pH either as a covariate or as a cross-classified
effect on fertility, 2) a two-trait mixed model, and 3) recursive two-trait mixed models.
Crossbreed does from 2 maternal lines were artificially inseminated with buck semen from a
paternal line in a commercial farm environment. A negative, and almost linear, effect of pH on
fertility was detected. The semen pH and male fertility h? were approximately 0.18 and
approximately 0.10 across all the models, respectively. Genetic correlations between traits
were negative, but the highest posterior density interval at 95% included zero in all the model
were it was estimated. All models predicted fertility data reasonably well and the correlation
between EBV (estimated breeding values) in all models was close to 1. Thus, no differences in
results were obtained considering, or not considering, genetic and environmental correlations
between pH and male fertility and assuming, or not assuming, recursiveness between each
trait. This is because the magnitude of the effect of pH on fertility was not large enough and
the low precission obtained for the parameter estimates. Therefore, the same results were
obtained even though the models were of different complexity. From this chapter, it can be
concluded that semen pH could be an interesting trait to be used to select qualitatively better
ejaculates for Al to increase fertility. However, it does not seem to be advisable to use semen

pH as a selection criterion to improve male fertility by indirect selection.

In Chapter 3, male and female contributions to fertility were jointly analysed using two
different models: the additive threshold model and the product threshold model, both
adequate for the analysis of binary Al results. The additive threshold model proposes that the
underlying variable of fertility is the result of the sum of genetic and environmental effects of
the two individuals involved in the mating whereas the product threshold model assumes that
an observed Al outcome is the result of the product of two unobserved variables
corresponding to the fertility of the two individuals involved in the mating. Both, the product
and additive threshold models showed similar ability to predict an independent set of fertility
data. For example, the percentage of wrong predictions was 38% in both models and they also
did not differ in the mean square error of the prediction, the sensitivity and specificity of the
prediction and in the positive and negative predicted values obtained. The product threshold
model allows calculating the probabilities of fertility success for each sex as well as evaluating
which sex is responsible for an Al failure. Male and female probabilities of a fertility success
were similar and high (87% and 83%, respectively) and the percentages of Al failure
specifically due to male and female fertility problems were 39% and 54%, respectively.
Although estimates of the genetic correlation between male and female contributions to
fertility were imprecise, both models showed similar values: 0.21 and 0.31 for the product and

the additive model, respectively. However, interpretation of some of the parameter estimates



obtained with the product threshold model (e.g. h? and variance components) is not
straightforward and cannot be compared with the corresponding figures obtained with the
additive threshold model. The h? for the male contribution to fertility was 0.17 and 0.04 in the
product and additive threshold model, respectively. The correlation between the EBV for male
and female contributions to fertility obtained in each model were close to 1 and the
percentage of animals in common in the top 10% best/worst animals was high (more than
76%) in both models. Hence, from the point of view of selection in rabbits, irrespective of the
model of choice, small changes in the evaluation of the individuals for fertility would be

encountered.

Previous studies concerning reproductive performance after natural mating in rabbits and in
other livestock species reported an almost null male contribution. Chapter 4, aimed to explore
if individual variation in the male contribution to fertility and prolificacy could be better
observed under limited conditions of Al, such as decreased sperm concentration, small or null
preselection of ejaculates for any semen quality trait, or a long storage period of the Al doses.
Therefore, it was determined if an interaction existed between male genotype and the Al
conditions for male effects on fertility and prolificacy after Al performed under different
conditions. Fertility (success or failure to Al) and prolificacy (total number of kits born per
litter) were analyzed in 2 sets of independent analyses and the existence of interaction was
assessed in each set using the Character State model in which the phenotype measurements in
the different environments were analysed as different traits. In the first step, the different Al
conditions were determined uniquely by the sperm dosage (10 and 40 x106
spermatozoa/mL). In the second step, the different conditions were determined by all the
factors involved in the Al process as a whole (conditions and duration of the storage period of
the dose, female genotype, and environmental conditions on the farm). Threshold and linear
two-trait models were assumed for fertility and prolificacy, respectively. The sperm dosage
had a clear effect on fertility and prolificacy, which favoured the greater dosage (+0.13% and
+1.25 kits born, respectively). Prolificacy was more sensitive to sperm reduction than was
fertility. Male h? for fertility were 0.09 for both sperm dosages, and were 0.08 and 0.06 for
male prolificacy with a smaller and larger sperm dosage, respectively. No genotype x sperm
dosage interaction was found. Therefore, the same response to selection to improve male
reproductive performance could be achieved at any sperm concentration. On the other hand,
an interaction could exist between the male genotype and Al conditions for male effect on
fertility and prolificacy, such as the time and storage conditions of the Al doses, the female
genotype, or the environment. There could be a scale effect because of differences in the
magnitude of the additive variances for male fertility and prolificacy after Al in the two Al
conditions. Moreover, rankings of male EBV for those traits could differ depending on Al

conditions because genetic correlations of fertility and prolificacy after Al at different



conditions could be said to be different from 1 (the probability of a genetic correlation of being
less than 0.75 was 83% for male fertility and 100% for male prolificacy). The existence of this
interaction also implies that conditions that give the maximum genetic progress could be
chosen to optimize the breeding program for male reproductive performance under given

conditions of semen utilization.

Last chapter of this thesis has aimed to determine the critical periods around the Al time in
which the environmental temperature has a major effect on male and female contributions to
fertility. To achieve that, we have used the product threshold model as it allows providing
specific estimates of the effects affecting each one of the members involved in an Al outcome.
Data of Al and records of indoor daily temperature were used. The average maximum daily
temperature and the proportion of days of the period in which the maximum temperature was
above 25°C were used as temperature descriptors. These descriptors were calculated for
several periods around the Al day. In the case of the males, four periods of time covered
different stages of the spermatogenesis, the transit through the epididymus of the sperm and
the Al day and fertilization. For the females, five periods of time covered the phases of pre-
ovulatory follicular maturation, the Al day and ovulation, fertilization and peri-implantational
stage of the embryos, the embryonic and early fetal periods of gestation and finally the late
gestation until birth. The effect of the different temperature descriptors was estimated in the
corresponding male and female liabilities in a set of threshold product models. The
environmental temperature of the Al day seems to be the most relevant temperature
descriptor affecting male fertility, since high temperature records in the Al day caused a
decrease in male fertility (representing a loss of 6 % in male fertility with respect to thermo-
neutrality). Departures from the thermo-neutral zone in temperature descriptors covering
several periods before Al until early gestation had a negative effect on female fertility, being
especially sensitive the peri-implantational period of the embryos (representing a loss of 5-6
% in male fertility with respect to thermo-neutrality). The latest period of gestation was
unaffected by the temperature. We can conclude that the product threshold model allowed us
to estimate that male and female fertility are specifically affected by temperature in different
periods around the insemination time. However, the magnitude and the persistency of the
temperatures reached in the commercial conditions of this study do not seem to be high

enough to lead to a large effect on male and female rabbit fertility m



Resum

L’objectiu principal d’aquesta tesi ha estat analitzar les fonts de variacié d’alguns dels
components que intervenen en la produccié de dosis fertils per al seu Us en inseminaci6
artificial (IA). L’analisi d’aquests components té com a finalitat explorar el possible interes i
les limitacions de I'is de diferents estrategies de seleccié per la seva millora genética en una
linia paternal de conills seleccionada per velocitat de creixement. Aquests components
inclouen tant caracters de producci6 i qualitat seminal com el comportament reproductiu del
mascle. Aquest darrer component, esta considerat com l'expressié final conjunta dels

caracters de qualitat seminal i I'efecte de la interacci6 entre ells i amb la femella.

En tots els estudis realitzats s’han emprat models mixtes llindar i lineals sota una aproximacio

Bayesiana.

En el capitol 1, es varen estimar els parametres genétics de la libido del mascle i de les
caracteristiques seminal involucrades en el criteri que s’utilitza per la determinacié de la
idoneitat dels ejaculats per ser utilitzats en inseminaci6. També es va determinar la relaci6
genetica de tots aquests caracters amb la velocitat de creixement (ADG, average daily gain). La
concentracié espermatica, el volum de I'ejaculat i 'ADG es varen analitzar conjuntament en un
model lineal tricaracter. Cadascun dels altres caracters es va analitzar amb I'’ADG utilitzant

models llindar o lineals bicaracters.

La quantitat d’ejaculats que varen ser descartats per a inseminacié va ser elevada (38%
respecte del total d’ejaculats recollits). La raé principal d’eliminaci6 va ser la baixa motilitat
espermatica individual. La libido del mascle i les variables relacionades amb la qualitat de
I'ejaculat (presencia d’orina i restes de carbonat calcic a I'ejaculat), la motilitat espermatica
individual, el pH del semen i el criteri d'idoneitat de I'ejaculat per a ser utilitzat en 1A (que
resulta de la combinaci6 subjectiva de varis caracters de qualitat seminal i de I'ejaculat) van
resultar ser poc heretables, pero repetibles. Aix0 indica que les practiques de maneig serien
més aconsellables que la seleccié genética per a la millora del comportament dels mascles en
els centres d'IA en termes de qualitat seminal i libido. Tanmateix, '’heretabilitat (h2) dels
caracters de produccié seminal (la concentracié espermatica, el volum i el nombre total
d’espermatozous de I'ejaculat) va ser moderada, suggerint que la millora per selecci6é genetica
d’aquests caracters podria ser efectiva. Es va trobar una correlacié genética (rg) negativa entre
el volum de I'ejaculat i la concentracié espermatica. Per tant, el numero total d’espermatozous

seria el caracter més interessant pel que seleccionar.

L’estima de I'h? obtinguda per a I’ADG va ser moderada i/o baixa. Aquest caracter va presentar

una baixa i positiva rg amb la concentracié espermatica alhora que una baixa i negativa ry amb



el volum de l'ejaculat, mentre que no estigué genéticament correlacionat amb la resta dels
caracters analitzats. Per tant, es pot concloure que la seleccié per a la millora de I’ADG en les
linees paternals de conill no sembla que provoqui un efecte negatiu ni en la libido del mascle
ni en els caracters de qualitat seminal analitzats. De la mateixa manera, la repercussié que
pugui tenir la seleccié genetica per creixement en els caracters de produccié seminal també

sera petita o quasi inexistent.

L’objectiu del capitol 2 va ser explorar la possibilitat d'una seleccié indirecta de la contribucid
del mascle en la fertilitat mitjancant I'is del pH del semen. Entre diferents caracters seminals,
es va proposar el pH del semen per que esta considerat un indicador global de la expressi6
d’alguns caracters de qualitat seminal i és senzill, rapid i poc costéds de mesurar. La relaci6
entre la fertilitat del mascle (definida com l'exit o el fracas de la IA) i el pH dels ejaculats
obtinguts per mascle i dia es va analitzar fent servir diversos models: 1) ignorant les
correlacions genétiques i ambientals entre ambdds caracters aixi i com incloent el pH com una
covariable o com un factor categoric en el model de la fertilitat, 2) amb un model mixte
bicaracter, 3) o amb models mixtes recursius bicaracter. En una granja comercial es varen
inseminar femelles creuades amb semen provinent de mascles de linea paternal. Es va trobar
un efecte negatiu gairebé lineal del pH del semen en la fertilitat. Els valors obtinguts de les h?2
del pH del semen i de la fertilitat del mascle varen ser aproximadament 0.18 i 0.10 en tots els
models, respectivament. La ry entre ambdds caracters va ser negativa en els models on es va
estimar, pero, en tots els casos, I'interval minim de maxima densitat al 95% inclogué el 0. Es va
obtenir una bona prediccié de les dades de fertilitat en tots els models i la correlaci6 entre els
valors additius predits (EBV, estimated breeding value) per fertilitat en els diferents models va
ser propera a 1. Per tant, tot i que els models eren de diferent complexitat, no es varen obtenir
resultats diferents considerant, o no considerant, correlacions genétiques i ambientals entre el
pH i la fertilitat del mascle i assumint, o no assumint, recursivitat entre ambdds caracters. Aixo
pot ser degut a que 'efecte del pH sobre la fertilitat no és prou gran pero a la baixa precisié
obtinguda en les estimes dels parametres. D’aquest capitol es pot concloure que el pH del
semen pot ser un caracter interessant per a seleccionar els ejaculats per a ser utilitzats en
inseminacio per tal d'incrementar-ne la fertilitat de les dosis produides. Tanmateix, no sembla
recomanable 1'iis del pH del semen com un criteri de seleccié per la millora genética de la

fertilitat del mascle per selecci6 indirecta.

En el capitol 3, es varen analitzar conjuntament les contribucions del mascle i de la femella en
la fertilitat mitjangant dos models diferents: el model llindar additiu i el model llindar
producte, ambdos adequats per I'analisi de dades de fertilitat binaries. El model llindar additiu
proposa que la variable subjacent de la fertilitat és el resultat de la suma dels efectes genetics i
ambientals dels dos individus que intervenen en I'aparellament, mentre que el model llindar

producte assumeix que el resultat d’'un aparellament és el resultat del producte de dues



variables inobservades corresponents a les fertilitats dels dos individus involucrats en el
creuament. L'habilitat predictiva dels dos models, avaluada en un conjunt independent de
dades de fertilitat, va ser similar. Per exemple, el percentatge de prediccions erronies va ser
del 28% en ambdds models Els models tampoc varen diferir en els valors obtinguts de I'error
quadratic mitja de la predicci6, ni en la sensibilitat ni en I'especificitat de la prediccid, aixi i
com tampoc en els valors positius i negatius predits. El model llindar producte permet calcular
les probabilitats d’exit de la fertilitat per a cada sexe alhora que també permet avaluar quin
dels sexes és el responsable d’un fracas en la inseminacié. Les probabilitats d’obtenir un exit
en fertilitat varen ser semblants i elevades en el mascle i en la femella (87% i 83%,
respectivament) i el percentatge d’errors d’'inseminacié atribuits especificament al mascle i a
la femella fou 39% i 54%, respectivament. Malgrat que les estimes de la rg entre la fertilitat del
mascle i la fertilitat de la femella varen ser imprecises, aquestes foren similars en els dos
models: 0.21 i 0.31 per al model producte i per I'additiu, respectivament. Tanmateix, algunes
de les estimes obtingudes amb el model llindar producte (per exemple I'h? i els components de
variancia) no sén propiament comparables amb les corresponents estimes obtingudes amb el
model llindar additiu. L’h? de la contribucié del mascle en la fertilitat fou 0.17 i 0.04 en el
model producte i en I'additiu, respectivament. Les correlacions entre els EBV obtinguts per a la
fertilitat del mascle i la femella ens ambdés models varen ser properes a 1 i el percentatge
d’animals en comu en el 10% dels millors/pitjors animals ordenats per la prediccié del seu
valor additiu va ser alt (més del 76%). Per tant, des del punt de vista de la seleccio, els canvis
que es produirien al fer servir un o altre model per I'avaluacié dels animals per fertilitat serien

petits.

En estudis previs en que s’ha avaluat el comportament reproductiu (fertilitat i prolificitat) en
munta natural s’ha observat que la contribucié del mascle és practicament nul-la. El capitol 4
té com a objectiu determinar si és possible detectar una major contribucié del mascle a la
fertilitat i a la prolificitat utilitzant unes condicions d’IA més limitants, tals com I'is una
concentracié espermatica més baixa en la dosi d'inseminacié, fer una menor o nul-la pre-
selecci6 dels ejaculats per qualitat seminal, o aplicar un periode de conservacié de la dosi més
llarg. Per tant, en aquest capitol, es va determinar l'existéncia d'una possible interaccid entre
el genotip del mascle i les condicions d'IA per a la contribucié del mascle en la fertilitat i en la
prolificitat. La fertilitat (definida com I'éxit o el fracas després de la 1A) i la prolificitat
(definida com el nombre total de catxaps nascuts per part) varen ser analitzades en dos
conjunts d’analisis independents. L’existencia de la interaccié va ser determinada mitjangant
I's del Character State Model, model en el que les mesures fenotipiques en els diferents
ambients s’analitzen com a caracters diferents. En un primer lloc, les condicions d’inseminaci6
foren determinades exclusivament per la concentracié espermatica utilitzada en la dosi

d’'inseminacié (10 o 40 milions d’espermatozous per mL). Seguidament, les diferents



condicions varen ser determinades pel conjunt de tots els factors implicats en el procés d'1A
(condicions i durada del periode de conservaci6é de les dosis, el genotip de la femella i les
condicions ambientals de la granja). Es va fer servir un model llindar mixte bicaracter i un
model lineal mixte per a I'analisi de la fertilitat i la prolificitat, respectivament. La concentraci6
espermatica de la dosi va tenir un clar efecte tant en la fertilitat com en la prolificitat, afavorint
la concentraci6 de la dosi d’IA més elevada (+0.13% i +1.25 catxaps nascuts, respectivament).
La prolificitat va ser més sensible a la reduccié del nombre d’espermatozous en la dosi d'l1A
que la fertilitat. L’h2 de per a la contribucid del mascle a la fertilitat va ser de 0.09 per ambdds
tipus de concentracions espermatiques de la dosi i 0.08 i 0.06 per a la prolificitat del mascle
utilitzant alta i baixa concentracid, respectivament. No es va trobar interacci6 entre el genotip
del mascle i el tipus de concentracié de la dosi d'IA. Per tant, obtindriem la mateixa resposta a
la seleccid si seleccionéssim per la millora del comportament reproductiu del mascle en
qualsevol de les concentracions espermatiques analitzades. Per un altre costat, podria existir
una interaccié entre el genotip del mascle i les condicions d’'lA per a la contribuci6 del mascle a
la fertilitat i la prolificitat, tals com el temps i les condicions de conservacié de la dosi, el
genotip de la femella o I'ambient. Podria existir un efecte d’escala ja que les magnituds de les
variancies genétiques del mascle per aquests caracters després de la inseminacié en els dos
tipus de condicions eren diferents. Addicionalment, la classificaci6 dels animals en funcié6 dels
seus valors additius predits per aquests caracters podria ser diferent depenent de les
condicions d’IA utilitzades doncs les rg obtingudes per a la fertilitat i la prolificitat en els dos
tipus de condicions d’IA podrien ser diferents d’'1 (la probabilitat d’obtenir una rg<0.75 va ser
del 83% per a la fertilitat i del 100% per a la prolificitat). La existencia d’aquesta interacci6
també implicaria que es podrien escollir les condicions d’IA que donen el major progrés
genétic per aquests caracters amb la finalitat d’optimitzar el programa de millora per al
comportament reproductiu del mascle per a unes determinades condicions d’utilitzaci6é del

semen.

Finalment, el darrer capitol d’aquesta tesi ha tractat de determinar quins sén els periodes
critics entorn el moment de la IA en els que la temperatura ambiental té un major efecte en les
contribucions del mascle i de la femella a la fertilitat. Per assolir aquest objectiu, s’ha utilitzat
el model llindar producte car permet obtenir estimes dels factors que afecten especificament a
cadascun dels dos membres que intervenen en un procés d’IA. Es varen utilitzar dades d’'I1A
d’animals de linea paternal i registres de temperatura interior de la granja on aquests varen
estar allotjats. S’empraren com a descriptors de temperatura el promig de la temperatura
maxima diaria i 1a proporcié de dies del periode en que la temperatura maxima sobrepassava
els 252C. Aquests descriptors varen ser calculats per a diferents periodes al voltant del dia de
la inseminacié. En el cas dels mascles, es varen triar 4 periodes per a cobrir diferents estadis

de I'espermatogeénesi, el transport epididimari dels espermatozous i el dia de la inseminacié i



fertilitzacié. Per a les femelles, es varen escollir cinc periodes per tal de cobrir les fases de la
maduraci6 fol-licular previes a la ovulacid, el dia de la inseminacié i el moment de la ovulacié,
I'estadi peri-implantacional dels embrions, I'estadi embrionari i d’'inici de I'estadi fetal de la
gestacio i, finalment, la darrera fase de gestacié fins al dia del part. Els efectes dels diferents
descriptors de temperatura es varen estimar en les corresponents variables subjacents de la
fertilitat del mascle i de la femella en un conjunt de models llindar producte. La temperatura
del dia de la inseminacié va ser el descriptor de temperatura amb un efecte més rellevant
sobre la fertilitat del mascle: altes temperatures en el dia d'inseminaci6 causaren una reduccio6
en la seva fertilitat (representant una perdua del 6% de fertilitat respecte la temperatura de
termo-neutralitat). Desviacions de la temperatura de confort en els descriptors dels periodes
previs a la inseminacio fins als inicis de la gestacié varen tenir un efecte negatiu en la fertilitat
de la femella, essent especialment sensible el periode peri-implantacional dels embrions
(representant una perdua de 5-6% en la fertilitat del femella en comparaci6 a la temperatura
de confort). El periode final de la gestacié no es va veure afectat per la temperatura. Podem
concloure que el model llindar producte permet estimar que el mascle i la femella es veuen
afectats per la temperatura en diferents periodes al voltant del dia de la inseminacié.
Tanmateix, la magnitud i la persistencia de les temperatures assolides en les condicions
comercials d’aquest estudi no semblen tenir un gran efecte sobre les fertilitats del mascle i de

la femella m
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Resumen

El objetivo principal de esta tesis ha sido analizar las fuentes de variacién de algunos de los
componentes que intervienen en la produccion de dosis fértiles para su uso en inseminaciéon
artificial (IA). El andlisis de estos componentes tiene como finalidad explorar el posible interés
y las limitaciones del uso de diferentes estrategias de seleccion para su mejora genética en una
linea paternal de conejos seleccionada por velocidad de crecimiento. Estos componentes
incluyen tanto caracteres de produccién y calidad seminal como el comportamiento
reproductivo del macho. Considerando éste ultimo como la expresion final conjunta del efecto

de los caracteres de calidad seminal y el efecto de la interaccion entre ellos y la hembra.

En todos los estudios se han utilizado modelos mixtos umbrales y lineales bajo una

aproximacién Bayesiana.

En el capitulo 1, se estimaron los parametros genéticos de la libido del macho y de las
caracteristicas seminales involucradas en el criterio utilizado para la determinacién de la
idoneidad de los eyaculados para ser utilizados en inseminacién. También se determiné la
relacién genética de todos estos caracteres con la velocidad de crecimiento (ADG, average
daily gain). La concentracién espermatica, el volumen del eyaculado y ADG se analizaron
conjuntamente utilizando un modelo lineal tricaracter. Cada uno de los otros caracteres se

analizo junto con ADG utilizando modelos umbrales o lineales bicaracter.

La cantidad de eyaculados descartados para su uso inseminacion fue elevada (38% respecto
del total de eyaculados recogidos). La razén principal de eliminacién fue la baja motilidad
espermatica individual. La libido del macho y las variables relacionadas con la calidad del
eyaculado (presencia de orina y restos de carbonato calcico en el eyaculado), la motilidad
espermatica individual, el pH del semen y el criterio de idoneidad del eyaculado para ser
utilizado en IA (que resulta de la combinacién subjetiva de varios caracteres de calidad
seminal y del eyaculado) fueron poco heredables, pero repetibles. Esto indica que las practicas
de manejo serian mas aconsejables que la seleccién genética para mejorar el comportamiento
de los machos en los centros de IA en cuanto a su calidad seminal y libido. Sin embargo, la
heredabilidad (h2) de los caracteres de producciéon seminal (la concentracidon espermatica, el
volumen y el niimero total de espermatozoides del eyaculado) fue moderada, sugiriendo que
la mejora por seleccién genética de estos caracteres podria ser efectiva. Sin embargo, la
correlacion genética (rg) entre el volumen del eyaculado y la concentracién espermatica fue
negativa. Por lo tanto, el numero total de espermatozoides seria el caracter mas interesante

por el que seleccionar.

La estima de la h? obtenida para la ADG fue de moderada a baja. Este caracter presenta una

baja y positiva rg con la concentracién espermatica a la vez que una baja y negativa rg con el



volumen del eyaculado, mientras que no esta genéticamente correlacionada con el resto de los
caracteres analizados. Consecuentemente, se puede concluir que la seleccién para la mejora de
la ADG en las lineas paternales de conejo no parece que vaya a provocar un efecto negativo ni
en la libido del macho ni en los caracteres de calidad seminal analizados. Del mismo modo, la
repercusion que pueda tener la seleccion genética por crecimiento sobre los caracteres de

produccién seminal también sera pequefia o casi inexistente.

El objetivo del capitulo 2 fue explorar la posibilidad de la seleccién indirecta de la contribucién
del macho en la fertilidad mediante el uso del pH del semen. Entre diferentes caracteres
seminales, se propuso el pH del semen porque esta considerado un indicador global de la
expresion de algunos caracteres de calidad seminal y es sencillo, rapido y poco costoso de
medir. La relacion entre la fertilidad del macho (definida como el éxito o el fracaso traslaIA) y
el pH de los eyaculados obtenidos de un mismo macho y dia se analizarom utilizando diversos
modelos: 1) ignorando las correlaciones genéticas y ambientales existentes entre ambos
caracteres asi como incluyendo el pH como una covariable o como un factor categérico en el
modelo de la fertilidad, 2) con un modelo mixto bicaracter, 3) o con modelos mixtos recursivos
bicaracter. En una granja comercial se inseminaron hembras cruzadas con semen procedente
de machos de linea paternal. Se encontré un efecto negativo practicamente lineal del pH del
semen en la fertilidad. Los valores obtenidos de la h? del pH del semen y de la fertilidad del
macho fueron aproximadamente 0.18 y 0.10 en todos los modelos, respectivamente. La rg
entre ambos caracteres fue negativa en aquellos modelos en los que se estimé. Sin embargo, el
0 estuvo incluido en el intervalo minimo de maxima densidad al 95% en todos los modelos. Se
obtuvo una buena prediccion de los datos de fertilidad en todos los modelos y la correlacion
entre los valores aditivos predichos (EBV, estimated breeding value) para fertilidad entre los
diferentes modelos fue cercana a 1. Por lo tanto, aunque los modelos diferian en complejidad,
no se obtuvieron resultados diferentes considerando, o no considerando, correlaciones
genéticas y ambientales entre el pH y la fertilidad del macho y asumiendo, o no asumiendo,
recursividad entre ambos caracteres. Esto puede ser debido a que el efecto del pH sobre la
fertilidad no es lo suficientemente grande y a la baja precisiéon que se ha obtenido de las
estimas de los parametros. De éste capitulo se puede concluir que el pH del semen puede ser
un caracter interesante para seleccionar los eyaculados que van a ser utilizados en
inseminacién con la finalidad de incrementar la fertilidad de les dosis producidas. Sin
embargo, no parece recomendable el uso del pH del semen como criterio de seleccién para la

mejora genética de la fertilidad del macho por seleccion indirecta.

En el capitulo 3, se analizaron conjuntamente les contribuciones del macho y de la hembra a la
fertilidad mediante el uso de dos modelos diferentes: el modelo umbral aditivo y el modelo
umbral producto, ambos adecuados para el andlisis de datos de fertilidad binarios. El modelo

umbral aditivo propone que la variable subyacente de la fertilidad es el resultado de la suma



de los efectos genéticos y ambientales de los dos individuos que intervienen en el
apareamiento, mientras que el modelo umbral producto propone que el resultado de un
apareamiento es el resultado del producto de dos variables inobservadas que son las
fertilidades de los dos individuos involucrados en el apareamiento. La habilidad predictiva de
los dos modelos fue similar cuando se evalué en un conjunto independiente de datos. Por
ejemplo, el porcentaje de predicciones erréneas fue del 28% en ambos modelos. Los modelos
tampoco difirieron en los valores obtenidos para el error cuadratico medio de la prediccidn, ni
en la sensibilidad ni en la especificidad de la prediccion, asi y como tampoco en los valores
positivos y negativos predichos. El modelo umbral producto permite el calculo de las
probabilidades de éxito de la fertilidad de cada sexo y también permite evaluar cudl de los dos
sexos es el responsable de un fracaso en la inseminacién. Las probabilidades de obtener un
éxito en fertilidad para el macho y la hembra fueron parecidas y elevadas (87% y 83%,
respectivamente) y el porcentaje de errores de inseminacion atribuibles especificamente al
macho y a la hembra fueron del 39% y 54%, respectivamente. A pesar de que las estimas de la
rg entre la fertilidad del macho y la fertilidad de la hembra fueron imprecisas, estas fueron
similares en los dos modelos: 0.21 y 0.31 para el modelo producto y para el aditivo,
respectivamente. Sin embargo, algunas de les estimas obtenidas con el modelo umbral
producto (por ejemplo la h? y los componentes de varianza) no son propiamente comparables
con las correspondientes estimas obtenidas con el modelo umbral aditivo. La h? para la
contribucién del macho a la fertilidad fue 0.17 y 0.04 con el modelo producto y el aditivo,
respectivamente. La correlacidn entre los EBV obtenidos para la fertilidad del macho y de la
hembra en ambos modelos fue cercana a 1 y el porcentaje de animales en comun en el 10% de
los mejores/peores animales ordenados por la prediccién de su valor aditivo fue elevado (mas
del 76%) en ambos modelos. Por lo tanto, desde el punto de vista de la selecciéon, los cambios
que se producirian en la evaluacién de los animales por fertilidad derivados de utilizar uno u

otro modelo serian pequeilos.

Estudios previos en los que se ha evaluado el comportamiento reproductivo (fertilidad y
prolificidad) tras la monta natural se ha observado que la contribucién del macho es
practicamente nula. El capitulo 4 tuvo como objetivo determinar si es posible detectar una
mayor contribucién del macho a la fertilidad y a la prolificidad bajo unas condiciones de 1A
mas limitantes, tales como el uso de una concentracién espermatica menor en la dosis de
inseminacidn, realizar una menor o nula pre-seleccion de los eyaculados por calidad seminal, o
aplicar un periodo de conservacion de la dosis mas largo). Por lo tanto, en éste capitulo, se
determind la existencia de una posible interaccién entre el genotipo del macho y las
condiciones de [A para la contribucién del macho en la fertilidad y en la prolificidad. La
fertilidad (definida como el éxito o el fracaso tras la IA) y la prolificidad (definida como el

numero total de gazapos nacidos por parto) fueron analizados en dos conjuntos de analisis



independientes. La existencia de interaccion fue determinada mediante el uso del Character
State Model, modelo en el que las medidas fenotipicas en los diferentes ambientes son
analizadas como caracteres distintos. En un primer lugar, las condiciones de inseminacién
fueron determinadas exclusivamente por la concentracidon espermatica utilizada en la dosis de
inseminacion (10 o 40 millones de espermatozoides por mL). Seguidamente, las diferentes
condiciones fueron determinadas por el conjunto de todos los factores implicados en el
proceso de IA (condiciones y duraciéon del periodo de conservacién de las dosis, el genotipo de
la hembra y las condiciones ambientales de la granja). Se utiliz6 un modelo umbral mixto
bicaracter y un modelo lineal mixto bicaracter para el analisis de la fertilidad y la prolificidad,
respectivamente. La concentracién espermatica de la dosis tuvo un claro efecto tanto en la
fertilidad como en la prolificidad, favoreciendo la concentracién de la dosis de IA més elevada
(+0.13% y +1.25 gazapos nacidos, respectivamente). La prolificidad fue mas sensible a la
reduccion en el nimero de espermatozoides en la dosis de IA que la fertilidad. La h? para la
fertilidad del macho fue de 0.09 para ambos tipos de concentraciones espermaticas de la dosis
y 0.08 y 0.06 para la prolificidad del macho utilizando alta y baja concentracién,
respectivamente. No se encontrd interacciéon entre el genotipo del macho y el tipo de
concentracion de la dosis de IA. Por lo tanto, se obtendria la misma respuesta a la selecciéon en
caso de seleccionar para la mejora del comportamiento reproductivo del macho con el uso de
cualquiera de las concentraciones espermaticas analizadas. Per otro lado, podria existir una
interaccién entre el genotipo del macho y las condiciones de IA para la contribucién del macho
en la fertilidad y en la prolificidad, tales como el tiempo y las condiciones de conservacién de
la dosis, el genotipo de la hembra o el ambiente. Podria existir un efecto de escala ya que las
magnitudes de las varianzas genéticas del macho para estos caracteres tras la inseminacién en
los dos tipos de condiciones eran diferentes. Adicionalmente, la clasificacién de los animales
por la predicciéon de sus valores aditivos para estos caracteres podria ser diferente en funcidon
de las condiciones de IA porque las rg obtenidas para la fertilidad y la prolificidad en los dos
tipos de condiciones de IA podrian ser diferentes de 1 (la probabilidad de obtener una rg <
0.75 fue del 83% para la fertilidad y del 100% para la prolificidad). La existencia de ésta
interacciéon también implicaria que seria posible escoger las condiciones de IA que
proporcionan el mayor progreso genético para estos caracteres con la finalidad de optimizar
el programa de mejora para el comportamiento reproductivo del macho para unas

determinadas condiciones de uso del semen.

Finalmente, el dltimo capitulo de esta tesis ha tratado de determinar cuales son los periodos
criticos entorno al momento de la IA en los que la temperatura ambiental tiene un mayor
efecto en las contribuciones del macho y de la hembra para la fertilidad. Para conseguir éste
objetivo, se utiliz6 el modelo umbral producto porque permite obtener estimas de los factores

que afectan especificamente a cada uno de los dos miembros que intervienen en un proceso de



IA. Se utilizaron datos de IA de animales de linea paternal y registros de temperatura interior
de la granja donde estos estuvieron alojados. Como descriptores de temperatura, se utilizaron
el promedio de la temperatura maxima diaria y la proporcidn de dias del periodo en que la
temperatura maxima fue superior de 252C. Estos descriptores fueron calculados en diferentes
periodos entorno al dia de la inseminacion. Para los machos, se escogieron cuatro periodos
que cubren diferentes estadios de la espermatogénesis, el transporte epididimario de los
espermatozoides y el dia de la inseminaciéon y fertilizacién. Para las hembras, se escogieron
cinco periodos para cubrir las fases de la maduracion folicular previas a la ovulacion, el dia de
la inseminacion y el momento de la ovulacioén, la fase peri-implantacional de los embriones, la
fase embrionaria y el inicio de la fase fetal de la gestaciéon y, finalmente, la tUltima fase de
gestacion hasta el dia del parto. Los efectos de los diferentes descriptores de temperatura se
estimaron en las correspondientes variables subyacentes de la fertilidad del macho y de la
hembra en un conjunto de modelos umbral producto. La temperatura del dia de la
inseminacidn fue el descriptor de temperatura con un efecto mas relevante sobre la fertilidad
del macho: altas temperaturas en el dia de inseminacién causaron una reduccién en su
fertilidad (representando una pérdida del 6% de fertilidad con respecto a la temperatura de
confort). Desviaciones de la temperatura de confort en los descriptores de los periodos
previos a la inseminacién hasta los inicios de la gestacién tuvieron un efecto negativo en la
fertilidad de la hembra, siendo especialmente sensible el periodo peri-implantacional de los
embriones (representando una pérdida del 5-6% en la fertilidad de la hembra con respecto a
la temperatura de confort). El periodo final de la gestaciéon no se vio afectado per la
temperatura. Se puede concluir que el modelo umbral producto permite estimar que el macho
y la hembra se ven afectados por la temperatura en periodos diferentes alrededor del dia de la
inseminacién. Sin embargo, la magnitud y la persistencia de las temperaturas que se
alcanzaron en las condiciones de granja de éste estudio no parecen tener un gran efecto sobre

las fertilidades del macho y de la hembram
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Meat rabbit production is estimated at more than 1 million tonnes per year worldwide,
being China the largest producer. In Europe, meat rabbit production is mainly located in
Mediterranean countries. Italy, Spain and France are the main producers and consumers

(Press Release 01/57; FAO, 2001).

Intensive rabbit meat production emerged in Europe at the end of the 1960s, and the
consolidation of industrialized rabbitries took place between 1980 and 1990 years
(Lebas, 1997). Breeding programs in this species appeared later than those of other
livestock species. The first breeding program was consolidated in France in the 1960s
(Legault et al., 1996). In Spain, the rabbit breeding programs are being developed since
the 1970s by two public institutions: the Universitat Politecnica de Valéncia (UPV,
Valencia) and the Institut de Recerca i Tecnologia Agroalimentaries (IRTA, Catalunya)

(Baselga, 2004).

The production system is based on a three-way crossbreeding scheme. In a first cross
animals from two maternal lines selected for reproductive traits are mated in order to
capture positive heterosis and complementarity effects on reproductive traits and
eliminate within line inbreeding in the resulting crossbred does. The second cross
consists in mating the crossbred does with males from a paternal line selected for growth
rate or weight at a given age. The final aim of the cross is to capitalize on the
complementarity between reproductive and growth traits to produce a large number of
rabbits with fast growth and high feed efficiency (Baselga, 2004). The genetic
improvement of rabbits for meat follows a similar pyramidal structure as in pig breeding:

nucleus, multipliers and commercial farms (Baselga, 2004).

The intensification of the rabbit meat production, has led to specialization and increase of
number of does in commercial farms. This has substantially transformed management
systems, being the most important the change to a management in batches of the does.
With this practice, a large number of females in the same physiological status are mated
or inseminated the same day, which allows the synchronization of birth and weaning
events among females within batches. The most economically profitable management
system in terms of worked hour consists of inseminating all the does in a farm the same
day (ITAVI, 2007). This is only possible with the artificial induction of ovulation and the
use of artificial insemination (AI). Consequently, most of the commercial farms have
changed the reproductive management from natural mating to Al and, in parallel,
artificial insemination centres have appeared in order to commercially produce and

distribute semen doses.

The widespread use of Al has accelerated the diffusion of the genetic progress achieved in

paternal lines and improved the efficiency of the meat rabbit production.

With Al the impact of reproductive performance of individual males is vital. Because of

this, processes of dose production in Al centres aim at maximizing the probability of
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fertilization of the oocytes via management decisions on bucks, ejaculates and doses. As a
consequence, fertility rates and litter size in commercial farms are usually high (ITAVI,

2008). However, efficient production of potentially fertile doses is suboptimal.

There are several aspects concerning the use of bucks in the centres that could be
improved. The first one is buck replacement. The criteria for male culling are mainly:
sickness, poor libido, and repeated occurrence of aspermia or seminal characteristics
clearly indicative of infertility (azoospermia or asthenozoospermia). Improving output in
Al centres would require a precise and early prediction of male sub-fertility. Regarding
management practices, bucks’ commonly follow an extensive ejaculate collection rhythm,
consisting of getting one or two consecutive ejaculates per male each week. Ejaculate
frequency can affect not only the semen production and quality but also the variation of
these traits and some researchers have indicated that an extensive collection rhythm
could not be the optimal in order to have a high and constant production of fertile doses

(Desjardins et al., 1968; Bencheikh, 1995; Nizza et al., 2003).

Second, the process of ejaculate collection and dose preparation could be more efficient.
Thus, there is a high pre-selection of ejaculates that are used for preparing the doses. The
ejaculate rejection rate differ among Al centres but it can be as high as 40% (Brun et al.,
2002a o b; Theau-Clement et al., 2003; Brun et al.,, 2006; Garcia-Tomas et al., 2006c)
which implies a great inefficiency of the process for dose production. The criterion to
determine the suitability of the ejaculate for Al is based on a subjective combination of
several quality traits of the ejaculate and the sperm cells. Some of these traits are
associated with the presence of contaminants or residues in the ejaculate that preclude
semen evaluation and utilization, such as the presence of urine, blood and some other
residues. Other criteria are deficiencies in certain seminal characteristics such as sperm
motility and a high percentage of dead spermatozoa which are expected to have negative
effects on fertility. However, the ability of these seminal characteristics to predict
reproductive performance is very low, as it will be discussed later. Thus, although they
permit to discard the most infertile ejaculates, they do not allow distinguishing between
fertile and sub-fertile ejaculates (Colenbrander et al., 2003). It is possible that a part of
the rejected ejaculates could be useful or indeed even better for fertilization than some of
the not rejected ones. Therefore an accurate, fast, simple and cheap assay for predicting

reproductive performance would improve Al dose production efficiency.

In addition to the strong selection of the ejaculates, the type of doses commonly used and
the storage conditions limit the production and the distribution area of the Al doses. For
example, inseminations are performed at high sperm dosage in order to overcome the
negative effects on fertility of semen with some bad characteristics (Saacke et al.,, 2000).
In addition, only fresh or refrigerated semen is used in order to avoid the loss of potential

fertility during storage. These practices reduce the output of Al centres, ie. 9



General introduction

doses/ejaculate for a concentration of 40 x 106 spermatozoa/mL in the Caldes paternal

line.

Finally, pooling ejaculates from several males for insemination (heterospermia) is a
common practice in order to compensate for possible infertile ejaculates. The use of
commercial heterospermic doses prevents individual identification, therefore reducing
the efficiency of selection for improving male performance. To improve the output of the
Al centers, it is necessary to know the importance and the roles of the traits involved in
fertile dose production and conservation. Knowledge of the different sources of
variation that are affecting each one of these traits would determine their possibilities

and strategies of improvement m
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Objectives of the thesis

The aim of this thesis is to determine the relative importance of different sources of variation
for some of the most important components of fertile Al dose production in order to explore
the interest and limitations of different strategies for their genetic improvement. These
components refer to seminal production and quality traits, being considered the male
reproductive performance as the final expression of the effect of the seminal characteristics
and the effect of the interaction among them and with the female. Thus, the specific objectives

of the thesis were to determine in a paternal line of rabbits the following:

1. Genetic parameters of male libido and several characteristics of the ejaculate and the

sperm (chapter one).

2. Genetic and phenotypic relationship between semen pH -considered to be a global

indicator of some seminal quality traits- and male fertility (chapter two).
3. Genetic parameters of male fertility and prolificacy (chapters three and four).

4. The existence of an interaction between the male genotype and the sperm
concentration of the dose as well as between the Al conditions as a whole (conditions
and duration of the storage period of the dose, genetic type of the female,
environmental conditions of the farm) for male effect on fertility and prolificacy

(chapter four).

5. The genetic relationship between male libido and several seminal quality and
production traits with growth rate, which is the selection criterion of the line (chapter

one).

6. The critical periods around the Al time in which the environmental temperature has a

major effect on male and female components of fertility (chapter five).

Objectives 1 and 5 have been established to provide information regarding genetic
improvement of seminal production and quality traits, and also to determine how these traits
could have been affected by selection for growth rate. The feasibility of indirect selection
through the use of an immediate, not expensive and easy to measure semen quality trait is
attempted with objective 2. Objectives 3 and 4 are focused on the definition of an effective
model and strategy of selection for improving the male reproductive performance under given
conditions of semen utilization by direct selection. Objectives 1 and 2 are also useful in
obtaining information to define adequate criteria for ejaculate rejection and buck replacement
in the artificial insemination centres. Finally, objective 6 was defined in order to better match
the environmental temperature of the farm to the specific requirements of each sex in order to

maximise fertility after Al m
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Literature review

1.1 Components of the production of
fertile doses

The production of fertile doses is determined by several components, which are affected by
environmental and genetic factors. These are: male libido and characteristics of the ejaculate
(which form part of the criterion for ejaculate rejection and impinge on the frequency of
demanded ejaculations), volume and sperm concentration of the ejaculate (determining the
amount of doses that can be obtained from an ejaculate) and the seminal quality of sperm

(determining the minimum sperm dosage required to ensure fertilization).

1.1.1 Male libido

Male libido is his sexual drive, which determines the number of ejaculates that can be obtained

and the time consumed for it.

A homemade artificial vagina containing water at approximately 502C is used for semen
extraction. The artificial vagina is hand-held beneath a doe or a rabbit ‘skin’ and is placed
inside the buck’s cage to allow the male to mount it. As the buck began to mount, penetration
of the penis into the artificial vagina is allowed and the ejaculate is collected in a tube (Morrell,
1995)(See Figure 1.1). The rate of ejaculate collection with this method is high and therefore it
is widely used in the Al centres (Theau-Clément et al., 2003; Brun et al., 2006; Garcia-Tomas et
al,, 2006c). However, Al centres tend to discard males with low libido as they require long
collection time. Jointly with infertility, lack of libido is one of the most important causes for

culling males in rabbit farms (Rosell and de la Fuente, 2009).

T =

Figure I.1. Doe and artificial vagina disposition to perform ejaculate collection.

Male libido could be measured as the time between placing a doe in the buck’s cage and
ejaculation (Boiti et al.,, 2005; Brun et al., 2006) or as a categorical trait resulting from scoring
the male libido (Panella et al., 1994; Khalil et al., 2007). The easiest and most common method
to record male libido in an Al center is to indicate if the male successfully responded to the

sexual stimulus. A more expensive, and hence not used alternative is to obtain an indirect
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measurement of male libido by measuring testosterone concentration in plasma as they are

positively correlated (Flowers, 2008).

1.1.2 Characteristics of the ejaculate

Appearance

Ejaculates are visually assessed immediately after collection. Here, a proportion of suitable
ejaculates is selected for further quality evaluation. Accepted ejaculates must have a grey-
opalescent colour. Ejaculates with blood, urine, calcium carbonate deposits or other minor
residues are discarded. The presence of blood in ejaculates is not common. However, the
frequency of ejaculates contaminated with urine, a spermicidal compound, is 5-13% (Brun et
al, 2002a; Theau-Clément et al., 2003; Garcia-Tomads et al,, 2006c). Gel plugs have to be

removed from the ejaculate for dose preparation.

The presence of calcium carbonates deposits in the ejaculates is particularly high in the
Caldes line (up to 26%; Garcia-Tomas et al., 2006c). These deposits have also been
encountered in the bladder but causes of their origin are still unknown. Ejaculates with
calcium carbonates deposits should be discarded for Al because they prevent a proper
evaluation of seminal quality in the lab and could have a detrimental effect on reproductive

performance (Garcia-Tomas et al., 2006c).

Ejaculate volume

The volume of an ejaculate and the concentration of sperm are the main traits considered in
sperm production, because they determine the number of spermatozoa that can be obtained

from an ejaculate.

Ejaculate volume is usually directly measured in a graduate tube or in a graded pipette. Semen
is composed by seminal plasma and spermatozoa. Therefore, ejaculate volume is determined

by the amount of these two components.

Seminal plasma is a mixture of secretions produced in the epididymis and the accessory
glands. Rabbit seminal plasma and specially its particulate fraction seem to play an important
role protecting sperm from premature capacitation and acrosome reaction as well as
modulating sperm Kinetics, transit and immune response in the female tract (Castellini, 2008).
Some plasma seminal proteins were related to fertility in bulls and stallions (Killian et al.,

1993; Brandon et al., 1999; Macpherson et al., 2002) whereas no correlation was encountered
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between fertility and concentrations of other proteins, sugars and several free amino acids of

the seminal plasma of Nelore bulls (Assumpcio et al., 2005).

Ejaculates are diluted to prepare the Al dose considering only the spermatozoa concentration.
However, the effect of dilution on the potential fertility of the doses is male specific because of
individual variation in the composition of plasma and sperm quality (Killian et al., 1993).
Haugan et al. (2007) found individual variation in the effect of dilution on probability of
conception in bulls. In the case it was confirmed that higher ejaculate volume imply higher
amount of seminal plasma (and smaller or constant number of sperm) then, the lower dilution
factor required to prepare the dose could lead to a higher fertilizing potential. In addition, the
concentration of seminal components with a favourable effect on fertility should remain

constant or even increase with the increase of the ejaculate volume (or seminal plasma).

Sperm concentration

The sperm concentration is measured in millions of spermatozoids per mL of semen. The most
common method for assessing sperm concentration is the haemocytometer (Thoma, Burker or
Neubauer chamber; Boiti et al., 2005). It consists of a glass microscope slide with a rectangular
chamber of certain known dimensions with a grid of perpendicular lines. The area bounded by
the lines and the depth of the chamber are known. A diluted semen sample is placed in the
chamber where it is possible to count the number of sperm cells in a specific volume and,
thereby, obtain the sperm concentration (Figure 1.2). Ensuring that the aliquot examined is
adequate and representative of the ejaculate is mandatory (ESHRE-SIGA, 2002). The
haemocytometer is the cheapest method but it is time consuming and tedious since it requires

a person counting for about 10-15 minutes per sample.

!

Figure I.2. Counting chamber Thoma for determining sperm concentration.

When sperm concentration needs to be determined in a large number of samples, other
quickest but more expensive methods could be used. Theau-Clément and Faliéres (2005)

found a high correlation between the Nucleocounter SP100 (Chemometec A/S, Allergdn
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Denmark) and the haemocytometer. The Nucleocounter SP100 determines the sperm
concentration of the sample based on the fluorescence emitted by the Propidium lodide

previously fixed in the DNA of the nucleus of the spermatozoids (Figure 1.3).

Figure I.3. Nucleocounter SP-100 (Chemometec, Allerod, Denmark) for determining sperm
concentration.

Rabbit sperm contains a high amount of particles that are secreted by different accessory
glands and seem to play an important role in sperm capacitation and acrosome reaction of the
sperm (Castellini, 2008). However, high presence of these particles in rabbit semen makes
difficult the determination of sperm concentration by using techniques that are commonly
implemented in other species. For example, the CASA technique (Computer-Assisted Semen
Analyzer), conceived for the evaluation of sperm kinetic traits, could be used for determining
sperm concentration. However, it seems that it does not provide an accurate measurement of
spermatozoa concentration in rabbits. Taking into account the particle/spermatozoa ratio,
Castellini et al. (2007) developed a spectrophotometer assay for determining sperm

concentration in rabbit.

An indirect effect of the number of sperm used per insemination on fertility exists because the
effect on reproductive performance of some deficiencies in seminal quality traits can be
masked when high sperm dosage is used for insemination. Lowering sperm dosage in Al doses
prevents compensation of deficiencies and decreases fertility rate and litter size (Saacke et al.,,

2000).

In rabbits, several works have studied the relationship between sperm concentration of the Al
doses and fertility in order to establish which was the minimum dosage required to avoid
compromising fertility rates (Farrell et al., 1993; Alvarifio et al,, 1996; Viudes-de-Castro and
Vicente, 1997). This figure is highly variable among works because it largely depends on the
conditions in which Al is performed (i.e. type of extender used, time and conditions of storage

and semen quality; Castellini et al., 1999).

As commercial Al in rabbits is performed with heterospermic doses, sperm concentration in
the Al centres is only measured once several ejaculates suitable for Al have been pooled. The

most common method used for determining the sperm concentration of the pool is the
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haemocytometer. However, some Al centres record individual sperm concentration in a
subjective score in order to discard azoospermic males or males with poor sperm

concentration.

pH of the ejaculate

In general, the higher is the concentration and motility of spermatozoids in the ejaculates, the
lower is the pH due to a greater production of lactic acid (Hulet and Ercanbrack, 1962; Coffey,
1988; Bencheikh, 1995; Brun et al.,, 2002b; Garcia-Tomas et al., 2006b). Thus, as pH is related
to some seminal traits, several studies in rabbit have found negative correlations between pH
of ejaculate and fertility (Coffey, 1988; Brun et al.,, 2002b) or litter size (More O'Ferrall and
Meacham, 1968). Therefore, pH is an indicator of semen quality and it could offer to Al centres

an easy way to select ejaculates and males in order to improve fertility.

Semen pH should be measured immediately after collection in order to avoid variation due to
metabolic changes of the sample. It can be measured either using a glass electrode or a pH

indicator.

1.1.3 Sperm quality

There are several attributes spermatozoa must have in order to be fertile. These attributes are
related to its capability to accomplish the different biological processes required to reach the
oocyte, fertilize and initiate the embryonic development (for details see Amann, 1989). In
addition to those spermatozoa characteristics other factors such as timing of the occurrence of

the processes are important to determine the spermatozoa fertilizing potential.

Some of the standard and newly developed semen quality tests used to measure spermatozoa
fertilising attributes are: tests that analyse the cell characteristics of the spermatozoa,

spermoatozoa functional tests and tests analysing possible molecular indicators of fertility.

Cell characteristics of spermatozoa

Sperm motility

Spermatozoa require good motility in order to cross the female genital tract, reach the oocytes
and perform a successful fertilization. Moreover, sperm motility is a good indicator of the
status and functionality of the sperm membrane (Gadea, 2005). As it is simple, quick, and

inexpensive to measure, sperm motility is one of the most widely used tests in Al centres.
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Sperm motility is usually evaluated by examining several random fields using a microscope
with a phase-contrast optic. There are two types of subjective evaluations of this trait: the
mass motility and the individual motility score. The first one is a subjective evaluation of the
oscillatory movement of all spermatozoids as a whole and it is measured in undiluted semen.
The second method refers to the movement of individual spermatozoa and it is given as the
percentage of motile spermatozoids showing progressive movement and it is measured in

diluted semen (Roca et al.,, 2000).

The Computer-Assisted Semen Analyzer (CASA) systems can provide an objective evaluation
of the sperm motility pattern (Verstegen et al,, 2002). These systems are able to record several
kinetic parameters such as the percentage of motile sperms, curvilinear velocity (VCL),
straight line velocity (VSL), average path, amplitude of lateral head displacement about its
average path (ALH) and beat cross frequency (BCF) of the spermatozoids, etc (Figure 1.4).
Some of these parameters are related to the hyperactive motility pattern of the sperm needed
to penetrate the zona pellucida of the oocyte (Cancel et al., 2000). In order to obtain reliable
estimations of the kinetic parameters, a specific set-up must be previously defined for rabbit
semen to avoid, for example, counting particles instead of sperm heads, a representative
number of fields should be analyzed and the environmental conditions should be stable along

all the analyzed samples (Boiti et al., 2005).
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Figure I.4. Image of rabbit sperm motility pattern obtained with CASA system (from UAB:
unpublished images).

Sperm motility is a good indicator of poor fertility, however, high values do not guarantee
good fertility, i.e. in boars the correlation between traits is moderate (Flowers, 1997; cited by:

Braundmeier and Miller, 2001). In rabbits, variable estimates of phenotypic correlations
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between sperm motility and fertility have been obtained, probably due to the subjective
manner in which these motility traits are evaluated, the high pre-selection of the ejaculates
used to obtain fertility data and the different evaluation criteria used. Brun et al. (2002b)
found that mass motility score was the most influential trait on kindling rate among several
quantitative and qualitative seminal traits analyzed. Garcia-Tomas et al. (2006a) found no
clear relationship between fertility and individual motility evaluated according to a subjective
scale. However both studies rejected the worst ejaculates, based, among other variables, in
sperm motility, and therefore it contributed to diminish the amount of variation for this trait

and possibly reducing its correlation with fertility.

Measurements obtained with CASA systems seemed to be more correlated with fertility than
subjective evaluations of motility (Farrell et al., 1998). Different correlations between sperm
motility and fertility have been obtained in rabbits. For example, a correlation of 0.39 was
obtained between number of progressive motile sperm and percentage of oocytes fertilized
and a higher correlation (0.53) was obtained when kinetic traits obtained with C.A.S.A. and
ovarian characteristics were included in the model (Farrell et al,, 1993). However, velocity
measurements (um/s) did not correlate more with fertility than the subjective evaluations of

the percentage of motile sperm (Hagen et al., 2002). Moderate correlations were encountered 19

between kindling rate and percentage of motile spermatozoa or spermatozoa linearity index

(Lavara et al., 2005).

Sperm Viability

Sperm viability consists of evaluating the proportion of vital (‘live’) spermatozoa in the
sample. There exist different protocols of staining live/dead sperm (by optic or fluorescence
microscopy). The principle is that spermatozoa with intact membrane do not allow the
penetration of the stain whereas damaged cells take the colour of the stain (Bamba, 1988;
Boiti et al.,, 2005). The most common evaluation of sperm vitality is performed staining the

sample with eosin-nigrosin and examining at least 200 spermatozoa in several fields with a

microscope (Bamba, 1988) (see Figure L.5).
i/

Figure I.5. Eosin-nigrosin staining for the determination of rabbit sperm viability. Normal
live sperm exclude the eosin stain and appear white in color, whereas "dead" sperm (i.e.
those with loss of membrane integrity) take up eosin and appear pinkish in color (from:
IRTA unpublished images).
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Garcia-Tomas et al. (2006a) found no relation between sperm viability (assessed through
Eosin-Nigrosin staining) and fertility in rabbits. Using a fluorescence method in bulls, the
correlation between the total number of viable spermatozoa in the insemination dose and field
fertility was low (Alm et al., 2001). In bulls, sperm viability assessed through flow cytometry

was also correlated with 56-day non-return rate (Christensen et al., 2005).

Sperm morphology

Morphological deviations from the normal (more frequent) rabbit spermatozoa shape are
considered morphological anomalies (i.e. large, small or amorphous head, asymmetrical tail

insertion, thin mid piece, short, double or coiled tail, etc...) (see Figure 1.6).

Sperm anomalies are usually registered according to the region of the spermatozoa where
they are located because the type of sperm defect and/or the sperm region where it is located
could indicate in which moment of the process the sperm have been damaged. Accordingly,
two types of sperm defects can be distinguished: the primary sperm anomalies, originated in
the testis during the spermatogenesis phase; and the secondary sperm anomalies, originated

in the epididymus during the maturation and storage phase of the sperm. Evaluation of

20

morphological anomalies is performed under a microscope, using specific staining (i.e. Eosin-
Nigrosin staining method; Bamba, 1988). After examining at least 200 spermatozoa of several
fields of the microscope, anomalies in each region are expressed as percentage of spermatozoa

with defects for that region.

Figure I.6. Different rabbit sperm abnormalities (from: IRTA unpublished images)

There is no consensus for classifying sperm according to its morphology making difficult the
comparison of results across studies. Thus, in rabbits, Kuzminsky et al. (1996) classified

spermatozoids into 4 categories: normal spermatozoids, spermatozoids with head and tail

EXPLORING THE GENETICS OF THE EFFICIENCY OF FERTILE AI DOSE PRODUCTION IN RABBITS Ph.D Thesis by Llibertat Tusell Palomero
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anomalies and broken spermatozoids. Similarly, Pérez-Sanchez et al. (1997) classified them
into 5 categories: normal spermatozoids, spermatozoids with head, neck and mid-piece and
tail anomalies and spermatozoids with presence of multiple anomalies (sperm with more than

1 defect).

Cytoplasmic droplets can be present in the ejaculated spermatozoa being located somewhere
from the base of the head to the neck mid piece region. There is no consensus in how to
classify them. Some authors consider the presence of cytoplasmic droplets as sperm defects
whereas other authors postulate that their presence is an indicator of sperm immaturity

(Barth and Oko 1989).

When assessing sperm morphology it is of great importance to have high quality preparations
because small differences in laboratory techniques could influence the appearance of the
spermatozoa (ESHRE-SIGA, 2002). Hence, the highly subjective visual assessment of sperm
morphology may explain the low repeatability of sperm defect traits in humans (Zaini et al,,

1985).

In an attempt to reduce the subjectivity of the assessment of sperm head morphology,
Computer Automated Sperm Morphometry Analysis (ASMA) systems have been commercially
developed for several livestock species since the 1990s (Gravance et al., 1996). However, as it
occurs with CASA systems, the specific set-up for each species must be previously well defined
in order to obtain reliable measurements (in rabbits: Gravance and Davis, 1995).
Unfortunately, ASMA systems do not allow studying tail defects which are very common in

some species.

The presence of morphologically abnormal sperm is an important indicator of potential semen
fertility. For example, in humans, it has the highest correlation with fertility among all
measured sperm characteristics (Barth and Oko, 1989; Ombelet et al., 1995; Keel and Schaule,
2000; Mortimer and Menkveld, 2001). In several livestock species, negative correlations
between presence of sperm abnormalities and fertility have been reported (in bulls: Correa et
al,, 1997; Rodriguez-Martinez, 2003; in boars: Gadea, 2005). However, it is difficult to compare
results obtained among studies because of the subjective manner in which these sperm
abnormalities are evaluated and the different classification systems used to assign sperm
defects into different categories (Braundmeier and Miller, 2001). In rabbits, a negative
correlation between the percentage of abnormal sperm cells and kindling rate was observed (-
0.32, Lavara et al.,, 2005), although it was not significant when it was included in a multiple
regression model. Nevertheless, Garcia-Tomas et al. (2006a) reported a poor fertility and

prolificacy prediction of this sperm trait using multiple regression.
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Status of the sperm acrosome

In order to develop fertilizing capacity, once spermatozoa reach the female genital tract must
be activated in a process called capacitation. This process enables spermatozoa to bind the
zona pellucida of the oocyte. Then spermatozoa have to initiate acrosome reaction which is an

exocytotic event required for penetrating the oocyte and achieve fertilization.

The proportion of acrosome reacted spermatozoa or abnormal acrosome spermatozoa in an
untreated semen sample is indicative of its fertilizing ability because these spermatozoids are
not able to fertilize and their longevity is short. The sperm acrosome status could be evaluated
either by morphological techniques (using electronic or optic microscopes; Casey et al., 1993;
Zeginiadou et al., 2000) or by membrane molecular markers (fluorescent marked lectines and
specific antibodies; Cross et al., 1986; Mortimer et al., 1987; Figure 1.7). In rabbits, a negative
and moderate correlation was found between fertility and percentage of abnormal acrosomes
(Courtens et al,, 1994). Likewise, fertile stallions presented fewer percentage of acrosome

reacted sperm in their ejaculates (Pesch et al., 2006).

Figure I.7. Acrosome status of rabbit spermatozoa using FITC-Pisum sativum lectin (FITC-
PSA) (from: UAB unpublished images).

Sperm DNA fragmentation

Even if fertilization is successful, posterior embryo development could be disrupted if sperm
chromatin structure is altered. Altered chromatin leads to problems of decondensation,
necessary for male pronucleus formation during fertilization (Perreault et al. 1987, cited by:
Colenbrander et al., 2003). Moreover, high condensation of sperm chromatin is a mechanism
of protection from environmental stress and mutagenesis (Ward and Coffey 1991, cited by:

Colenbrander et al., 2003). Deficiencies in sperm chromatin structure is considered to be a
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trait that cannot be compensated by increasing the amount of sperm in the dose since
damaged sperm is able to reach the oocyte and can initiate fertilization but cannot complete

activate embryonic development (Saacke et al., 1994).

There are four types of tests to assess sperm DNA fragmentation: the Comet, Tunel, Sperm
Chromatin Structure Assay (SCSA, Figure 1.8) and the Acridine Orange test (Evenson and
Wixon, 2006).

Figure I.8. From Enciso et al. 2006. DNA fragmentation of men sperm determined with the
sperm chromatin dispersion (SCD) test using the Halosperm® kit. Sample only showing a sperm
nucleus with fragmented DNA in the microscopic field, evidenced by the absence of halo.

In rabbits, sperm chromatin alterations have been found to be correlated with the presence of
sperm head defects (Beletti and Mello, 2004). However, the relation of sperm DNA
fragmentation with other conventional semen quality tests has not been clearly established in
other species, (reviewed by: Ardoén et al,, 2008). DNA fragmentation have been found to be
negatively correlated with fertility in different species (Ballachey et al., 1988; Evenson et al.,

1994; Sailer et al., 1995; Garcia-Macias et al., 2007).

Functional sperm tests

Hypoosmotic swelling test (HOS)

The hypoosmotic swelling test is an alternative to the sperm vitality staining test. The
difference between the two is that HOS not only tests for membrane integrity but also whether

membrane is osmotically active or not (Neild et al., 1999; Colenbrander et al., 2003).

Researchers have variable estimates of the correlation between HOS and fertility, and it seems
HOS may be more appropriate for predicting the fertilizing capacity of thawed semen than of

fresh semen (in stallion: Colenbrander et al., 2003).
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In vitro induction of sperm acrosome reaction

The acrosome reaction is normally induced by the zona pellucida when the spermatozoon
contacts the oocyte inside the female tract. In order to test the acrosomal functionality in the
lab, an alternative approach is to use inducing agents to determine whether the sperm is able
to undergo capacitation and acrosome reaction (Whitfield and Parkinson, 1995). This method
seems to be more informative with regards to the fertilizing capacity of fresh semen than the
morphological evaluation of the sperm acrosome status but its relation with fertility is not
clear (in stallion: Colenbrander et al., 2003) although there is some evidence of it in bovine

(Whitfield and Parkinson, 1995).

1.1.4 Tests analyzing possible molecular

indicators of fertility

Several seminal tests have been recently developed to assess molecular markers of semen

fertility potential.

Nitric Oxid and Nitric Oxid synthase are enzymes that modulate both capacitation and
acrosome reaction in sperm (Revelli et al., 2001). In bulls, these enzymes also affect sperm
motility (Meiser et al., 2000) and ability to bind the zona pellucida in bulls (Francavilla et al.,
2000). There are several seminal plasma proteins as well as spermatozoa proteins that have
been related with male fertility in humans and in cattle such as Osteopontin, Prostaglandin D
synthase and heparin-binding proteins (Braundmeier and Miller, 2001). Finally, the Heat
shock proteins seem to be related to reduced seminal quality of individuals exposed to hot

environmental temperatures (reviewed by: Braundmeier and Miller, 2001).

1.1.5 Predicting fertilizing potential of
ejaculates through seminal traits

Once the main characteristics of ejaculates and sperm have been evaluated at Al centres, the

technician selects the suitable ejaculates for AL

This selection is based on the fertilizing potential of ejaculates predicted by their seminal
characteristics. Amann and Hammerstedt (2002) described the “fertilizing potential of a male
(or a semen sample) as the probability (or capability) of their spermatozoa to successfully
participate in fertilization. Despite of its importance, accurate predictions are not currently

obtained. Criteria for ejaculate rejection differ widely among centers. These are mainly based
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on ejaculate characteristics and a few subjective sperm quality traits, such as motility score
and percentage of dead sperm. Such criteria allow distinguishing potentially infertile
ejaculates but cannot guarantee that acceptable fertility rates will be achieved with the
selected samples (Colenbrander et al, 2003). Even using new methodology to evaluate
functional sperm capacity, the ability to predict fertility is still poor (reviewed by:
Braundmeier and Miller, 2001; Amann and Hammerstedt, 2002; Braundmeier et al., 2004).

The most critical features for obtaining a good prediction of fertility are:

i The variables and laboratorial tests used as descriptors of semen quality could not be
the best markers of fertility. Since a spermatozoon has to accomplish multiple
requirements to be able to undergo the different processes leading to fertilization and
activation of successful embryonic development in the correct timing, several authors
have suggested that using a combination of multiple seminal traits (morphological
and functional) would be better for predicting fertility than a single characteristic
(Braundmeier and Miller, 2001; Colenbrander et al, 2003; Gadea et al, 2004).
However, deciding which set of seminal characteristics to measure is unclear. The
main reasons are: 1) Laboratorial tests obtain average measures of variables in the
whole sperm sample. However, the characteristics of successful spermatozoa (those
that fertilize the oocytes) could not be the same as the average ones (Braundmeier
and Miller, 2001). 2) The evaluation of sperm characteristics in ejaculates is usually
performed well in advance of insemination time and some of those characteristics
change during this time. 3) Most of the sperm attributes are measured in a subjective
and not precise manner at the Al centres. 4) The selection of the variables used as
semen quality markers has been performed from results of experiments in which the
fertilizing potential of seminal samples is evaluated under commercial conditions (i.e.
high sperm dosage and pre-selection of the ejaculates by seminal characteristics).
These conditions maximize the probability of fertility but are not optimal for
detecting individual variation in fertility (Amann and Hammerstedt, 2002; Gadea et
al,, 2004). For example, increasing sperm dosage is a common practice to compensate
for poor sperm characteristics because the negative effect on fertility of some seminal
traits (i.e. motility and morphology deficiencies; Saacke et al., 2000) can be reduced if
high number of sperm is used for Al. This practice reduces the amount of individual
variation in fertility. Moreover, the strong pre-selection of the ejaculates and males
for seminal quality traits, reduces the amount of observed variation in those traits
making difficult to know its relationship with fertility (DeJarnette et al., 2004; Gadea,
2005).

i The statistical methods used for variable selection and prediction could be

suboptimal. Most studies assume a linear relationship between fertility and semen
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quality traits and give information about the goodness of fit of the model and
estimates of the effects of the different semen quality traits (Brun et al., 2002b; Gadea
et al, 2004; Garcia-Tomas et al., 2006a). However, it is not common practice
standardizing the independent variables, and predictability power in a new set of data
is not shown. Obtaining a model with a good fitting to the data does not imply that the
same model is going to perform well in a new data set. This is an important point
often ignored in many studies that have tried to infer fertility trough seminal quality
variables. Moreover, the selection of variables used in prediction and the importance
of each of them is based, in most of the studies, on the magnitude of the partial
coefficients of a multiple regression of fertility on seminal traits frequently without
taking into account the differences in variation for each of them or the problems of co-
linearity due to the high correlation between some seminal traits included in the

model.

More flexible models which consider any kind of relationship between independent
and dependent variables, like non-parametric procedures, could be tested. Tusell et al.
(2009Db) presented some preliminary results of fertility prediction based on seminal
quality parameters using the Neural Network algorithm (Bishop, 1995), and Piles et
al. (2010) evaluated the performance of the modified Ant Colony algorithm for
variable selection proposed by Shen et al. (2005) and the Neural Network algorithm,
by comparing the ability of these algorithms to predict male fertility in an

independent set of data against the classical multiple regression model.

Finally, the ability for predicting fertility after Al with doses obtained from a
particular ejaculate is limited because of the existence of important sources of
variation not related to males, such as variation in females, embryos, environment

(Koops et al,, 1995; Foote, 2003) and interactions among them and with semen.

1.1.6 Male reproductive performance

Male reproductive performance and the semen production are the two components involved

in the production of the fertile doses. The first one is the final expression of the effects of

semen quality traits and the interaction among them and with the female. Consequently, it is a

very complex trait which is affected by several genetic and environmental factors and their

interaction (Koops et al., 1995; Foote, 2003).

The importance of reproductive performance in the whole economic animal production has

widely been recognized (Armero and Blasco, 1992). In prolific species like rabbits, the number

of litter per female and year and the number of kits born per litter are important components
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included in the equation for evaluating the productivity per cage and year in commercial farms
(Armero and Blasco, 1992, Gomez, 2006). In beef, reproduction efficiency was estimated to be
5 times economically as important as other production traits such as growth (Trenkle and
Willham, 1977).

In general, good fertility and prolificacy results after Al are obtained in rabbit farms (80.5 % of
conception rate and 10.34 number of total kits born per litter were obtained on average in
French rabbit farms; ITAVI, 2008) being similar than those achieved after natural mating
(Morrell, 1995) (for a brief description of the whole process in rabbits see Figure 1.9). This is
partly because dose preparation is done under commercial conditions and partly because of
induction of receptivity and superovulation in females. However, reduced reproductive
performances have been reported in some experimental studies in which Al conditions were
more restrictive than the commercial ones. For example, when using homospermic doses of
pre-selected ejaculates and not inducing female receptivity Brun et al. (2002b) obtained a
reduced kindling rate of (57,4%), although acceptable values of litter sizes were obtained
(10.5). A pregnancy rate of 23 % and low number of implantated embryos (4.9) were obtained
when only 1 million sperm was used to inseminate receptive multiparous does (Viudes-de-

Castro and Vicente, 1997).

NG J
Figure I.9.From ejaculate collection to parity: A) artificial vaginas in the oven, B) bucks
room, C) buck mounting the artificial vagina, D) ejaculate in the collection tube, E) semen
samples in the hot plate, F and G) microscopical evaluation of the seminal samples, H)
Determination of the sperm concentration of the pool of semen suitable for AI, I) Filling
up the heterospermic doses, J) AI doses in the temperature controlled semen storage box, K)
doe insemination in the farm, L) litter born after AI.

a

Ph.D Thesis by Llibertat Tusell Palomero

EXPLORING THE GENETICS OF THE EFFICIENCY OF FERTILE AI DOSE PRODUCTION IN RABBITS

27



28

Literature review

There are several difficulties in defining an appropriate trait to cover all aspects of fertility.

Moreover, in some livestock species it is not easy to establish an efficient recording system

and/or to evaluate this complex trait under adequate conditions (Thaller, 1998). Thaller

(1998) classified the types of fertility measures used in animal breeding in three different

groups: indirect fertility measured trough the use of physiological traits (like hormonal levels,

reproductive quality traits in females and semen quality traits), traits related to various time

periods and ‘success traits’.

i The time periods measurements of fertility are commonly used in cattle and sheep.

The use of these measurements has the objective to maximize the benefit per unit of
time because of the reduction of unproductive periods of the female. They are
continuous traits that can be assumed to follow a normal distribution. There are
several ways of measuring such interval: parturition intervals, intervals from
parturition to first or last insemination, intervals between first and last insemination
and intervals between consecutive inseminations, etc (Thaller, 1998). However, there
is no consensus about which measurement is best. For example, calving interval, one
of the most widely used measures, requires time to get information and there may be
biases due to lack of data on primiparous and first calving infertile females. In general,
time interval measurements present a high incidence of censored data such as
missing records from inseminated females that have been culled before parturition
(Gonzalez-Recio, 2006). Moreover, variation in management practices must be

accounted for.

The ‘success traits’ measure the result of a mating or an Al They can be either

expressed as a proportion of success events or as a single event.

The conception rate (or the percentage of gestations with respect to the total of
matings or inseminations) is a global measurement of the reproductive performance
of the individual during a certain period of its productive life (or its whole productive
life). It is a continuous trait. However, as it is a summary measure of several events, it
does not allow correcting for environmental factors related to each one of the events
(i.e. year-season, age, female effects, etc). Another disadvantage is that enough data
are needed per individual in order to obtain a accurate measurement, which can be

lengthy especially among species with large gestation length.

Fertility defined as success or failure to conception is a binary trait, and therefore
requires more complex analyses (Gianola, 1982). Depending on the species, the
success could be determined either at parity or after some interval of time after

insemination, like in the non-return-rates in cattle. These fertility measures can be
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corrected for the environmental factors specific to each mating. Moreover, data are

obtained earlier than in the case of conception rate.

i Prolificacy or litter size could be considered as another fertility measure in prolific
species like rabbits or pigs. Swierstra and Dyck (1976) obtained a correlation of 0.80
between conception rate and average litter size in boars. Litter size in rabbits is
commonly measured at three different moments: at birth, at weaning or at slaughter.
Each type of prolificacy measure provides different information: the first one is more
focused on the fecundancy and the ability to develop a successful gestation until birth
(being the most adequate for male evaluation), the second one is, in addition, an
indicator of the milk yield production and the maternal ability, and the third is the
most economically interesting because it determines how many kits will be
slaughtered per doe, but it presents a little longer generation interval (Santacreu,
2002). Furthermore, prolificacy is easily measured, and follows an approximate

Gaussian distribution.

1.2 Factors of variation of the
production of fertile doses

The efficiency of dose production at Al centres depends on factors such as buck’s stage of
sexual development, genetic background, and environmental (e.g. management) factors. Such
efficiency could be improved through several complementary strategies. The first one is the
use of bucks with good seminal characteristics and elevated fertility because of their genetic
background. This can be achieved by using bucks from certain breeds or crossbred
populations or by genetically improving specialised lines. However, finding this type of breeds
or crossbreds could be difficult especially if good growth and feed efficiency performance is
also required. Therefore, genetic selection could be an interesting alternative. Other strategies
for improving male reproductive performance are using more appropriate management
practices (bio-stimulation, optimum collection rhythm, etc) and a better control of

environmental conditions (temperature, humidity, photoperiod, health status, etc).

1.2.1 Environmental factors

The environmental factors include both management practices and environmental conditions.
In this section, main results relating management and environment to production of

potentially fertile doses are described.
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Management practices

Some of the most important management practices are those related to ejaculate collection.
One of them is offsetting an optimal ejaculate collection frequency. In rabbits the most
commonly used frequencies are: i) intensive, when two consecutive ejaculates (within 15-30
min) are collected three or more times per week; ii) semi-intensive, when two successive

ejaculates are collected twice a week; and iii) extensive, if only two successive ejaculates are

collected once a week (Arroita et al., 2000a).

Several studies have compared the effect of different collection frequencies on the number of
doses produced per male weekly and their seminal quality. These studies agree in that high
collection frequencies lead to a reduction in ejaculate volume and sperm concentration as well
as a decrease in number of successful solicitations per male (Bencheikh, 1995; Lopez et al,,
1996; Nizza et al,, 2003). However, semi-intensive collection frequency could lead to obtain a
higher total number of sperm produced per male weekly than the extensive one (Desjardins et

al,, 1968; Bencheikh, 1995; Nizza et al., 2003).

Bencheikh (1995) reported that increasing ejaculate collection frequency leads to a reduction
in sperm motility and percentage of live spermatozoa. However, Arroita et al. (2000b), Mocé et
al. (2000) and Nizza et al. (2003) reported similar seminal quality performance -percentages
of motility, abnormal spermatozoa, cytoplasmic droplets and normal acrosomes- in the three

types of ejaculate collection frequencies.

Castellini et al. (2006) denoted that a high collection frequency increased the presence of
plasma seminal droplets in the ejaculates probably due to the over-stimulation of the prostate
gland. The function of these seminal droplets is still unknown but they seem to affect motility

and capacitation of sperm and sperm deterioration during storage.

The ejaculate collection frequency affects not only production and seminal characteristics but
also their levels of variation. Thus, Bencheikh (1995) reported in rabbits that the ejaculate
collection frequency had an influence in the male repeatability for some seminal traits. Sperm
motility and percentage of live spermatozoa repeatabilities were greater in intermediate or
intensive rhythms than in extensive rhythm, but volume and sperm concentration of the
ejaculate were more repeatable in extensive rhythm. On the other hand, Desjardins et al.
(1968) indicated that differences among bucks in total number of sperm produced per week
were magnified by the more intensive ejaculation frequencies. Therefore, in order to
guarantee production and quality of Al doses, the collection frequency should be established

taking into account its effect on both the mean and the variation.

To our knowledge there are few studies reporting the effect of ejaculate collection frequency

on male fertility and prolificacy. Gregoire et al. (1958) compared two groups of rabbits that
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followed a different collection frequency: 1 ejaculate weekly or 1 ejaculate daily. They
postulated that ejaculates could be collected as frequently as once a day for as long as 10
months without impairing their libido, sperm production or fertility. However, the reduced
number of animals and data used in this experiment could presumably explain the not
differences between the two types of collection frequencies. Adams and Singh (1981) indicate
that, at least over short periods, increasing ejaculate extraction was compatible with

satisfactory fertility but this practice reduced semen production.

The type of artificial vagina and its temperature could influence the ejaculate collection and
therefore, male libido. It seems that a vagina with a wider collection orifice favours the success

of the solicitation (Boiti et al., 2005).

Moreover, previous stimulation of bucks, such as placing a doe at the top of male’s cage or
grouping males before collection can improve the efficiency of collection (Lopez et al., 1996;

Boiti et al., 2005).

Concerning feeding practices, specific protocols for improving male seminal production and
reproductive efficiency have not been clearly established. However, some recommendations
and feeding requirements concerning the quantity and quality of bucks’ diets have been
published (Boiti et al., 2005; Castellini, 2008). Ad libitum feeding is positively associated with
male libido and number of spermatozoa per ejaculate (Maertens and Luzi, 1997). However, a
commercial diet with low energy content is preferable to prevent excessive male fattening
(Boiti et al., 2005). Concerning feed composition, some general recommendations have been
given: a 15 % of crude protein content is recommended for a correct sperm production, a
balanced fatty acid composition for ensuring sperm membrane fluidity, low cholesterol
content for ensuring a normal spermatogenesis and supplementing diets with antioxidant

molecules can contribute in reducing sperm oxidative damage (reviewed by Castellini, 2008).

Finally, the use of proper extenders and protocols for dose conservation (refrigeration,
freezing) also affect the efficient production of fertile doses. As storage time of Al doses
increases, oxidative processes associated to sperm metabolism also increase, reducing the
fertility potential of Al doses (Vishwanath and Shannon, 1997; Castellini et al., 2000). In
rabbits, time and storage conditions affect sperm quality (Rosato et al., 2006), fertility and
prolificacy (Lépez et al., 1996; Roca et al., 2000).

Environmental conditions

Climatic conditions also affect male and female reproductive performance. Because of the

global warming and their projected continuation, producing under heat stress conditions is
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going to be challenge for the future especially if we consider that the major part of the increase

in world animal production should take place in the tropical area (FAO, 2006).

Seasonality is mainly determined by changes in temperature, humidity and daylight hours
in a year. Wild rabbits (Orictolagus Cuniculus) in the European latitude have a marked
seasonality in their reproductive cycle and their fertility follows daylength cycles (Theau-

Clément et al., 1998).

Seasonal effects on reproduction have been frequently estimated under commercial farm
conditions. However, interpretation of these effects and comparison of results obtained in
different studies is not straightforward. Several studies have analyzed the effect of seasonality
on buck reproductive performance, and have established that in summer and beginning of
autumn males have lower libido, higher number of rejected ejaculates, fewer ejaculate volume
and sperm concentration, higher percentage of sperm abnormalities and acrosomal damages
compared to winter (Panella and Castellini, 1990; Alvarifo, 2000; Nizza et al., 2003; Safaa et
al, 2008). In addition, variables related to morphological and functional maturity of testis
seemed to indicate that animals born in warm seasons could have different sexual

development pattern compared to those born in cold seasons (Garcia-Tomas et al., 2009).

Frangiadaki et al. (2003) compared the effect of seasonality on the reproductive performance
of does under commercial farm conditions in Greece. They found that litter size at birth was
lower in summer than in winter (6.9 vs 7.8 kits born, respectively). In Egypt, conception rate
was lower in summer than in winter (-10%; Marai et al.,, 2006) whereas kindling interval and
litter size remained unaffected by the hot Egyptian season. However, other studies performed
in Egypt reported that severe heat stress in summer adversely affected litter size (Ayyat et al,,

1995; Marai et al,, 2001; Iraqi et al., 2007).

Important efforts have been made in modern rabbit farms to control indoor photoperiod and

temperature in order to reduce reproduction problems associated to seasonality.

Daylength has an effect on the hypothalamus-pituitary axis and consequently on hormonal
release and spermatozoa production (Theau-Clément et al., 1994). Their negative effect on
reproductive performance can be reduced through the use of artificial lighting programs. In
Europe, commercial rabbit producers adopted a constant 16 hours light: 8 hours darkness
because of the positive effects on spermatogenesis and on doe reproductive performance

(reviewed by: Theau-Clément et al., 1998).

Extreme temperature and humidity conditions have also a negative effect on reproductive
performance of several livestock species. With Al, sperm is more exposed to the surrounding

environment (during ejaculate collection, dose preparation and administration) than in
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natural mating. Therefore, not only animal exposure to high temperature should be avoided,

but also temperature changes experienced by ejaculates (Boiti et al., 2005).

Environmental temperature or the temperature-humidity index (THI; that combines
temperature and relative humidity; LPHSI, 1990; Marai et al., 2002) are descriptors commonly
used to quantify the effect of heat stress on several species. The THI was first created to assess
thermal comfort in humans (Thom, 1958) but, as sensitivity to the environmental conditions
differs among species, different THI indexes have been developed for different species or

breeds (Marai et al., 2002; Bohmanova et al,, 2007; Marai et al., 2007).

Heat stress occurs when any combination of environmental variables lead to a higher body
temperature than the normal body core temperature (ranging from 35 to 392C in mammals;
Hansen, 2009). Air temperature, but also solar radiation, wind, precipitation and specially
relative humidity, contribute to the warmth feeling of the animal. In rabbits, the number of
functional sweat glands is scarce and its fur does not allow easy perspiration. Therefore, under
heat stress conditions, rabbits try to dissipate the excess of temperature by increasing
respiration rate, changing body position and loosing heat via ear lobes (Harkness, 1988).
When those mechanisms are not enough to dissipate excess body heat other mechanisms are
activated (i.e. redistribution of blood flow and reduced feed intake). Nevertheless, heat stress

leads to slow growth, disease susceptibility and reproductive performance impairments.

In bucks, testosterone concentration, spermatogenesis, libido and some seminal traits are
traits negatively affected by heat stress (see review by Marai et al,, 2002). An increase in
testicular temperature reduces sperm production and motility, and increases sperm
abnormalities (Hansen, 2009). Some authors have suggested that the spermatocyte and
spermatid are the most temperature sensitive cell stages of the spermatogenesis. In rabbits,
Finzi et al. (1995) compared the characteristics of the spermatozoa from ejaculates obtained
in consecutive weeks in males moved from thermo neutral to heat stress conditions in a
climatic chamber. They concluded that the stage of spermatid formation in the seminiferous
tubules was the critical period towards the formation of sperm abnormalities. Roca et al.
(2005) analyzed under commercial conditions the effect of THI on seminal traits (sperm
concentration, sperm abnormalities and acrosome integrity). According to the time elapsed
between the THI stress moment and the occurrence of an impairment in semen quality, they
suggested that spermatogenesis but not the epididymus transit was affected by heat stress.
However, their results should be taken cautiously because of possible confounding effects of
season, light treatment and THI. In mice, applying heat stress in testis and epididymus, sperm
was produced with defective chromatin (Banks et al., 2005). Oxidative stress seems to be the
major reason of cell damage during spermatogenesis because it causes apoptosis and altered

DNA (in mice: Banks et al., 2005; Pérez-Crespo et al., 2008). Sperm with damaged DNA may
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contribute to early pregnancy loss due to abnormal embryo development (Saacke et al., 2000;

D'Occhio et al., 2007; Paul et al., 2008).

In rabbits, cold to moderate THI negatively affected some quantitative and qualitative semen
traits (Garcia-Tomas et al., 2008) despite the fact that mammals tolerate better low than

higher body temperatures (Hansen, 2009).

Heat stress conditions also have a detrimental effect on the processes involved in doe
reproductive performance (Marai et al., 2002). As it occurs with male sperm production, the
reviewed studies seem to indicate that there are periods of female reproductive cycle in which
they are more sensitive to heat stress than others. Exposure to heat stress before insemination
could have a negative effect on female reproductive performance due to higher embryonic
degeneration compared to non-stressful conditions (Cheng et al, 1999). A reduction in the
development of mature follicles and in the number of developing oocytes has been observed in
rabbits during summer heat stress (Yassein et al.,, 2008). It has also been reported in cattle and
goats that heat stress affects follicular dynamics, ovulation rate, steroid secretion and gene
expression (Doney et al, 1973; Roth et al, 2001; Argov et al, 2005; Roth, 2008). During
insemination, a female hyperthermic reproductive tract can also affect the fertilizing ability of
the sperm and the posterior embryo survival (Howarth et al., 1965; Hansen et al., 2001). Pre
and peri-implantation embryonic development stages seem to be the most sensitive periods to
thermal stress (Putney et al., 1988; Ealy et al., 1993; Hansen et al., 2001). However, embryo
susceptibility to heat stress decreases with time up until developing thermotolerance (Ealy et
al, 1993; Hansen, 2009). A threshold of thermo-tolerance exists in rabbit pre-implantation
embryos (Makarevich et al,, 2007). Once the embryo reach the uterus, its survival under heat
stress conditions has been associated more frequently to maternal physiology than to the

embryo (Hansen, 2009).

The detrimental effects of heat stress on conception rate and litter size have been described by
several authors in rabbits, especially in countries with hot climate conditions (Sittmann et al.,
1964; Marai et al,, 2006; Yassein et al., 2008). For example, litter size at birth was about 1
kits/litter higher for does kept at an average temperature of about 202C than for does kept at
constant 30°C (Papp and Rafai, 1988; Fernandez-Carmona et al., 1995). In another work,
Fernandez-Carmona et al. (1997) also found a higher difference in litter size at birth (about 2
kits/litter) for does under a constant environmental temperature of 302C than for does at

182C on average.

It is important to note that most of those studies used climatic chambers or in vitro assays
under extreme conditions of high and constant temperature. It is difficult to extrapolate those
results to commercial farm conditions, where extreme temperatures are avoided and there is

a wide range of daily temperature which allows reaching termoneutrality at night, in some
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regions. These farm conditions facilitate animal recovering from heat stress since rabbits are

active and eat at night (Prud'hon, 1975).

The negative effect of heat stress is particularly marked on fertility of high producing dairy
cows in warm areas (Al-Katanani et al.,, 1999; Jordan, 2003). Therefore, several studies in
cattle have been focused on determining the most temperature sensitive periods around the
insemination time capable of affecting reproductive performance. In those studies, different
heat stress descriptors were calculated in different periods or particular moments before,
after and during the Al day. Ravagnolo and Misztal (2002) found that THI on the day of
insemination showed the highest effect on non-return rate at 45 day, followed by 2 days prior,
5 days prior, and 5 days after Al whereas no relationship was found with THI at 10, 20, and 30
days after insemination. Garcia-Ispierto et al. (2007) concluded that the period comprised
from 3 days to 1 day after Al was the most climatic sensitive period affecting cow fertility.
However, Garcia-Ispierto et al. (2007) included in the same multiple regression model month
or period of the year effect, several temperature variables (mean and maximum temperatures)
as well as THI calculated in different periods around the IA time for performing variable
selection. This could lead to obtain confounded estimates of these effects due to co-linearity

problems.

Genetic type of female and its physiological status

at AI

The female genotype (breed) also influences fertility and prolificacy. As there exists several
maternal lines of rabbits that are commonly selected on litter size, differences in reproductive
performance can exist among types of crossbreed does. Baselga et al. (2002) analyzing the
reproductive performance of does from three maternal lines and their complete diallelic cross
found differences in direct genetic effects among lines. Santacreu et al. (2000) found that two
experimental lines divergently selected for uterine capacity had different litter sizes (2.63

kits) mainly due to differences in the number of implantated embryos.

The reproductive status of female could also affect fertility and prolificacy. In semi-intensive
and intensive production systems, rabbit does can be inseminated whilst suckling their litter
because they are able to overlap lactation with the next gestation. However, lactation
decreases female receptivity, ovulation rate and frequency, and increases number of embryo
deaths and postimplantation mortality (Theau-Clément and Roustan, 1992; Fortun and Bolet,
1995; Castellini and Lattaioli, 1999). Some of the negative effects of lactation on fertility can be
partially alleviated when ovulation is artificially induced. Using artificial ovulation induction

and natural mating, lactating does from paternal lines had lower fertility than the non lactating
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ones, but not females from a maternal line (Piles et al., 2005). The lowest conception rate
(22%) and litter size (8.4) were observed in non-receptive and lactating, but not induced does
at the time of Al In contrasts, the highest fertility (approximately 70.3) and litter size
(approximately 10.8) were observed in receptive does regardless of their lactation status
(Brun et al.,, 2002b). However, in most of commercial Al, female receptivity is artificially
induced in order to synchronize physiologically many females for Al Finally, parity order is
another component of the reproductive status of females with an effect on reproductive
performance. Viudes-de-Castro and Vicente (1997) reported lower conception rates in
lactating primiparous does than in nuliparous or lactating multiparous does. They also

reported lower litter sizes in primiparous does than in multiparous does.

1.2.2 Genetic factors

The existence of genetic variation can be used to improve production of potentially fertile
semen doses in different ways: 1) by using bucks from breeds with the best reproductive
performance for the traits of interest, 2) by using crossbreed males in order to take advantage
of the benefits of the possible heterosis and complementarity between traits in the different
lines, and finally, 3) through the use of genetic selection within line for one or several traits

related to male reproductive performance or semen production.

Genetic variation between lines

Vicente (2000) found lower sperm production, less motility and more acrosomal defects in a
paternal line selected for growth than in three maternal ones. In the same study, fertility rate
did not differ among lines but prolificacy did, probably due to the selection process of the
maternal lines. Theau-Clément et al. (2003) compared sperm production and quality in three
maternal lines of rabbits and found differences in collection rate, ejaculate volume, sperm
concentration, pH and several motility traits. They also concluded that there were also
differences in the variability of semen characteristics between and within bucks for some of

the seminal traits analysed.

Brun et al. (2006) did not find differences in male libido between two lines divergently
selected for body weight at 63 days but reported that males from the lighter line had higher
ejaculate volume, sperm motility and number of ejaculates suitable for Al but lower sperm
concentration than males from the heavier line. In a posterior study, the same lines were

compared in fertilizing ability and no differences were found (Theau-Clément et al., 2007).
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In another study, Brun et al. (2002a) compared sperm production and quality in two maternal
lines and only found differences for ejaculate volume and percentage of motile spermatozoa,

probably due to positive maternal effects for those traits reported in one line.

Garcia-Tomas et al. (2006c¢) found differences in direct genetic effects for some seminal traits
in two rabbit lines highly selected for growth rate: one of the lines seemed to present better
seminal production traits (sperm concentration and total number of sperm in the ejaculate)
and the other one presented, in general, better seminal quality traits (fewer presence of
carbonate deposits in the ejaculate and better sperm morphological traits). In the same study,
favourable maternal effects were reported in one of the lines for ejaculate and sperm quality
and production traits. The maternal effects in the other line favoured only sperm volume. The
same authors reported that males from the line with better seminal quality traits presented
better fertility (Garcia-Tomas et al,, 2006a). This could be explained by the unfavourable
maternal effects encountered for this trait in the other line. No relevant differences were

found for number of Kkits born alive or stillborn.

Males from rabbit maternal and paternal lines could have different sexual development
patterns according to differences found in their percentages of seminiferous tubules with

presence of spermatozoa observed in different ages (Garcia-Tomas et al., 2009).

Crossbreeding parameters

An improvement in the production of potentially fertile doses could be achieved through the
use of crossbreed males thanks to a possible positive heterosis as well as complementarity

between parental lines.

Brun et al. (2002a) reported positive heterosis for sperm concentration, total number of
sperm per ejaculate, mass motility and percentage of motile spermatozoa when they analysed
semen characteristics in two maternal lines and their reciprocal crosses. However, the
heterotic effects for seminal traits obtained in crosses between two paternal lines of rabbits
were of low relevance and only favourable for the presence of sperm with cytoplasmic

droplets.

Brun et al. (2002b) found that crossbreed males and females from two rabbit maternal lines
had better conception rate and prolificacy than the purebred ones. However, it was not
possible to know from that study whether those differences were due to the effect of
crossbred males or crossbreed females. Using paternal lines, Garcia-Tomas et al. (2006a)
found unfavourable individual heterosis effects for male fertility but not for total number of
kits born alive or stillborn. Therefore, they concluded that the use of a crossbreed male for

improving the production of fertile doses did not present more advantage than the use of a

37



38

Literature review

purebred one and suggested the use of specialized males to improve dose production in the Al

centres.

In pigs, the use of a crossbreed male as a terminal sire is widespread. Crossbred boars reached
sexual maturity earlier, showed greater weight at a constant age and greater testicular weight
and total spermatozoa than purebred ones (Neely and Robison, 1983; Smital et al.,, 2004).
Accordingly, Buchanan (1987) reported that crossbreed boars showed stronger libido, greater
semen volume, higher motility, lower abnormal spermatozoa and higher pregnancy rate than
purebred boars but this difference in performance diminished at adult age. Finally, Smital et al.
(2004) reported favourable heterotic effects in sperm output for certain crossing

combinations.

Crossbreed bulls showed a small better performance for several seminal traits and lower age

at puberty (Thrift and Aaron, 1987).

Genetic variation within line

Genetic selection of paternal lines used for Al could be an alternative strategy to improve
production of fertile doses from bucks with high genetic merit for growth and feed efficiency.
In rabbit, paternal lines used for insemination have been highly selected for growth traits and

no emphasis have been placed in semen production and reproductive performance.

With this purpose, it is necessary to determine first what are specifically the traits (or the
trait) that should be improved, which in turns depends on their genetic variance, their genetic
correlation with all the traits involved in the production of doses, as well as with growth and
feed efficiency traits, and on their economical importance. In this section, a review of the
information available in the literature concerning genetic parameters of these traits is

provided.

Genetic parameters of seminal quality and production traits

In general, a wide range of heritability (h2) and repeatability estimates for the seminal traits
can be found in the literature ranging from extremely low to high values (0.09-0.65, reviewed
in bulls by: Robinson and Buhr, 2005). The variation in the magnitude of this parameter is due
to several factors such as: i) different genetic composition of populations of bucks in
experiments; ii) variation in defining the trait, which in some cases consist of means of
observations of two consecutive ejaculates or means of several records per male, whereas in
other cases corresponds to individual ejaculates (Ducrocq and Humblot, 1995; Wolft, 2009);

and iii) the possible effect of collection frequency on the individual variation of seminal traits.
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On the other hand, the h? estimates are imprecise in most of the reviewed studies. This is
partly due to analysing small experimental data sets. Moreover, a large amount of
environmental variation originates during semen manipulation and time to evaluation and

also the subjective manner in which some of the seminal traits are evaluated.

In rabbits, Panella et al. (1994) reported that h? of male libido was 0.30 when this trait was
classified in 3 categories (no collection, collection after 5 min and intermediate collection).
However, in that work all the genetic parameters estimates for seminal traits were unusually
high probably because no other permanent effects were included in the model. Khalil et al.
(2007) defined male libido in 5 classes (from 1 for low libido to 5 for strong libido) and they
obtained a h? estimate of 0.17 from data from a heterogeneous population constituted by
bucks belonging to two rabbit lines and their reciprocal crosses. In pigs, Flowers (2008)
advised against improving those traits trough genetic selection because of the low phenotypic

variation obtained in several studies for male libido and mating behaviours.

To our knowledge, there are no h? or repeatability estimates for qualitative characteristics of
the rabbit ejaculate such as the presence of urine, calcium carbonates deposits and gel
plugs. However, because of some of these traits are considered major criteria for ejaculate
rejection in Al centres (Brun et al., 2002a; Theau-Clément et al.,, 2003; Garcia-Tomas et al,,
2006¢), it would be of interest to determine their genetic determinism or, at least, to
determine the magnitude of their repeatability in order to be able to make decisions

concerning buck replacement in the Al centres.

The estimated h? for ejaculate volume and sperm concentration in rabbit ranged from 0.06
to 0.13 and from 0.08 to 0.10, respectively (Brun et al.,, 2009; Lavara et al.,, 2011). Moderate
values of repeatability were found for these traits in a heterogeneous population constituted
by purebred and crossbred bucks obtained from two paternal lines (0.38 +0.03 and 0.39
+0.03, respectively; Garcia-Tomas et al., 2006b). O’Ferrall and Meacham (1968) also obtained
a moderate value of repeatability (0.29) for ejaculate volume in a New Zealand population of
bucks. The value of this parameter could be affected by the collection frequency (Bencheikh,

1995).

Several studies in different livestock species have estimated the genetic correlation (rg)
between ejaculate volume and sperm concentration indicating the existence of a genetic
antagonism: in pigs (-0.60 on average; Smital et al., 2005; Wolft, 2009), bulls (-0.31 on
average; Karoui et al,, 2011; Ducrocq and Humblot, 1995; Basso et al., 2005), sheep (-0.36 on
average in adult males; Rege et al.,, 2000; David et al., 2007b) and goats (-0.33 on average;
Furstoss et al, 2009). In rabbits, the only reported estimate of the ry; between sperm
concentration and ejaculate volume was very imprecise and cannot be considered to be

different from zero (0.38 %= 0.45; Brun et al, 2009). Having an accurate estimate of this
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parameter is important because both traits determine the total amount of sperm produced
per ejaculate, which is one of the traits involved in efficient production of Al doses. Lavara et
al. (2011) obtained a low estimate (0.07) of the h2 for total number of sperm per ejaculate,
which could be explained by the existence of this genetic antagonism between ejaculate

volume and sperm concentration.

The only available estimates of h? for semen pH were obtained by Brun et al. (2009) who
obtained a value for this parameter of 0.06 in a paternal line of rabbits and Khalil et al (2007)
who obtained a value of 0.12 in a population of crossbred and purebred bucks. The published
repeatability estimates for this trait are variable. Bencheikh (1995) compared seminal
characteristics in males under different collection frequency and obtained estimates that
ranged from 0.07 to 0.24, whereas Brun et al. (2009) obtained a value for this parameter of
0.17 in purebred bucks and Garcia-Tomas et al. (2006b) 0.38 in a population of purebred and

crossbred bucks, both under a extensive collection frequency.

Low hZ2 values have been obtained for sperm motility traits when they have been evaluated in
a subjective manner. In rabbits, the h? of mass motility was estimated to be 0.05 (Brun et al,,
2009) and the repeatability ranged from 0.24 to 0.37 in a population of crossbreed and
purebred bucks (Garcia-Tomas et al, 2006b; Brun et al, 2009). The repeatability for
individual motility was estimated to be 0.35 (Garcia-Tomas et al., 2006b). Measurements of
percentage of motile spermatozoa evaluated with a Computer-Assisted Semen Analyzer
system provided higher estimates of h? that ranged from 0.16 to 0.18 in two paternal lines of
rabbits (Lavara et al.,, 2008b; Brun et al., 2009). Moderate to low h? estimates were obtained
for some sperm kinetic parameters obtained from CASA systems (0.02 to 0.14; Lavara et al,,

2008b; Brun etal.,, 2009).

Regarding measurements of morphology of the spermatozoa and sperm head
morphometry traits assessed with the Automated Sperm Morphometry Analysis system, only
Lavara et al. (Lavara et al., 2008a) reported h? estimates obtained in a paternal line of rabbits:
0.25 for percentage of spermatozoa with normal apical rigde, 0.65 for percentage of sperm

morphological abnormalities, from 0.08 to 0.52 for several sperm head morphometry traits.

Genetic parameters of fertility and prolificacy

Because of the female has a long-term effect on the formation of viable offspring, fertility and
prolificacy traits in prolific species have been commonly attributed only to the female (Berger,

1998). Thus, there are few studies that analyse the male contribution to these traits.

Concerning fertility in prolific species, Varona and Noguera (2001) estimated the contribution
of male and female to environmental and genetic variation for fertility defined as the success

or the failure to conception after Al in pigs. They obtained very low estimates of h2 for male



Literature review

and female fertility (0.03 and 0.04, respectively) and a negative genetic correlation for both
traits (-0.51). Using the same threshold model, Piles et al. (2005) analyzed fertility after
natural mating in two rabbit lines (paternal and maternal). They found that h? for male
fertility was 0.01 in both lines and male permanent effect did not exceed the 7% of the total
amount of variation in none of them. Regarding the female contribution to fertility, they also
obtained low h? estimates in both lines (around 0.06), whereas the female repeatability was
estimated to be 0.18 and 0.30 in the paternal and the maternal line, respectively. Contrary to
the results obtained in pigs, the genetic correlation between male and female contributions to
fertility obtained in this species was found to be moderate to high and positive (0.73 and 0.43
in the paternal and maternal lines, respectively). However, genetic correlation estimates
between low heritable traits should be taken with caution. Using random regression models to
analyze fertility (defined as the proportion of fertile eggs) over the laying period in broiler
chickens, Wolc et al. (2009) found that both sexes contributed to fertility. The h2 estimates of
weekly records were found to be around 0.10 and 0.07 for the male and female contributions
to fertility, respectively, remaining constant toward the period of productive life. Male and

female genetic effects for this trait had a positive but small correlation (0.15).

Heritabilities and repeatabilities corresponding to other measurements of fertility have also
been found to be low. Thus, the female h? for kindling interval in rabbit ranged from 0.02 to
0.08 (Moura et al., 2001; Baselga et al, 2003; Ragab and Baselga, 2011). In pigs, sow h?2
estimates for fertility defined as different time intervals such as number of days from weaning
to service, from weaning to conception, and from weaning to farrowing were 0.12, 0.08 and
0.08, respectively (Adamec and Johnson, 1997). In dairy cows, h? for non-return-rates are
generally low ranging from 0 to 0.05 (Weller and Ron, 1992; Boichard and Manfredi, 1994;
Thaller, 1998; Weigel and Rekaya, 2000) whereas female h? for different intervals of time
(calving interval, calving to first insemination, days open, days from first Al to conception) are
slightly higher ranging from 0.05 to 0.15 (Thaller, 1998; Weigel and Rekaya, 2000; Toghiani-
Pozveh et al,, 2009; Yagiie et al,, 2009). In cattle, fertility measurements from higher parities
show higher h? estimates, except for heifer fertility (Thaller, 1998). Male genetic component is
commonly not taken into account for the genetic evaluations of cattle fertility in EEUU and
only a male permanent effect is included in the model in order to obtain a phenotypic
prediction of the bulls to perform the selection (Weigel and Rekaya, 2000; Clay and McDaniel,
2001; Averill et al.,, 2004). Kuhn and Hutchinson (2008) thought that it could be useful for
improving the precision of the prediction of the female fertility, to expand the male component
with a genetic effect in the model. Although the precision of the female fertility prediction was
slightly improved, the obtained male h2 for fertility was almost zero and, therefore, authors
suggested not to include a male genetic component in the model for future female fertility

predictions. Similarly, Boichard and Manfredi (1994) found that the service sire permanent
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effect explained the 0.08 and the 0.13 of the total phenotypic variance using a linear and a
threshold model to analyse conception rate, respectively. A.-Ranberg et al. (2003) analysed
56-d non-return rate in virgin heifers and included a sire and a service sire genetic effects. The
obtained direct h? and the h2 of the service sire effect for this trait were 0.01 and 0.002,

respectively. Both effects had a correlation of 0.26.

Estimates of female h? for litter size traits are generally low as it was reported by Blasco
(1996) in his review and in posterior published researches (Lukefahr and Hamilton, 1997;
Garcia and Baselga, 2002b; Piles et al, 2006; Ragab and Baselga, 2011). In general, h2
estimates for litter size traits tend to decrease as far from birth those traits are measured.
Thus, estimates of female h? under a repeatability model in those works ranged from 0.10 to
0.14 for total number of kits born, from 0.07 to 0.12 for number of kits born alive, from 0.04 to
0.11 for total number of kits weaned, and from 0.05 to 0.08 for number of marketed rabbits.
On the other hand, greater h? estimates were obtained for prolificacy measurements in
different parities considered to be different traits than when they were considered different
measurements of the same trait. In pigs, the female h? estimates for prolificacy traits also
ranged from zero to 0.15 (Rydhmer, 2000; Hanenberg et al., 2001; Peskovicova et al.,, 2002;
Holm et al., 2005).

Male genetic contribution to prolificacy traits is also small. Percentages of variation due to
male effects for litter size traits after natural mating were 3%, 2% and 1% for total number of
kits born alive, total number of kits born and for total number of weaned, respectively (Piles et
al, 2006). In pigs, See et al. (1993) reported that the proportion of phenotypic variance due to
male genetic effects for number of piglets born alive was low (0.01). In accordance, in three
lines of pigs, boar h? for total number of piglets born and total number of piglets born alive
ranged from 0 to 0.04 and from 0.01 to 0.03 (van der Lende et al.,, 1999). Hamann et al. (2004)
obtained a male h2 for number of piglets born alive of 0.05 and 0.03 in the first and subsequent

parities, respectively.

Genetic correlation between semen quality traits and male

reproductive performance

The indirect selection of male reproductive performance through the use of seminal quality
traits has been proposed as an alternative to overcome some of the difficulties associated with
the direct selection for this trait. Obtaining male measurements of seminal traits would be
cheaper and more precise than obtaining data of their reproductive performance in the farms.
In addition, it could be possible to obtain a higher response in male reproductive performance
as a correlated response to selection for seminal traits than the one obtained by direct

selection if certain conditions are given. We can assume that generation interval required for
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obtaining male reproductive performance records is approximately the same as the one
required for obtaining seminal traits measurements (i.e. response to selection can be
calculated for the same unit of time in both cases). Hence, according to Falconer and MacKay

(1996) the direct and correlated response to selection for male reproduction performance

would be DR ZthGAF and CR =ihS7’gGAF , respectively. Where i is the intensity of
selection and hF and hs are the square root of the h? of male reproductive performance and

the seminal trait, respectively. The O, is the additive genetic standard deviation for male
reproductive performance and r, is the geneti c correlation between male reproductive
performance and the seminal trait. Performing indirect selection for male reproductive
performance instead of direct selection could be interesting if hsrg >hF (ie. CR/DR>1).

Assuming that the same i is applied in both types of selections, this ratio only depends on the
h? of the traits and on their genetic correlation. Figure 1.10 shows the ratio between correlated
and direct response for male reproductive performance (CR/DR; first column) and the

correlated response in units of standard deviation of the trait (CR /o ; second column) under

different hypothetic scenarios defined by the 7, and the h? of both traits. Only moderate to
high values of 7', were considered and only 4 different values taken from the literature were
assumed for h; while the values of hf ranged from 0 to 0.6. The highest CR/ DR ratio is

. 2. - . . 2
achieved when /i is very low and it increases with high r, and h; values. However, the
magnitude of CRis low (lower than 0.10 units of standard deviation of male reproductive

performance) in a plausible scenario (with hé =0.05, hf =0.25 and r, = 0.7).
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Figure I.10. Ratio between correlated (CR) and direct response (DR) and the correlated
response in standard deviation units (CR/c) under different hypothetic scenarios of genetic
correlation (ry) and heritability of the seminal trait (hs) and male fertility (h¢)

Some seminal traits have been found to be heritable but it is not clear that a correlated
response in male fertility could be achieved since their relationship with this trait is not
clearly established at a phenotypic and genetic level. The predictive ability of male fertility
from semen quality traits usually recorded (in the conditions they are recorded) is very low.
Therefore, it is not clear which is the trait or the combination of seminal traits that should be
improved. In the case of using several traits, the prediction of buck fertility obtained from
them using proper models and statistical procedures, could be used as selection criteria.
However, its genetic determinism is probably even lower than that of the direct measurement

of male reproductive performance.

To our knowledge there is no information in the literature regarding genetic correlations

between semen traits and fertility and prolificacy in rabbits. In other species several studies
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have analysed the relation between seminal traits and the female component of the
reproductive performance but no research has been encountered regarding the genetic
relationship between seminal traits and male contribution to reproductive performance.
Therefore, in those studies the genetic relationship can only be estimated via relatives. This
makes the precision of the estimate very dependent on the relationship structure of the data
(commonly sire-daughter). Genetic correlations between semen characteristics and sow litter
traits have been analysed in two studies where some of the obtained results seemed to depend
on the breeds and on the parity order (Smital et al., 2005; Wolf, 2010). Both studies showed a
non relevant genetic correlation between sperm concentration and female contribution to
litter size. Results of the two studies also agreed in the negative genetic correlation between
total number of sperm and litter size whereas the genetic correlation between sperm
abnormalities and litter size seemed to be breed specific. The genetic correlation between
litter size and sperm motility was positive and negative in Smital et al. (2005) and Wolf
(2010), respectively. In addition, Smital et al. (2005) obtained a negative genetic correlation
between semen volume and litter size whereas the same figure was estimated to be positive in
the first parity of one of the two breeds analysed by Wolf (2010). Finally, among several
seminal traits analysed, conception rate was only positively correlated with sperm motility

(Smital et al., 2005).

In bulls the scrotal circumference has been widely used as a selection criterion for improving
cow fertility because several works have shown favourable genetic correlations with
reproductive performance of the bull daughters (Moser et al., 1996; Van Melis et al., 2010).
However, this correlation is not probably high enough for an effective selection (Martinez-

Velazquez et al., 2003).

1.2.3 Genotype x AI conditions interaction
for male effect on reproductive
performance

From the reviewed studies, it can be concluded that the expected response to direct selection
for the male contribution to reproductive performance after natural mating or after Al under
commercial conditions is very low. Moreover, a correlated response by selection for semen
quality traits could be very difficult to achieve. An alternative approach could be to find the Al
conditions in which male genetic variability for this trait can be better observed (if they exist).
Direct selection under these conditions should also lead to a correlated response in male

reproductive performance under the conditions of semen utilization.
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At the phenotypic level, Amann and Hammerstedt (2002) addressed the controversial issue of
detecting fertility differences among males. Figure 1.11 (adapted from: Amann and
Hammerstedt, 2002) shows a hypothetic dose-response curve of fertility as a function of the
number of total sperm per insemination. The asymptotic part of the curve would correspond
to the fertility after natural mating or after Al under commercial conditions: the use of high
sperm dosage means that most of the males reach the threshold for fertility success, and
therefore, little individual variation is observed. Using a very small amount of sperm would

lead to the same effect on individual variation since most of the males are not able to fertilize

FERTILITY

SPERM DOSAGE

Figure I.11. Hypothetic dose-response curve of fertility as a function of the number of
total sperm (adapted from: Amann and Hammerstedt, 2002).

The observed individual variation in fertility at high sperm dosage is due to the individual
variation in seminal characteristics whose effect on this trait is independent of the amount of
sperm in the Al dose. They are named “uncompensable” traits (Saacke et al., 1994; Den Daas et
al,, 1998; Saacke et al., 2000). Deficiencies in these characteristics render the sperm unable to
maintain the fertilization process or subsequent embryogenesis once initiated. They are
mainly related to alterations in the chromatin with an effect on the DNA stability (Saacke et al.,
2000). However, there are other deficiencies in seminal characteristics whose negative effect
on male reproductive performance can be overcome by increasing the amount of sperm used
to inseminate. These seminal characteristics are named “compensable” traits. Deficiencies in
these traits prevent the sperm access to or engagement with the ovum. Some examples of

these traits are sperm motility, sperm viability, acrosomal normality and sperm abnormalities,
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as well as some functional and molecular characteristics related to the sperm hyperactivation
and capacitation in the oviduct. As a consequence of this masking effect, variation in these
traits does not contribute to the variation in male reproductive performance when the sperm
dosage is high. For this reason, Amann and Hammerstedt (2002) suggested the use of a low
number of sperm in the dose in order to obtain the most favourable conditions for detecting
differences in fertility among males. This sperm dosage would correspond to the so-called
“dose-responsive” portion of the curve (Figure 1.11). Lengthening the storage period of the
doses would also contribute favourably to enlarging the fertility differences among males

because Al conditions would be more restrictive than if fresh semen had been used.

The optimum situation for detecting the highest amount of phenotypic male variability would
be to obtain an average fertility of 50%. However, this is not the case in dairy cattle, in which
the conception rate had been reduced from 52% in the 1970s to 34% by the end of the 1990s
(Washburn et al., 2002). In dairy cattle, there is almost no variation on fertility attributable to
the male because, although inseminations are performed with frozen sperm, bulls have been
highly pre-selected for seminal quality. Therefore, the low fertility rate is mainly due to female
reproductive problems derived from management practices and high production. This is a
clear example of the effect of other sources of variation not related to the male which greatly

contribute to fertility results

If the effect of the Al conditions on the phenotypic variation of male reproductive performance
also corresponds to an effect on the genetic variation for this trait, it would be possible to find
the Al conditions which maximize the selection response. This would be a specific case of the

existence of an interaction between the male genotype and the environment.

Genotype x Environment interaction definition

Under presence of genotype by environment interaction (GXE), phenotypic differences among
individuals are not the same in different environments (Kolmodin, 2003). The environmental
conditions could be described by one or several factors with an effect on the individual
phenotype (temperature, humidity, sperm dosage, time of dose storage, etc) or by a global
descriptor of a group of factors with an effect on the phenotype, such as the management
system, herd or the Al conditions as a whole (which includes among others: the environmental
conditions of the farm and management practices, female genotype, extender, sperm dosage,

etc).

Figure 1.12 shows four types of phenotypic response (P) of 3 individuals across an
environmental variation (E). From left to right, in the two first panels, there is no GxE: in the
first one there is no phenotypic response to the environmental variation because individual

phenotypes remain constant across the environmental variation; in the second panel, although
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there is a phenotypic response to the environmental variation, the phenotypic differences
among individuals remain constant (there is no individual variation in the effect of the
environmental conditions). The GXE appear in the two last panels (there is an effect of the

environmental conditions and individual variation in the effect of these factors):

in the third one, the phenotypic response changes according to changes in the environment,
more variability is observed in certain environmental conditions than in others, which
represents an scale effect of the GxE; in the fourth panel, phenotypic differences among
individuals changes in sign depending on the environmental conditions leading to a re-ranking
of the individuals because of their different phenotype expression in the different

environmental conditions.

4 )

\ _/

Figure I.12. Four types of phenotypic response (P) of 3 individuals across an environmental
variation (E).

Breeders can profit from the existence of GXE. As a genetic progress is a function of the genetic
variance, the expected response to selection could be higher under limited conditions of Al if
higher genetic variance is observed (Falconer and MacKay, 1996). The deciding factor of the
conditions that should be used for selection must come from the comparison of the genetic
progress achieved under the conditions of utilizati on from selecting in different environments

(Kolmodin, 2003).

Methods for the analysis of GxE

Phenotypic data of the same individual or relatives measured in different environmental

conditions are required to test for the presence of GxE.

The existence of GXE can be detected in an ANOVA if relevant interaction exists between the
environment and the genotype, both included as factors in the model. However, under a mixed
model genotypes are defined by realizations of random variables (e.g. animals within a single

population) and this approach is not applicable. In this case, two types of models (which differ
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in the way in which the environment is defined) can be applied to analyse GXE interaction: the

Character State Model and the Reaction Norm Models.

Character State Model

In the Character State Model (Falconer, 1952), the phenotype measurements in the different
environments are analyzed as different traits (or character states). Therefore, under this

approach, the different environments are necessarily considered to be discrete factors.

In this model, the interaction variance (O, ) can be estimated from the genetic variances

and covariances of the two traits (environments) according to the following formula (Mathur,

2002):

1
2 2
O G :E(O-Gl —05,) tog0o,(1-r,)

Where O is the genetic standard deviation in environment i. Differences in the magnitude of

the genetic variances and genetic correlation different from 1 indicate the existence of GXE due
to a scale effect (first component of the sum) or due to a re-ranking of individuals (2nd
component of the sum). The magnitude of the genetic correlation between the traits
(environments) indicates how likely the same genes are modulating the phenotypic

expression of the trait in the two environments.

The Character State approach has been widely used for studying the environmental sensitivity
in cattle for productive (milk production, percentage of protein...), reproductive (fertility) and
sanitary traits (somatic cell counts, presence of gastrointestinal parasites, etc) in which the
environmental factors were defined by levels of production in herds, type of feeding and
management systems (Van Vleck, 1963; Carabafio et al., 1990; Kolmodin et al., 2002; Boettcher
and Fatehi, 2003; Fikse et al., 2003; Kolmodin et al.,, 2003; Petersson et al.,, 2005; Windig et al.,
2006; Kearney et al., 2004). It has also been used by The International Bull Evaluation Service
(INTERBULL) for the international genetic evaluation of dairy bulls, treating milk production

in every country as a different but correlated trait.

Reaction Norm Models

A reaction norm describes the phenotypic expression of a genotype as a function of the

environment.

Reaction Norm models are adequate for the analysis of GXE when the phenotypes change

continuously through an environmental gradient i.e., temperature, humidity, nutrient
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availability, etc. Under this approach, each phenotype is expressed as a function over the
environmental gradient and the coefficients of this function are assumed to have a genetic
determinism. Therefore, different individuals can respond in a different way over the

environmental gradient.

If genetic variation exists for the coefficients of the function, GXE exists because different
individual sensitivity to the environment exists (Kolmodin, 2003). A change in the
environmental sensitivity could be obtained either by direct selection on the coefficients of the
function or as a correlated response to selection on the phenotypes within environments (Via
et al,, 1995). Although linear reaction norms are the most common models used to describe
the phenotype over the environmental gradient, other quadratic or sigmoid shaped

polynomial functions can also be used (Kolmodin, 2003).

In the reaction norm models it is assumed that the continuous gradient of environmental
values defines an infinite number of character states that are related to each other by a
covariance function. There are different ways to estimate the parameters of this covariance

function:

i One way is to choose several points among the longitudinal data treating the different
points as different character states. Then the covariance matrix among those points is
estimated, and, with the values of the function at each point, the parameters of the
covariance function is calculated as a reduced model by for example least squared
(Kirkpatrick and Lofsvold, 1989; Kolmodin, 2003). One of the inconveniences of this
method is that previous knowledge of the covariance matrix for the elected character

states is needed.

i Another way to estimate the covariance function is to do it directly from the data by
the usage of Random Regression models. In these models a polynomial function of
regressors (environmental gradients) is included in the model nested within some
random effect (e.g. additive effect) this fit will allow covariance components to change
over the environmental gradient. Therefore, it allows modelling individual deviation
from a fixed regression of the trait on the environment. In these models, the
individual environmental sensitivity is defined as the first derivative of the
polynomial function (that corresponds to the slope in a linear function) and the
intercept of each individual function gives the level of the response variable in the
absence of effect for the environmental descriptor. Random regression models have
been used to analyse the environmental sensitivity of some traits such as growth, milk
production, fertility, longevity, etc (Oseni et al.; Kolmodin et al., 2002; Windig et al,,
2006).



Literature review

i Finally, another approach is to use hierarchical models (Wakefield et al., 1994a). They
allow estimating any type of function and the use of models that allow splitting the
parameters in their genetic and environmental components. One of the advantages of
this method is that the parameters of the fitted curve have a biological interpretation.
Recently, they have been used for analysing non-linear functions in which the traits
are affected only if the environment exceeds a certain threshold such as the effect of
heat stress on milk production and on reproductive traits (Sanchez et al., 2009a;
Sanchez et al., 2009b; Sanchez and Piles, 2010). Hence, individual variation could exist
in the level of the response, in the threshold, and in the coefficients that describe the

function over the environmental gradient.

If the environment presents a continuous gradient, the covariance function has several
advantages over the character state approach. The first one is that when large amounts of
records are collected at different points over the environmental gradient, only the coefficients
of the function needs to be estimated. The second advantage is that the trait is described along
the entire environmental gradient, rather than at specific points, even if data is not available in
some points. Finally, measurements are used without being previously grouped in discrete
environments (or characters) which leads to obtaining more precision in the estimation of the

variance components (Kolmodin, 2003).

1.3 The relationship between growth rate
and the traits involved in the
production of fertile doses

Most of the males used for Al in the centres come from paternal lines of rabbits which have
been highly selected for growth traits (de Rochambeau et al, 1989; Estany et al., 1992;
Lukefahr et al., 1996; Larzul et al., 2003) in order to have good genetic merit for growth and
feed efficiency. As males to be used for Al should also have good seminal characteristics, it is
important to determine the genetic correlation of these traits with the selection criterion of
the line in order to determine whether those traits could be affected by the selection for
growth or not, and/or if it is feasible to include them in an index of selection for the

improvement of the potentially fertile doses from males of paternal lines.

In rabbits, there is only one work reporting estimates of genetic correlation between growth
traits and seminal traits. The genetic correlation between sperm concentration, ejaculate
volume and total number of sperm produced per ejaculate with average daily gain during the
fattening period was estimated to be of -0.09, 0.36 and 0.17, respectively, in a paternal line of

rabbits (Lavara et al, 2011). However in that study, genetic correlation estimates were
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imprecise making it difficult to establish clear conclusions. The phenotypic results obtained in
an experiment of divergent selection for body weight in rabbits showed that the high line had
higher sperm concentration and less ejaculate volume than the low line, whereas no difference

in male libido was encountered between them (Brun et al., 2006).

Estimates reported in pigs suggested that genetic correlations between growth and seminal
traits such as ejaculate volume, sperm concentration, number of sperm produced, sperm
motility and percentage of abnormal spermatozoa were negative, null or positive, but always

had low magnitude (Oh et al., 2006a; Wolft, 2009).

The effects of selection for body weight in broilers on several semen characteristics such as
sperm concentration, volume and motility were not consistent and they depended on the age
of selection for growth (reviewed by: Rauw et al., 1998). This could probably be due to the
negative correlations found between growth at different ages that are a consequence of the

nonlinear pattern of growth (Barbato, 1999).

To our knowledge, there are no studies in rabbits analysing the relationship between the male
contribution to fertility and prolificacy and growth. However, several studies involving rabbits
(maternal lines selected by prolificacy traits) estimated the genetic correlation between
growth and litter size of the female denoting that the observed genetic correlation was
negative, null or positive but it had always low magnitude (Camacho and Baselga, 1990;
Gomez et al., 1998; Garreau et al., 2000; Garcia and Baselga, 2002a; Biinger et al., 2005). Tusell
et al. (2009a) found a negative but low genetic correlation (-0.12) between average daily gain
and female component of fertility (defined as success or failure to conception after Al) in a
rabbit paternal line. Therefore, in general, low genetic correlations have been encountered in

the literature between growth traits and the female reproductive performance in rabbits.

In pigs, unfavourable genetic correlations were found for growth rate and several
reproductive traits of the gilt such as the age at puberty, ability to show standing reflex,
duration of standing oestrus but a positive genetic correlation was observed between growth
rate and the intensity of vulvar symptoms (reviewed by: Rauw et al., 1998). Selection for lean
growth has no effect on litter size whereas selection for high lean food conversion or low daily
food intake caused a decreased effect on litter size (Kerr and Cameron, 1995; Chen et al,,

2003).

In the poultry industry, selection for fast growth has resulted in detrimental effects on several
reproductive traits. An excessive body weight in broiler breeder hens led to a reduced fertility.
Accordingly, broilers selected for high body weight produced a higher number of eggs but a
higher percentage of defective eggs. Selection for high body weight at 12 weeks and 8 weeks
reduced the hatchability of fertile eggs and increased the frequency of chromosomal

abnormalities (reviewed by: Rauw et al., 1998).
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Finally, Biinger et al. (2005) reviewed the genetic relationship between growth and prolificacy
traits in several species such as fish, dogs, rabbits, sheep, pigs and mice. The author indicated
that the genetic correlation between body weight and litter size in breeds of livestock species
that have undergone selection is small and postulates that a positive correlation existed at the
beginning of domestication but, as a consequence of the intense selection, this correlation has

been reduced.

1.4 Methods and models for the analyses
of seminal traits and fertility

1.4.1 Genetic analysis of discrete traits

Models for the analysis of binary traits are used in the context of this thesis for the analysis of
fertility as well as for certain traits involved in the production of fertile doses of semen, such
as the presence of certain residuals in the ejaculate and suitability for being used in Al of the

ejaculate.

The threshold model was proposed by Wright (1934) for the analysis of categorical traits.
This model postulates that a binary observed response is related to an underlying normally
distributed variable, called liability (1), and to a fixed threshold that divides the continuous
scale of 1 into to 2 intervals that delimit the 2 response categories. The extension to an
arbitrary number of categories is relatively straightforward. Sorensen et al. (1995) applied
data augmentation technique combined with Gibbs Sampling for the Bayesian analysis of
categorical variables in an animal breeding context. The model describing 1 can be written as a

Gaussian linear mixed model:
1=XB+Zu+e
The elements of 1 are assumed to be conditionally independent and distributed as follows:

1/B,u~N(XB+Zu,Ic7)

Being I the identity matrix. As 1 is unobserved, to achieve identificability in the likelihood,
when dealing with binary responses, both the threshold and the residual variance are usually

constrained to 0 and 1, respectively.

Binary observations are conditionally independent given the parameters of the model. Thus,
the conditional distribution of data given the parameters can be written as follows (Sorensen

etal, 1995):
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n

p(YIB,u,LUfFH{P(li >0)[(yi :1)+p(li SO)I(yi :0)}

i=1

Where y=[yi] (i=1,2,...n) denotes the vector of observations and I(yi =j)is an indicator

function that takes the value of 1 if the response belongs to the jth category (j=0,1) and 0
otherwise. The easiest Gibbs Sampler implementation requires augmenting the joint posterior
distribution with the unobserved 1, then fully conditional posterior distributions of all

parameters will have standard forms easy to sample from.

A linear approximation could be used for the analyses of a binary trait and several authors
have concluded that threshold models tend to give larger parameter estimates than the linear
ones (Boichard and Manfredi, 1994; Weigel and Rekaya, 2000). However, the main problem
associated to the application of the threshold model methodology is the so-called extreme
category problem (ECP). This could arise when there are only few observations per level of
systematic effect and all the observations fall exclusively into one of the categories, the major

consequence of this is that estimates would be biased.

In the specific case of fertility traits, male and female contributions to fertility have been, in
general, separately analysed, but as the outcome of an Al event depends on both sexes, the two

contributions to the final expression of Al outcome should be jointly analysed.

The additive and the product threshold models are two different approaches for the analysis
of fertility defined as a binary trait. Both types of models allow estimating the genetic

correlation between male and female contributions to fertility.

The additive threshold model proposes that the underlying variable of fertility is the result
of the sum of genetic and environmental effects of the two individuals involved in the mating
(Varona and Noguera, 2001; Piles et al., 2005). The conditional probability of a successful Al

can be expressed as:

p(y =1 | Bm’Bf’um’uf) :CI)(XmBm +Xfo +Zmum +quf)

Where y is the vector of the binary observations, ®(.) is the standard cumulative distribution
function of the normal distribution. Terms f, and Bf are vectors of systematic effects related
to mating male and female, respectively; and u, and u are vectors of male and female

additive genetic effects, respectively. Finally, Xm,X f,Zm and Z. are incidence matrices

relating data to the corresponding systematic and additive genetic effects. For simplicity only
male and female additive genetic effects are considered in the model above but other random

effects could be included.
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David et al. (2009) proposed the product threshold model as another approach for the
analysis of binary Al results. This model postulates that male and female contributions to a
fertility outcome may not be purely additive. This model assumes that an observed
reproduction outcome is the result of the product of two unobserved variables corresponding
to the fertility of the two individuals involved in the mating. This approach could better reflect
the biology of the fertility trait than the additive model. Within the product model a success in
Al can only be achieved when both members of the mating are fertile, whereas with the
additive model it would be possible to fit a successful mating of a highly fertile female, that

makes liability to exceed the fertility threshold, with an infertile male, or vice versa.

Hence, following similar notation as for the additive threshold model, under the product
threshold model, the conditional probability of an Al success resulting from the contributions
of both sexes is expressed as the product of the probabilities of success of the 2 binary

unobserved phenotypes corresponding to male and female contribution to fertility:

p(y = 1 | ﬁm"}f’umﬂuf): q)(XmBm +Zmum)xq)(Xfo +quf)

When fitting the product threshold model it is implicit that the observed Al result is the result
of two conditionally independent events, i.e., male and female unobserved phenotypes (David
et al, 2009). Conditional independence assumption does not allow estimating the effect of
possible interactions between male and female components, or the contribution to fertility of
the embryo. Biological interpretation of h? obtained with the product threshold model is not
straightforward and cannot be compared to the one obtained under an additive threshold
approach. However, the product threshold model allows extracting more information from the
data than the additive threshold model because it provides different estimates of the effect of
factors affecting each unobserved phenotype as well as obtaining the probabilities of fertility
success for each sex, which allows evaluating which sex is strongest responsible for an Al

failure.

In their study, David et al. (2009) developed a Gibbs sampling algorithm for fitting the product
threshold model under a Bayesian approach. They concluded that the product threshold
model was able to provide good parameter estimates using data simulated under a product
threshold model whereas, under the same scenario of data generation, the additive threshold
model provided biased estimates. Performance of the product and the additive threshold
model, in terms of predicting ability, was compared using real data coming from 3 livestock
species: sheep, cattle and rabbits (David et al., 2011). The results obtained from this work

concerning rabbits are discussed in this thesis.

Threshold model methodology can also be used for the analyses of other measurements of

fertility such as number of inseminations to conception in which the number of Al occurs in a
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sequential order (i.e, an observation of a certain value of the trait requires to have passed
through all previous stages). The ordinal threshold model (Gianola, 1982; Gianola and
Foulley, 1983) assumes that the several sequential categories of response are the result of the
hypothetical existence of several ordered thresholds in the liability. An alternative approach
for the analyses of these type of traits is the sequential threshold model (Albert and Chib,
2001) in which the liability represents the individual ability to pass from one stage to the next.
Hence, one stage can only be reached after passing the previous ones and, once the stage is
reached; either a success or a failure to Al is observed. This approach has the advantage that it

allows including specific factors affecting each stage (e.g. specific effects for each IA).

Another characteristic of number of inseminations to conception as well as other fertility
traits is the presence of censored records (e.g. records from females that have been culled
after Al, thus they did not have the chance for expressing the trait of interest). However, the
assumption of noninformative censoring is not probably correct in most of the data, because
females are commonly culled after several unsuccessful matings. Therefore, unexpected
results and misleading interpretation can follow (Kalbfleisch and Prentice, 1980). Gonzalez-
Recio et al. (2005) adapted three methods to deal with the presence of censored records on
the number of inseminations to conception in dairy cows. First, they extended the ordinal
threshold model to accommodate the analysis of censored records of this trait. The ordinal
censored threshold model uses a method consisting in augmenting the data by sampling
from a left truncated distribution every time that a censored record falls into to one of possible
known categories. In that specific case, the truncation point was the threshold corresponding
to the last observed insemination of the particular animal. The sequential threshold model
was also adapted for these authors for taking into account censored records. Finally, another
approach to handle censored records of a sequential trait is to use a particular type of
proportional hazard models, the grouped survival model (Prentice and Gloeckler, 1978).
This approach treats the number of inseminations to conception as time periods until an event
of interest, which is calving. In the absence of calving, a censored record in the last
insemination is assumed. This model defines the probability of having a pregnancy given that
the cow was inseminated at a certain time period. Gonzalez-Recio et al. (2005) compared the
three approaches in terms of prediction ability of the models and concluded that the
sequential threshold model had better predictive ability at the first insemination than the
other two but the predictive ability in subsequent Als was better for the censored threshold

model.
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1.4.2 Models for the analysis of longitudinal
data

One of the main characteristics of seminal and fertility traits data is that several records on the

same animal can be measured over a period of time.

Several records from one individual are expected to show more resemblance among them
than with other records from other individuals, not only because of common additive genetic
effects but also because they will be affected by common non-additive genetic effects and
permanent environmental effects. Therefore, repeated records on the same animal are
generally higher correlated than two measurements on different animals. Also the correlation
between repeated measurements is also expected to decreases as the time between measures

increases (van der Werf, 2001).

Different models to analyse these longitudinal data taking into account these characteristics

have been proposed in animal breeding.

The repeatability model assumes that different measurements on the same individual have
the same genetic determinism and therefore are assumed to be repetitions of the same genetic
trait. In this model the higher resemblance among records of the same individual is accounted
for by including an individual permanent environmental effect. This model does not take into
account in which order of time the records have been measured as it assumes that the
correlation between records of the same individual is constant irrespectively of the time
elapsed among measurements. Repeated records models are frequently used for the analysis
of seminal quality and production traits (Basso et al., 2005) as well as for the analyses of

reproductive performance traits (Piles et al., 2006).

Usage of a multiple trait model could be an alternative to the repeatability model when exist
evidences indicating that measurements of the trait taken at different time do not have the
same genetic basis and therefore it is preferable to consider them as different, but probably
correlated traits. Multiple traits models have been widely used for the analyses of cow and
heifer fertility traits (Jansen et al,, 1987; Thaller, 1998). Litter size traits of different parities
have also been analysed with multiple trait models in pigs (Noguera et al., 2002) and rabbits

(Piles et al., 2006).

Under the multiple trait model approach, mixed model equations will be expanded and the
number of parameters to be estimated will highly increased compared to single trait
repeatability analyses, which could lead to computational problems (Strandberg and
Malmfors, 2006). On the other hand, obtaining reliable and precise estimates of the
correlations of the random effects is not straightforward, especially for the genetic correlation

which, for a good estimation, requires from large amount of data with good connectivity
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among traits. Finally, a multiple trait model does not impose any longitudinal trajectory to the
measurements, thus covariance structure is always left free and it could be possible to obtain
weird results if some level of time is not properly represented in the data (i.e., the correlation
between records should be related to the time that lies between the measurements; van der
Werf, 2001). In addition, for applying these models grouping of records for being considered
different traits is needed, and this lead to a discontinuous treatment of time (Carabafio et al.,

2007).

Measurements that are taken along a trajectory of time can be more appropriately modelled as
a function of the parameters that define that trajectory. Knowledge of the function that
describes how the trait changes along time can help in understanding the behaviour of the
trait for making inferences about the expected trajectory. In addition, differences among
individuals can exist in the trajectory patterns which could be exploited for genetic selection
(Sorensen and Gianola, 2002). Some longitudinal models can incorporate heterogeneous
(co)variances among measurements over time, requiring a reduced number of parameters to

be estimated than that required under the multiple trait approach.

Random regression models (Henderson, 1982) attempt to model the age-dependent
deviations from the population mean due to individual genetic and environmental factors.
These models have been used for the analysis of the GXE (already been briefly described in the
Reaction Norms models) as well as for the genetic evaluation of dairy cattle using test day
records and growth curves in several livestock species (reviewed by: Meyer, 2001; Schaeffer,
2004). More recently, random regression models were used for the longitudinal analysis of
sperm motility and ejaculate volume in bulls (Serrano et al., 2006; Carabafio et al., 2007), total
number of sperm in boars (Oh et al.,, 2006b) and male and female contributions to fertility in
chickens (Wolc et al., 2009). Another approach is the structured antedependence model
(SAD; Jaffrezic et al, 2004) in which records at a given time are defined as a function of
previous observations. On the other hand, character process (CP) attempts to model the
covariance functions among measurements themselves. This model was used by David et al.

(2007a) to analyse longitudinal data of semen volume in rams.

Finally, another approach consists in simultaneously estimating the parameters of the curve
that describes the longitudinal trajectory of the trait for each animal and their variance
components by using a hierarchical model under a Bayesian framework. This model,
proposed by Wakefield et al. (1994b), has the advantage that curve parameters can have a
biological interpretation and it has been already briefly described in “Models for the analyses

of GXE” section.
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1.4.3 Models for the joint analysis of
seminal and reproductive performance
traits

The joint analyses of seminal traits and male reproductive performance can be done by the
usage of multiple trait models or some extension of them, which are the recursive models. The
interest in using this last approach is that these models allow considering the effect of seminal
traits on the phenotypic expression of fertility but they also take into account that seminal
traits in turn, also have genetic and permanent effects contributing to their phenotypic

expression.

A recursive multi-trait model is a particular case of a structural equation model, which
Gianola and Sorensen (2004) introduced to the field of quantitative genetics. These models are
useful for describing biological relationships between traits. For a pair of traits simultaneity or
recursiveness, are two types of relationships. The first one indicates that changes in one trait
affect a second trait and, in turn, the second trait affects the first trait. The second one refers to
a situation where one trait affects the other but the last does not affect the first one. These
authors also pointed out that, in the presence of these relationships, if they are not properly
taken into account, biased (co)variance estimates can be obtained. After the publication of the
aforementioned study several authors have been using these models for describing biological
relationships between several types of traits in livestock species (de los Campos et al., 2006;
Lopez de Maturana et al.,, 2007; Varona et al., 2007; Wu et al., 2008). To our knowledge, there
are no studies in the literature using recursive models to analyse the relationship between

seminal traits and male reproductive performance.
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Abstract

This work aims to estimate the genetic parameters of seminal and production traits in a
paternal line of rabbits selected for average daily gain during the fattening period (ADG). The
considered traits were: male libido (Lib) defined as successful mounting to an artificial vagina;
presence of urine (Ur) and calcium carbonate deposits (Ca) in the ejaculate; semen pH;
individual sperm motility (IM); the suitability for Al of the ejaculate (Sui), which involves the
subjective combination of several quality traits; the average ejaculate volume (Vol); sperm
concentration (Conc); and the average sperm production per ejaculate (Prod=Vol x C). The
genetic relationship between all of these traits with ADG is also provided. Male libido and
seminal data came either from routine evaluations of the ejaculates in an Al center or from
two experiments concerning those traits, in which bucks from the same population were used.
Two consecutive ejaculates per male and per week were collected leaving 7 days within
weekly collections. A linear tri-trait model was used to analyze Conc, Vol and ADG whereas
linear and threshold-linear two-trait models were used to analyze male libido and the
remaining seminal traits with ADG. A Bayesian approach was adopted for inference.
Approximately 38 % of ejaculates were rejected for Al primarily due to low IM scores.
Variables related to the quality of the ejaculate (Ur, Ca, pH, IM, Sui) and Lib were found to be
lowly heritable (h? ranged from 0.04 to 0.11), but repeatable. This indicates performance of
bucks for seminal quality traits and libido in Al centers would be more strongly affected by
management practices rather than genetic selection. Semen production traits exhibited
moderate values of h? (0.22, 0.27 and 0.23 for Conc, Vol and Prod, respectively) suggesting the
possibility of effective selection for these traits. A moderate to high negative genetic
correlation (rg) (posterior mean; highest posterior density at 95%, HPDgs¢,) was estimated
between Conc and Vol (-0.53, HPDgsy=-0.76, -0.27). Because of the existence of this genetic
antagonism selecting for Prod would be of most interest. The ADG was estimated to have a h?
of 0.16, to have a low, positive ry with Conc (0.21, HPDgs¢= -0.03, 0.48), to have a low, negative
rg with Vol (-0.19, HPDos%=-0.47, 0.08), and to be genetically uncorrelated with all remaining
traits analyzed. Therefore, selection for increasing ADG in paternal lines is expected to have no

detrimental effects on Ur, Ca, pH, IM, Sui and Lib and little to no effect on Conc, Vol and Prod.

Keywords: ejaculate quality, genetic parameters, growth, semen production, rabbit
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Introduction

Terminal bucks used for Al come from lines exclusively selected for growth traits (Baselga,
2004). Although they have good genetic merit for growth and feed efficiency no attention is
placed on their reproductive performance and seminal characteristics. However, bucks used to
produce doses to inseminate in commercial farms should also have good semen production
and quality to potentially produce a large number of fertile doses. Optimal reproductive
results are achieved with commercial Al in rabbits (e.g. 80.5 % of conception rate and 10.34
number of total kits born per litter were obtained on average in French rabbit farms; ITAVI,
2008) largely because the procedures used for Al in rabbits aim to maximize the probability of
fertilization of oocytes. However, efficiency of the Al centers seems to be far from optimal: the
production and characteristics of semen are highly variable between collections (Garcia-
Tomas et al,, 2006b), the ejaculate rejection rate in Al centers is high (38-52%; Brun et al,
2002a; Theau-Clément et al., 2003) and lack of libido and infertility are the most important

causes for culling males in rabbit farms (Rosell and de la Fuente, 2009).

To examine the possibility of genetic improvement for increasing Al dose production per buck,
this work aims to estimate the genetic parameters of the following seminal and production
traits: male libido, defined as successful mounting to an artificial vagina; presence of urine and
calcium carbonate deposits in the ejaculate; semen pH; individual sperm motility; the
suitability for Al of the ejaculate, which involves the subjective combination of several quality
traits; the average ejaculate volume; sperm concentration; and the average sperm production
per ejaculate. Additionally, genetic correlations between each semen characteristic with
average daily gain were estimated to determine if selection for growth would have a

correlated effect on male semen production and quality.

Material and methods

The research protocol was approved by the animal care and use committee of the Institut de

Recerca i Tecnologia Agroalimentaries.

Management

Bucks belonged to the Caldes line which is selected for growth rate during the fattening
period. They were bred and reared in the nucleus of selection in Caldes de Montbui
(Barcelona, Spain). This farm has insulated roof and walls and cooling equipment to avoid
animal exposure to extreme temperatures [e.g. the average temperature (SD) of the whole
period in which the seminal data was collected was 19.5°C (3.04)]. Following weaning at 32 d,

males were housed in cages of 8 individuals with a photoperiod of 16 h light/d. Animals were
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fed a commercial diet ad libitum (15.5% CP, 2.3% fat, 17.2% fiber) until d 60. Average daily
gain (ADG) was measured during the fattening period (from 32 days-old to 60 days-old). After
the fattening period, animals were individually housed and their feed was restricted to 180
g/d of another commercial diet (16% CP, 4.3 % fat, 17% fiber). Fresh water was always

available.

Good health status (i.e. animals free from illness, injury or pain) was the sole criterion utilized
for selecting young bucks to be used both in the Al center and in the experimental studies

where males were evaluated for seminal production traits.

Selected males were trained at 4.5 mo of age to use an artificial vagina for ejaculate collection.
A homemade polyvinyl chloride artificial vagina containing water at a temperature of 502C
was used. For ejaculate collection, the artificial vagina was hand-held beneath a doe with the
open end pointed in a caudal direction and together they were placed inside the buck’s cage to
allow the male to mount the doe. As the buck began to mount, penetration of the male penis
into the artificial vagina was allowed and the ejaculate was collected in a tube connected to the
artificial vagina (for further details of the procedure refer to Morrell, 1995). In order to train
young males to use an artificial vagina for ejaculate collection, one ejaculate was collected per
male each week for the first 2 wk. At 5 mo of age, males were considered sexually mature, and
2 ejaculates per male each wk were collected with an interval of 30 min between collections
within wk. Time period comprised between male ejaculate collections of two consecutive

weeks was 7 days. Semen data analyzed in this study come from sexually mature males.

Male libido and seminal traits data

Male libido (sexual desire) was recorded as a binary trait (Lib = 1 if male successfully mounted
i.e, if male showed signs of falling off the doe when he did mating; 0 otherwise). Visual
detection was used to identify and discard for further evaluation ejaculates contaminated with
urine (Ur, assessed by the yellowish colour of the semen instead of the typically translucent
with white, grey colour), calcium carbonate deposits (Ca, assessed by the presence of sandy
sediments in the ejaculate) and blood (assessed by the pink or reddish color of the semen).
Both the Ur and Ca traits were defined as binary: 1 = presence, 0 = absence. All gel plugs were
removed. Ejaculates were stored at 372C and were evaluated within 15 min after collection.
The pH of the ejaculate (pH) was determined using a 507 Crison pH-meter (Crison
Instruments, S.A., Alella, Barcelona, Spain). Ejaculate volume was determined either using a

graduate tube or a micro-pipette.

Ejaculates were diluted 1:4 (vol/ vol) in a commercial extender (Galap, IMV Technologies,

Saint Ouen sur Iton, France). Aliquots (25uL) were evaluated under a microscope with a
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phase-contrast optic (Nikon, Lewisville, TX) at 400X magnification to assess individual sperm
motility (IM). The IM of each sample was recorded and analyzed on a subjective scale that
ranged from 0 to 5, which corresponded to a percentage of sperm showing progressive
movement: 0 to 10, 11 to 25, 26 to 50, 51 to 70, 71 to 90, or 91 to 100%, respectively (Roca et
al.,, 2000).

The suitability for Al of the ejaculate (Sui) was defined as a binary trait (1 = suitable, 0 =
unsuitable for AI) and was assessed subjectively by a technician. An ejaculate was considered
unsuitable for Al if presented any of the following characteristics: the presence of Ur, blood,
and Ca in the ejaculate, an IM score < 2, presence of a high number (approximately > 50%) of
dead spermatozoa and the presence of clustered spermatozoa (both assessed by visual
detection under microscope). As an ejaculate could present more than one characteristic of

unsuitability for Al, it could be discarded for Al for more than one reason at the same time.

Seminal data of Lib, Ur, Ca, IM and Sui came from routine evaluations performed in the IRTA’s
Al center from December 2001 to December 2009. Within this period, data of semen pH, Vol
and Conc were collected in two experimental periods: January 2002 to December 2002 and
January 2006 to September 2007. In the first experimental period, Conc was measured in each
ejaculate using a Thoma Zeiss counting cell chamber. In cases where there were two ejaculates

suitable for Al per male on a given day, Conc per male on the day of collection (Conc) was

calculated as (Conc, x Vol + Conc, xVol, ) /(Vol, +Vol,) where subscripts 1 and 2 are the first

and second ejaculate of the male on the day of ejaculate collection. In the second experimental
period, Conc was measured using a counter of sperm cells (NucleoCounter SP-100,
ChemoMetec A/S, Allerod, Denmark) after pooling semen from both suitable ejaculates for Al
obtained from the same buck on the same day. No differences in Conc measurements have
previously been encountered using either a haemocytometer or the Nucleocounter SP100

(Theau-Clément and Faliéres, 2005).

The average ejaculate volume per male each day (Vol) was calculated as: (Vol, +Vol,)/ N

where n is the total number of ejaculates obtained per male on the day of collection (n=1, 2).
Collections in which the male successfully mounted the doe but no ejaculate was collected in

the collection tube were considered as Vol=0 mL.

Whenever a nonzero Vol was obtained, the average sperm production per ejaculate (Prod)

was determined by multiplying Vol by Conc.

Seminal traits Lib, Ur, Ca, IM and Sui involved 883 males from approximately 740 litters,
whereas pH, Vol, Conc and Prod involved 541 males from approximately 470 litters. Total

numbers of records obtained for each seminal trait are presented in Table 1.1.

Chapter one

81



82

Chapter one

Genetics of semen traits and growth rate

There were a total of 118,306 records of ADG which corresponds to all the data from the
foundation of the line. The pedigree included 118,574 animals.

Table 1.1. Summary statistics of average daily gain and seminal traits expressed as average
percentage per buck

Trait Min. Mean Max. cv No. records
ADG" 10.78 45.98 88.95 0.18 118,306
Lib® ) 0.80 1 1.58 13,914
ur? 2 0.08 1 2.15 14,383
ca* 2 0.22 1 1.18 14,449
pH® 6.35 7.45 8.66 0.05 1,386
m° 2 2.69 4.67 0.28 13,727
sui’ 2 0.61 1 0.50 14,240
conc® ) 331.82 1616.04 0.67 1,290
vol’ 0.07 0.77 2.1 0.53 1,225
Prod™ 29.875 670.83 2450.50 0.49 1,077

*ADG = Average daily gain during the fattening period (g/day)

’Lib = male libido (binary trait: 1 = success to mount artificial vagina, © = failure)

yr presence of urine in the ejaculate (binary trait: 1= presence, © = absence)

‘ca presence of calcium carbonate deposits in the ejaculate (binary trait: 1 = presence, @
= absence)

5pH = pH of the ejaculate

°IM = individual sperm motility (subjective scale from @ to 5 corresponding to a percentage
of sperm showing progressive movement of: © to 10, 11 to 25, 26 to 50, 51 to 70, 71 to 99,
or 91 to 100%, respectively)

sui = ejaculate suitability for AI. (binary trait: 1 = suitable, © = unsuitable)

“Conc = average sperm concentration of the ejaculate per male on the day of collection (x10°
spermatozoa/mL)

Vol = average volume of the ejaculate per male on the day of collection (mL)

®Prod = Average sperm production per ejaculate (xl@6 spermatozoa)

Model and statistical analysis

The seminal traits Lib, Ur, Ca, pH, IM, Prod and Sui were each analysed with ADG in a bivariate
analysis in order to avoid selection bias in the estimates of the (co)variance components and
to determine the relationship between ADG and the seminal traits. The Vol and Conc were
analysed jointly with ADG in a trivariate analysis in order to estimate the correlations among
the three traits. Models were Gaussian for the continuous traits pH, IM, Vol, Conc, Prod and

ADG whereas threshold models were used to analyse the binary traits Lib, Ur, Ca and Sui.

The threshold model assumes the observed binary responses are indicators of an underlying
continuous random variable (I) (liability; Falconer 1965) and a fixed threshold, which divides

the continuous scale into two intervals and forms the two response categories (Wright, 1934).

The general model assumed for the analysis of the seminal traits was:

ys = XsBs +Zsus +W1,sps +W2,scs +es

where ys is a vector of data for the corresponding continuous seminal traits (s= pH, IM, Vol,
Conc, Prod) or a vector of liabilities corresponding to the binary seminal traits (s=Lib, Ur, Ca
and Sui), Bs is a vector of systematic effects, us is a vector of male additive genetic effects, ps is

a vector of random male permanent environmental effects, ¢s is a vector of common litter
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environmental effects and es is a vector of residuals. Terms X;, Zs W1 s and Wy are incidence
matrices relating data with the systematic, random genetic, random permanent environmental
effects, and common litter environmental effects, respectively. The systematic effects included
in the model were: order of the ejaculate (2 levels, first or second, this effect was not included
in Vol, Conc and Prod models), year-season of collection (two mo intervals: 33 levels for Lib,
Ur, Ca, IM and Sui, and 13 levels for pH, Vol, Conc and Prod) and male age (7 levels for Lib, Ur,
Ca, IM and Sui: 4-6, >6-8, >8-10, >10-12, >12-16, >16-24, >20 mo and 3 levels for pH, Vol,
Conc and Prod: 4-6, >6-8, >8-10 mo).

The following model was assumed for ADG:

yadg - Xangadg + Zadguadg + “]l,adgpadg + WZ,adgcadg + eadg

where yuqy is a vector of ADG measurements, Badg , Uadg , and €agg correspond to the same
effects as those defined for seminal traits in the previous model. Because seminal traits and
ADG were collected at two different time periods in a given buck’s lifetime, the residual was
decomposed into two terms, padz and ea.qg where pagg relates to the male permanent
environmental effect of the corresponding seminal trait. This decomposition of the residual
was carried out to increase data connectivity and to allow for estimation of a possible
environmental correlation between ADG and the each seminal trait. Incidence matrices Xadg,
Z .45, W1agg and Wy, relate growth data with the systematic, random genetic and random
permanent environmental effects, respectively. The systematic effects included in the ADG
model were: year-season of birth (105 levels), parity order (6 levels: 1,...,5, >5 parities) and
number of kits born alive in the litter to which the individual was born (8 levels: <5, 6,..., 11, 2

12 Kkits born alive).

A Bayesian framework was adopted for inference. Denote € = {B,u,p,c,G,P,C,R} as the

vector including all the unknown parameters in the model. Where B'=(B;,B'adg),

u'=(u;,uadg), p'=(p;,p;dg)and c'=(c;,cadg). The terms G,P,C are the different

(co)variance matrices of the corresponding random effects defined above and R is the
residual (co)variance matrix. The joint posterior distribution of all parameters for the joint

analyses of two continuous traits was:

P(R1Y, Ve ) P(Y0Y e | 2) % p()

Whereas the joint posterior distribution of all parameters for the analysis of a categorical and

a continuous trait was:
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PRV YooY, ) % P(Y oo | )% ply 5 |1, 2) x p(R)

The assigned prior distributions for the parameters of the models were:

P(B)~k p(u|G)~N(0,G®A) p(p|P)~N(0,P®I)
p(c | C) ~ N(O, C® I) where k is a constant and A is the numerator relationship matrix of

all the individuals. Bounded uniform prior distributions were assumed for B and the
components of G, P and C. For the binary traits, the threshold and the residual variance were

fixed to 0 and 1, respectively.

For the continuous traits, the prior distribution for the residuals was

p(e | R) ~ N(O, R® I) and bounded uniform priors were assumed for the elements of R.

The off-diagonal elements of R were always set to zero except in the trivariate analyses were

the elements corresponding to the residual covariance between Vol and Conc was estimated.

The marginal posterior distributions of the parameters of interest were derived from the joint
posterior density of all the unknowns. The Gibbs sampler algorithm was used to estimate the
marginal posterior distributions of the systematic effects and the (co)variance components
using the TM software developed by Legarra et al. 2008. Conditional distributions of the model
parameters, necessary for the implementation of this algorithm, can be found in Sorensen and
Gianola (2002). Single chains of 1,000,000 and 3,000,000 iterations were run discarding the
first 250,000 and 1,000,000 iterations of each chain in the bivariate and trivariate analyses,
respectively. Samples of the parameters of interest were saved every 100 rounds. The number
of discarded samples was, in all cases, much larger than the required burn-in determined by
the procedures of Raftery and Lewis (1992) and Geweke (1992). The sampling variance of the
chains was obtained by computing Monte Carlo standard errors (Geyer, 1992). Summary
statistics from the marginal posterior distributions were calculated directly from the samples

saved.

Results and discussion

Summary statistics of ADG and seminal traits

Summary statistics for the seminal traits and ADG are shown in Table 1.1.

Means of the different seminal traits were within the range of values obtained for rabbits in

previous studies reviewed by Alvarifio (2000). The mean of ADG was also in accordance with
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those obtained in other rabbit lines (Vogt, 1979; Moura et al,, 1997; Lavara et al, 2011). A
large portion of the seminal and Lib data came from routine evaluations performed in the Al
center; therefore it is possible that there is some bias associated with these raw means. This
potential for bias stems from the selection strategy followed by this Al center in which bucks
are replaced based upon a lack of libido and poor sperm production. After 3 mo in production,
buck replacement is only performed in older bucks, for reasons of lack of libido, poor sperm
production and quality and poor health status, being the last one the most common reason for
buck culling in the Al centre. Because bucks with poor libido and poor sperm production and
quality are only replaced after being 3 mo in production; presumably this selection strategy
will not have a large effect on the estimates of male variance components because enough data

is colleted per individual.

The percentage of successful collection rate with the artificial vagina was very high and, in
agreement with the one obtained in previous studies. This result contributes to reflect the high
adaptability of this species to be used in Al centers for dose production (Brun et al.,, 2002a;

Theau-Clément et al., 2003; Brun et al., 2006).

However, the efficiency in the use of bucks in Al centers still seems to be less than optimal. A
low percentage (62%) of ejaculates were considered suitable for Al and this estimate is in
agreement with similar studies performed on rabbits (Brun et al, 2002a; Theau-Clément et
al, 2003; Brun et al,, 2006; Garcia-Tomas et al., 2006c). These results suggest criteria for
ejaculate rejection could be too restrictive and/or that, in some cases, it could be necessary to
improve the qualitative characteristics of the ejaculate through management procedures or
genetic selection. Low IM was the main reason for ejaculate rejection in this line (representing
a 66% of total rejections), followed by the presence of Ca and Ur in the ejaculates (see Figure

1.1).

Figure 1.1. Relative importance of several causes of ejaculate rejection for AI: presence
of urine (Ur), presence of calcium carbonate deposits (Ca) and individual motility score
less than or equal to 2 (IM 2) in a subjective scale from © to 5 corresponding to a
percentage of sperm showing progressive movement of: © to 10, 11 to 25, 26 to 50, 51 to 70,
71 to 90, or 91 to 100%, respectively.
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Sperm concentration and sperm motility are considered important parameters influencing
fertility (Castellini and Lattaioli, 1999; Brun et al., 2002b; Lavara et al., 2005; Garcia-Tomas et
al, 2006a). For that reason, individual and/or mass motility score are commonly used as
criteria for ejaculate rejection in most Al centers. Conversely, individual sperm concentration
is not commonly evaluated in rabbits because pooling ejaculates from several bucks is a
common practice in rabbit Al centers. Thus, sperm concentration is only measured in the
pooled ejaculate in order to perform the proper dilution to reach the standardized

concentration of a heterospermic commercial dose.

Presence of urine in the ejaculate has been found to be one of the principal factors for ejaculate
rejection in rabbits (Brun et al., 2002a; Theau-Clément et al., 2003; Brun et al., 2006). Calcium
carbonate deposits, which in this line were present in 17% of ejaculates, are also encountered
in the bladder. However, sources of this Ca origin are still unknown and, to our knowledge,
their presence has only been noted in a previous study carried out on the same experimental
farm (Garcia-Tomas et al., 2006¢). In that study, presence of Ca was observed in another line
but at a lower frequency, indicating there could be differences between lines in the expression
of this trait. In order to optimize the management of the bucks in the Al center, further
research should be carried out to establish the origin and causes of the presence of Ca in the
ejaculates. The presence of Ca in the ejaculates complicates the evaluation of the ejaculate for

seminal quality in the lab and may have a detrimental effect on reproductive performance.

The pH of the semen was within the range of values obtained in the same line and in other
rabbit breeds (Brun et al., 2002b; Garcia-Tomas et al., 2006c; Brun et al., 2009). The pH could
be considered a general semen quality indicator: the higher the concentration and motility of
the spermatozoids in the ejaculate, the higher the production of lactic acid due to the greater
metabolic activity and the lower the pH (Coffey, 1988; Brun et al., 2009). As a consequence, the
value of this trait lies in its relationship with fertility (Brun et al., 2002b; Tusell et al., 2010). As
this trait is not expensive to measure, it could be of interest to include semen pH in routine
measurements of the Al centers in order to select ejaculates to be used for Al to improve both

conception rates and the selection of the most fertile males to use in the Al centers.

(Co)variance components estimates

Table 1.2 shows features of the estimated marginal posterior distributions (EMPD)
corresponding to the ratios between variance components and phenotypic variances for ADG
and the seminal traits. Parameter estimates of the effects included in the ADG model did not
change among the analyses. Therefore, for simplicity, only ADG estimates obtained in one of

the models are presented (bivariate model with ADG and Lib).
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Table 1.2. Mean (Highest posterior density interval at 95% in brackets, and Monte Carlo
standard error in parentheses) of the marginal distribution of heritability (hz), phenotypic
variance (0°), ratio of variance of male permanent (pm) and common litter (c) environmental
effects to phenotypic variance for average daily gain and seminal traits

Parameter
Trait h? pm c o’
0.16 0.27 0.29 52.17
AD .14 , o. .13, 0.44 .28 , 0. 51.49 , 52.
G 0.1 0.18 0.13 , © 0.28 , 0.30 1.49 2.82
(0.001) (0.011) (0.000) (0.015)
0.06 8.10 0.04 1.24
Lib*™ [0.83 , 0.09] [0.05 , 0.14] [0.00 , 0.08] [1.20 , 1.28]
(0.002) (0.003) (0.003) (0.001)
0.04 0.07 0.02 1.15
r~ . , 0. . , 0. . , 0. . , 1.
ur>t 0.02 , 0.07 0.04 , 0.10 0.00 , 0.04 1.12 , 1.18
(0.002) (0.002) (0.001) (0.001)
0.08 0.11 0.02 1.27
ca®™  [@.04 , 0.12] [0.08 , ©.15] [0. 80 , 0.04] [1.24 , 1.31]
(0.003) (0.002) (0.001) (0.001)
0.11 0.18 0.03 0.23
pH’ [0.05 , 0.18] [0.11 , ©.25] [0.00 , 0.06] [0.21 , ©.26]
(0.005) (0.004) (0.002) (0.001)
0.08 8.14 0.02 1.16
™ [0.04 , 0.13] [0.106 , ©.19] [0.00 , ©.05] [1.12 , 1.21]
(0.003) (0.002) (0.001) (0.001)
0.06 0.12 0.02 1.25
sui”™ [@.83 , 0.09] [0.08 , ©.15] [0.00 , 0.05] [1.22 , 1.29]
(0.002) (0.002) (0.001) (0.001)
57,459.38
0.27 0.17 0.05
. [51,263.54 ,
Conc [0.14 , 0.31] [0.09 , ©.25] [0.01 , 0.11]
(0.005) (0.004) (0.003) 63,775.80]
: ’ ' (193.05)
0.23 0.18 0.06 0.21
Vol® [0.14 , 0.31] [0.09 , 0.26] [0.01 , 0.11] [0.19 , ©.23]
(0.004) (0.004) (0.002) (0.000)
134,269.6
0.23 0.15 0.05 ’
10 [120,109.75 ,
Prod [0.13 , 0.32] [0.06 , ©.23] [0.01 , 0.10]
148,660.45]
(0.005) (8.005) (0.002)

(465.94)

*ADG = Average daily gain during the fattening period (g/day).
’Lib = male libido (binary trait: 1 = success to mount artificial vagina, @ = failure).

*Ur = presence of urine in the ejaculate (binary trait: 1= presence, @ = absence).

‘ca = presence of calcium carbonate deposits in the ejaculate (binary trait: 1 = presence, @ = absence).

pH = pH of the ejaculate.

°IM = individual sperm motility (subjective scale from @ to 5 corresponding to a percentage of sperm showing

progressive movement of: @ to 10, 11 to 25, 26 to 50, 51 to 70, 71 to 990, or 91 to 100%,
’Sui = ejaculate suitability for AI. (binary trait: 1 = suitable, ® = unsuitable).

8Conc = average sperm concentration of the ejaculate per male on the day of collection (x10° spermatozoa/mL) .
Vol = average volume of the ejaculate per male on the day of collection (mL).

*Prod = The average sperm production per ejaculate (x10° spermatozoa).

™ Estimates of the binary traits Lib, Ur, Ca and Sui are given in the liability scale.

respectively).

The heritability (h?) for ADG was in accordance with estimates from previous studies obtained
in other rabbit lines (Larzul and Gondret, 2005; Lavara et al.,, 2011) and in the same line (Piles

etal, 2004).

Seminal traits showed low to moderate values of hZ and repeatability (r; calculated as the sum
of the h? and the ratios of variance of male permanent and common litter environmental
effects). The ratios of variance of the male permanent environmental effects ranged from 0.07

to 0.18 for all the seminal traits. The proportion of variance due to the common litter effect
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was almost null for the seminal traits whereas it represented a high proportion of the total
phenotypic variance for ADG in agreement with results obtained by Lavara et al. (2011) and

Piles et al. (2004).

Male 1libido and presence of urine and calcium carbonate

deposits in the ejaculate

Traits Lib, Ur and Ca were found to be lowly heritable, which could be attributed in part to the
great variability inherent in these traits due to factors involved in semen collection (i.e.:
variation in the temperature of the artificial vagina that could lead to a higher presence of Ur
and Ca in the ejaculate or unsuccessful mountings) (Morrell, 1995). Therefore, genetic
selection for increasing semen production by improving Lib and reducing the number of
rejected ejaculates may not be effective. To our knowledge, there is no information in the
literature concerning male h? for presence of Ur and Ca in the ejaculates. Classifying Lib into 3
categories (no mating, collection after 5 min and intermediate collection), Panella et al. (1994)
reported a h? of Lib of 0.30 in rabbits. However, results obtained in that work should be taken
with caution because all the genetic parameter estimates for seminal traits were unusually
high, likely due to the absence in their model of a permanent environmental effect related to
the male. Khalil et al. (2007) estimated the h2 of Lib divided into 5 classes (from 1 for low
libido to 5 for strong libido) using data from bucks coming from two rabbit lines and their
reciprocal crosses. They found a higher estimate for this parameter than the one obtained in
our study, due in part to the heterogeneity of the genetic type of the bucks. Flowers (2008)
concluded that it would be difficult to improve Lib and mating behaviors in boars trough
genetic selection due to the low phenotypic variation they observed for these traits in several

studies.

The posterior mean [High posterior density interval at 95%] (PM [HPDosy]) of the male
repeatability (r) for Ca was 0.21 [0.19, 0.24] indicating a certain stability of the values of this
trait over collections of the same male. However, the magnitude of this parameter is not high
enough to make decisions concerning buck replacement according to this trait at the

beginning of the production period of the male.

Individual sperm motility and semen pH

The IM was also found to be lowly heritable and repeatable. The PM [HPDgsy] of r was 0.25
[0.22, 0.28]. Estimates reported by other authors in rabbits are in agreement with these
results for IM or mass motility score (Bencheikh, 1995; Brun et al., 2009) and with the
percentage of progressive motility in different breeds of boars (Wolft, 2009) and bulls (Karoui
et al, 2011). This low heritability and repeatability could be due in part to the great variability
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of this trait originating from semen manipulation and time elapsed until evaluation as well as
to the subjective manner in which this trait is measured since it is determined by the

technician.

The low h? for Sui is in accordance with the estimate obtained for the subjective semen score
used in bulls (Knights et al.,, 1984) which, in turn, had a high ry with Conc and Vol, perhaps
because they were the most important traits taken into consideration for scoring ejaculates.
The effect of the technician (Theau-Clément et al.,, 2009) probably introduces some error to

the criterion that determines Sui, lowering the obtained hZ2.

The PM of the pH h2? was similar to the value previously reported in rabbits by Brun et al.
(2009) and lower than the one obtained in a previous study using a subset of the data
analyzed here (0.18; Tusell et al., 2010). The difference between the h? values obtained with
these two sets of data could be due to the fact that in the previous study the analyzed trait was
the pH corresponding to the pooled semen obtained from each male on the day of collection.
Higher h2? estimates are obtained if traits consist of means (or weighted means) of
observations of two consecutive measurements or means of several records than if the trait
comes from the data of individual records. This fact has been previously denoted for seminal
traits by several authors (Ducrocq and Humblot, 1995; Wolft, 2009). The PM [HPDgsy] of
repeatability of pH was 0.33 [0.26, 0.39], similar to the value obtained in a previous study
where a subset of the data analyzed here were jointly analyzed with data corresponding to
bucks from another paternal line and their reciprocal crosses (0.38; Garcia-Tomas et al,,

2006b).

Sperm production traits

The Conc and Vol traits showed moderate to high values of repeatability (PM [HPDgsy]: 0.48
[0.42, 0.55] for Conc and 0.46 [0.40, 0.53] for Vol) indicating the existence of important
individual variation for both traits. Similar values were obtained by Garcia-Tomas et al.
(2006b). Bencheikh (1995) estimated a repeatability around 0.38 for Vol and 0.35 for Conc
whereas More O’Ferrall and Meacham (1968) obtained a value of 0.29 for Vol, all of them in
rabbit.

The h2 for these traits (Conc and Vol) were higher than estimates previously reported in
rabbits by Brun et al. (Brun et al., 2009) and Lavara et al. (2011) analyzing records from single
ejaculates (0.10 and 0.08 for Conc, 0.13 and 0.10 for Vol, respectively), whereas the ratios of
permanent environmental effects for males were similar. In general, there is a wide range of
values of heritability and repeatability of Vol and Conc in different species varying from

extremely low to high values (Robinson and Buhr, 2005) and it is clear that the variation in
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magnitude found in the literature depends highly upon the definition of the trait (i.e.

individual ejaculates or average values).

The EMPD of the genetic, non-additive genetic plus permanent environmental male effect and
phenotypic correlations between Conc and Vol are shown in Figure 1.2. All the Monte Carlo

standard errors (MCse) for the estimates of these correlations were lower than 0.02.

Figure 1.2. Estimated marginal posterior distributions of the genetic (r (.)), male non-
additive genetic permanent environmental (r (.)) and phenotypic (r (.)) correlation
between average sperm concentration (Conc) and average volume (Vol) of the ejaculate on the
day of collection.

The genetic correlation (rg) between Conc and Vol was moderate and negative (PM:-0.53;
HPDosg: [-0.76, -0.27]). Several studies also reported similar values of this rg in cattle (-0.4 on
average; Ducrocq and Humblot, 1995; Basso et al., 2005), sheep (-0.36 on average in adult
males; Rege et al,, 2000; David et al., 2007), goats (-0.33 on average; Furstoss et al.,, 2009) and
pigs (-0.60 on average; Smital et al., 2005; Wolf and Smital, 2009). Conversely, Brun et al.
(2009) obtained in rabbits a rg between Conc and Vol that could not be considered different
from 0 (0.38 + 0.45). Their estimate of the correlation between Conc and Vol did not agree
with that in the current study, their negative correlation between permanent environmental
effects of the male did (-0.47 * 0.14 and PM:-0.51, HPDosy: [-0.78, 0.18] in Brun et al. (2009)
and in our work, respectively). In boars, Smital et al. (2005) also estimated the rg; between
Conc and Prod (0.21) and between Vol and Prod (0.63), respectively. They obtained a similar
g between Conc and Vol to that in the current study (-0.61) indicating that a higher ejaculate
volume does not seem to be associated with a higher number of sperm in the ejaculate that
could remain constant or even decrease. Alternatively, Karoui et al. (2011), in bulls, the cause
of higher concentration of sperm in the ejaculates seems to be the higher number of sperm,
leading them to obtain a negative but smaller r; between Conc and Vol because the r; between

Conc and Prod and rgbetween Vol and Prod were 0.60 and 0.66, respectively.
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Prod exhibited a moderate h? and a moderate to high repeatability (PM [HPDgso]: 0.42 [0.35,
0.49]), both values being higher than the corresponding values obtained by Lavara et al.
(2011) and Brun et al. (2009) for individual ejaculates. The repeatability for Prod was
estimated to be 0.33 in previous research by Garcia-Tomas et al. (2006b) with both purebred
and crossbred bucks. Smital et al. (2005) proposed either total number of spermatozoa or
number of insemination doses produced at a certain dosage for developing a composite trait

for breeding purposes.

Correlations between ADG and seminal traits

The correlation (re¢) between common birth litter effects for ADG and the seminal traits was
very low, including zero in the HPDos¢, except for Ca. For the last trait, the PM [HPDgsy] of reo
was 0.37 [0.01, 0.81] suggesting that favourable effects for growth could be detrimental for the
production of ejaculates free of Ca. However, the accuracy of this correlation estimate is very
low because of the low magnitude of this variance component for Ca. It is necessary to know

the origin and causes of this trait in order to better understand the nature of this relationship.

The EMPD of the genetic, the non-additive genetic permanent environmental male effects, and
the phenotypic correlations between ADG and the seminal traits are shown in Figures 1.3, 1.4,

and 1.5, respectively. All the MCse for the estimates of these correlations were lower than 0.02.
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Figure 1.3. Estimated marginal posterior distributions of the genetic correlation (r (.))
between average daily gain during the fattening period (ADG) and the following seminal
traits: male libido (Lib), presence of urine (Ur) and calcium carbonate deposits (Ca) in
the ejaculate, semen pH, individual motility score (IM), and suitability for AI (Sui) of
the ejaculate, average sperm concentration (Conc), average volume (Vol), and average sperm
production per ejaculate (Prod).
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Figure 1.4. Estimated marginal posterior distributions of the male non-additive genetic
permanent environmental correlation (r (.)) between average daily gain during the fattening
period (ADG) and the following seminal traits: male libido (Lib), presence of urine (Ur)
and calcium carbonate deposits (Ca) in the ejaculate, semen pH, individual motility score
(IM), and suitability for AI (Sui) of the ejaculate, average sperm concentration (Conc),

average volume (Vol), and average sperm production per ejaculate (Prod)
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P

Figure 1.5. Estimated marginal posterior distributions of the phenotypic correlation (r (.))
between average daily gain during the fattening period (ADG) and the following seminal
traits: male libido (Lib), presence of urine (Ur) and calcium carbonate deposits (Ca) in
the ejaculate, semen pH, individual motility score (IM), and suitability for AI (Sui) of
the ejaculate, average sperm concentration (Conc), average volume (Vol), and average sperm
production per ejaculate (Prod). Phenotypic correlation between ADG and binary traits (Lib,
Ur, Ca and Sui) were based on liability scale.
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All the correlations between male non-additive genetic permanent environmental effects for
ADG and the seminal traits were of low magnitude (Figure 1.4) and a similar pattern was

observed for the phenotypic correlations (Figure 1.5).

Selection for increasing ADG would have a favourably correlated response on sperm
concentration because the rg (PM [HPDgsy]) between ADG and Conc, although low, was
positive (0.21 [-0.03, 0.48]; Figure 1.3). This result is consistent with the low, but negative rg
between ADG and Vol (-0.19 [-0.47, 0.08]); Figure 1.3). The antagonism between Conc-ADG
and Vol-ADG seems to influence the near zero genetic relationship between Prod and ADG
(0.10 [-0.26, 0.38]). In another paternal line of rabbits also selected for growth rate, the rg
between Conc, Vol and Prod with ADG was estimated to be -0.09, 0.36 and 0.17, respectively
(Lavara et al.,, 2011). However in that work, estimated rg had wide HPDos¢, making it difficult to
draw unambiguous conclusions. Our estimates are in accordance with the phenotypic results
obtained in an experiment of divergent selection for body weight in rabbits in which the high
line had higher sperm concentration and less ejaculate volume than the low line (Brun et al,,
2006). Other estimates, reported in pigs, confirm that genetic correlations between growth
and Vol, Conc and Prod were negative, null or positive, but always had low magnitude (Oh et

al., 2006; Wolft, 2009).

None of the genetic correlations between ADG and the other seminal traits analysed in this
work can be considered different from zero. Because of the null or very low magnitude of the
genetic correlation between ADG and seminal traits, we would not expect selection for growth
rate in this paternal line of rabbits to damage semen production. No effect in Lib was
encountered when two rabbit lines divergently selected for body weight were compared in
terms of rate of successful solicitations and in the average time until ejaculation (Brun et al,,
2006). In boars, Wolft (2009) reported low values of the genetic correlations between ADG
and sperm motility, percentage of abnormal spermatozoa and, the composite trait, number of

functional spermatozoa.

Conclusions

Male libido and seminal traits related to the quality of the ejaculate (Ca, Ur, pH and IM) seemed
to be lowly heritable but repeatable. This indicates performance of bucks for seminal quality
traits and libido in Al centers would be more strongly affected by management practices

rather than genetic selection.

Moderate h? were estimated for Conc, Vol and Prod suggesting the possibility of effectively
selecting for increased sperm production in paternal lines. Because of the existence of a
genetic antagonism between Conc and Vol, selecting for Prod would be of most interest as it

encompasses both traits.
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Average daily gain had a slightly favorable genetic correlation with Conc, slightly unfavorable
genetic correlation with Vol, and was genetically uncorrelated with all remaining seminal
traits analyzed. Therefore, selection for increasing ADG in paternal lines is not expected to
have detrimental correlated effects on seminal traits involved in sperm production. However,
in order to improve the efficiency of bucks for Al dose production, it would be necessary to
evaluate the expected response to selection applying different strategies and under different

scenarios.
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Abstract

This work aimed to study the relationship between pH of the semen and fertility (Fert, de
fined as the success or failure of conception), which is of special interest because pH of the
semen can be considered a global marker of the expression of some seminal quality traits.
Different methods used to model the relationship between Fert and pH are presented here: 1)
ignoring genetic and environmental correlations and including pH either as a covariate or as a
cross-classified effect on fertility, 2) a bivariate mixed model, and 3) recursive bivariate mixed
models. A total of 653 pH records and 6,365 Fert records after Al were used. Crossbreed does
from 2 maternal lines were artificially inseminated with buck semen from a paternal line in a
commercial environment. A negative, and almost linear, effect of pH on Fert was detected. The
posterior median of pH and Fert heritabilities, and the highest posterior density interval at
95% (in parentheses) were approximately 0.18 (0.05, 0.29) and approximately 0.10 (0.02,
0.20) across all the models, respectively. Genetic correlations between traits were negative,
but the highest posterior density interval at 95% included zero [i.e., -0.31 (-0.91, 0.33) in the
bivariate mixed model and -0.17 (-0.99, 0.48) and -0.44 (-0.99, 0.10) in the recursive
bivariate mixed models including pH as a covariate or as a cross-classified effect, respectively].
All models predicted Fert data reasonably well (i.e, 76 and 62% correct predictions for
success and failure, respectively). No differences in the prediction of the EBV for male fertility
were encountered between models, showing a good concordance in the animals ranked by
their EBV (the correlation between EBV in all models was close to 1). Thus, no differences in
results were obtained considering, or not considering, genetic and environmental correlations
between pH and Fert and assuming, or not assuming, recursiveness between each trait. This is
because the magnitude of the effect of pH on Fert was not large enough; therefore, the same

results were obtained even though the models were of different complexity.

Key words: (co)variance component, fertility, pH of semen, rabbit, recursive model
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Introduction

Male fertility (Fert) is one of the most economically interesting traits in rabbit breeding,
especially with the use of Al (Alvarifio, 2000). However, because of the low heritability of this
trait in both natural and Al mating systems (Piles et al., 2005; Tusell et al,, 2010), finding
seminal quality traits to be used as criteria for indirect selection to increase male Fert has
been paramount (More O’Ferrall and Meacham, 1968; Bencheikh, 1995; Brun et al, 2002;
Lavara et al., 2005). The hydrogen-ion concentration in semen (pH) is a by-product of sperm
metabolism associated with the number and activity of spermatozoids. Thus, it can be
considered an indicator of seminal quality traits (More O’Ferrall and Meacham, 1968;

Bencheikh, 1995); therefore, it is of special interest to determine its relationship to Fert.

Fertility and pH have a complex biological relationship. The pH of semen could affect the
phenotypical expression of Fert but, contrary to some environmental effects (e.g., type of
extender, Al technician, farm), pH is not an external effect of the animal, so, in turn, pH could
also have genetic and permanent effects. Recursive models can accommodate this kind of

biological relationship.

A recursive multitrait model is a particular case of structural equation models, which Gianola
and Sorensen (2004) applied in a quantitative genetic context. These models are useful in
describing biological relationships between traits that have simultaneity or recursiveness
between their phenotypes, leading to a better interpretation of results. Gianola and Sorensen
(2004) also pointed out that, in the presence of feedback and recursiveness, biased
(co)variance estimates can be obtained if these relationships are not taken into account. Since
then, several authors have been using these models to describe biological relationships
between several traits in livestock species (de los Campos et al., 2006; Lopez de Maturana et

al., 2007; Varona et al., 2007; Wu et al., 2008).

In this work, we studied the relationship between semen pH and male Fert by using different
odels: 1) ignoring genetic and environmental correlations between each trait, 2) a classical
multitrait model, and 3) recursive multitrait models. Models were compared according to their
ability to predict Fert and the across-model EBV correlations. Ratios for genetic and

environmental sources of variation were also estimated for both pH and Fert.

Materials and methods

The research protocol was approved by the animal care and use committee of the Institut de

Recerca i Tecnologia Agroalimentaries.
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Animals and Experimental Design

Bucks came from the Caldes line, selected for growth rate during the fattening period (Gomez
et al, 2002). They were bred and reared on an experimental farm from the Institut de Recerca
i Tecnologia Agroalimentaries in Caldes de Montbui (Barcelona, Spain). After weaning at 32 d,
males were housed in cages of 8 individuals with a photoperiod of 16 h of light/d. Animals
were fed a commercial diet ad libitum (15.5% CP, 2.3% fat, 17.2% fiber; DM basis) until d 60.
After this period, they were individually housed and feed was restricted to 180 g/d of another
commercial diet (16% CP, 4.3% fat, 17% fiber; DM basis). Fresh water was always available.
All males began the training to an artificial vagina at 4.5 mo of age. One ejaculate per male and
per week was collected for 2 wk. Their reproductive life began at 5 mo. At this age, 2 ejaculates
per male and per week were collected, with an interval of 30 min between collections. From 5
to 9 mo of age, all males were evaluated at 3 different times for seminal quality traits and Fert

score after Al of crossbred females on a commercial farm.

All semen evaluations and preparations of the Al doses were performed in a laboratory
located beside the experimental farm of the Caldes line. Ejaculates were stored in a dry bath at
35°C until evaluation, for no more than 15 min after collection. Ejaculates containing urine and
calcium carbonate deposits were discarded, and gel plugs were removed. Individual motility of
the ejaculate was measured in aliquots (25 pL) under a light microscope (Nikon, Lewisville,
TX) at 400X magnification according to a subjective scale from 0to 5 (0,1, 2, 3,4, 0or 5=0 to
10, <10 to 25, <25 to 50, <50 to 70, <70 to 90, or <90 to 100, respectively, of the motile
spermatozoa showing progressive movement). A small preselection of ejaculates was
performed, discarding for Al only those with individual motility scores less than 2 and a

percentage of dead spermatozoa greater than 50%.

Semen pH was determined using a 507 Crison pH meter (Crison Instruments, SA, Barcelona,
Spain). Preselecting good-quality ejaculates could have biased the sample. However, most of
the rejections (60.5%) were due to the presence of urine or calcium carbonate deposits from
the bladder, which are not part of a normal ejaculate and could also affect the pH
measurement. Semen was immediately prediluted 1:1 with a commercial extender (Cunigel,
IMV Technologies France, L’Aigle, France). The semen from each buck obtained on the same
day was pooled, and cell sperm concentration was measured by using a sperm cell counter
(NucleoCounter SP-100, ChemoMetec A/S, Allergd, Denmark). The resultant pool was divided
into 2 parts, which were diluted to 10 x 106 and 40 x 10¢ spermatozoa/mL, respectively, to
obtain Al doses at 2 different sperm concentrations. Semen doses were stored in straws of 0.5

mL at 18°C for 24 h until their use.

Artificial insemination was performed on crossbred does [P x V; V line: Estany et al., 1989; P

(Prat) line: Gomez et al, 1996] on a commercial farm. Females followed a semi-intensive
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reproductive rhythm: first mating at about 4.5 mo of age, with subsequent 42-d reproductive
cycles. All females were treated 48 h before Al with 15 IU of eCG (subcutaneously; Foligon,
Intervet International B.V. Booxmeer, the Netherlands), and ovulation was induced
immediately after Al with 0.02 mg of gonadorelin (intermuscularly; Fertagyl, Intervet

International B.V., Booxmeer, the Netherlands).

Data

Diagnosis of pregnancy was made by palpation, 14 d after Al, confirming the result at parity.
The assigned Fert score was 1 when the female was diagnosed as pregnant and 0 otherwise. A
total of 6,613 Fert records, involving 243 males and 2,293 females, were obtained between
November 2006 and July 2007. Different Fert records had the same pH measurement. From
the total amount of data, Fert records without a corresponding pH measurement were not
included in the analysis, leading to a final figure of Fert data of 6,363. The pH was measured
separately in each ejaculate and pooled whenever 2 ejaculates per male and day were

obtained, as follows:
pH = —log,, [(10*’*’1 xVol, +10™"= xVol, ) (Vol, + Vol, )’1}

where pHi, Voli, pHz, and Vol; are pH and volume measures for the first and the second
ejaculate of the pool of each male, respectively. To increase the accuracy of the estimates
concerning pH, 223 pH data values without Fert results coming from 96 additional males were
also incorporated into the analyses. These data were obtained between June 2006 and October
2006 as described above, but with the first and second ejaculate pooled before measuring pH.

Thus, from the final 653 pH records, 490 had a paired Fert record.

Model and Statistical Analysis

Semen pH was assumed to be normally distributed and was analyzed jointly with Fert in a
bivariate Gaussian-threshold model (Foulley et al., 1983). In a threshold model, the observed

Fert ) r,. is considered the expression of an underlying continuous variable |, often called the

liability (Falconer, 1965), which is rendered discrete by a fixed threshold that divides the

observed response into 2 categories (Wright, 1934): the failure or the success of conception.
The probability that an observed Fert data value (yl.,Fe,,) falls into 1 of these 2 categories

given the liability is

p(yi,Fert | lz) = p(lz > O)I(yi,Fert = 1) + p(ll RS O)I(y[,Fert = O)
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The threshold being fixed at 0, I() is an indicator function that takes the value of 1 or 0.

A bivariate recursive model postulates that trait 1 has an effect on trait 2, but that trait 2 has
no effect on trait 1. In the case of recursiveness (but not for simultaneity), the model
presented by Gianola and Sorensen (2004) can be expressed as a classical multitrait model in
which trait 1 is included as a systematic effect in the model for trait 2 (Lépez de Maturana et
al,, 2007). In this work, pH is trait 1 and Fert is trait 2. Thus, in our case, the jth pair of records

for an individual i had the following linear relationship:

Vipn | _ X' 0 [Bij—i_ 0 0 0
Z 0 BFert

'
ij ,Fert X ij Fert 0 yij,pH ﬂ’Fert(—pH

4 Ui i N pm; i N 0 pmd[j,pH N € pH

ui,Fert pmi,Fert pfm,Fert pmd;’j,Fert e;’/’,Fert

(1)
The coefficient ﬁFem_pH denotes the phenotypical rate of change of the liability of Fert with
respect to pH, i.e, models the recursive effect of pH on Fert. The different ﬂFert(_pH assumed in

the models were always estimated as systematic effects in equation (1). The Vij.ptt and lij, Fert

were the jth data value for the observed pH and the unobserved liability for male i. Term BPH
was the vector of systematic effects affecting pH, including day of ejaculate collection (27

levels) and male age (4 levels at about 1 mo intervals from 5 mo to 9 mo old). The term [ Fert

was the vector of systematic effects for Fert, including concentration of the Al dose (2 levels:
10 or 40 million of spermatozoa per mL), physiological status of the female (3 levels:
nulliparous does, multiparous does in lactation and multiparous does not in lactation at Al), a
combined effect between day and inseminator (19 levels at 14 d intervals between November
2006 and July 2007), and a combined effect between the age of the male and the building (9

levels, about 1 mo intervals from 5 mo until 9 mo of age combined with the two buildings of
the commercial farm where Al was performed). The term Xk (k= pH, Fert) was the
corresponding row of an incidence matrix relating data with systematic effects. The U, ; was
the male genetic additive effect, pm, , was the male permanent environmental effect, pf,, s,
was the mth female effect for Fert trait, pmdij,k was the environmental permanent effect
resulting from the combination between male and day of Al and, finally, €; ; was the random

residual effect. Note that for the pH, pMd is also a residual component and it can be

ij,pH
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separated from the residual only because it is related to the pmdij,Fm of the Fert model. This
residual decomposition increases the data connectivity and permits the estimation of a

possible environmental correlation between the traits.

A Bayesian approach was adopted for inference. Note that

Qz{ﬁ’]’FertepH’u’pm’pf’pmd’G’Pm’Pf’P R} is the vector including all the

md >

unknown parameters in the model. The term B is the vector of systematic effects, un is the
vector of male genetic additive effects, pm is the vector of the male non-additive genetic plus
permanent environmental effects, pr is the vector of the female effects, pma is the vector of the

permanent environmental effects resulting from the combination between the male and the
day on which the Al was performed. The terms G, Pm, Pf s Pmd are the different (co)variance

matrices of the corresponding random effects defined above and R is the residual

(co)variance matrix. The joint posterior distribution of all parameters was:

p(9>l|ypH’YFm)ocp(ypH |Q)X

{p(1,>0)I(y,=1)+p(L,<0)I(y,=0)}xp(11Q)x p(Q)
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The prior distributions for the parameters of the model were:

p(B)~k; p(u,|G)~N(0,A®G); p(p, |P,)~N(0,I®P,);

p(p/- | Pf)~ N(0,I®P,); p(p,,|P,..)~N(0.I®P,,);

p(e|R)~ N(0,I®R)

where k is a constant and A is the numerator relationship matrix. Bounded uniform prior
distributions were assumed for B s Apere and the components of G, Pm,Pf,Pmd and R.

ert<—p.

The R was a diagonal matrix with the residual variance for Fert set to 1. Data augmentation
was used to deal with the missing Fert data (Sorensen and Gianola, 2002).

Three sets of models to describe the pH and Fert relationship were used. Within each model,
different types of ﬂFertng were assumed, i.e. null, covariate or cross-classified effect, in order
to accommodate null, linear and non-linear recursive effects (L6pez de Maturana et al., 2009)
of pH on Fert. Table 2.1 shows the summary statistics for the different levels of ﬂFm%pH asa

cross-classified effect in the Fert model.
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Table 2.1. Summary statistics of the cross-classified effect of pH (1 to 8) included in the
fertility model

Item 1 2 3 4 5 6 7 8

Range <7 (>7, (>7.13, (>7.25, (>7.38, (»7.5, (>7.75, (>8,
7.13) 7.25) 7.38) 7.5) 7.75) 8) 9)

Mean 6.80 7.06 7.19 7.31 7.44 7.60 7.88 8.21

No. of

fertility 796 710 915 1,074 881 1,001 601 387

records

Univariate Mixed Models

In these models, the genetic and environmental correlations between each trait were set to

zero. This implies that the phenotypic recursion is the only cause of correlation between any of

the random effects (Lopez de Maturana et al., 2010). The effect of pH on Fertility (ﬂFem_pH)

was estimated as a covariate in UMMcov model or as a cross-classified effect of eight categories

(as described in Table 2.1) in UMM_¢ross model.

Bivariate Mixed Model

The two traits were genetically and environmentally correlated. In BMMp model, the genetic

and environmental relationships between each trait were accounted for by the covariances

and no recursive effect was assumed (ﬂFertepH

=0).

Bivariate Recursive Mixed Models

In order to take into account the phenotypical influence of pH on Fert, and also the genetic and

environmental relationships between each trait, two recursive Gaussian-threshold models
were proposed. First, model RMMcoy had ﬂFem_pH as a covariate. Some identification
problems appeared in this model. Because the pmq effect is also a residual component in the pH

model, the restriction that Pmd was diagonal was added to ensure likelihood identification

(Varona et al., 2007). Second, model RMM_ross had ﬂFem_pH as a cross-classified effect of eight

categories (as described in Table 2.1).

Table 2.2 shows the type of structural coefficient iFmeH and the structure of the

(co)variance component matrices used in each of the models.
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Table 2.2. Structural coefficients (Afert¢pn) and (co)variance component matrices for the male
additive effects (G), the male nonadditive plus environmental permanent effects (Pn), the
female effects (P¢), the permanent environmental effects of male and day of AI (Pm), and
the residual effects (R) for pH of the semen and fertility (Fert) assumed in the different

Chapter two

models’

Models
Parameter UMMcross UMMcov BMMe RMMcross RMMcoy
cross- . cross- .
)%%Wé—PH oo covariate 2} . covariate
classified classified
2 2
O-u,pH O u,pH o-u,pH,Fert
¢ 0 > o o’
O-u,Fert u,Fert,pH u,Fert
2 2
P Op,.pi 0 Op,.p Op, pH. Fert
m 2 2

O O-Pm JFert GPm JFert,pH GPm JFert

P, )
O GP/ JFert
2 2
0 0 GPmd .pH GPmd ,pH Fert O-Pmd \pH 0
P 2 2
2
md 0 O-Pm,/ Fert GPW[ JFert,pH O-Pmd JFert 0 GPW, JFert
109
2
o, 0

R 0 1

IUMMmss,m = mixed model without genetic and environmental correlations for pH and fertility including pH as a cross-
classified effect (cross) or as covariate (cov) in the model of fertility; BMM; = bivariate mixed model for pH and
fertility; RMMcross/cov = recursive mixed model for pH and fertility including pH as a cross-classified effect (cross) or as
covariate (cov) in the model of fertility.

The Gibbs sampler

Procedures developed by Sorensen et al. (1995) and extensions of them, based on Markov
Chain Monte Carlo methods, allow the univariate and joint analysis of categorical and
continuous traits. Marginal posterior distributions of the parameters of interest were
approximated using the Gibbs sampler algorithm (using the TM software developed by
Legarra et al. 2008). Fully conditional posterior distributions of the model parameters needed
for the implementation of this algorithm can be found in Sorensen and Gianola (2002). Single
chains of 500,000 iterations were run for all the models, discarding the first 50,000 iterations
of each chain and saving 1 of every 10 samples. The number of samples discarded in the burn-
in was, in all the analyses, much larger than the value recommended by Raftery and Lewis
(1992) and Geweke (1992) for assessing convergence. The sampling variance of the chains

was obtained by computing Monte Carlo standard errors (Geyer, 1992).
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Recursive model as an alternative parameterization of a

classical bivariate model

Following Varona et al. (2007) a recursive model can have an equivalent parameterization in a

classical bivariate model. This equivalence is as follows:

A'H' (A)'=H
1 0 .
where A = is the matrix of structural coefficients, and H and H are the
_A’Ferﬂ—pH 1

different (co)variance components of the recursive and the bivariate mixed model,

respectively. In our study, H corresponded to the G, Pm ,Pf ,P d> R described above and this

m

equivalence was assessed between RMM,, and BMM, models.

Data prediction ability and EBV comparison

Posterior predictive distribution of Fert data was calculated in all the models.

Thus, the ability to predict success or failure in each Fert record was averaged as follows:

. I s
E(yFert | yFert’Q’ l’M) = _Z(yFert,i | yFert’Qi’li’M)

i=1

where Y, is the vector of predicted data on the observed scale, Y, the observed fertility

data, € the vector of unknown parameters, 1 the vector of liabilities, M the model used and n
the total number of iterations. Each predicted Fert value was assumed to be correct when the
absolute value of the difference between the observed Fert and the posterior mean (PM) of the
posterior distribution did not differ more than 0.25. Thus, good fertility record prediction was

achieved when the probability of correctly predicting the record was = 75%.
yFert,i _E(J;Fert,i | yFert,fi’ Q’ l’ M) S 025

Correlations between the posterior means of the EBV for Fert obtained in the models were
calculated to evaluate possible differences in the estimation of male additive genetic effects.

The average EBV of the top 10% animals was also calculated in each of the models.
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Results and discussion

The average semen pH was 7.43 (s.d. 0.42), well within the range of values obtained
previously in the same line and in other rabbit breeds (Bencheikh, 1995; Brun et al,, 2002;
Garcia-Tomas et al., 2006b, Brun et al,, 2009). The current fertility (52%) was lower than had
been previously observed in the nucleus of selection of this paternal line over purebred
females using either natural mating (86.2%; Piles et al., 2005) or Al (71.7%, Tusell et al. 2010).
The Al conditions of this experiment (lower sperm dosage and 24 h of storage period of the
doses before Al in a commercial farm over crossbred females) could be more unfavorable than
natural mating conditions and the Al conditions in the nucleus of selection over purebred
females (high sperm dosage, no storage period). To our knowledge, there is only one
published research work reporting fertility results after Al using homospermic doses (Brun et
al,, 2002). After rejecting a larger number of ejaculates, Brun et al. (2002) obtained similar
fertility rates (ranging from 49.4% to 63.6% in two purebred lines and their reciprocal
crosses). However, female receptivity was not artificially induced and could contribute to

lowering fertility even after strong sperm quality selection.

Effect of structural coefficients of pH on Fertility

Table 2.3 shows the estimates in the liability scale of the ﬂFem_pH effects in each model.

Table 2.3. Means (SD) of the posterior distributions of the recursive effect of the pH in
the liability of fertility with A and A; (for i=1,...8) a covariate or as a cross-classified
effect

Model® A A A2 As s As Ae As A
UMM 0.42 0.17 0.08 -0.03 -0.09 -0.41 -0.49 0.08
cross (0.16)  (0.15)  (0.14) (0.15) (0.14) (0.16)  (0.19) (0.14)
-0.63
UMMcoy (0.11) - - - - - - - -
RMM 0.19 0.14 0.07 0.03 -0.02 -0.01 -0.25 -0.19
cross (0.21) (0.18) (@.16) (0.14) (@8.15)  (0.15)  (0.20) (90.28)
-0.15
RMMcov (0.67) - - - - - - - -

1UMMmSS,ccv = mixed model for pH and fertility without genetic and environmental correlations including pH as a cross-
classified effect (cross) or as covariate (cov) in the model of fertility; RMMcoss/cov = recursive mixed model for pH and
fertility including pH as a cross-classified effect (cross) or as covariate (cov) in the model of fertility.

Estimates of each level within each cross-classified effect A

erep WeTe obtained as

deviations from the estimated marginal posterior distribution (EMPD) of the mean Fert

liability. Transformations from the underlying scale to the observed scale of the effects of the
structural coefficients on Fert are plotted in Figure 2.1. The estimated values of ﬂFertepH asa

covariate or as a cross-classified effect were consistent across all the models indicating that an
increase in pH leads to a decrease in Fert and this relation seems to be almost lineal. The
recursive models were the ones that had a shallower slope in this decrease, probably because

part of the pH effect got included in the covariances between the random effects of the traits.
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The observed negative relationship between pH and Fert agrees with previous studies that
evidenced negative correlation between the pH of the ejaculate and fertility (Coffey, 1988;
Brun et al,, 2002) and also with litter size (More O'Ferrall and Meacham, 1968). The higher the
concentration and motility of spermatozoids in ejaculates, the lower the pH due to a greater
production of lactic acid (Coffey, 1988;Hulet and Ercanbrack, 1962; Bencheikh, 1995; Brun et
al,, 2002; Garcia-Tomas et al,, 2006a). Thus, pH can be an indicator of semen quality, offering

to Al centers an easy way to select ejaculates and males for Al in order to improve fertility.

X ¥  UMMcross
b — RMMcov
Rmhcross

S ——= UmMcov
~
*

FERTILITY
-0.10 -005 000 005 010
L

-0.15
*
s

7

| | | | | | | |

B8 0 ¥2 T4 B 1B 80 82
PH of the SEMEN

Figure 2.1. Effect of pH on fertility on the observed scale in the different models for pH
of the semen and fertility: a mixed model without genetic and environmental correlations
including pH as a covariate or as cross-classified effect in the model of fertility (models
UMMy  and UMMcnoss, respectively), and recursive mixed model including pH as a covariate or
as a cross-classified effect in the model of fertility (RMMcross and RMMcn.ss, respectively).

Although the relationship between pH and Fert is almost linear, the inclusion of ﬂFertepH asa

cross-classified effect allows checking nonlinearity without apparent loss of accuracy or
computing problems.
(Co)variance components

Table 2.4 shows features of the posterior distributions of phenotypic variances, ratios of

variances and correlations between traits
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The posterior median of pH heritability (h2) was equal in all the models (0.18) but higher than
had been previously reported (Brun et al. 2009). The posterior median of the pH repeatability
(rpn) was ~0.23 with highest posterior probability density interval at 95% (HPDosq,) ~[0.13,
0.34] in the models presented. Previous studies in rabbits showed similar values of rpu: 0.07-
0.24 by Bencheikh (1995) who compared between groups with different frequencies of
ejaculate extraction; and, 0.17 by Brun et al. (2009). Garcia-Tomas et al. (2006a) obtained a rpy
of 0.38 in two paternal lines of rabbits (one of them being the Caldes line) and its reciprocal

crosses.

The posterior median of h? for male Fert was 0.10 and its repeatability (rrert) was ~0.19 with
HPDos9,~[0.12, 0.26] across all the models. Both estimates were higher than had been
previously reported (HPDgsy, of h2=[0.004, 0.024], rre:=0.044; Piles et al, 2005). The
probability of h? > 0.02 was greater than 96% in all the models. The Al procedure used in this
work (stringent ejaculate selection, less spermatic concentration and use of the doses after a
storage period) were probably optimal to detect fertility differences between males (Amman
and Hammerstedt 2002). This fact could lead obtaining a higher genetic variability of this trait
than the one obtained after natural mating. This is probably due to the observation of other
genetic effects in underlying fertility that are masked in optimal conditions of Al or after

natural mating (Tusell et al., 2010).

Biased trait parameters could be obtained if the selection criterion (growth rate) is correlated
with the analyzed traits (Gianola and Fernando, 1986). To our knowledge, these correlations
have not been estimated. Nevertheless, genetic correlation between female fertility and
growth rate was low (-0.13; Tusell et al. 2009). Since the genetic correlation for male and
female fertility seems to be positive in this line (Piles et al., 2005), it is expected that the

genetic correlation between male fertility and growth rate is negligible too.

Although estimates were very imprecise, the posterior median of genetic correlation (rg)
between pH and Fert was moderately negative in all the models, i.e. P(rg<0) of 0.83, 0.68 and
0.91 for BMMy, RMM(ov, and RMMross, respectively. The semen pH is also genetically correlated
with several motility parameters which, in turn, are related to fertility (Brun et al., 2002;

2009).

Recursive model as an alternative parameterization of a

classical bivariate model

Following Varona et al. (2007), the expression which defines the equivalence for the

phenotypic (co)variance components between a recursive and a classical bivariate model is

A-I:MM (VRMM

cov cov

-1
)(ARMMcov )' = VBMM0 . The matrix of structural coefficients containing the
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1 0

(Table 2.3, RMMoy
~0.15(0.07) 1]

regression coefficient of pH on Fert is ARMMCOV =(

model). The term VRMM_ denotes the phenotypic (co)variance matrix estimated with model

RMM,y (Table 2.4), and therefore

0.15(0.01) -0.08 (0.02)
-0.08 (0.02)  1.74(0.08)

]. These values are almost

AEMMM (VRMMcov )(Ai:Mva )'= [

equal to the phenotypic (co)variance matrix obtained with BMM, model:

~{ 0.15(0.01)  -0.11(0.02)
BMM T _0.11(0.02)  1.76(0.08) |

Model comparison

The ability to predict fertility data was similar across all the models: 76% of correctly

predicted successes and 62% of correctly predicted failures.

Figure 2.2 shows the histograms of the mean of posterior predictive distributions for success

and failure fertility data estimated using models UMMy, BMMy and RMM ¢oss.

Correlations between posterior means of the EBV for male fertility across models were close
to 1. No differences were encountered in the average EBV of the top 10% animals among the
models. Thus, after performing a truncated selection of the best 10% ranked by its EBV, the

same the genetic gain would be obtained by using any of the models studied.

The highest correlations were between models that only differed in the type of ﬂFem_pH

included in the model (covariate or cross-classified effect) confirming the linear effect of pH on

Fert.

Despite differing in complexity, models did not differ in terms of fertility predictions. This is
due by both the imprecision of parameters estimation and the low magnitude of those

parameters.
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Figure 2.2. Posterior predictive distributions of the mean of a fertility success [E(Y|
y=1)] and the mean of a fertility failure [E(y| y=0)] estimated in the following models for
fertility and pH of the semen: a mixed model without genetic and environmental correlations
including pH as a covariate in the model of fertility (model UMM.y), a bivariate mixed
model (BMMp), and a recursive mixed model including pH as a cross-classified effect in the
in the model of fertility (RMMcross)-

Effect of AI dose concentration and physiological status of

the female on fertility

For simplicity, only results from model UMM are presented (the other models give similar

results).

The amount of sperm per dose had and important effect on Fert. The EMPD of differences in
Fert% between Al at 40 or 10 x 10°¢ of spermatozoa /mL was 10.0 (HPDgsy: 11.8, 8.0). It is
known that increasing concentration can compensate for some seminal deficiencies associated
with low fertility (Saacke et al.,, 2000, Farrell et al., 1993; Alvarifio et al.,, 1996; Viudes-de-
Castro and Vicente, 1997).

Lactation had a negative effect on Fert. The EMPD of differences in Fert % between lactating
and not lactating females was -5.2 HPDosy,=[-8.1, -2.5]. This result agrees with previous
estimates obtained after natural mating in the same line (Piles et al.,, 2005) and in another

breed, where receptive and lactating females had a lower kindling rate than the ones not in
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lactation (Brun et al., 2002). Lactation produces a decrease in female receptivity, ovulation
rate and ovulation frequency, and also increases the number of embryo deaths and post
implantation mortality (Théau-Clément and Roustan, 1992; Fortun and Bolet, 1995). Although
in this work ovulation was hormonally induced, some negative effects of lactation on female

fertility had not been totally suppressed.

Conclusions

There is a quasi linear negative effect of pH of semen on fertility in rabbits. This effect could be
equally estimated using either recursive or classical multivariate models. Both types of models
predicted fertility data reasonably well. No differences in the prediction of the EBV for male
fertility were encountered between models showing a good concordance when the animals
were ranked by their EBV and in their average EBV of the top 10% best animals. Thus, from
the point of view of selection, irrespective of the model of choice, small changes would be
encountered in the animal’s evaluation for male fertility. The fact that models were almost
equivalent despite differing in complexity could be due to the small recursiveness effect of pH

on Fert and the low precision obtained for the parameter estimates.

The pH of semen could be used to select qualitatively better ejaculates in order to increase
fertility. However, despite the moderate value of heritability obtained for this trait, it does not
seem to be advisable to use the semen pH as selection criterion to improve male fertility by
indirect selection since the genetic correlation between the two traits might not be high

enough.
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Chapter three. product versus

additive model for studying artificial
insemination results in several

livestock species: Rabbits

In this chapter rabbit male and female contributions to fertility were analysed under two
different approches: the additive and the product threshold model. Rabbit results and
discussion presented in this chapter are included in a study published in ]J. Anim. Sci. 2011.
89:321-328 in which two other species were also analysed. Refer to the of this

thesis for further details of the whole study.
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Abstract

The additive and the product threshold models for the analysis of success or failure to
Al were compared in terms of their predictive ability. These models have different
assumptions. In the additive threshold model, the observed phenotype is linked to a
liability which is the sum of all genetic and environmental factors affecting male and
female fertility. However, the product threshold model considers that the conditional
probability of Al success is the product of the probability of success of 2 binary
unobserved phenotypes: the male and female fertilities. The 2 corresponding liabilities
are the sum of genetic and environmental factors specific to the considered mate-sex

and also those common to both sexes.

A total of 6,543 records corresponding to the output of Al in a paternal line of rabbits
were used for the analysis. Al were performed with fresh semen diluted 1:4 in a
commercial extender. No evaluation of seminal characteristics was performed. Success
or failure of Al was obtained from the diagnosis of pregnancy made by palpation 14 d
after Al, and confirmed with the information on the day of parturition. The observed

probability of Al success was 72%.

The ability to predict fertility data of the product model was similar to the additive
model (percentage of wrong prediction = 27 in the additive model; 28 in the product
model in rabbits). Correlations between predicted breeding values obtained in the two
models were very high (0.93 and 0.96 for male and female EBV, respectively). The
product model can determine which sex is responsible for an Al failure. The female was

the responsible in 54% of the cases and the male in 39% of them.

Key words: additive model, fertility, predictive ability, product model.
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Introduction

The outcome of Al is affected by factors related to the male, the female, or factors common to
both sexes. The outcome of Al may be registered as a binary code indicating pregnancy or
nonpregnancy. The most common approach in animal genetic models for such a binary trait is
the additive threshold model, which proposes a underlying variable resulting from the
addition of environmental and genetic effects from the 2 individuals involved in the mating
(Varona and Noguera, 2001; Piles et al., 2005). However, some authors have pointed out that
the combination of those sources of variation may not be purely additive (Speirs et al., 1983).
Recently, David et al. (2009) proposed a product threshold model assuming that conception in
a given mating is the product of the outcome of each mating member. Hence, the conditional
probability of Al success is the product of the probabilities of the success of 2 unobserved
binary phenotypes (one is the male fertility; the other is the female fertility). This assumption
has several advantages over that assumed in the additive model. First, it describes in a better
manner the biological mechanism of the mating. Second, it provides distinct estimates of
environmental effects affecting each of the 2 unobserved phenotypes, and as a result allows
more information to be extracted from the data. David et al. (2009) showed the feasibility of
this model in a genetic context using simulated data. However, the product threshold model
has not been applied to real data yet. The purpose of this study was to compare the
performance, in terms of predictive ability, of the product and additive threshold models for

studying Al result in rabbits.

Materials and methods

Materials

Data came from a population of a sire line selected for growth rate (Caldes line: Gomez et al.,
2002). Data collected from June 2003 to November 2008 were used in this study. For the
preparation of Al doses, ejaculates containing urine and calcium carbonate deposits were
discarded, and gel plugs were removed. No evaluation of seminal characteristics was
performed. Ejaculates were diluted 1:4 (vol/vol) immediately after collection to obtain the Al
doses. Female estrus and ovulation were induced by hormonal treatment. Artificial
insemination doses of 0.5 mL were applied within 1 h after preparation on females from the
same sire line, also reared in the nucleus of selection. Success or failure of Al was obtained
from the diagnosis of pregnancy made by palpation 14 d after Al. Information on the day of
parturition helped to confirm the previous diagnosis of palpation. A total of 6,543 Al records
were used for the analysis. The observed probability of Al success was 72%. Basic summary

statistics of the Al data are presented in Table 3.1. The pedigree included 3,302 individuals.
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Table 3.1. Description of fertility data

Item

Number of females 2,601
Number of males 300
Number of AI records 6,543
Number of animals in the pedigree 3,302
Mean [P25,P75]" number of 21.8
observations per male [9 , 30]
Mean [P25,P75] ' number of 2.5
observations per female [1, 3]
Mean [P25,P75] ' number of different 19
inseminated females per male [9, 26]
Mean [P25,P75] ' number of different 2.2
males per female [1, 3]
Mean [P25,P75] ' probability of AI 0.70
success per male [6.60 , 0.83]
Mean [P25,P75] ' probability of AI 0.69
success per female [6.56 , 1.00]
Observed probability of AI success 0.72

“Values presented as mean [P25, P75]. P25, P75: 25th and 75th percentile

Methods

Additive and product threshold models suppose different assumptions. In the additive
threshold model, the observed phenotype is linked (probit link function) to a liability which is
the sum of all genetic and environmental factors affecting male and female fertility. Thus,
under the additive model the conditional probability of success given the genetic and

environmental factors can be expressed as:
Pr(y=1|0) =d)(Xf[)’f +X_ P, +tZu,+Z,u,+W,p,+W,p, +M m,)

where y is the vector of the binary results of inseminations; Pr(y =1|@) is the conditional
(given the genetic and environmental factors variables @ ) probability of Al success. The ()
is the standard cumulative distribution function of the normal distribution. Term ﬂf is the

vector of systematic effects related to the female including the physiological status of the

female (3 levels: nulliparous does, multiparous does in lactation, and multiparous does not in
lactation). Term ﬂc is the vector of systematic effects common to both sexes which included

the day of Al (22 levels, approximately 3 mo intervals). Although it could be included in the

model, no systematic effect specifically related to the male was considered in this study. The

llyand I, are the vectors of female and male fertility additive genetic effects, respectively. The
P, and P, correspond to the vectors of male and female random permanent

environmental effects; and M2, is the vector of permanent environmental effects resulting
from the combination between the male and the day on which Al was eprformed.

Xf,Xm,Xc,Zf,Zm , Wf, W and M, are the corresponding known incidence matrices.
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On the other hand, the product threshold model considers that the conditional probability of
Al success is the product of the probability of success of 2 binary unobserved phenotypes: the
male and female fertilities (David et al., 2009). The 2 corresponding liabilities are the sum of
genetic and environmental factors specific to the considered mate-sex and also those common

to both sexes:

Pr(y=1|0)=0O(X, B, + X B.+Z,u,+W,p,)
xO(X.B.+Z u,+W, p,+Mm,)

In both models, all random effects were assumed to be distributed following centered normal

2
Gu sy,
2

O, O,

Uiy, ug

distributions with (co)variance matrices equal to ® A for the correlated

genetic effects and Iqaj for the other random effects (¢ = PrsPu ,mn), being A the known
relationship matrix and ® represents the Kronecker product, [ ¢ Is an identity matrix of

appropriate dimension, and o, is the corresponding variance for the effect g. Nongenetic

random effects were assumed to be independent to each other and to genetic effects.

Heritabilities on the observed scale were computed following the transformation proposed by

Dempster and Lerner (1950):

In the additive threshold model,

2

o, o’
2 u 2
hfémaleﬁfertillty = O__z/ Xz /(})obs X (1 - })obs)) and hrialeﬁfertiliry = O_u; x ZZ/(R)[JS X (1 - R)bs )) ’

T T

for the female and male fertility, respectively, where Pobs is the observed probability of Al

_ 2
success. The total variance 0; was calculated as

2 2 2 2 2 2 2 . ,
or=0, to, to, to, +0, +0, , term z is the ordinate of a standard normal

distribution function corresponding to a threshold equal to o' (P ) and (7: is the residual

obs

variance of the liability fixed to 1.
For the product threshold model,
o,
f

;'emaleifertility = J2 x Z;/(Pobs x (1 - Pabs )) and

T
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2
O
hialeifemmy = Guzm X Zi/(Pobs X (l -P, )), for female and male fertility, respectively. Where
TZ

2 _ 2 2 2
oy —O'u/_ +O'pf +O'e/ and

2 2 2 2 2 .
o, =0, +o, +0, +0, . The Z; and Z, are the ordinates of a standard normal

distribution functions corresponding to thresholds equal to o (Pf) and @' (Pm ) P,Pm

are the probabilities of success for the unobserved phenotypes of female and male fertility,

. 2 2 . . iTees
respectively, and O'ef and o, are the residual variances of the male and female liabilities

fixed to 1, respectively.

Implementation

Data set was analyzed using the additive and product threshold model. The same random,
systematic, and genetic effects were included in both models. Under the product model, effects
were considered as specific to the male, to the female, or common to both sexes. In a first step,
additive and product threshold models were compared based on their ability of predicting
new records as follows: 75% of records were used to estimate parameters, and the new
records were predicted in the remaining 25%. Five replicates of this design were randomly
sampled. Different statistics were computed to evaluate the predictive ability of the 2 models
using the same record sets: a) the percentage of wrong prediction; b) the mean square error of
1Z A 2 A
prediction (MSEP) defined as MSEP = ;Z(yi —-P(y, = 1)) , where J; and P(y, =1)
i
correspond to the observed Al outcome and predicted probability of success, respectively, and
n is the number of data in a testing subset; c) the sensitivity of the prediction defined as the
probability to predict a success given that the observation is a success; d) the specificity or the
probability to predict a failure given that the observation is a failure; e) the negative predictive
value defined as the probability to observe a failure given that the prediction is a failure; and f)
the positive predictive value or the probability to observe a success given that the prediction is
a success. In a second step, the estimated parameters obtained with the 2 models on the whole
data set were compared. The Pearson correlation between predicted breeding values and the
percentage of animals in common in the top and bottom 10% animals were used to evaluate

the differences in results between the 2 models.

Estimates were obtained using a Bayesian approach via Gibbs sampling. The core of the
program is the TM (threshold model) software developed by Legarra et al. (2008). Flat priors

were used for systematic effects and variance components, and starting values were randomly
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sampled. The Gibbs sampler analysis was implemented using one single chain consisting of
500,000 iterations. After discarding the first 50,000 iterations, samples of the parameters of
interest were saved every 100 iterations. Inferences on the marginal posterior distributions
were directly performed from the retained samples. Posterior means were used as parameter

estimates.

Results

Table 3.2 shows the predictive ability estimates for each model obtained for each criterion
used. The MSEP estimates were similar between the product and additive model. The
percentages of wrong prediction for both models were in agreement. The negative and
positive predictive values are quite similar between models, whereas the product model

tended to be more sensitive and less specific than the additive one.

Table 3.2. Predictive ability of the product and additive threshold models

Product Additive

Item model model
% of wrong prediction 28 27
MSEP? 0.16 0.15
Sensitivity 0.99 0.98
Specificity 0.06 0.10
Negative predictive 0.66 0.66
value

Positive predictive 9.72 9.73
value

*MSEP = mean square error of prediction

Results obtained for the whole data sets (Table 3.3) showed that the probability of success
estimates for the unobserved phenotypes obtained from the product model were similar for
both sexes: the probability of success of male and female fertility was 0.87 and 0.83,

respectively.

The estimated heritabilities on the observed scale were low for male and female contributions
to fertility in both models but greater for the product than for the additive model. The
posterior means of the genetic correlation (rg) between male and female fertilities were
estimated with reduced credibility irrespectively of the models. The probability of a positive
value of the ry was 0.67 and 0.78 in the product and in the additive threshold model,
respectively. The correlations between EBV for all animals in the pedigree as well as for
animals with records obtained with the additive or product threshold models were very large
(all of them higher than 92%). Accordingly with the EBV correlations, the percentage of

animals in common in the 10% best/worst animals was large (20.73).
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Table 3.3. Posterior means and highest posterior density interval at 95% (in brackets) of
the unobserved phenotypes, genetic

the probability of success for

variances, heritabilities, and

correlation

product and additive threshold model

between breeding values

and

environmental

obtained with the

Product model

Additive model

Item Estimate MCse" Estimate MCse
i 0.83
P(female fertility=1) [0.77,0.90] 0.005 - -
A 0.87

P(male fertility=1) [0.80,0.93] 0.005 - -

Genetic variance of 0.12 0.04

the female fertility [<0.01,0.33] 6.611 [<0.01,0.09] 6.0602

Genetic variance of 0.47 0.05

the male fertility [0.03,1.24] 0.646 15 01,0.09] 6.0602
Female permanent 0.37 0.07

environmental variance [0.09,0.81] 6.0620 [0.01,0.12] 6.0602

Male permanent 0.31 0.034

environmental variance [0.01,0.91] 6.028 [0.00, 0.08] 6.001

Male and AI day 0.56 0.13

environmental variance [0.19,1.11] 6.031 [0.09,0.18] 6.0600

Heritability on the underlying 0.08 0.006 0.03 0.001
scale of the female fertility [<0.01,0.18] ' [<0.01,0.06] .

Heritability on the underlying 0.17 0.011 0.04 0.001

scale of the male fertility [0.03,0.36] ' [0.01,0.07] .

Heritability on the observed 0.04 0.003 0.02 0.001

scale of the female fertility [<0.01,0.10] ' [<0.01,0.03] .

Heritability on the observed 0.10 0.006 0.02 0.001

scale of the male fertility [0.02,0.20] ' [<0.01,0.04] .

0.21 0.31

Genetic correlation [-0.72,1.00] 0.656 [-0.60,0.99] 6.048

Correlation between female

fertility EBV 0.93 / 0.93

All animals / females with records

Correlation between male

fertility EBV .96 / 0.96

All animals / males
with records

Percentage of animals in common

in the top 10% best, bottom
10% worst animals for female/
male fertility

0.73, 0.76 / 0.81, 0.81

*MCse = Monte Carlo standard error.

Discussion

The observed probabilities of Al success are in accordance with previous studies in rabbits (El
Gaafary and Marai, 1994). Under the product model, environmental factors can be distinctly
attached to male, female, or to both, which cannot be done under an additive model. This
choice is straightforward for some effects (e.g., physiological status of the female) but not for
all (e.g., Al day). The relevance of alternative effects acting on male or female fertility can be
explored by classical model comparison techniques. We explored for a subset of data the
selection of effects in the product threshold model. We first estimated parameters in a
saturated model including all factors for male and female fertility. We removed step-by-step
factors for which all highest posterior density intervals at 95% (HPDoso,) included 0. The final
model obtained is consistent in the face of the factors included in both sides, illustrating the
ability of the product model to correctly assign a factor as acting on male or female fertility, or

both (results not shown).
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The sampling method that we used to evaluate the predictive ability of the 2 models does not
correspond to a standard 5-fold cross-validation (Shao, 1993). In this paper, random sampling
was repeated 5 times, making sure that all random and systematic effect levels (except female
permanent effect) in the testing sample were estimated previously in the training sample. This
sampling method was used to avoid unexpected consequences of missing estimation for the
additive or product models. Nonetheless, a 5-fold cross-validation was performed with the
data and provided results very close to those presented in this study (results not shown). The
similar results obtained for MSEP and percentage of wrong prediction show that product and
additive threshold models have the same predictive ability. Nonetheless, as reported in
previous studies for comparison with other models (Vazquez et al., 2009a,b), predictive ability
of the models is different depending on the observed result. Therefore, differences in
predictive ability between the models could appear if dataset of other characteristics is used.
The product model was more sensitive and less specific than the additive one. Therefore, the
product model had a better ability to predict a success and a worse ability to predict a failure

than the additive model.

Although correlations between EBV obtained in the two models were very high, animals will
not be identically selected with the 2 models. These results suggest that either the additive or
the product model may provide inaccurate predictions for male fertility. As true breeding
values are unknown, further studies are necessary to determine what model is more accurate
in predicting male fertility. An experimental selection with the 2 models, could be a way to

give an answer to this question.

Heritabilities estimated with the additive threshold model were small for male and female
contributions to fertility, but in accordance with the ones obtained in a study in the same line
after natural mating (Piles et al., 2005). Heritabilities obtained with the product model cannot
be related to the accuracy of the estimation or the genetic progress in the same manner as in
the additive model. Therefore, estimation of heritabilities obtained with the 2 models cannot
be properly compared, even if they are expressed in the observed scale. Further investigations
are needed to give a practical interpretation of the heritability in the product threshold model.
Under the additive threshold model one studied the liability to conception (observable
phenotype) and heritability referred to the genetic variation contributed by male or female to
liability to conception. Under the product threshold model one studied the liability to being a
fertile male (non-observable male phenotype) and the liability to being a fertile female (non-
observable female phenotype), and the estimated heritabilities referred to genetic

contribution to those two liabilities by male and female.

Conversely to the heritabilities, the genetic correlation between male and female fertilities can

be compared across models. The HPDgsy, for the 2 estimates were very large and the
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probability of a positive value were not very high, but the posterior mean was similar in
magnitude. This result was in accordance with the genetic correlation between male and
female contributions to fertility obtained after natural mating in the same paternal line of
rabbits (0.73, HPDgsy,=-0.36, 0.99; Piles et al.,, 2005). Estimated probabilities of success for the
unobserved phenotypes indicated that an Al failure was specifically due to female fertility
problems for 54% of the cases and was specifically due to male fertility problems for 39% of
the cases. Therefore, it seems that the product model reports that an Al failure is mainly due to
impairment in female. It is difficult to compare these results with those reported previously in
the literature. Actually, the only species where origin of infertility is well documented is
humans after natural mating (Forti and Krausz, 1998). Forti and Krausz (1998) reported that
in 35% of cases, infertility is mainly due to a female factor, in 30% to a male factor, in 20% to
abnormalities detected in both partners, and in 15% of cases no diagnosis can be made after a
complete investigation. In our study, there was almost no ejaculate selection upon its seminal
characteristics (except urine or calcium deposits), and there was no standardization of the Al
dose concentration. This process may induce a decrease in the potential sperm fertility and
explain the relative importance of the male in the Al failure. For female fertility, ovulation is
induced after insemination in rabbits; therefore, the probability that the oocyte is released at
the optimum time in the female reproductive tract is very large, which might explain the high

percentage of female fertility success observed (0.83).

We think that the product model is, at present, an interesting model to test for studying Al
results, or other traits with the same kind of associated binary unobserved phenotypes, in an

experimental context.

The objective of this study was to evaluate the performance of the product threshold model
for the modeling of the outcome of Al. We have shown that its predictive ability is similar to
the additive model. The product model has the advantage of extracting more information from
the data than the additive threshold model. It is possible to evaluate which sex is responsible
for an Al failure, and this would help to improve fertility. However, product model suffers from
some drawbacks. Interpretation of genetic parameters estimates is not straightforward and it
is necessary to work on the estimation of the genetic progress in this model. At present,
estimations are obtained using a Bayesian approach and the computing time could be very

long if data set used is very large.
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Interaction of male genotype x artificial insemination conditions

Abstract

Failures in fertilization or embryogenesis have been shown to be partly the result of poor
semen quality. When Al is practiced, fertilization rate depends on the number and quality of
spermatozoa in the insemination dose around the time of application. Individual variation in
the male effect on fertility (success or failure to conceive; Fert) and prolificacy (total number
of kits born per litter; TB) could also depend on these factors, and it could be better observed
under limited conditions of Al, such as decreased sperm concentration, small or null
preselection of ejaculates for any semen quality trait, or a long storage period of the Al doses.
The aim of this research was to determine if an interaction existed between male genotype
and the Al conditions for male effects on Fert and TB after Al was performed under different
conditions. Fertility and TB were assumed to be different traits and were analyzed in 2 sets of
independent analyses. In the first step, the different conditions were determined uniquely by
the sperm dosage. Artificial insemination was performed at 10 and 40 x106 spermatozoa/mL.
In the second step, the different conditions were determined by all the factors involved in the
Al process as a whole (conditions and duration of the storage period of the dose, genetic type
of the female, and environmental conditions on the farm). Data from Al from the former
experiment were analyzed with data from Al performed under different conditions. Threshold
and linear 2-trait models were assumed for Fert and TB, respectively. The sperm dosage had a
clear effect on Fert and TB, which favored the greater dosage (+0.13% and +1.25 Kkits born,
respectively). Prolificacy was more sensitive to sperm reduction than was fertility. Male
heritabilities for Fert were 0.09 for both sperm dosages, and were 0.08 and 0.06 for male TB
with a smaller and larger sperm dosage, respectively. No genotype x sperm dosage interaction
was found. Therefore, the same response to selection to improve male Fert and TB could be
achieved at any sperm concentration. However, an interaction between male genotype and the
Al conditions as a whole seemed to exist, indicating that the Al conditions for selection for Fert
and TB could be modified to maximize genetic progress. Consequently, the optimization of a
breeding program for male Fert and TB under a given set of semen utilization conditions is

achievable.

Key words: artificial insemination, (co)variance component, genotype x environment

interaction, male fertility, male prolificacy, rabbit.
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Introduction

The outcome of mating is dependent on the contribution of the male, the female, and
environmental factors (Koops et al.,, 1995). The effect of the number and quality of sperm
involved in the fertilization process and subsequent embryogenesis is well documented (Den
Daas et al,, 1998; Saacke et al., 2000). However, when fertility (success or failure to conceive;
Fert) and prolificacy (total number of kits born per litter; TB) are evaluated after natural
mating (NM) or after Al under commercial conditions, the observed variation attributable to
the contribution of the male is very small or almost null (in rabbits after NM: Piles et al., 2005,
2006; in swine after Al: Van der Lende et al, 1999; Varona and Noguera, 2001). These
commercial conditions are not optimal for detecting individual variation among males because
the number of sperm is very large and most of the males exceed the threshold needed to reach
Fert (Amann and Hammerstedt, 2002). Thus, whereas differences among males that are
independent of sperm dosage are maintained, differences among males that can, at least in
part, be overcome by increasing the amount of sperm are not detected (Saacke et al., 2000).
Moreover, when Al is performed, there is a strong preselection of the ejaculates used, reducing
the amount of observed variation. Concerning the masking effect of a large sperm dosage on
the observed variance for male Fert and TB, the first aim of this research was to determine if
an interaction existed between the male genotype and concentration of the Al dose. Other
factors involved in the Al process (conditions and duration of the storage period of the dose,
genetic type of the female, environmental conditions on the farm) could also lead to an
interaction with the male genotype. Therefore, the second aim of this study was to investigate

and quantify the interaction between male genotype and Al conditions.

Materials and methods

The research protocol was approved by the animal care and use committee of the Institut de

Recerca i Tecnologia Agroalimentaries.

Animals and data

Data on male Fert and TB were analyzed from bucks belonging to a population of a paternal
line selected for growth rate during the fattening period (Caldes line: Gomez et al., 2002). Data
originated from 2 different sources. For data set 1, Al was performed on a commercial farm
with semen from a random sample of males from the Caldes line. Doses were prepared after
conducting a small preselection of the ejaculates for seminal quality traits and were stored for
24 h until Al was performed on crossbred females from 2 dam lines. For data set 2, Al was

performed in the nucleus of selection of the Caldes line on females from the same paternal
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line. In this case, Al doses were prepared and used within 30 min after ejaculate collection,

with no selection for semen quality traits.

Males from both data sets were contemporary and closely related. Bucks were bred and
reared in thenucleus of selection in Caldes de Montbui (Barcelona, Spain). This farm has an
insulated roof and walls and the proper cooling equipment to avoid animal exposure to
extreme temperatures. After weaning at 32 d, males were housed in collective cages of 8
individuals, with a photoperiod of 16 h of light/d. Animals were fed a commercial diet of
rabbit pellets ad libitum (15.5% CP, 2.3% fat, 17.2% fiber) until d 60. Subsequently, they were
housed on the farm of the Al center (which had the same environmental conditions as the
nucleus of selection and was located next to it) and were restricted to 180 g/d of another

commercial diet (16% CP, 4.3% fat, 17% fiber). Fresh water was always available.

All males began training to use an artificial vagina at 4.5 mo. A homemade polyvinyl chloride
artificial vagina containing water at a temperature of 50°C was used. One ejaculate was
collected per male each week for the first 2 wk. After this period, 2 ejaculates per male were

collected each week, with an interval of 30 min between collections.

Preparation of the AI doses used in the experiment

Ejaculates were stored, for no more than 15 min after collection, in a dry bath at 35°C until
their evaluation for seminal quality. Ejaculates containing urine and calcium carbonate
deposits were discarded, and gel plugs were removed. Individual motility of the ejaculate was
measured in aliquots (25 pL) under a microscope with a phase-contrast optic (Nikon,
Lewisville, TX) at 400x magnification, according to a subjective scale from 0 to 5 (0, 1, 2, 3, 4,
or 5=0to 10, <10 to 25, <25 to 50, <50 to 70, <70 to 90, or <90 to 100%, respectively, of the
motile spermatozoa showing progressive movement; Roca et al., 2000). A small preselection of
ejaculates was performed, discarding only those with individual motility scores of less than 2
and a percentage of dead spermatozoa greater than 50%. After evaluation, the 2 ejaculates
from each buck were pooled and diluted (1:1, vol/vol) in a commercial saline extender for
rabbit semen (Cunigel, IMV Technologies, Saint Ouen sur Iton, France), and the cell sperm
concentration was measured using a sperm cell counter (NucleoCounter SP-100, ChemoMetec
A/S, Allerod, Denmark). The pooled semen from each buck was divided into 2 parts and
diluted to 10 x 10 spermatozoa/mL (referred to as type 10 doses) or 40 x 106
spermatozoa/mL (referred to as type 40 doses). These concentrations were chosen as a
compromise between 1) the number of data per male and day necessary to separate the male
effect from other random factors and to maximize the accuracy of the estimates, and 2) the

difference in sperm concentrations necessary to distinguish the effects of seminal
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characteristics that could and could not be compensated for by a large number of spermatozoa

in the Al dose. The Al doses were stored in straws of 0.5 mL at 18°C for 24 h until use.

Preparation of AI doses used in the nucleus of selection of

the paternal line

Only ejaculates containing urine and calcium carbonate deposits were discarded, and gel plugs
were removed. No evaluation of seminal characteristics was performed. Ejaculates were
diluted 1:4 (vol/vol) in a commercial liquid extender (Galap, IMV Technologies, Saint Ouen sur
Iton, France) immediately after collection with an unknown sperm concentration (referred to
as type N doses). Artificial insemination doses of 0.5 mL were applied within 1 h after

preparation.

AT

The experiment was performed from November 2006 until July 2007. Type 10 and type 40
doses from each buck were applied on 2,293 crossbreed does (Prat x V lines), which were
crossbred between animals from 2 maternal lines selected for litter size at weaning (V line:
Estany et al., 1989; Prat line: Gomez et al., 1996). Females were reared on a commercial farm
located in Montmajor (Barcelona, Spain). This farm has 2 buildings with an insulated roof and
walls and systems to avoid extreme temperatures. Females had water and food ad libitum and

were raised under a photoperiod of 16 h of light/d.

Data from the nucleus of selection of the paternal line corresponded to the period from June
2003 to November 2008. Type N doses were applied on 2,601 females from the same paternal
line reared in the nucleus of selection described above. After weaning at 32 d, the young
females were housed together with the males in collective cages until 60 d. Subsequently, they
were placed in individual cages and restricted to 180 g/d of a commercial diet consisting of

16% CP, 4.3% fat, and 17% fiber. Fresh water was always available.

Both groups of females (Caldes and Prat x V lines) followed a semi-intensive reproductive
rhythm. The first Al occurred at approximately 4.5 mo of age, with subsequent 42-d
reproductive cycles. Two weeks before first parity, does were placed in maternal cages and fed

ad libitum with the same commerecial pellets.

At 48 h before Al, all females were treated with 15 IU of eCG (subcutaneously; Foligon,
Intervet International B.V., Booxmeer, the Netherlands). Ovulation was induced immediately

after Al with 0.02 mg of gonadorelin (intramuscularly; Fertagyl, Intervet Internacional B.V.).

Pregnancy was diagnosed by abdominal palpation 14 d after Al. The assigned fertility score

was 1 when the female was diagnosed as pregnant and was 0 otherwise. These fertility data
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were confirmed at parturition. Therefore, errors in diagnosis of gestation were possible only
in the case of females that died before the date of parturition, which represented less than 1%
of all records. Prolificacy was defined as the total number of kits born per litter and was
recorded at kindling. Table 4.1 shows the summary statistics for male fertility, F; and
prolificacy, TB;, for i = 10, 40, and N, corresponding to Al performed with type 10, type 40, and
type N doses, respectively. The pedigree included 1,437 individuals.

Table 4.1. Summary statistics for fertility (Fi) and number of total kits born (TB;) across
the 3 different types of AI doses (i=10', 40°, N°)

Fertility data

Fio Fao Fn
No. of males 248 232 300
No. of females 1,777 1,660 2,601
Mean of No. of records per male 14.6 12.9 21.8
Mean of No. of records per female 2.0 1.8 2.5
No. of data 3,617 2,996 6,543
Prolificacy data

TB1e TBase TBy
No. of males 202 206 290
No. of females 1,129 1,159 1,786
Mean of No. of records per male 8.2 8.4 14.9
Mean of No. of records per female 1.5 1.5 2.4
No. of data 1,647 1,732 4,325

*10 = AI with 24-h stored doses with 10 x1@° spermatozoa/mL applied on crossbred females
from 2 maternal lines on a commercial farm.

%40 = AI with 24-h stored doses with 4@ x10° spermatozoa/mL applied on crossbred females
from 2 maternal lines on a commercial farm.

3N = AI with fresh doses with an unknown sperm concentration applied on purebred females
from a paternal line in a nucleus of selection.

Models and Statistical Analysis

Fertility and prolificacy traits were analyzed independently, and for each of these traits, the
following analyses were performed. First, insemination outcomes from data set 1, obtained
using type 10 and type 40 doses, were considered different traits: F1o and F4o for fertility, and
TB1o and TBa4o for prolificacy. To determine the effect of Al dose concentration and its
interaction with male genotype, 2 bivariate models were used to analyze Fert and TB
separately. The effect of sperm dosage was obtained from the estimated marginal posterior
distribution (EMPD) for the difference between the overall means of both traits. Second, the
outcomes from data set 1, obtained with type 10 and type 40 doses, were combined and
treated as 1 trait for fertility (Fexe) and prolificacy (TBexe). Each of these 2 traits was analyzed
jointly with the corresponding response from data set 2, obtained using type N doses (Fy or
TBy), via a bivariate model with the specific objective of assessing the interaction of genotype

x Al conditions.
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Analysis of Fertility

We assumed a threshold model for Fert. This model postulates that the observed binary
responses are indicators of an underlying continuous random variable 1 (liability) and a fixed
threshold that divides the continuous scale into 2 intervals that delimit the 2 response
categories (Wright, 1934). Procedures developed by Sorensen et al. (1995), based on Markov
chain Monte Carlo methods, allow the analysis of categorical traits using this model. In matrix

notation, the following model was assumed:
1=XB+Zu, +Z,p, +Z3pf +Z,p,, +e

where 1 is the vector of liability for F; B is the vector of systematic effects; un is the vector of
male genetic additive effects; pm is the vector of male nonadditive genetic plus permanent
environmental effects; pr is the vector of female effects; pma is the vector of permanent
environmental effects resulting from the combination between the male and the day on which
the Al was performed, and e is the residual. X and Z; (i = 1, .., 4) are incidence matrices
relating the variable 1 to the systematic, genetic, and permanent environmental effects
described above. The definition and number of levels of systematic effects for Fert included in
the different models are shown in Table 4.2. The systematic effect resulting from the
combination of buck age and building on the farm was defined as the result of combining 20-d
intervals from 5 to 9 mo of age and the 2 buildings on the commercial farm where the Al were
performed. The systematic effect of buck age was defined as 3.5-mo intervals from 4.5 to 32

mo of age.
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The thresholds and residual variances were fixed at 0 and 1, respectively, and the
covariance between residuals, regardless of the trait, was always set to 0 because the

observations were measured on different does. A Bayesian approach was adopted for

inference. The prior distributions for the parameters of the model were p (l}) ~k,
)

p(u,|G)~N(0,G®A) p(p,,|P,)~N(0,P, QI)

. .
) )

p(p.f | Pf)NN(O’ Pf ®I) p(pmd |Pmd)~N(0, Pmd ®I), where k

’
is a constant, A is the numerator relationship matrix, I is the identity matrix, G is the
additive genetic (co)variance matrix, Pn is the (co)variance matrix of male nonadditive
genetic plus permanent environmental effects, Pr is the (co)variance matrix of female
effects, Pmq is the (co)variance matrix of permanent environmental effects resulting from

the combination of male and day of Al

Table 4.3 shows the structure of matrices used in the analysis. In the analyses of traits after
Al was conducted with different sperm dosages, a correlation was considered to exist
between the 2 traits for all permanent effects, whereas in the analysis of traits after Al
under different conditions, all the random effects were considered uncorrelated, except the
male additive effect, because different groups of males from the same population were
used and females were of a different genetic type. Given the complexity of the model, a
simulation study using the same data structure and pedigree as the real data used for the
Fert experiment confirmed the ability of the statistical procedure to recover the simulated

parameters (results not shown).

Analysis of Prolificacy

Total number of kits born per litter was considered a continuous trait and was analyzed
with the same linear model used for the liability of Fert. The same assumptions for the
structure of (co)variances of all random effects were made (Table 4.3), except for the
residual (co)variance matrix, which was, in this case, a diagonal matrix with unknown
elements. The number of levels of systematic effects included in the model for each trait is

also shown in Table 4.2.

Prior distributions for systematic and random effects and (co)variance components were

the same for Fert but with different hyper-parameters. The prior distribution for the
residuals was p(e|R) ~ N(O, R@I), and bounded uniform priors were assumed for

the elements of R.
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Table 4.3. Structure of the (co)variance matrices assumed for fertility and total number
of kits born in the 2 groups of analysis’

(co)variance matrices for the (co)variance matrices for the
first group of analysis’ second group of analysis®
2 2
(0
G-= o U0 G-= Ukxp O-uEXP’uN
2 2
6“407”10 0”40 GuN’uEXP Uy
2 2
o o)
P = pmyg Dy, Py P - GmeXP
"o o’ " 0 o’
Phiyg, Pl Py pmy
2 2
o o o} 0
P. = Pho Pho-Plao P. = Plexp
f 2 f 2
o o} 0 o)
of. 40 P 0 of. 40 of; N
2 2
(o2 (o2
P . = pmdyg pmdy g, pmd P . = GpdeXP 0
md o 02 md 0 0_2
pmd,,pmd, pmd pmd

G = male additive genetic effects; P, = male nonadditive genetic plus permanent environmental
effects; Pr = female effects; Pmd = permanent environmental effects of male and day of AI.

*First group of analysis = fertility and prolificacy after AI, with different sperm dosages (10 and
40 x 10° spermatozoa/mL) considered as different traits.

*second group of analysis = fertility and prolificacy after AI, with different AI conditions (EXP,
N) considered as different traits.

The Gibbs Sampler

The marginal posterior distributions of the variables of interest were approximated using
the Gibbs sampler algorithm. Conditional distributions of the model parameters that are
necessary for its implementation can be found in the report by Sorensen and Gianola
(2002). Single chains of 500,000 iterations were run for all the analyses. The first 50,000
iterations of each chain were discarded, and samples of the parameters of interest were
saved every 25 rounds. The number of discarded samples was, in all cases, much larger
than the required burn-in determined by using the procedures of Raftery and Lewis (1992)
and Geweke (1992). The sampling variance of the chains was obtained by computing

Monte Carlo SE (Geyer, 1992).

The Variance of the Genotype x Environment Interaction

A genotype x environment interaction (GxE) appears when there are differences in
environmental sensitivity between individuals. By treating the observations under
different environments or conditions as different traits, the genetic correlation (rg)
measures the possible existence of GxE caused by a reranking of the genotypes by the

expression of their phenotypes across environments, whereas the difference in magnitude

. . 2 . . .
of the genetic variances (O ) across environments measures the possible existence of
1

GxE caused by a scale effect (Kolmodin, 2003). The posterior distributions of the
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: . . 2 . :
interaction variance (O, ) for Fert and TB were estimated from the samples of genetic

variances and covariances according to the following formula (Mathur, 2002):
2 __1 2 1
G&E—qu_cg)+ﬂqgg(—%)

where O is the genetic SD in environment i.

Results and discussion

Effect of Concentration of the AI Dose and Its Interaction

with Male Genotype

Fertility

The overall means (SD) of the EMPD for Fip and Fi were 0.42 (0.04) and 0.55 (0.04),
respectively. This result indicates a clear effect of sperm dosage on Fert, as shown in Figure
4.1 (approximately 31% of the overall mean of the EMPD for F1¢). This illustrates that the
effect of deficiencies in some seminal characteristics (viability, motility, morphology, and
other unknown functional and molecular traits; Saacke et al.,, 2000) can be compensated
for by increasing the amount of sperm. In a previous study, the sperm concentration of the
ejaculate (which was the maximum value for the dose concentration) in this line was
estimated to be 252 x 10¢ spermatozoa/mL (Garcia-Tomas et al., 2006), and the Fert rate
after NM with purebred females of the same line was 80.5% (Piles et al., 2005). Therefore,
in this experiment, a sperm dosage of 40 x 10¢ spermatozoa/ mL did not seem to be large
enough to compensate for the deficiencies in sperm characteristics, precluding access of
sperm to the ovum or their ability to engage the ovum sufficiently to initiate fertilization
and block polyspermy when homospermic doses were used. In addition, a greater dilution
of the ejaculate implies a greater dilution of the seminal plasma, which has been shown to
have a role in promoting Fert. The seminal plasma is the vehicle for the spermatozoa,
stimulating their motility and protecting membrane integrity and functionality (Maxwell
and Johnson, 1999). The effect of sperm dosage could be nonlinear; moreover, there could
be an effect of other factors related to the Al process (different from the semen
characteristics) that could explain differences in conception rate after Al with a large
sperm dosage and the same ratio after NM. Individual differences in factors with an effect
that cannot be compensated for with a large number of spermatozoa (traits affecting
embryo quality, such as defective chromatin; Saacke et al., 2000) would explain the small

variation attributable to male Fert after NM.
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Figure 4.1. Estimated marginal posterior distribution of the difference between
fertility in the observed scale (F;) and total number of kits born (TB;) at 2 different
sperm concentrations of the AI dose (i=10, 40). 10 = AI with 24-h stored doses with 10
x10 spermatozoa/mL applied on crossbreed females fyoom 2 maternal lines on a commercial
farm. 40 = AI with 24-h stored doses with 40 x10 spermatozoa/mL applied on crossbreed
females from 2 maternal lines on a commercial farm.

The EMPD corresponding to the ratios between variance components for Fio and Fa4o are
summarized in Table 4.4. Although imprecise, heritabilities were similar for Fio and Fao,
and both were greater than the corresponding value after NM (0.013; Piles et al. 2005),
with a probability of 95 and 99% for F1o 10 and Fao, respectively. This suggests that genetic
variance after NM could mainly be due to individual genetic variation in deficiencies of
semen characteristics, with an effect that could not be compensated for by a large sperm
dosage. Such characteristics are associated with the ability of the sperm to maintain the
fertilization process or subsequent embryogenesis once initiated. However, the genetic
variance for male Fert after Al was due to individual genetic variation in any kind of semen
characteristic (seminal deficiencies that were and were not able to be compensated for by
increasing the amount of sperm). Variance in the genotype x sperm dosage interaction was
small. In fact, it represented only 8.1% of the additive variance. This is because the genetic
variance was the same for both traits and their genetic correlation was almost 1 (Table
4.5). This means that mostly the same genes were affecting F1p and Fao; thus, the responses
to selection for increased male Fert obtained after Al within this range of sperm dosage
would be the same. In addition, the proportion of the response to selection for 1 trait that
could be expected for the other trait, as a correlated response, would be large. Thus, within
the studied range of sperm dosage, selection to improve male Fert after Al could be
performed at any sperm dosage and could have a greater response to selection than
selection for male Fert after NM. Thus, although there is an effect of sperm dosage on Fert,
there is a negligible change in the magnitude of the male genetic variance across sperm
dosages. This indicates that almost no genetic control is involved in the effect of semen
characteristics (as a whole) on Fert after Al that could be compensated for by increasing
the sperm dosage. Thus, if the objective is to improve male Fert through indirect selection
for semen quality, with no restriction on dose concentration, the selection criteria should

be characteristics whose deficiencies could not be compensated for
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by increasing the sperm dosage. However, if the objective is to optimize the use of ejaculates
to obtain a greater number of doses for Al the selection criteria should be semen quality traits

whose deficiencies could be compensated for by increasing the sperm dosage or both types.

The most important environmental factor affecting both traits was the permanent
environmental effect of the combination of male and day on which the Al was performed. This
result highlights the sensitivity of male Fert to environmental conditions during ejaculate
collection, dose preparation, and storage. The correlation between the 2 traits for permanent
effects was 0.89, 0.85, and 0.85 for pf, pm, and pmd, respectively.

Table 4.5. Convergence diagnostic and summary statistics of the marginal posterior
distribution of genetic correlation (r,) and variance of the genotype per type of AI dose
interaction (o%,.) for fertility (F;) and total number of kids born (TB;) at different AI
conditions ( = 10,1 40,Z EXP,3 Na)

Parameter Traits pM® HPD95%° MCse’ z*

Fie, Fae 0.851 0.475 , 1.000 0.017 -0.573

Fexps, Fn -0.038 -0.999 , 0.891 0.027 0.952

e TBi1o, TBae 0.865 0.499 , 1.000 0.027 -0.905

TBexp, TBy -0.404 -0.999 , 0.541 0.045 -4.758

Fie, Fae 0.035 0.000 , 0.093 0.002 0.206

2 Fexe, Fn 0.094 0.000 , 0.214 0.003 -1.222
OGxE

TBie, TBae 0.103 0.001 , 0.293 0.009 2.922

TBexp, TBw 0.459 0.049 , 0.870 0.013 1.753

10 = AI with 24-h stored doses with 10 x 10° spermatozoa/mL applied on crossbred females from 2 maternal
lines in a commercial farm.

40 = AI with 24-h stored doses with 40 x 10° spermatozoa/mL applied on crossbred females from 2 maternal
lines in a commercial farm.

’EXP = 1@ and 4@ considered to be the same trait.

N = AT with fresh doses with unknown sperm concentration applied on purebred females from a paternal line in
a nucleus of selection.

°PM = posterior mean.

°HPD95% = highest posterior density interval at 95%.

'MCse = Monte Carlo SE.

8z = Z-score of the Geweke test.

Prolificacy

The overall means (SD) of the EMPD for TB1o and TBa4o were 7.25 (0.30) and 8.50 (0.24),
respectively. This was an increase of 17.2% in TB with the increase in dose concentration.
Thus, the effect of sperm dosage also seemed to be expressed as the number of fertilized ova
and developed embryos (Figure 4.1). Nadir et al. (1993) suggested that by increasing the
number of spermatozoa at the site of fertilization, the sperm would increase their competition
to fertilize the ovum, resulting in a greater probability of the ovum being fertilized by normal
spermatozoa and thus ensuring the success of the fertilization event as well as subsequent
normal embryonic development. A summary of the posterior distributions of the variance
components and heritabilities for TB1o and TBao is presented in Table 4.4. The heritability of
male litter size after Al was greater than the estimated ratios of male permanent variance with

respect to the phenotypic variance after NM in 3 maternal lines of rabbits, which ranged from
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0.02 to 0.03 (Piles et al,, 2006). Similarly, in swine, a very small boar effect has been found in
several studies (See et al., 1993; Van der Lende et al,, 1999; Hamann et al., 2004). The additive
variances for TB1p and TBa4o were not different. The genetic correlation between the 2 traits
was near 1 (Table 4.5), and the genotype x sperm dosage interaction was almost 0 (1.1% of
the phenotypic variance). The conclusions regarding the success of the selection for improving
TB through the male genetic effect would be the same as those described above for Fert. No
differences were found in the ratios of phenotypic variance concerning the permanent effects
between TB1o and TB4o. The permanent environmental effect resulting from the combination
between male and timing of Al was also the most important effect for both traits. The
correlations between traits for prand pm were 0.75 and 0.72, respectively, but surprisingly, the

correlation was null for pma.

Comparison between the effect of sperm dosage in Fert and

prolificacy

To compare the effect of sperm dosage across traits regardless of their units of measure, the
EMPD of the ratio between the overall mean of the traits with different sperm dosages were
obtained for Fert and TB. Prolificacy was 10% more sensitive to the reduction in sperm
concentration in the Al dose than was Fert (Figure 4.2). This could be explained by the fact
that more sperm are needed to obtain a greater number of kits, whereas only 1 capable
spermatozoid could be enough for conception. Brun et al. (2002) used homospermic Al doses
in rabbits and concluded that kindling rate seemed to depend on qualitative and quantitative
seminal traits, whereas TB seemed to be more dependent on quantitative traits such as
concentration. In the pig, Alm et al. (2006) found that although a remarkable reduction in
farrowing rate was observed with a decrease in Al dose concentration, litter size was more
sensitive to this reduction. Xu et al. (1998) found no reduction in farrowing rate when sperm

concentration was reduced; however, they did find a reduction in litter size.
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Figure 4.2. Estimated marginal posterior distribution of ratio between fertility in the
observed scale (F;) and total number of kits born (TB;) at 2 different sperm concentrations
of the AI dose (i=10, 4@). 10 = AI with 24-h stored doses with 10 x18° spermatozoa/mL
applied on crosbreed females from 2 maternal lines on a commercial farm; 40 = AI with 24-h
stored doses with 48 x1@°spermatozoa/mL applied on crosbreed females from 2 maternal lines
on a commercial farm.

Although the male genetic effect was of the same magnitude for Fert and TB, all permanent
environmental factors related to the male were important for Fert after Al but had little
influence on TB under the same conditions. This fact shows that permanent environmental
factors related to the male, including those related to dose preparation and conservation, were
important in the success or failure of an insemination, but once conception was reached, the
contribution of the male in the number of embryos that developed until birth was very limited.
Thus, TB seems to depend more on the female because it exerts a long-term effect on the

formation of viable offspring.

Effect of AI conditions and their interaction with male

genotype

From the previous results, it was found that under the conditions of this experiment, sperm
dosage was not the factor that could explain eventual differences in male genetic additive
variance. Additive variances different from those observed in this experiment have been
estimated in the same paternal line after NM and after Al with other conditions (Piles et al.,
2005). Thus, other factors related to the Al process could be responsible for differences in
male additive variance. The following analysis aimed to answer the question of whether there
was any interaction between the male genotype and other factors involved in the Al process as
a whole, such as the timing and storage conditions of the Al doses, female genotype, or the
environment. Conditions for dose preparation and Al in the nucleus of selection of the Caldes
line were different from those used to obtain the experimental data on Fert and TB. Therefore,

data coming from the Al performed in the nucleus of selection were analyzed in a 2-trait



Interaction of male genotype x artificial insemination conditions

model with data coming from the Al performed in that experiment. To do that, the
experimental data on Fert and TB obtained after Al with different sperm concentrations were
grouped into a unique type of data named Fexp and TBexp because they were established from
the previous results such that the outcomes of Al with both types of doses could be considered

the same trait.

Fertility

The EMPD corresponding to the ratios between variance components for Fgxp and Fy are
summarized in Table 4.6. The estimates of genetic parameters were not precise, but there was
some evidence of an interaction between male genotype and Al conditions. There could be a
scale effect because of differences in the magnitude of the additive variances (the probability
of the ratio between both male additive variances of being greater than 1.25 was 83%). In
addition, the genetic correlation between the 2 traits could be said to be different from 1
because the probability of being less than 0.75 was 90%. The existence of this interaction
would indicate that there could be genetic differences among males, at least in part because of
differences in the capacity of the Al doses to maintain characteristics of the semen after a
storage period under certain conditions. Thus, if this were confirmed, it could be possible to
improve dose conservation in the Al centers by genetic selection of the paternal line, leading
to a more efficient use of the bucks in the Al center. To do that, Al conditions that give the
maximum genetic progress could be chosen to optimize the breeding program for male Fert
under given conditions of semen utilization. This could be achieved by expressing the genetic
progress in some conditions as a correlated response to selection in other conditions and then
comparing the genetic progress from selection under different conditions (Kolmodin, 2003).
Male permanent environmental effects were much greater for Fgxp than for Fy. The ratio of this
variance component to the total phenotypic variance was approximately 3 times greater for
the first trait than for the second one, and the probability of a positive value for the difference
between the corresponding variances for both traits was 97%. Similarly, the magnitude of the
environmental effects resulting from the combination of male and day of Al was greater for
Fexp than for Fy (the probability of a positive value for the difference between the
corresponding variances for both traits was 100%). This factor encompasses all the
environmental effects that have in common the doses of only 1 male on a specific day, which
are more important the longer the time that elapses between dose preparation and
application. The variation in this factor includes the variation in seminal characteristics
between different ejaculates from the same male (Garcia-Tomas et al., 2006) and the variation
originating from all the handling processes in the Al center during the preparation and
conservation of the Al doses until the time of insemination. As long as the conservation time of

the Al doses increases, there is an increase in the oxidative processes derived by the metabolic
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activity of the spermatozoa, which results in a decrease in the fertilizing ability of the Al dose
(Vishwanath and Shannon, 1997; Castellini et al., 2000). In rabbits, several authors have noted
that time and storage conditions cause a decrease in sperm quality (Rosato et al., 2006) and
also in Fert and TB (Lopez et al., 1996; Roca et al,, 2000). Farrell et al. (1993) indicated in their
study the need for rapid and careful handling of sperm so as not to compromise the fertilizing
ability of the rabbit Al doses. They also indicated that variation caused by manipulation of the
sperm in preparing, storing, and applying the Al doses was one of the most important factors
explaining the low prediction capacity of male reproductive performance based on semen

quality traits.
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Prolificacy

Table 4.6 shows the EMPD corresponding to the ratios between variance components for

TBEXP and TBN.

Permanent male effects were greater after Al (for both traits, TBexp and TBy) than the
corresponding values obtained for litter size after NM (Piles et al., 2006). The permanent effect
attributable to the female was almost 4 times smaller for animals on the commercial farm,
which were crossbred, than for those in the nucleus, which were purebred. The ratio of the
variance of the interaction to the average means of the EMPD for additive variances was 1.30
(Table 4.5). This was due to the difference between the male additive variance for TBexp and
the same variance component for TBy (the probability of the ratio between them being greater
than 1.25 was equal to 87%). It was also due to a genetic correlation that could be different
from 1 (the probability of the genetic correlation between the 2 traits being less than 0.75 was
100%). Here, the same conclusions could be drawn for male TB with respect to selection for

male Fert according to the evidence of an interaction for genotype x Al conditions.

In a prolific species, litter size is one of the most economically important traits and is the most
common selection criterion of the maternal lines. In most of the breeding programs, selection
for this trait is performed with consideration only for the female. However, if the male additive
variance is greater under limited conditions of Al than under conditions of Al of the nucleus of
selection, the response to selection for litter size could be improved by selection based on an
index that includes the female EBV predicted under the nucleus conditions and the male EBV

predicted from data coming from Al.

Conclusions

There was a clear effect of sperm concentration on male Fert and TB; however, almost no
genetic determinism was involved in this effect. Therefore, within the range of sperm dosage
used in this study, selection to improve male Fert and TB after Al with stored doses could be
done at any seminal concentration. Under these conditions, response to selection could be
greater than the expected response after NM or Al with fresh doses because the male additive
variance obtained for both traits in this study was greater than the corresponding values
obtained in the other conditions. On the other hand, an interaction could exist between the
male genotype and Al conditions, such as the time and storage conditions of the Al doses, the
female genotype, or the environment. The existence of this interaction also implies that the
conditions that give the maximum genetic progress could be chosen to optimize the breeding
program for male Fert and TB under given conditions of semen utilization. Moreover, the

response to selection for Fert and TB could be improved by including the male additive effect



Interaction of male genotype x artificial insemination conditions

predicted from information obtained from Al performed under limited Al conditions. Finally, if
part of the interaction between the male genotype and Al conditions is due to the effect of time
and storage conditions of the Al doses, then any existing differences among males in the ability
to maintain seminal characteristics after storage might also result in differences in their
fertilization potential. Thus, it could be possible to change the sensitivity of sperm to

conservation with genetic selection.
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Abstract

Animals under environmental thermal stress conditions have reduced fertility due to
impairment of some mechanisms involved in their reproductive performance that are
different in males and females. As a consequence, the most sensitive periods of time and the
magnitude of effect of temperature on fertility can differ between sexes. The objective of this
study was to estimate separately the effect of temperature in different periods around the
insemination time on male and on female fertility by using the product threshold model. This
model assumes that an observed reproduction outcome is the result of the product of two
unobserved variables corresponding to the unobserved fertilities of the two individuals
involved in the mating. A total of 7,625 Al records from rabbits belonging to a line selected for
growth rate and indoor daily temperature records were used. The average maximum daily
temperature and the proportion of days in which the maximum temperature was above 252C
were used as temperature descriptors. These descriptors were calculated for several periods
around the Al day. In the case of males, four periods of time covered different stages of the
spermatogenesis, the transit through the epididymus of the sperm and the Al day. For females,
5 periods of time covered the phases of preovulatory follicular maturation including Al day
and ovulation, fertilization and peri-implantational stage of the embryos, embryonic and early
fetal periods of gestation, and finally, late gestation until birth. The effect of the different
temperature descriptors was estimated in the corresponding male and female liabilities in a
set of threshold product models. The temperature of the Al day seems to be the most relevant
temperature descriptor affecting male fertility, since high temperature records in the Al day
caused a decrease in male fertility (-6% in male fertility rate with respect to
thermoneutrality). Departures from the thermal zone in temperature descriptors covering
several periods before Al until early gestation had a negative effect on female fertility, being
especially sensitive the peri-implantational period of the embryos (from -5 to -6% in female
fertility rate with respect to thermoneutrality). The latest period of gestation was unaffected
by the temperature. Overall, magnitude and persistency of the temperatures reached in the
conditions of this study do not seem to be high enough to have a large effect on male and

female rabbit fertility.

Keywords: heat stress, fertility, product threshold model, rabbit, temperature.
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Introduction

Animals exposed to climatic thermal stress have problems in the maintenance of their regular
productive and reproductive performances. Males and females are affected in a different way
by thermal stress (see review by Marai et al., 2002): rabbit does exposed to heat stress reach
the age at puberty later and have reduced conception and embryonic developmental rates
whereas, in the case of bucks, testosterone concentration, spermatogenesis, libido, and some
seminal traits are also factors affected by heat stress. Success of Al involves different male and
female physiological events which could be specifically affected by temperature conditions.
Therefore, the most sensitive period around the insemination time and the effect of the
intensity and/or the duration of the exposure to this environmental factor could also be sex
dependent. The knowledge of the existence of these sexual differences concerning sensitivity
to environmental temperature could lead to implement different strategies of farm and
breeding management and even of selection if the goal is to obtain tolerant animals to thermal

stress.

The product threshold model (David et al, 2009) is an interesting model to separately
establish the effect of temperature conditions on male and female fertility. This model assumes
that an observed reproduction outcome is the result of the product of two unobserved
variables corresponding to the fertility of the two individuals involved in the mating. This
approach, compared with the classical analysis using the additive threshold model, has the
advantage to provide specific estimates of the effects affecting each one of the members

involved in the process.

The objective of the present study was to determine the effect of temperature conditions at
different periods around the insemination time on male and on female rabbit fertility and to
find the temperature descriptor which gives a better description of the effect of temperature

on these traits.

Materials and methods

The research protocol was approved by the animal care and use committee of the Institut de

Recerca i Tecnologia Agroalimentaries (IRTA).

Fertility Data

Animals used in this study came from the Caldes line (Gémez et al., 2002) which is selected for
growth rate during the fattening period. This line is bred and reared on an experimental farm

belonging to IRTA in Caldes de Montbui (Barcelona, Spain). After weaning at 32 d, animals are
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housed in cages of eight individuals with a photoperiod of 16 h light/d. They are fed ad libitum
with a commercial diet (15.5% CP, 2.3% fat, 17.2% fiber) until 60 d. After this period, selected
replacement males are allocated in another building of the farm whereas replacement females
remain in the same building. Since then, males and females are individually housed and fed
restricted to 180 g/d of another commercial diet (16% crude protein, 4.3% fat, 17% fiber).

Fresh water is always available.

Young males start the training to ejaculate extraction with artificial vagina at 4.5 mo of age.
One ejaculate per male is collected weekly during the following 2 wk. At 5 mo of age males
started their reproductive life and 2 ejaculates per male are collected weekly, with an interval
of 30 min between collections. To prepare the Al doses, gel plugs are removed and, by visual
detection, only the ejaculates with presence of urine or calcium carbonate deposits are
discarded. Ejaculates are diluted 1:4 (vol/vol) in a commercial extender (Galap, IMV
Technologies, Saint Ouen sur Iton, France) and the Al doses of 0.5 mL are applied within no

more than 1 h after collection.

Females follow a semi-intensive reproductive rhythm: first Al at approximately 4.5 mo of age,
with subsequent 42 d reproductive cycles. At 48 h before A], all females are treated with 15 [U
eCG (subcutaneously; Foligon, Intervet International B.V. Booxmeer, Holland). Ovulation is
induced immediately after Al with 0.02 mg of Gonadorelin (intramuscularly; Fertagyl, Intervet
internacional B.V. Booxmeer, Holland). Does are placed in maternal cages and fed ad libitum 2

wk before parity.

Diagnosis of pregnancy is made by abdominal palpation 14 d after the Al; but the fertility score
is finally assigned at birth: 1 if the female give birth and 0 otherwise.

A total of 7,625 fertility records after Al were obtained from June 2006 to October 2009.

Temperature Records

Daily temperature was automatically recorded every 30 min in a data logger (Tinytag, Gemini
Data Loggers, Chichester, United Kingdom) in the male and female buildings during the same
period of collection of fertility data. Both buildings have isolated roof, walls and cooling
ventilation systems to avoid animal exposure to extreme temperatures. However, because of
the not total isolation of the buildings, the indoor temperature records partially reflected the

seasonality of the outdoor temperature.

Table 5.1 shows summary statistics of the Al data and the daily maximum temperature

records of the male and female buildings.
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Table 5.1. Distribution of AI data and maximum temperature in the AI day

Fertility data
Number of records 7,625

Number of females 2,960

Number of males 331

Mean (SD) number of records per female 2.58 (2.13)
Mean (SD) number of records per male 23.03 (15.99)
Observed Fertility (%) 71

Maximum temperature records, C2
Female building
23.11 (3.52)
10.4 , 39.9

Male building
22.63 (3.56)
10.4 , 39.9

Mean (SD)
Minimum, maximum

Three types of temperature descriptors were used: 1) the maximum temperature on the day of
Al (Tmax, 2C), 2) the average of maximum daily temperatures during a time period (avgTmax,
2C), and 3) over the same period, the proportion of days with maximum temperature higher
than 252C (DI, percentage). This last type of descriptor quotes for the duration and intensity of

the hot conditions.

In order to accommodate possible non-linear effect of these variables on Al success, the
continuous values of the Tmax and avgTmax descriptors were classified into to 5 categories: <
189C, 19 to 229C, 23 to 242°C, 25 to 262C, and = 279C. The DI descriptors were classified into to
5 categories as well: 0 to 20%, > 20 to 40%, > 40 to 60%, > 60 to 80%, and > 80 to 100%.

The temperature descriptors were calculated for several periods covering the main
physiological events which lead from gametes maturation in both sexes to gestation and birth
after Al Figure 5.1 shows these different events and the corresponding temperature

descriptors.
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Figure 5.1. Correspondences between the biological processes involved in fertilization
(above the chronological 1line) and the different temperature descriptors used in the
analyses for the male and female fertility (below the chronological line). Black and grey
arrows refer to processes and temperature descriptors used for male and female,
respectively. Term avgTmax_i_j kR is used to denote the average of maximum temperatures
during a period that lasts from day i to day j for the male or female (k). Term DI_i_j kR is
used to denote the temperature descriptor of proportion of days of the period from the i to
the j day in which the maximum temperature was above 252C for the male or female. Term
Tmax_©@_k denotes the male and female maximum temperature of the AI day for the male or
female.

Temperature Descriptors used for Male (B.)

The temperature descriptors used for the male covered the whole spermatogenesis period
which lasts approximately 38 to 41 d in the adult buck (Alvarifio, 2000). Subsequently, four
temperature descriptors from the day of Al to 40 d backwards according to the main phases

established in rabbits by Swierstra and Foote (1965) were used (see Figure 5.1):
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1) The avgTmax_40_20_J and DI_40_20_Z were calculated in the period from d 40 to d 21
prior to Al, which comprises the initial stages of spermatogenesis where proliferation and
maintenance of spermatogonia by mitotic divisions and the subsequent meiosis until the

formation of spermatids is undergone.

2) The avgTmaxT_20_10_Z and DI_20_10_¢& were calculated in the period ranging from day
20 to day 11 prior to Al day which covers from spermatid stage until the end of

spermatogenesis.

3) The avgTmax_10_0_& and DI_10_0_Z were calculated in the period from d 10 until the day
previous to Al and covers the maturation processes occurred during the transit and the

storage of the sperm through the epididymus.

4) The Tmax_0_¢ is the maximum temperature in the Al day, which encompasses the Al doses

preparation, insemination and changes related to the fertilization process.

Temperature Descriptors used for Female (B.)

The following temperature descriptors were used for the female (see Figure 5.1):

1) The avgTmax_10_0_9 and DI_10_0_9 were calculated in the period from d 10 before Al
until the day previous to Al. That approximately covers the period of lifespan of the mature
follicles (Hill and White, 1933) which can be present in the ovarian surface until the period
previous to ovulation. Under commercial conditions of Al, does are superovulated by
hormonal treatment 48 h before Al (Alvarifio, 1993), which improves receptivity and

increases and synchronizes follicle growth as well as ovulation rate (Maertens et al., 1995).

2) The Tmax_0_? is the maximum temperature in the Al day. That encompasses the ovulation
event, the migration of the ova to the fertilization site and the fertilization process (Harper,

1963).
The gestation length in the female rabbit lasts 30 to 32 d (Prud'hon, 1970).

3) The avgTmax_0_7_9 and DI_0_7_9 were calculated in the period from the day after Al
until d 7 after Al to cover the period of peri-implantation embryonic development (Nomina

Embryologica Veterinaria 1994; Lee and De Mayo, 2004).

4) The avgTmax_7_18_9 and DI_7_18_9 were calculated in the period from d 8 to d 18 after
Al which covers the embryo and early fetal gestation (Nomina Embryologica Veterinaria

1994).
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5) The avgTmax_18_31_9 and DI_18_31_% were calculated in the period from d 19 to d 31

after Al covering the late gestation until birth.

Model and Statistical Analysis

The product threshold model assumes that conception after Al (the observed phenotype)
occurs when both male and female are fertile. Thus, the probability of Al success is the product
of the probability of two binary unobserved phenotypes corresponding to the male and female
fertilities (David et al, 2009). These hidden phenotypes can be modeled using two
unobserved, underlying continuous variables (liabilities) having each one a fixed threshold
that divides its continuous scale into 2 response categories: success and failure (Wright,
1934). In matrix notation, the product threshold model used in this study can be expressed as

follows:

Pr(y = l | Bmﬂﬂf’ﬁps’pm’pmd7pf) = q)(XmBm +Zl,mpm +Z2,mpmd)
Xq)(Xl,fﬁf +X2’prS +prf)

Where y is the vector of the observed Al results (1: success to conception, 0 otherwise), @ is
the standard cumulative distribution function of a standard normal distribution, $,, and Bsare
the vectors of temperature descriptor effects previously described for male and female
respectively, and Bps is the vector of the effect of the physiological status of the female (3
levels: nulliparous, multiparous in lactation, and multiparous not in lactation at Al), p. is the
vector of male effects, pns accounts for the interaction between male and day of Al, and py is
the vector of female effects. Random effects pm, pms and pr were considered uncorrelated.
Terms X, X1, Xz2,5 Z1,m Z2ma, and Zy are incidence matrices relating data with the systematic,

and random effects included in the model.

In our study we have considered different models that only differed by the systematic effects
Bm and By Due to the high colinearity between temperature descriptors within sex, all these
models included only one temperature descriptor for each hidden phenotype. Most of the
possible combinations between male and female temperature descriptors were previously
analyzed in several models (data not shown), and since they provided similar estimates for the
effect of the male temperature descriptor, irrespectively of the temperature descriptor used

for the female, and vice versa, only the results of 11 different models are presented (Table 5.2).
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Table 5.2. Different product threshold models including several temperature descriptors in
the male and the female liabilities of fertility (Bsand B, respectively).

Model Ba [39
1 angmax_40_20__éS\1 avgTmax _O_Z_Ql
2 DI_ 40 20 &° DI_o_7_Q°
3 avgTmax_208_10_&"* avgTmax _0_7_Q*
4 DI_20_10_43* pI_6 7_9Q°
> avgTmax_10_0_G3"* avgTmax_10_0_Q*
6 DI_10_6_d> DI_10_6_Q>
7 Tmax_o_&° Tmax_0_9°
8 avgTmax_40_20_3* avgTmax _7_18_Q*
9 DI_ 40_20_3° DI_7_18 Q7
10 avgTmax_20_10_4"* avgTmax_18_31_Q*
1 DI_20_10_ 37 DI_18_31_Q°

' Term avgTmax_1i_j k is used to denote the average

of maximum temperatures during a period that

lasts from day 1 to day j for the male or female

(R).

>Term DI_i_j k is used to denote the temperature

descriptor of proportion of days of the period

from the 1 to the j day in which the maximum

temperature was above 252C for the male or female

(k).

*Term Tmax_@_k denotes the male and female maximum

temperature of the AI day for the male or female

(k).

The season effect was not considered in the analysis, since it is highly confounded with the
environmental temperature. The age of the male was also not included because of the non
relevant effect founded in preliminary analyses. The age of the female is partially encompassed
with the physiological status of the female, included in the female side of the model.

A Bayesian framework was adopted for inference. The assigned prior distributions for the

parameters of the models were:

1

p(ﬁ) ~k p(pi | O'iz)N N(O, I®6i2) for i=m ,f,md. Term k is a constant, o is the

variance for male, female, and interaction between male and day of Al random effects
respectively. Flat bounded priors were used for variances. Thresholds and residual variances
were fixed to 0 and 1, respectively. For details, see David et al. (2009). The marginal posterior
distributions of the parameters of interest were derived from the joint posterior density of all
the unknown parameters. The Gibbs sampler algorithm was used to estimate the marginal
posterior distributions of the systematic effects and the variance components. Single chains of
200,000 iterations were run for all the analyses. The first 20,000 iterations of each chain were
discarded, and samples of the parameters of interest were saved every 100 rounds. The
number of discarded samples was, in all cases, much larger than the required burn-in
determined by using Raftery and Lewis (1992) and Geweke (1992) procedures. The sampling

variance of the chains was obtained by computing Monte Carlo SE (Geyer, 1992). Summary
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statistics from the marginal posterior distributions were calculated directly from the samples

saved.

Male and female unobserved phenotypic variances were obtained as the sum of all
corresponding variance components of each sex. Ratios of variance were obtained dividing

each variance component by the corresponding unobserved phenotypic variance.

Criteria used to Test the Relevance of the Effect of

Temperature Descriptors on Male and Female Fertilities

Rabbit comfort temperature is considered to be around 21°C (Marai et al, 2002).
Consequently, the second levels of Tmax and avgTmax descriptors would correspond to zone
of thermal neutrality (ranging from 19 to 232C) at which other levels were compared. For the
DI descriptors, in absence of references in the literature concerning the effect of a persistently
high temperature over a period on the fertility, we choose arbitrarily the second level as the
reference (20 to 40% of days in the period with maximum temperature higher than 252C).
Estimates of the other levels of the temperature descriptors were obtained as contrasts to
those second levels which were set to 0. Probability of a positive/negative value of the
contrast was considered. The highest posterior density intervals at 95% (HPDgso,) of the

contrast were also computed.

Results and discussion

Table 5.3 shows correlations among the different temperature descriptors used in this study.
As expected, the largest correlations were encountered among those temperature descriptors
that were measured in the same period of time and also among those ones that were measured
closer in time. Moreover, it is important to note that the temperature descriptors for the male
were moderate to highly correlated with those for the female. This means that in an additive
model it would not be possible to include both factors to analyze the effects of the temperature

on the global fertility since there would be a colinearity effect on these estimates.
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Figure 5.2 (panel A) shows the monthly percentage of Al success and the average maximum
temperature per month in the male and female buildings recorded during the experimental
period of this study. A regular decrease of the Al success was observed from February to July
when the temperature increased. The greatest observed Al success was reached during the
coldest period of the year and the lowest one occurred during the summer time. The
detrimental effects of heat stress on conception rate have been described by several authors,
especially in countries with hot climate conditions (Marai et al., 2006; Yassein et al., 2008). In
rabbit, the number of functional sweat glands is scarce and its fur does not allow a great
perspiration. The increase of respiration rate, changes in body position and heat dissipation
via ear lobes appear as the main mechanisms to mitigate heat in this species (Harkness, 1988).
When those mechanisms are not enough efficient to dissipate the amount of heat above the
zone of thermal neutrality, deterioration of growth, resistance to diseases and impairment in
reproductive performance appears with the subsequent economical looses for the breeders

(reviewed by Marai et al.,, 2002).
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Figure 5.2. Panel A: Average maximum daily temperature recorded per month in the male and female
building (Tmax_Q and Tmax_dJ, respectively) and average percentage of fertility success per month (SE
in bars). Panel B: Average daily temperature range recorded per month in the male and female building
(Range_d and Range_@Q, respectively).
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The posterior mean (PM) of the probabilities of success (David et al, 2009) were
approximately 0.87 for the male and approximately 0.83 for the female fertility in all models.
Equal Monte Carlo standard errors were obtained for both estimates in all the models (0.002).
With a similar data set of the same line of rabbits and using the same product threshold model,
David et al. (2010) found very close values for the probabilities of fertility success.

Estimates of the posterior mean of total variance of each underlying variable, ratios of
variance attributable to male and the interaction between male and day of Al in the male
liability as well as the ratio of variance due to the female effect in the female liability were
similar among the models. Surprisingly, in model 4 (Table 5.2) the posterior standard
deviation of the estimates of these figures were larger than the corresponding ones obtained
in the other models.

Figures 5.3 and 5.4 as well as Figures 5.5 and 5.6 show estimates (PM) and their
corresponding confidence intervals (HPDgsy,) of the effect of the temperature descriptors in
male and female unobserved fertility in a 0 to 1 scale, respectively. The effect of some
temperature descriptors were estimated in more than one model (obtaining the same
estimates). For simplicity, only the estimates obtained in models 1 to 7 and models 1, 3 to 11

for the male and female temperature descriptors, respectively, are presented (Table 5.2).

Effect of Temperature Descriptors on Male Fertility

High maximum daily temperatures on the Al day represented a loss of 6% in male fertility rate
with respect to thermoneutrality (Tmax_0_J, Figure 5.3). This result indicates the
susceptibility of the sperm to a high temperature during all the handling processes since the
preparation of the Al doses until the time of insemination. Because of doses of 1 male in a
specific day have been exposed to the same environmental temperature, it is possible that the
random effect resulting from the interaction between male and day of Al could be removing
part of the effect of Tmax_0_&. However, we preferred to include this random effect in the
models because it takes into account all possible environmental factors that could have had an
effect on all the Al doses prepared from one male in a specific Al day, whereas the effect of the
temperature of the Al day is common to all the doses of all the males that have been prepared
in a specific day. Other results obtained in another rabbit fertility study by Tusell et al. (2010a)
indicated that the male random effect with the greatest variance was the interaction between
male and day of Al In a similar way, this effect partly encompassed the high sensitivity of the
semen to the effect of environmental factors during the processes of dose preparation and
application. However, a proportion of the variation obtained for this effect in the 2 models
cannot be properly compared. The additive threshold model considers the existence of a
unique linear variable underlying the categorical trait and the proportion of variance of a

certain male or female effect is referred to phenotypic variation of this common underlying
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variable. However, under the product threshold model, it is assumed that two underlying
variables exist: the liability of male fertility (non-observable male phenotype) and the liability
of female fertility (non-observable female phenotype). In that case, the proportion of variance
of a certain effect is referred to the phenotypic variation of the corresponding male or female

liability.

Figure 5.3. Posterior mean and highest posterior density interval at 95% of the effects on
male fertility rate of the average maximum daily temperatures in the periods from 40 d to
21 d prior to AI, from 20 d to 11 d prior to AI and from 10 d to 1 d prior to AI
(avgTmax_40_20_&, avgTmax_20_10_ & and avgTmax_10 0_J, respectively) and effect on male
fertility rate of the maximum temperature the day of AI (Tmax_0_¢). Estimates of each
figure were obtained in the models 1, 3, 5, and 7, respectively (detailed in Table 5.3).
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In this work, none of the temperature descriptors covering spermatogenesis had a clear

influence on male fertility (period from 40 to 10 d prior to Al, Figures 5.3 and 5.4).

Figure 5.4. Posterior mean and highest posterior density interval at 95% of the effects on
male fertility rate of the percentage of days with maximum temperature higher than 25°C in
the periods from 40 d to 21 d prior to AI, from 20 d to 11 d prior to AI and from 10 d to 1
d prior to AI (DI_40_20_ &, DI_20 10 4 and DI_10 0_¢&, respectively). Estimates of each
figure were obtained in the models 2, 4, and 6, respectively (detailed in Table 5.3).

Low and high values of maximum temperatures covering the epididymus transit stage did also
not affect male fertility (avgTmax_10_0_&; Figure 5.3). However, large percentages of days
with maximum temperature above 252C during the epididymal transit of the sperm
(DI_10_0_d&, Figure 5.4) produced a relevant decrease on male fertility (-7% in the contrasts
with the 2 highest levels, with a probability of a negative value of 97%). Some seminal quality
traits related with male fertility (Gadea, 2005; Lavara et al., 2005; Garcia-Tomas et al., 2006)
such as sperm concentration, sperm abnormalities, and acrosome integrity were analyzed by
Roca et al. (2005). These authors found a negative effect of the temperature-humidity index
(THI) on semen quality and suggested that spermatogenesis but not the epididymal transit
was affected, according with the time elapsed between the THI stress and the occurrence of an

impaired semen quality, under commercial conditions. However their results should be taken
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with caution because season, light treatment and THI were included as different effects in the
same model, leading presumably to confounded effects. On the other hand, Finzi et al. (1995)
compared the characteristics of the spermatozoa from ejaculates obtained in consecutive
weeks in males moved from thermoneutrality to heat stress conditions in a climatic chamber.
They concluded that the stage of spermatid formation in the seminiferous tubules was the
critical period towards the formation of sperm abnormalities. The effect of this kind of seminal
traits on fertility could not be observed if the sperm dosage is high (Saacke et al., 2000), as
occurs in our study. This could lead to not observe a detrimental effect on male fertility under
heat stress conditions in the period from 40 to 10 d before the Al. However, it has been
demonstrated that, in the presence of thermal stress in both the testis and the epididymus,
motile and morphologically normal sperm could be obtained, but with defective chromatin (in
mice, Banks et al,, 2005). In turn, altered sperm DNA has a negative effect on fertility especially
during the embryonic development (Saacke et al., 2000; D'Occhio et al.,, 2007) which could
explain the negative effect of a persistently high temperature during the epididymal transit of
the sperm observed in our work if it can be demonstrated that DNA structure is more sensitive
to heat stress in this stage. This kind of deficiency of the spermatozoa cannot be compensated
for by increasing the sperm concentration of the Al dose.

Previous results obtained in the same line showed that cold to moderate THI indices seemed
to negatively affect some quantitative and qualitative semen traits (Garcia-Tomas et al., 2008).
This result is not confirmed analyzing fertility results of the same line in our study, because no
relevant detrimental effects were obtained in the contrasts with the lowest levels of the
temperature descriptors. To our knowledge, there is no other information in the literature
concerning the effect of cold to moderate temperatures in male reproductive performance.
However, it is known that endothermic mammals can better tolerate low body temperatures

than high body temperatures (Hansen, 2009)

Effect of Temperature Descriptors on Female Fertility

Although some of the temperature contrasts had a HPDgsy, that did include the 0, the general
tendency among the female descriptors Tmax_@ and avgTmax (except for the
avgTmax_18_31_9; Figure 5.5) was that departures from the thermal comfort zone had a
negative effect on female fertility. Heat stress produces impairment in several physiological
processes involved in female reproductive performance that lead to a decrease in conception
rate (Marai et al, 2002). To our knowledge, there is no information in the literature

concerning the effect of low temperatures on female fertility that could confirm our results.
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Figure 5.5. Posterior mean and highest posterior density interval at 95% of the effects on
female fertility rate of the average maximum daily temperatures in the periods from 10 d to
1 d prior to AI, from 1 d to 7 d after AI, from 8 d to 18 d after AI, and from 19 d to 31 d
after AI (avgTmax_10_0_Q, avgTmax_©_7_9, avgTmax_7_18_¢ and avgTmax_18_31_9, respectively)
and effect on female fertility rate of the maximum temperature the day of AI (Tmax_©0_%).
Estimates of each figure were obtained in the models 5, 7, 1, 8, and 10, respectively
(detailed in Table 5.3).

Cheng et al. (1999) observed that does exposed to high temperature before mating had a
greater embryonic degeneration than those maintained in thermo neutral conditions. A
reduction in the development of mature follicles and in the number of developing oocytes has

been observed in rabbits during summer heat stress (Yassein et al,, 2008). It has also been
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reported in cattle and goats that heat stress affects follicular dynamics and ovulation rate
(Doney et al.,, 1973; Roth, 2008). Although a tendency is observed in our results, we cannot
confirm the detrimental effect of high temperatures during the follicular maturation period
and preimplantational phase of the embryos on fertility but low temperatures during the
period from 10 d to Al had a negative effect on female fertility (avgTmax_10_0_9; Figure 5.5).
Although estimates were imprecise, low proportion of hot days during the 10 d prior to Al as
well as high proportion of hot days during the same period seemed to favorably affect female
fertility (DI_10_0_9; Figure 5.6). This surprising result needs to be confirmed and could be in
part related to temperature gradients that exist in the ovarian tissues of mature animals,
which are generated at least in part as a consequence of endothermic reactions within

Graafian follicles (Hunter et al., 2000).

Figure 5.6. Posterior mean and highest posterior density interval at 95% of the effects on
female fertility rate of the percentage of days with maximum temperature higher than 25°C
in the periods from 10 d to 1 d prior to AI, from 1 d to 7 d after AI, from 8 d to 18 d
after AI and from 19 d to 31 d after AI (DI_10 0 9, DI_® 7 9, DI_7_ 18 @ and DI_18 31_©,
respectively). Estimates of each figure were obtained in the models 6, 2, 9, and 11,
respectively (detailed in Table 5.3).

Low and high temperatures during the Al day negatively affect female fertility. Ovulation in
does occur approximately 10 h after the injection of the LH at Al (Harper, 1963). Thus, it

seems that processes related to the female such as ovulation and migration of the oocytes to
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the ampulla of the oviduct and fertilization could be affected by the environmental
temperature of the farm in the Al day. In addition, female could be less fertile because a
hyperthermic reproductive tract can also affect the fertilizing ability of the sperm and the
posterior embryo survival (Howarth et al., 1965; Hansen et al., 2001). In rabbit Al, the sperm is
deposited deep in the vagina and close to the cervix. Then sperm has to migrate through the
cervix and the uterus, reach the isthmus of the oviduct, and remain trapped and held in a
sperm reservoir until ovulation time (Harper, 1973a; Overstreet and Cooper, 1978). Once the
oocytes reach the ampulla of the oviduct, hyperactivation (Ho and Suarez, 2001) and
capaciation (Dziuk, 1965) of spermatozoa allow the release of sperm from the reservoir and
the migration to the oocytes. Capacitated sperm is thermotactically sensitive to the gradient of
temperature that exists at ovulation time between the isthmic sperm reservoir and the
fertilization site. The existence of this gradient enables the migration of the sperm to the
oocytes (David et al., 1972; Bahat and Eisenbach, 2006). This temperature-dependent process
could be affected by thermal stress if excess heat is not correctly dissipated in the female,
reducing the ability of the sperm to reach the oocytes.

It is important to note that most of the studies dealing with the impact of high ambient
temperatures on preovulatory follicle maturation, fertilization and embryo development were
carried out in climatic chambers or in vitro under extreme conditions of high and constant
temperature. However, in commercial farm conditions, like the ones used in this study, there is
a wide range of daily temperature, especially in summer (see Figure 5.2, panel B). Even in the
hot season, the thermoneutrality zone is reached during the night when rabbit activity is
maximum and animals eat (Prud'hon, 1975), which could enhance the heat tolerance of
animals.

Departures from thermoneutrality during the pre and peri-implantation embryonic
development caused a decrease in female fertility (avgTmax_0_7_9; Figure 5.5). A similar
pattern was observed for DI_0_7_9% (Figure 5.6) but the majority of the contrasts included the
0 in their HPDgsy. Several authors described that this period of gestation was very sensitive to
thermal stress leading to a decrease in the latter embryo development and survival (Putney et
al,, 1988; Ealy et al., 1993; Hansen et al., 2001). However, early embryos respond differently to
thermal stress depending on their age and developmental status arriving to acquire
thermotolerance in more advanced stages of development (Ealy et al., 1993; Hansen, 2009). A
threshold of thermotolerance exists in rabbit preimplantation embryos exposed to high
temperatures in vitro (Makarevich et al., 2007).

It seems that high and low temperatures during the embryo and early fetal gestation periods
also compromise the female fertility because the probability of a negative value for the
contrasts between the lowest and highest levels with the reference level was 94 and 92%,
respectively (avgTmax_7_18_9; Figure 5.5). However, female fertility seems to be unaffected

by the proportion of days with high temperature in the same period (DI_7_18_9; Figure 5.6).
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Embryo survival in utero under heat stress conditions has been more attributable to changes
in maternal physiology than to changes in the embryo itself (Hansen, 2009).

As long as the gestation advances, embryos become more resistant to the maternal exposure
to heat stress (Ealy et al,, 1993; Hansen et al., 2001). Accordingly, a reduction in the effect of
the temperature on female fertility seemed to occur as later the temperature descriptor is
measured in the gestation period. Therefore, the temperature descriptors covering gestation
from 18 d after Al until birth had no influence on female fertility (avgTmax_18_31_% and
DI_18_31_9; Figures 5.5 and 5.6, respectively).

Finally, it is important to mention that because of the high correlation existing among the
temperature descriptors it is difficult to establish which effects of the temperature are the
most important. Moreover, the season of the year was not included in the model because of the
confounding effect with the temperature. Therefore, temperature descriptors encompass not
only the temperature effects but also all the possible season effects associated with it, such as
environmental humidity and photoperiod, that could affect the Al results. However, as noted
by Flowers (2008), it is likely that the most important effect observed were due mostly to

temperature, especially in this study where photoperiod was artificially controlled.

Effect of the Physiological Status of the Female on Female
Fertility

Fertility of nuliparous females is about 6% (SD 0.01) less than the multiparous females in all of
the models. That agrees with the lower values obtained for prolificacy traits in the first parities
with respect to the second and subsequent parturitions in other rabbit lines (Baselga et al.,
1992; Piles et al., 2006). In our study, no effect of lactation was encountered. That disagrees
with the negative effect observed after Al of crossbred females from 2 maternal lines (Tusell et
al,, 2010b), as well as results obtained after natural mating of females of the same line than the
one used in this work. However, no negative effect of lactation was encountered in females of a
maternal line (Piles et al., 2005), which could mean that the effect of lactation on fertility is line
and type of mating dependent.

The product threshold model appears as an interesting model to separately estimate the effect
of some environmental factors relating male and female contributions to the fertility output
(such as the different temperature descriptors analyzed in this work). However, this model
assumes conditional independency between male and female fertility events. This fact, does
not allow taking into account the estimation of the effect of interactions between male and
female factors that exists in the mating process, as being described for several authors in the
reproduction field (e.g., ovulation-associated alterations leading to changes in the pattern of
sperm motility, ova stimulation of the migration of sperm from the reservoir to the

fertilization site; Harper, 1973b; Overstreet and Cooper, 1978). Moreover, not only the male
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and the female but also the embryos are a third component contributing in any fertility
outcome. Further work should be done in this direction in order to incorporate in the product
threshold model the possibility to estimate possible interactions between the two fertility
events.

In conclusion, the environmental temperature of the Al day seems to be the most relevant
temperature descriptor affecting male fertility, since high temperature records in the Al day
caused a decrease in male fertility. This effect could be indicative of the high sperm sensitivity
to temperature changes during the processes of preparation and application of the Al doses.
However, some sperm physiological processes occurring around the fertilization time could
also be affected by the temperature. From the practical point of view, it seems to be advisable
to handle the sperm to be used for Al in a rapid and careful manner in order to not to
compromise its fertilizing ability.

Departures from the thermal zone in temperature descriptors covering several periods before
Al until early gestation had a negative effect on female fertility, being especially sensitive the
pre and peri-implantational period of the embryos. The latest period of gestation seemed to be
unaffected by the temperature confirming the results previously described in other studies
about the gain of thermotolerance reached in the latest stages of gestation.

The product threshold model allowed determining that male and female fertility are
specifically affected by temperature in different periods around the insemination time.
However, the magnitude and the persistency of the temperatures reached in the commercial
conditions of this study do not seem to have a large effect on male and female rabbit fertility.
Nevertheless, it is possible that the effect of temperature in prolific species leads to a reduction
of the number of surviving embryos that could not be detected through the analysis of the
pregnancy vs. non pregnancy result of Al. The analysis of prolificacy outcomes would be a

different study itself and it could not take advantage of the use of the product threshold model.
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General Discussion

The widespread utilization of Al in rabbits has led to an extensive use of males for
insemination. Bucks used for Al dose production are required to have not only good

characteristics of growth and feed efficiency but also good reproductive performance.

Results obtained in this thesis agree with previous researches that the efficiency of dose
production in the Al centres is suboptimal (Brun et al,, 2002; Theau-Clément et al.,, 2003;
Garcia-Tomas et al., 2006b). For example, the percentage of rejected ejaculates in our study
reached 38%. The criteria to accept ejaculates for Al include subjective assessments of quality
traits of ejaculate and sperm. Some of these traits are associated with the presence of
contaminants or residues in the ejaculate that preclude semen evaluation and utilization, such
as the presence of urine, blood and some other residues. Other criteria are deficiencies in
certain seminal characteristics such as sperm motility and presence of dead spermatozoa
which are expected to have negative effects on male reproductive performance. In our study
66 % of the rejected ejaculates showed low sperm motility, 32 % contained calcium carbonate

deposits, and 14 % contained urine.

In addition to strong selection of ejaculates, Al in commercial farms is performed at high
sperm dosage in order to overcome the negative effects on fertility of semen with suboptimal
characteristics. This practice reduces the output of Al centres. However, this practice would be
attenuated if the fertilizing potential of ejaculates were accurately predicted given their
seminal characteristics or if the seminal characteristics were good enough to ensure a high
reproductive performance even at low sperm dosage. Deciding which set of seminal
characteristics to measure and what levels of those are optimal is difficult. Thus, direct genetic
improvement of male reproductive performance implies improving this set of seminal

characteristics that are important for obtaining fertile doses.

Production of Al doses also depends on the total number of sperm in each ejaculate, which is
the product of ejaculate volume and sperm concentration. For example, only approximately 9
doses per ejaculate are obtained from Caldes line bucks at a commercial concentration of 40 x

106 spermastozoa/mL.

In order to know the feasibility of genetic improvement of the efficiency of fertile dose
production, the genetic determinism of its components has been assessed in this thesis. The
analyzed traits were: male libido and the characteristics involved in the ejaculate rejection
criteria, semen production traits, and male reproduction performance (i.e. male contribution
to fertility and prolificacy). The last one is considered to be the final expression of all seminal

characteristics and the interaction among them and with the female.

The h? for male libido and the characteristics involved in the ejaculate rejection criteria such
as individual sperm motility, presence of urine and calcium carbonates deposits in the

ejaculate ranged from 0.04 to 0.08. Of special interest is the h2 of the presence of calcium
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carbonate deposits in the ejaculate, which causes a lot of ejaculate rejections in the Caldes line,
and was estimated to be 0.08 (HPDgsq,: 0.04, 0.12). Thus, as genetic determinism of those traits
is small, the expected response to genetic selection for increasing the number of ejaculates
that can be obtained per male and the time consumed for it, as well as the reduction of the
ejaculate rejection rate is small. Therefore, management practices rather than genetic

selection would be more advisable to improve those traits.

Sperm production traits (concentration, volume and total number per ejaculate) showed
moderate h2. The genetic correlation between sperm concentration and ejaculate volume was
-0.53 (HPD95%:-0.76, -0.27), which agrees with most of the estimates in other livestock
species (Ducrocq and Humblot, 1995; David et al., 2007; Furstoss et al., 2009; Wolf and Smital,

2009). Thus selection to increase semen production could be effective.

Although it is not a trait routinely measured in Al centres, semen pH was investigated because
it can be considered to be a global marker of some seminal quality traits with direct effect on
fertility, such as sperm motility and concentration (Brun et al., 2002; Garcia-Tomas et al,,
2006a). Semen pH is fast and cheap to measure and therefore could be included in the
criterion for ejaculate rejection. The feasibility of indirect selection of male fertility through
the use of this seminal trait has been studied taking into account a possible non-linear
relationship between those traits, as well as a possible recursive effect of semen pH on
fertility. The effect of semen pH on the phenotypic expression of fertility has already been
described (More O'Ferrall and Meacham, 1968; Brun et al,, 2002) but in turn, this trait also has
genetic and permanent effects contributing to its phenotypic expression which could lead to a
recursive effect of this trait on male fertility. Biased (co)variance estimates can be obtained if
recursive relationships between traits are not taken into account (Gianola and Sorensen,
2004). The considered models included semen pH either as a covariate or as a cross-classified
effect and they were recursive or classical univariate or bivariate models. Models were
compared according to their ability to predict fertility data and the across-model EBV
correlations. Ratios for genetic and environmental sources of variation were also estimated for
both pH and fertility in all the models. Results agree with previous studies that semen pH had
a clear negative an almost linear effect on fertility. This effect was equally estimated by using
either recursive or classical multivariate models. Both types of models predict fertility data
reasonably well. Moreover, genetic parameters estimates were similar across models. The fact
that models were almost equivalent despite differing in complexity may be due to small
recursiveness effect of pH on fertility encountered and the low precision obtained for the
parameter estimates. For example, the posterior means of the genetic correlations ranged
from -0.41 to -0.17 across models, but the credible regions of these estimates were very wide.
The h? of semen pH was estimated in this study for the pooled semen obtained from each male

in the day of collection, but it was also estimated for individual ejaculates in another study of
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this thesis when the genetic determinism of the traits included in the ejaculate rejection
criteria was assessed. In both cases pH was found to be low to moderately heritable (0.11 for
individual ejaculates and 0.18 for the pool of the ejaculates). The repeatability was also
moderate: 0.32 and 0.23 for single and pooled semen, respectively. Considering the low h?
estimates of semen pH and its moderate genetic correlation with fertility, indirect selection of

male fertility via semen pH is not recommended.

The efficiency of fertile dose production is improved if semen quality traits are good enough to
allow performing the Al at low sperm dosage without impairing reproductive performance
(because it implies producing more doses per ejaculate). Improving the male contribution to
reproductive performance is also a way to improve the seminal components that have a

favourable effect on fertility and prolificacy.

In this thesis two models were used for analysing fertility after Al and their performance
compared. We used the product threshold model which was developed in the animal breeding
context by David et al. (2009) as an alternative to an additive threshold model for analyzing
binary Al results. Both, the product and additive threshold models showed similar ability to
predict an independent set of fertility data. For example, the percentage of wrong predictions
was 38% in both models and they also did not differ in the mean square error of the
prediction, the sensitivity and specificity of the prediction and in the positive and negative
predicted values obtained. One of the advantages of the product threshold model with respect
to the additive threshold model is that it extracts more information from data. For example, it
allows calculating the probabilities of fertility success for each sex and it allows evaluating
which sex is responsible for an Al failure. In rabbits, male and female probabilities of a fertility
success were similar and high (87% and 83%) and the percentages of Al failure specifically
due to male and female fertility problems were 39% and 54%, respectively. Although
estimates of the genetic correlation between male and female contributions to fertility were
imprecise, both models showed similar values: 0.21 and 0.31 for the product and the additive
model, respectively. However, interpretation of some of the parameter estimates obtained
with the product threshold model (e.g. h? and variance components) is not straightforward
and cannot be compared with the corresponding figures obtained with the additive threshold
model. The h? for the male contribution to fertility was 0.17 and 0.04 in the product and
additive threshold model, respectively. The correlation between the EBV for male and female
contributions to fertility obtained in each model were close to 1 and the percentage of animals
in common in the top 10 % best/worst animals was high (more than 76 %) in both models.
Hence, from the point of view of selection in rabbits, irrespective of the model of choice, small

changes in the evaluation of the individuals for fertility would be encountered.
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Previous studies concerning reproductive performance after natural mating in rabbit reported
an almost null male contribution (Piles et al., 2005; Piles et al., 2006). However, it is possible
that individual variation among males for fertility after natural mating cannot be observed
because the number of sperm in the ejaculate is very large and most males exceeded the
threshold needed to reach fertility (Amann and Hammerstedt, 2002). Thus, although
differences among males that are independent of sperm dosage are maintained, differences
among males that can, at least in part, be overcome by increasing the amount of sperm are not
detected (Saacke et al., 2000). Our results confirm a similar effect when Al is performed at
high sperm dosage. Reducing the number of sperm in the dose could lead to better observe
differences in reproductive performance among males. This would be a specific case of the
existence of an interaction between the male genotype and the sperm dosage. Other factors
involved in the Al process as a whole e.g. conditions and duration of dose storage, female
genotype and environmental conditions on the farm could also lead to an interaction with the
male genotype. In this thesis, we have used the character state model to test if there is an
interaction between male genotype and Al conditions for male contribution to fertility and
prolificacy. In a first study using stored doses, the Al conditions were determined uniquely by
sperm concentration of Al dose (10 vs 40 x10¢ spermatozoa/mL). In a second study, the Al
conditions were determined by all factors involved in Al as a whole. Al data from two different
farms with different doe genotypes and with different types of doses (fresh vs. stored,

different sperm concentrations, different extenders, etc) were analysed.

Male contributions to fertility and litter size after Al were low but higher in magnitude than
the ones obtained after natural mating. Male h? for fertility after Al was higher than the
corresponding value obtained after natural mating in the same line of rabbits (Piles et al.,
2005). Moreover, male h? for prolificacy was higher than the male effect estimated in three
maternal lines of rabbits (Piles et al., 2006). Results suggest that there is a clear effect of sperm
concentration on male fertility and prolificacy. However, almost no genetic determinism is
involved in this effect. Therefore, selection to improve male reproductive performance after Al
could be done regardless of seminal concentration, at least within the range of sperm dosage
used in this study and using stored doses. Under these conditions, response to selection could
be greater than the expected response after natural mating or Al with fresh doses because the
male additive variance obtained for both traits was greater. On the other hand, an interaction
could exist between the male genotype and Al conditions for male effect on fertility and
prolificacy, such as the time and storage conditions of the Al doses, the female genotype, or the
environment. There could be a scale effect because of differences in the magnitude of the
additive variances for male fertility and prolificacy after Al in the two Al conditions. Moreover,
rankings of male EBV for those traits could differ depending on Al conditions because genetic

correlations of fertility and prolificacy after Al at different conditions could be said to be
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different from 1 (the probability of a genetic correlation of being less than 0.75 was 83% for
male fertility and 100% for male prolificacy). The existence of this interaction also implies that
the conditions that give the maximum genetic progress could be chosen to optimize the
breeding program for male reproductive performance under given conditions of semen
utilization. However, despite of obtaining higher response under optimal Al conditions than
under Al conditions of semen utilization (e.g., the commercial conditions), the superiority of
the selected individuals with respect to the average population in the current conditions of
semen utilization would be still reduced due to a scale effect, which might not compensate the
investment required for selection (Kolmodin, 2003). However, a favourable correlated
response could be obtained in semen quality traits leading to a higher production of fertile

doses per ejaculate if selected males are used in the Al centres.

Finally, if part of the interaction between the male genotype and Al conditions is due to the
effect of time and storage conditions of the Al doses, then any existing differences among
males in the ability to maintain seminal characteristics after storage might also result in
differences in their fertilization potential. Thus, it could be possible to change the sensitivity of

sperm to conservation with genetic selection.

It is necessary for genetic improvement of the efficiency of fertile dose production to know the
h? of seminal traits but also their genetic correlations with the selection criteria of paternal
lines in order to determine if there is an antagonism between them. In this thesis all the
research was conducted by using bucks from the Caldes line selected for growth rate during
the fattening period. Thus, the genetic relationships between male libido and some of the
seminal traits involved in the production of doses with growth rate were estimated. Our
results show that growth rate has a slightly favourable genetic correlation with sperm
concentration, slightly unfavourable with ejaculate volume and is genetically uncorrelated

with the remaining seminal traits and male libido.

Fertility seems to be not affected by the selection for growth in the Caldes line. The genetic
correlation between female contribution to fertility and growth rate was low (-0.13; Tusell et
al, 2009) and male and female contributions to fertility seem to have a moderate to high
positive genetic correlation after Al (as it has been detailed above) or after natural mating
(0.73; Piles et al., 2005). Therefore, selection for increasing average daily gain is not expected
to have detrimental correlated effects on male fertility. Recent analyses support this statement
since the estimates of the genetic correlation between growth rate and the male and female

contributions to fertility were found to be negligible (not published results).

Among the seminal traits analyzed, the most interesting one to select for in order to increase

the sperm production would be the total number of sperm produced per ejaculate because it
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includes ejaculate volume and sperm concentration and it determines the total amount of

doses that can be prepared per ejaculate.

In addition, it seems also feasible to improve the efficiency of the production of potentially
fertile doses of the bucks of this paternal line of rabbits selecting for the male contribution to
fertility evaluated after using optimal Al conditions of maximization of the genetic progress.
Further research is necessary to evaluate the effect on selection of including any of these two
traits in an index with average daily gain. This future research should explore responses to

selection in different scenarios.

Moreover, different magnitudes of genetic variation for male reproductive performance have
been encountered depending on the type of Al conditions used. This suggest that the response
to selection for reproductive performance traits in rabbits could be improved by including,
jointly with the female additive effect, a male additive effect predicted from information

obtained from Al performed under limited Al conditions.

Finally, the last study of this thesis has aimed to determine the critical periods around the Al
time in which the environmental temperature has a major effect on male and female
contributions to fertility. To achieve that, we have used the product threshold model as it
allows providing specific estimates of the effects affecting each one of the members involved
in an Al outcome. Temperature effects at different periods of time around insemination on
male and female fertility have been estimated. We conclude that temperature of the Al day
seems to have the most relevant effect on male contribution to fertility, since high
temperature in the Al day impaired this trait. This effect could be indicative of the high sperm
sensitivity to temperature changes during the processes of preparation and application of the
Al doses, as well as the temperature effect on some sperm physiological processes occurring
around the fertilization time. Departures from the neutral thermal zone the days previous to
insemination and up until early gestation had a negative effect on female fertility. Among
them, the most temperature sensitive periods were the pre and peri-implantational stages of
the embryos. The latest period of gestation seemed to be unaffected by the temperature
confirming the results previously described in other studies about the gain of thermo-
tolerance reached in the latest stages of gestation (Ealy et al., 1993; Hansen et al., 2001).
Hence, the product threshold model allowed us to estimate that male and female fertility are
specifically affected by temperature in different periods around the insemination time.
However, the magnitude and the persistency of the temperatures reached in the commercial
conditions of this study do not seem to have a large effect on male and female rabbit fertility.
From the practical point of view, it seems to be advisable to handle sperm to be used for Al in

arapid and careful manner in order to not to compromise its fertilizing ability.
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Final conclusions

In this thesis, sources of variation for some of the most important components of fertile Al

dose production have been determined in order to explore the interest and limitations of

different strategies for their genetic improvement. Final conclusions of this thesis are:

1.

Male libido and the characteristics of the ejaculate involved in the rejection criteria
used in the Al centres for discarding ejaculates for Al have low genetic determinism

precluding their improvement through genetic selection.

Seminal production traits were found to be heritable indicating that selection to

increase semen production could be effective.

Semen pH could be used in the Al centres to select qualitative better ejaculates to
increase dose fertility. However, indirect genetic selection of male fertility through

semen pH could not be effective.

The observed genetic variation for male contribution to fertility and prolificacy after

Al with stored semen was higher than after natural mating.

Selection to improve male reproductive performance could be done at any sperm

concentration of the Al dose within the range of 10 and 40 x10¢ spematozoa/mL.

Response to selection could be greater for male reproductive performance after Al
with stored doses than the response to selection after natural mating or after Al with

fresh semen.

Optimal Al conditions could be chosen to maximize the genetic progress for male

contributions to fertility and prolificacy for given conditions of semen use.

Components involved in fertile Al dose production have an almost null genetic

correlation with growth rate.

High environmental temperature of the day of Al has a detrimental effect on male
contribution to fertility whereas departures from the neutral thermal zone the days
previous to insemination and up until early gestation had also a negative effect on

female contribution to fertility m
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Final conclusions

Conclusions finals

En aquesta tesi s’han analitzat les fonts de variacié d’alguns dels components més importants

involucrats en la produccié de dosis d’IA fertils amb la finalitat d’explorar l'interes i les

limitacions de les diferents estratégies de selecci6 per a la seva millora genética.

Les conclusions finals d’aquesta tesi son:

1.

La libido del mascle i les caracteristiques de I'ejaculat que s’utilitzen en els centres
d’'inseminacié com a criteri per rebutjar els ejaculats per a IA tenen un baix

determinisme genetic impossibilitant la seva millora mitjancant la seleccid genética.

Els caracters de produccié seminal sén heretables indicant que la seleccié per la

millora de la producci6 de semen pot ser efectiva.

El pH del semen pot ser utilitzat en els centres d’'IA per seleccionar qualitativament
els ejaculats per tal d'incrementar la fertilitat de la dosi. Tanmateix, la seleccid

indirecta de la fertilitat del mascle a través del pH de semen podria no ser efectiva.

La variaci6 genética observada de la contribucié del mascle a la fertilitat i a la

prolificitat en IA és més alta que en munta natural.

La selecci6 per a millorar el rendiment reproductiu del mascle es pot fer a qualsevol

concentraci6 espermatica dins del rang de 10 a 40 x106 espermatozous/mL.

La resposta a la seleccié per la millora del rendiment reproductiu del mascle podria
ser major amb IA amb dosis conservades que la resposta corresponent amb munta

natural o amb IA amb semen fresc.

Seria possible escollir les condicions d’IA optimes per maximitzar el progrés geneétic
per a les contribucions del mascle a la fertilitat i a la prolificitat per a unes

determinades condicions d’us del semen.

Els components involucrats en la produccié de dosis fertils tenen una correlacié

genética practicament nul-la amb la velocitat de creixement.

Una temperatura ambiental elevada el dia de la IA té un efecte perjudicial en la
contribucié a la fertilitat del mascle mentre que allunyaments de la zona de
termoneutralitat els dies previs a la inseminacié i fins als primers estadis de gestacié

també tenen un efecte negatiu en la contribucid de la femella a la fertilitat. m

201



Final conclusions

202

EXPLORING THE GENETICS OF THE EFFICIENCY OF FERTILE AI DOSE PRODUCTION IN RABBITS Ph.D Thesis by Llibertat Tusell Palomero



Final conclusions

Conclusiones finales

En esta tesis se han analizado las fuentes de variaciéon de algunos de los componentes mas
importantes involucrados en la produccién de dosis fértiles con la finalidad de explorar el

interés y las limitaciones de diferentes estrategias de seleccion para su mejora genética.
Las conclusiones finales de esta tesis son:

1. La libido del macho y las caracteristicas del eyaculado utilizadas en el centro de 1A
para descartar los eyaculados para ser usados en inseminacion tienen un

determinismo genético bajo imposibilitando su mejora mediante la seleccién genética.

2. Los caracteres de produccién seminal son heredables indicando que la seleccién para

la mejora de la produccién de semen puede ser efectiva.

3. El pH del semen puede ser utilizado en los centros de IA para seleccionar
cualitativamente los eyaculados para incrementar la fertilidad de la dosis. Sin
embargo, la seleccién indirecta de la fertilidad del macho a través del pH del semen

podria no ser efectiva.

4. La variacion genética observada de la contribucién del macho a la fertilidad y a la

prolificidad tras la IA es mas alta que tras la monta natural.

5. La seleccion para mejorar el rendimiento reproductivo del macho puede llevarse a
cabo a cualquier concentracién espermatica dentro del rango de 10 a 40 x10°

espermatozous/mL.

6. La respuesta a la seleccidon para la mejora del rendimiento reproductivo del macho
podria ser mayor tras la IA con dosis conservadas que la respuesta correspondiente

tras la monta natural o tras la IA con semen fresco.

7. Seria posible escoger las condiciones de IA 6ptimas para maximizar el progreso
genético para las contribuciones del macho a la fertilidad y a la prolificidad para unas

determinadas condiciones de uso del semen.

8. Los componentes involucrados en la produccién de dosis fértiles tienen una

correlacion genética practicamente nula con la velocidad de crecimiento.

9. Una temperatura ambiental elevada el dia de IA tiene un efecto perjudicial en la
contribucién a la fertilidad del macho mientras que alejamientos de la zona de
termoneutralidad durante los dias previos a la inseminaciéon hasta los primeros
estadios de gestacién también tienen un efecto negativo en la contribucién de la

hembra a la fertilidad m
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Implications

Genetic selection for improving male reproductive performance under the current commercial
Al conditions would lead to a limited response either using direct selection or indirect
selection through the use of the seminal traits used in the Al centres nowadays. However,
given that an interaction between genotype and Al conditions could exist, it would be possible
to find the Al conditions which maximize the genetic progress of male reproductive
performance for a given conditions of semen utilization. Further research is needed in order to

find the main responsible factors of this interaction.

Achieving suitable genetic progress for semen production seems to be possible. However, it is
necessary to first stablish the genetic relationship between semen production and quality in
order to not impair the fertilizing ability of Al doses, and also to know the economic weights

for these traits.

The predictive ability of male reproductive performance from semen quality traits could be

improved if it is possible to find variables and laboratorial tests which are better markers of 205

fertility than the ones currently used in the Al centers to evaluate seminal samples. Finding

new statistical methods with better predictive ability than multiple regression would

contribute to rightly score the ejaculates according to their fertilizing potential m

a

Ph.D Thesis by Llibertat Tusell Palomero EXPLORING THE GENETICS OF THE EFFICIENCY OF FERTILE AI DOSE PRODUCTION IN RABBITS



206

EXPLORING THE GENETICS OF THE EFFICIENCY OF FERTILE AI DOSE PRODUCTION IN RABBITS Ph.D Thesis by Llibertat Tusell Palomero



APPENDIX



208

EXPLORING THE GENETICS OF THE EFFICIENCY OF FERTILE AI DOSE PRODUCTION IN RABBITS Ph.D Thesis by Llibertat Tusell Palomero



APPENDIX

JOURNAL OF ANIMAL SCIENCE

The Premier Journal and Leading Source of New Knowledge and Perspective in Animal Science

Product versus additive model for studying artificial insemination results in several
livestock populations

I. David, M. J. Carabafio, L. Tusell, C. Diaz, O. Gonzalez-Recio, E. Lopez de Maturana, M.
Piles, E. Ugarte and L. Bodin

JAnim Sci 2011.89:321-328.
doi: 10.2527/jas.2010-3167 originally published online Oct 15, 2010;

The online version of this article, along with updated information and services, is located on
the World Wide Web at:
http://jas.fass.org/cgi/content/full/89/2/321

WWW.asas.org

209




APPENDIX

210

Product versus additive model for studying artificial insemination
results in several livestock populations

I. David,*' M. J. Carabaio,} L. Tusell,f C. Diaz,t O. Gonzilez-Recio,}
E. Léopez de Maturana, M. Piles,} E. Ugarte,§ and L. Bodin*

*INRA UR 631 Station d’Amélioration Génétique des Animaux, 31320 Castanet-Tolosan, France;
tDepartamento de Mejora Genética Animal, INTA, Carretera de La Coruna km 7.5, 28040 Madrid, Spain;
TUnitat de Cunicultura, Institut de Recerca i Tecnologia Agroalimentaries, Torre Marimon s/n, 08140,
Caldes de Montbui, Barcelona, Spain; and §Neiker, 01000 Vitoria-Gasteiz, Spain

ABSTRACT: Two models can be used for studying
binary results of AIl. The additive threshold model pro-
poses an underlying variable as summing the environ-
mental and genetic effects from the 2 individuals in-
volved in the mating, and the product threshold model
assumes that the conditional probability of Al success
is the product of the probabilities of success of 2 unob-
served binary phenotypes (one is the male fertility; the
other is the female fertility). The purpose of this paper
is to compare the predictive ability of the product and
the additive threshold models for studying Al results
and to compare results obtained with the 2 models in
3 different species: cattle, sheep, and rabbits. Results
showed that the predictive ability of the product model
is similar to the additive model in sheep and rabbits
but worst in cattle (percentage of wrong prediction =
42, 27, and 35% in the additive model; 43, 28, and
47% in the product model in sheep, rabbits, and cattle,

Key words:

respectively). Even when the 2 models have similar
performance, they differed in their EBV (for instance,
Pearson correlation between EBV predicted with the 2
models = 0.46 in sheep for male fertility). The product
model can determine which sex is responsible for an
Al failure. In sheep, the female was the responsible in
94% of the cases and male in 2% of them; in rabbits,
the female was the responsible in 54% of the cases and
the male in 39% of them. Different estimates of prob-
abilities for male and female fertility success obtained
with the product model in the 3 species suggest that
male and female fertilities behave differently depend-
ing on the species and the uniqueness of the data sets.
Although product model seems to provide additional
information in the fertility process, further research
is needed to understand the worst performance of the
product model in cattle.

additive model, fertility, predictive ability, product model

©2011 American Society of Animal Science. All rights reserved.

INTRODUCTION

The outcome of Al is affected by factors related to the
male, the female, or factors common to both sexes. The
outcome of Al may be registered as a binary code indi-
cating pregnancy or nonpregnancy. The most common
approach in animal genetic models for such a binary
trait is the additive threshold model, which proposes a
underlying variable resulting from the addition of envi-
ronmental and genetic effects from the 2 individuals in-
volved in the mating (Varona and Noguera, 2001; Piles
et al., 2005). However, some authors have pointed out
that the combination of those sources of variation may

'Corresponding author: Ingrid. David@toulouse.inra.fr
Received May 18, 2010.
Accepted October 7, 2010.
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not be purely additive (Speirs et al., 1983). Recently,
David et al. (2009) proposed a product threshold model
assuming that conception in a given mating is the prod-
uct of the outcome of each mating member. Hence, the
conditional probability of Al success is the product of
the probabilities of the success of 2 unobserved binary
phenotypes (one is the male fertility; the other is the
female fertility). This assumption has several advan-
tages over that assumed in the additive model. First, it
describes in a better manner the biological mechanism
of the mating. Second, it provides distinct estimates of
environmental effects affecting each of the 2 unobserved
phenotypes, and as a result allows more information to
be extracted from the data. David et al. (2009) showed
the feasibility of this model in a genetic context using
simulated data. However, the product threshold model
has not been applied to real data yet. The purpose of
this study was to compare the performance, in terms of
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predictive ability, of the product and additive threshold
models for studying Al result and to compare results
obtained with the 2 models in 3 data sets of different
species: cattle, sheep, and rabbit. Differences between
them originating not only from the specific characteris-
tics of the species, but also from the different processes
and conditions for Al (e.g., ejaculate selection, dose
preparation, hormonal treatments) applied.

MATERIALS AND METHODS

Animal Care and Use Committee approval was not
obtained for this study because the data were obtained
from an existing database.

Materials

Artificial insemination data corresponding to the
3 species were used for the analysis (Table 1). Cattle
data were provided by the regional Holstein Associa-
tions from Basque Country, Navarra, and Girona. Data
were extracted from the November 2008 routine ge-
netic evaluation for female fertility implemented in the
north-western population of Spanish Holstein-Friesian
cattle and included insemination records from 1995 to
September 2008. As in most cattle populations, com-
mercial frozen semen is used for Al in this population.
Normally, bull semen is screened to discard ejaculates
with low motility or abnormal sperm at collection or
after freezing and thawing the samples. Bull ejaculates
from the same day of collection are mixed and diluted in
a proportion that ensures a minimum amount of motile
spermatozoa in the Al straw. Estrus synchronization is
becoming a frequent practice, but no recording of its
incidence is carried out in this population. A service re-
cord was defined as success (1) if a subsequent calving
existed and the corresponding gestation length period
was within the interval 272 to 292 d. The insemination
was considered as a failure (0) when additional insemi-
nations within the same lactation existed or no sub-
sequent calving was registered. Restrictions and rules
for validating records were applied to ensure the qual-
ity of reproductive data following Gonzalez-Recio and
Alenda (2005). In addition, at least 20 observations per
region-year and herd-year groups were required. Service
sires with less than 50 Al observations were removed
from the data set. Failure and success percentages per
region-year, herd-year, and service sire groups were re-
stricted to be between 15 and 85% to avoid extreme
category problems (Moreno et al., 1997). The editing
procedure reduced the initial data set to 501,284 Al re-
cords from 183,833 cows. Data from all lactations from
a cow were present. The phenotypic probability of Al
success was 37%.

French sheep data came from a specific database
built by the ANIO (Association National des Centres
d’Insémination Ovine), which combines information
from AT centers (information on males and characteris-

David et al.

tics of the semen) and the French national performance
recording scheme (pedigree information and ewe per-
formances). For this species, records of inseminations
in the Manech Téte Rousse breed performed between
2000 and 2004 were used in the analysis. After male
collection, semen was selected based on motility (0 to 5
scale, ejaculates with motility <4 were discarded) and
diluted to obtain AI doses with standardized concentra-
tion (1.2 x 10° spermatozoa/mL). Synchronized ewes
were inseminated (cervical insemination) a few hours
(1 to 8) after male collection with fresh semen. The AI
outcome was defined as success (1) if lambing occurred
5 mo after insemination and failure (0) otherwise. After
discarding service sires with less than 150 A, 13,275 re-
cords were retained for the analysis; the observed prob-
ability of AI success was 51%.

Rabbit data came from a population of a sire line se-
lected for growth rate (Caldes line: Gémez et al., 2002).
Data collected from June 2003 to December 2007 were
used in this study. For the preparation of AI doses,
ejaculates containing urine and calcium carbonate de-
posits were discarded, and gel plugs were removed. No
evaluation of seminal characteristics was performed.
Ejaculates were diluted 1:4 immediately after collection
to obtain the Al doses. Female estrus and ovulation
were induced by hormonal treatment. Artificial insemi-
nation doses of 0.5 mL were applied within 1 h after
preparation on females from the same sire line, also
reared in the nucleus of selection. Success or failure of
AT was obtained from the diagnosis of pregnancy made
by palpation 14 d after AI. Information on the day of
parturition helped to confirm the previous diagnosis of
palpation. A total of 6,543 Al records were used for the
analysis. The observed probability of Al success was
72%.

Methods

Additive and product threshold models suppose dif-
ferent assumptions. In the additive threshold model,
the observed phenotype is linked (probit link function)
to a liability which is the sum of all genetic and envi-
ronmental factors affecting male and female fertility.
Thus, under the additive model the conditional prob-
ability of success given the genetic and environmental
factors can be expressed as

Pr(y =1]0) =
<I)()(fbf + mem + chc + ZKzfz + ZMnmn

7 n
+2chj +Zu, +Z,u, +W, p +Wp,),
j

where vy is the vector of the binary results of insemina-
tions; Pr(y =11 0) is the conditional (given the genetic
and environmental factors variables 0) probability of Al
success. The ®(.) is the standard cumulative distribu-
tion function of the mnormal distribution. The
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Table 1. Description of sheep, cattle, and rabbit data

Item Sheep Cattle Rabbit
No. of females 12,102 133,883 2,601
No. of males 38 949 300
No. of Al records 13,275 501,284 6,543
No. of animals in the pedigree 37,213 216,373 3,302
No. of observations per male' 350 528 21.8
(217, 423] [133, 369] 19, 30]
No. of observations per female' 1.1 3.7 2.5
1. 1] 2, 5 1,3
No. of different inseminated females per male' 347 443 19
(216, 421] [120, 326] 19, 26]
No. of different males per female' 1.0 3.1 2.2
1] 1,4 1,3
Probability of AT success per male® 0.52 0.37 0.70
[0.49, 0.53] [0.32, 0.42] [0.60, 0.83]
Probability of Al success per female' 0.51 0.45 0.69
[0, 1] [0.17, 0.67] [0.50, 1.00]
Observed probability of Al success 0.51 0.37 0.72

"Values presented as mean [P25, P75]. P25, P75: 25th and 75th percentile.

b, b,
to the female, the male, or common to both sexes, re-
spectively. The wuf and wu,, are vectors of female and
male fertility additive genetic effects, respectively. The
P, and py correspond to the vectors of male and female

and b, are vectors of systematic effects related

random permanent environmental effects; f;, m,,, and ¢;

are the random vectors of the ith, nth, and jth effects
specific to the female, male, or common to both sexes,
respectively. The Xy, X,,,, X., Zy, Z,,, Wy, W,,, K;, M,,,
and L; are corresponding known incidence matrices. On
the other hand, the product threshold model considers
that the conditional probability of AI success is the
product of the probability of success of 2 binary unob-
served phenotypes: the male and female fertilities (Da-
vid et al., 2009). The 2 corresponding liabilities are the
sum of genetic and environmental factors specific to the
considered mate-sex and also those common to both
sexes:

Priy=1]0)=
O(X,b, + Xb, +Y K f+> Lic, +Zu, +W,p,)
@ J
X ®(X b +Xb +> Mm, +> Lc
n J
+Z u +W p ).

In both models, all random effects were assumed to

be distributed following centered normal distributions

2
a

o

with (co)variance matrices equal to | ™ u{;u’" ®A
O—ufum qu

for the correlated genetic effects and Iqas for the other

random effects ¢ (¢ = cj,mn,fi, Py, or p,,); Where A is

the known relationship matrix and ® represents the

Kronecker product, I, is an identity matrix of appropri-

ate dimension, and a? is the corresponding variance for

the effect ¢. Nongenetic random effects were assumed
to be independent of each other and of genetic effects.

Heritabilities on the observed scale were computed
following the transformation proposed by Dempster

and Lerner (1950): in the additive threshold model,
2

ag
h}%emaleifertility - Lgf x 22/[Pobs X (1 - Ijnbs )] and
2‘7T
h? :Uixz /[P ><(17P )] for the female
male _ fertility 0_;1 obs obs ]|’

and male fertility, respectively, where P, is the ob-
served probability of AT success. The total variance o>

T
calculated as cr; = 02 + 02 + crp + a
f U

+Z‘7i +2072n +Zaf and z is the ordinate of a
. ¢ n - “j
2 n

standard normal distribution function corresponding to
a threshold equal to &~ (P bg).

was

For the product threshold model,
9 Yy 9
hfemaleifertility - _2 x zf /[Pnbs x (1 B F)obs )] and
op
2
2 JU
hmaleifertility = 0_2 WL/{PUZLS X (1 Pobs )]7 for female
T
and male fertility, respectively. Where
0;1 = Jif + 02 + 202 + Z(rfl and

2 2
op, =0, +U +Zam +Za The 2 and z, are

the ordinates of standard normal dlstrlbutlon functions

corresponding to thresholds equal to @~ (Pf) and

o' (Pm). The Pf,Pm are the probabilities of success for

the unobserved phenotypes of female and male fertility,
respectively.
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Table 2. Effect included in models for sheep, cattle, and rabbit data
No. of levels
Type Effect Sheep Cattle Rabbit
Systematic
Male effect Insemination No. — 5 —
Motility 12
Female effect Rank of insemination — 5 —
Interval with previous birth 7 4! —
Region x year — 94 —
Milk production 4 — —
Physiological status of the female 3 3
Age 7 — —
Lactation x age — 16 —
Previous synchronization 2 — —
No. of previous synchronizations 8 — —
Common effect Day x inseminator — — 22
Random
Male effect Genetic male fertility 37,213 216,373 3,302
Permanent environmental effect 38 949 300
Permanent environmental effect x day — — 1,232
Inseminator 37 — —
Female effect Genetic female fertility 37,213 216,373 3,302
Permanent environmental effect — 133,883 2,601
Herd x year 626 — —
Common effect Year x season 31
Herd x year — 6,567 —
nterval from calving to first Al
Implementation In a second step, the estimated parameters obtained

Data sets from the 3 species were analyzed using the
additive and product threshold models. In each spe-
cies, the same random, systematic, and genetic effects
were included in both models. The systematic effects
varied depending on the species (Table 2). Under the
product model, effects were considered for each data
set as specific to the male, to the female, or common
to both sexes.

In a first step, additive and product threshold models
were compared based on their ability of predicting new
records as follows: 75% of records within species were
used to estimate parameters, and the new records were
predicted in the remaining 25%. Five replicates of this
design were randomly sampled. Different statistics were
computed to evaluate the predictive ability of the 2
models: a) the percentage of wrong prediction; b) the
mean square error of prediction (MSEP) defined as

n

MSEP — %Z[gi — Py, = [, where y, and P(y, = )
correspond to the observed Al outcome and predicted
probability of success, respectively, and n is the number
of data in a testing subset; ¢) the sensitivity of the pre-
diction defined as the probability to predict a success
given that the observation is a success; d) the specific-
ity or the probability to predict a failure given that the
observation is a failure; e) the negative predictive value
defined as the probability to observe a failure given
that the prediction is a failure; and f) the positive pre-
dictive value or the probability to observe a success
given that the prediction is a success.

with the 2 models on the whole data set for each species
were compared. The Pearson correlation between pre-
dicted breeding values and the percentage of animals
in common in the top and bottom 10% animals were
used to evaluate the differences in results between the
2 models.

Estimates were obtained using a Bayesian approach
via Gibbs sampling. The core of the program is the TM
(threshold model) software developed by Legarra et al.
(2008). Flat priors were used for systematic effects and
variance components, and starting values were randomly
sampled. The Gibbs sampler analysis was implemented
using one single chain consisting of 300,000, 400,000,
and 500,000 iterations in sheep, cattle, and rabbits,
respectively. After discarding the first 30,000 (sheep)
or 50,000 (cattle and rabbit) iterations, samples of the
parameters of interest were saved every 100 iterations.
Inferences on the marginal posterior distributions were
directly performed from the retained samples. Posterior
means were used as parameter estimates.

RESULTS

Table 3 shows the predictive ability estimates for each
model obtained for each criterion used. The MSEP esti-
mates were similar between product and additive mod-
els within species. The percentages of wrong prediction
for both models were in agreement for sheep and rab-
bit; however, a smaller percentage was obtained with
the additive model in dairy cattle (35 vs. 47%). The
negative and positive predictive values are quite simi-
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Table 3. Predictive ability of the product and threshold models in sheep, cattle, and rabbits

Sheep Cattle Rabbit
Item Product Additive Product Additive Product Additive
% of wrong prediction 43 42 47 35 28 27
MSEP! 0.24 0.24 0.22 0.22 0.16 0.15
Sensitivity 0.71 0.54 0.69 0.19 0.99 0.98
Specificity 0.45 0.59 0.44 0.90 0.06 0.10
Negative predictive value 0.70 0.65 0.73 0.68 0.66 0.66
Positive predictive value 0.47 0.47 0.40 0.50 0.72 0.73

'"MSEP = mean square error of prediction.

lar between models, whereas the product model tended
to be more sensitive and less specific than the addi-
tive one. Between species, the MSEP and percentage of
wrong prediction were, for both models, less in rabbits
than in sheep and cattle. In both models, sensitivity
increased from cattle (additive = 0.19, product = 0.69),
to sheep (additive = 0.54, product = 0.71) and rabbits
(additive = 0.98, product = 0.99), whereas specificity
decreased (cattle: 0.90 and 0.44, sheep: 0.59 and 0.45,
rabbits: 0.10 and 0.06 for additive and product models,
respectively). The negative predictive values were in
the same range among species, whereas the positive
predictive value was greater in rabbit than in sheep or
cattle.

Results obtained for the whole data sets (Table 4)
showed that the probability of success estimates for
the unobserved phenotypes obtained from the product
model were quite different between species. The prob-
ability of success of male fertility was greater than for
female fertility in sheep (0.97 vs. 0.52), less in cattle
(0.57 vs. 0.65), and similar in rabbits (0.87 vs. 0.83).

Within species, heritability estimates on the underly-
ing scale in the product model were greater than in the
additive model (ratio ranging from 1 to 21). The esti-
mated heritabilities on the observed scale were low for
both traits (<0.11) in all species and models. The heri-
tabilities on the observed scale were greater (>) for the
product than for the additive model (ratio ranging from
1 to 5), but generally, credibility intervals overlap.

The posterior means of the genetic correlations be-
tween male and female fertilities were estimated with
reduced credibility with either of the models or species,
as credibility intervals ranged from —0.59 to 0.68 in
sheep and from —0.72 and 1 in rabbit with the product
model. Smaller credibility interval was found in dairy
cattle (ranging from —0.24 to 0.15), suggesting a null
genetic correlations between male and female fertili-
ties.

The correlations between EBV for all animals in
the pedigree obtained with the additive or product
threshold models were large (ranging from 0.93 to 0.99
depending of the species) except for the male fertil-
ity in sheep (0.46). The same correlations calculated
only with animals having records were generally greater
(0.75 for male fertility in sheep). In accordance with the
correlations, the percentage of animals in common in

the 10% best/worst animals is large (>0.73), except for
male fertility in sheep (<0.43).

DISCUSSION

Due to the process of editing data, the observed
probabilities of AT success are slightly less than the one
previously reported for the same breed in sheep (0.57;
David et al., 2008) but in accordance with previous
studies in rabbits (El Gaafary and Marai, 1994).

Under the product model, environmental factors
can be distinctly attached to male, female, or to both,
which cannot be done under an additive model. In our
study, the assignment of environmental factors to male
or female fertility, or both, has been somehow arbi-
trary. This choice is straightforward for some effects
(e.g., age of the male, milk production) but not for all
(e.g., inseminator). Consequently, the same factors did
not affect the same trait depending of the species. For
instance, the herd x year effect is linked to the female
in sheep and to both sexes in cattle. The relevance of
alternative effects acting on male or female fertility can
be explored by classical model comparison techniques.
We explored for a subset of the rabbit data the selec-
tion of effects in the product model. We first estimated
parameters in a saturated model including all factors
for male and female fertility. We removed step-by-step
factors for which all credibility intervals included O.
The final model obtained is consistent in the face of the
factors included in both sides, illustrating the ability of
the product model to correctly assign a factor as acting
on male or female fertility, or both (results not shown).
This was not carried out in our study for all species due
to computing limitations and because it is not likely
to affect the comparison between product and addi-
tive models, which was our goal. However, it has to be
performed if the objective of the study is to analyze the
factors influencing fertility.

The sampling method that we used to evaluate the
predictive ability of the 2 models does not correspond
to a standard 5-fold cross-validation (Shao, 1993). In
this paper, random sampling was repeated 5 times,
making sure that all random and systematic effect lev-
els (except female permanent effect) in the testing sam-
ple were estimated previously in the training sample.
This sampling method was used to avoid unexpected
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Table 4. Posterior means and credibility interval at 95% [in brackets] of the probability of success for the un-
observed phenotypes, genetic variances, heritabilities, and correlation between breeding values obtained with the
additive and threshold models applied to the whole data set in sheep, cattle, and rabbits

Sheep Cattle Rabbit
Item Product Additive Product Additive Product Additive
P(female fertility = 1) 0.52 — 0.65 — 0.83 —
[0.51, 0.54] [0.63, 0.68] [0.77, 0.90]
P(male fertility = 1) 0.97 0.57 0.87
[0.95, 0.98] [0.54, 0.60] [0.80, 0.93]
Genetic variance of 0.22 0.19 0.16 0.04 0.12 0.04
female fertility [0.15, 0.30] [0.13, 0.27] [0.13, 0.19] [0.03, 0.05) [<0.01, 0.33] [<0.01, 0.09]
Genetic variance of 2.30 0.02 0.02 0.01 0.47 0.05
male fertility [0.20, 6.18) [0.01, 0.03] [0.01, 0.03] [0.01, 0.01) 0.03, 1.24) [0.01, 0.09]
Heritability on the 0.17 0.15 0.11 0.04 0.08 0.03
underlying scale of [0.12, 0.22] [0.10, 0.20] [0.09, 0.13] [0.03, 0.04] [<0.01, 0.18] [<0.01, 0.06]
female fertility
Heritability on the 0.36 0.02 0.02 0.01 0.17 0.04
underlying scale of [0.06, 0.63] [<0.01, 0.03) [0.01, 0.03) [<0.01, 0.01] [0.03, 0.36] [0.01, 0.07]
male fertility
Heritability on the 0.11 0.09 0.06 0.02 0.04 0.02
observed scale of (0.08, 0.14] [0.07, 0.13] [0.05, 0.07] [0.02, 0.03] [<0.01, 0.10] [<0.01, 0.03]
female fertility
Heritability on the 0.01 0.01 0.01 0.01 0.10 0.02
observed scale of [<0.01, 0.02] [<0.01, 0.02] [<0.01, 0.02] [<0.01, 0.01] [0.02, 0.20] [<0.01, 0.04]
male fertility
Genetic correlation 0.04 0.21 —0.04 —0.05 0.21 0.31
[~0.59, 0.68] [~0.29, 0.72) [~0.24, 0.15) [~0.25, 0.17) [=0.72, 1.00] [—0.60, 0.99]
Correlation between 0.99/0.99 0.99/0.99 0.93/0.93
female fertility EBV,
all animals/females
with records
Correlation between 0.46/0.75 0.98/0.99 0.96/0.96

male fertility EBV,
all animals/males
with records

Percentage of animals
in common in the top
10% best, bottom
10% worst animals
for female/male
fertility

0.92, 0.92/0.22, 0.43

0.91, 0.86/0.91, 0.80 0.73, 0.76/0.81, 0.81

consequences of missing estimation for the additive or
product models. Nonetheless, a 5-fold cross-validation
was performed with the rabbit data and provided re-
sults very close to those presented in this study (results
not shown). Within species, similar results obtained for
MSEP and percentage of wrong prediction in rabbits
and sheep show that product and additive threshold
models have the same predictive ability. Nonetheless, as
reported in previous studies for comparison with other
models (Vazquez et al., 2009a,b), predictive ability of
the models is different depending on the observed re-
sult. Thus, the product model was more sensitive and
less specific than the additive one. Therefore, the prod-
uct model had a better ability to predict a success and
a worse ability to predict a failure than the additive
model. For cattle, results are in favor of the additive
threshold model that has a smaller percentage of wrong
prediction. Even if models have similar predictive abil-
ity in sheep and rabbits, they provided different breed-
ing values and animals will not be identically selected

with the 2 models, especially for male fertility in sheep.
These results suggest that either the additive or the
product model may provide inaccurate predictions for
male fertility. As true breeding values are unknown,
further studies are necessary to determine what model
is more accurate in predicting male fertility. An ex-
perimental selection with the 2 models, which could be
carried out in rabbits, could be a way to give an answer
to this question.

Heritabilities estimated with the additive threshold
model were small for both traits, but in accordance
with previous studies (Gonzédlez-Recio and Alenda,
2005; Piles et al., 2005; David et al., 2007). Herita-
bilities obtained with the product model cannot be re-
lated to the accuracy of the estimation or the genetic
progress in the same manner as in the additive model.
Therefore, estimation of heritabilities obtained with the
2 models cannot be properly compared, even if they are
expressed in the observed scale. Further investigations
are needed to give a practical interpretation of the heri-
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tability in the product threshold model. Conversely to
the heritabilities, the genetic correlation between male
and female fertilities can be compared across models.
The 95% credibility intervals for all estimates were very
large, and therefore we could not observe any differ-
ences between estimates. This result was in accordance
with previous studies showing a wide range of genetic
correlations between male and female fertilities: from
—0.53 [—0.86, —0.01] (Varona and Noguera, 2001) to
0.73 [-0.36, 0.99] (Piles et al., 2005). However, in cat-
tle, where a narrower credibility interval was obtained,
the genetic correlation between male and female fertil-
ity seems to be small or null. Thus, the nature of this
genetic correlation between both sexes for fertility still
seems to be unclear and could differ between species.
Estimated probabilities of success for the unobserved
phenotypes indicated that an Al failure was specifi-
cally due to female fertility problems for 94, 32, or 54%
of the cases in sheep, cattle, and rabbits, respectively,
and is specifically due to male fertility problems for 2,
44, and 39% of the cases in sheep, cattle, and rabbits,
respectively. Therefore, the product model reports that
an Al failure is mainly due to an impairment in female
fertility in sheep and rabbits and due to an impairment
in male fertility in cattle. It is difficult to compare these
results with those reported previously in the literature.
Actually, the only species where origin of infertility is
well documented is humans after natural mating (Forti
and Krausz, 1998). Forti and Krausz (1998) reported
that in 35% of cases, infertility is mainly due to a fe-
male factor, in 30% to a male factor, in 20% to abnor-
malities detected in both partners, and in 15% of cases
no diagnosis can be made after a complete investiga-
tion. Male fertility is supposed to behave differently
between the 3 studied species. The uniqueness in the
processes for preparing doses and insemination tech-
niques may explain these differences. In sheep, semen is
strongly selected upon its motility and sperm concen-
tration; the doses have the same number of spermato-
zoa and are deposited in the female tract less than 6
h after collection (fresh semen). This process allows a
control of main environmental factors reported in the
literature as affecting male fertility (Briois and Guerin,
1995; Fernandez-Abella et al., 2003; Foote, 2003; Dono-
van et al., 2004). Conversely, there was no ejaculate
selection upon its seminal characteristics (except urine
or calcium deposits) in this study for rabbits, and there
was no standardization of the dose concentration. This
process may induce a decrease in the potential sperm
fertility and explain the relative importance of the male
in the Al failure. In dairy cattle, we observed the least
probability of success for the male fertility. In this spe-
cies, the sperm selection process is similar to the one
performed in sheep but inseminations are performed
with frozen semen. This difference may explain the
greater relative importance of the male in Al failure
in cattle. For female fertility, ovulation is induced af-
ter insemination in rabbits; therefore, the probability
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that the oocyte is released at the optimum time in the
female reproductive tract is very large, which might ex-
plain the greatest percentage of female fertility success
observed in this species (0.83). In sheep, females were
inseminated regardless to expression of estrus, although
they were estrus synchronized, which might explain the
decreased probability of fertility success (0.52). On the
other hand, the increased estimate of probability of
success for female fertility in cattle (0.65) is surprising
because female fertility problems have been largely re-
ported as an explanation of the decrease of Al success
observed in dairy cattle for a long time (Lucy, 2001).

The objective of this study was to evaluate in 3 spe-
cies the performance of the product threshold model for
the modeling of the outcome of AI. We have shown that
its predictive ability is similar to the additive model
in sheep and rabbit and slightly worse than the addi-
tive model in dairy cattle. When it holds, the product
model has the advantage of extracting more informa-
tion from the data than the additive threshold model.
It is possible to evaluate which sex is responsible for
an Al failure, and this would help to improve fertility.
However, product model suffers from some drawbacks.
In some cases a strong editing data process has to be
done to ensure convergence (cattle and sheep in this
study to avoid extreme category problems). Further-
more, interpretation of genetic parameters estimates
is not straightforward and it is necessary to work on
the estimation of the genetic progress in this model.
At present, estimations are obtained using a Bayesian
approach and the computing time is very long, which
avoids the use of this model for large data sets. Finally,
we think that the product model is, at present, an in-
teresting model to test for studying Al results, or other
traits with the same kind of associated binary unob-
served phenotypes, in an experimental context.
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