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Abstract 

ABSTRACT 

 

One of the most recurrent mankind´s concerns along history is the gender of 

both its own offspring and that of the domestic animals. In animal production, sex is 

considered the most important genetic trait for animal production. Several studies 

have observed an interaction between maternal and paternal features or conditions and 

secondary sex ratios. Some maternal features such as her corporal condition, diet, 

glucose level, dominance status, testosterone level, stress, age, parity and litter size, 

and some female-linked parameters such as time of insemination, side of ovulation, 

exposure to contaminants and environmental temperature have been suggested to alter 

sex ratio. The complex relations between the different variables suggested to 

influence the sex of the offspring make these observations and their subsequent 

hypothesis rather speculative without a molecular or physiological basis. Mechanisms 

responsible for skewed sex ratios may occur at two distinct periods: prior to 

fertilization (preconceptional mechanisms) or after fertilization (postconceptional 

mechanisms). From an evolutionary point of view, mechanisms acting early (before or 

around conception) would be more advantageous than those acting later, as the last 

are more wasteful because they imply the loss of embryos or fetuses, with a 

subsequent loss of fertility. The general objective of the present thesis is to analyze 

possible preconceptional mechanisms for sex ratio control and to determine sex-

related physiological, transcriptional and epigenetic differences in bovine 

preimplantation embryos. 

 

Preconceptional mechanisms can be divided in two groups. The first one 

involves a putative spermatozoa selection by the oocyte which could alter the equality 

in fertilization chances between X- or Y-bearing spermatozoa. The second is based on 

putative intrinsic differences between X- or Y-bearing spermatozoa which could 

affect the equal chances for X- and Y-bearing spermatozoa to reach the fertilization 

site. In this thesis, the feasibility of the first will be discussed. A spermatozoa sex 

selection mechanism by the oocyte has been proposed to explain the relation between 

sex ratio and three different features of the oocyte: stage of maturation, testosterone 

concentration in the follicular fluid and the side of the ovary of origin. A putative 

spermatozoa sex selection affected by the maturation stage of the oocyte provides an 

explanation for the influence of the time of insemination in relation to the ovulation 
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upon sex ratio suggested for several species, including bovine. The effect of the 

maturation stage of the oocyte upon kinetics of first cleavage and embryo yield and 

sex ratio was examined in chapter 1. Maturation time affected kinetics of first 

cleavage and cleavage rate, but no has no effect on the sex ratio of the embryos 

produced. 

 

Currently only three methods have proved to change the sex ratio of the 

offspring: the used of sex-sorted semen, sex determination by embryo biopsy and 

transgenic modifications. The first is the most widely used due to economic and 

practical reasons. Although accuracy of sexing by flow cytometry is around 90 % in 

most species, including cattle, its use is limited due to economic reasons. Among the 

different factors affecting the economic profit for the use of sorted semen, the reduced 

fertility of sexed sperm results in considerable deficits. Several factors have been 

proposed for the reduced fertility rates, including lower doses of spermatozoa used, 

damage to the spermatozoa caused by the sorting procedure, and a putative 

spermatozoa selection by the oocyte. If the oocyte can select preferentially X or Y-

bearing spermatozoa, fertility rates using sex-sorted spermatozoa will remain low 

irrespective of the advance of the sorting techniques. The hypothetical spermatozoa 

selection by the oocyte was tested in chapter 2 by examining the differences in in vitro 

fertility between unsorted, sorted (X- or Y-sorted) and sorted/recombined (a mix of X- 

and Y-sorted) sperm. If the oocyte is able to select the sperm, a decrease in fertility 

would be obtained for both sorted groups (X- and Y-sorted), whereas fertility would 

improve for the sorted/recombined group. A decrease in fertility was found for all 

three groups fertilized with sorted semen compared with unsorted, which indicates 

that in vitro matured oocytes are not able to preferentially select sperm of one sex 

over the other, and thus the reduction in fertility is likely to be caused by the sperm 

damage produced by the sorting procedure. 

 

To further investigate the effect of the sperm damage over the embryo 

development, the differences between sorted and unsorted semen in timing of first 

cleavage and blastocysts appearance, and in relative mRNA abundance of 

developmental-related genes were analyzed in chapter 3. The reduction in fertility 

following IVF with sex-sorted sperm is associated with a delay in the timing of the 

first cleavage, but no effect on the timing of blastocysts appearance was observed. 
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Moreover, the kinetics of first cleavage differs between sex-sorted sperm from 3 

different bulls which suggest that susceptibility of sperm to the damage caused by the 

sorting procedure may differ between bulls, and that IVF could provide a valuable 

tool to test these differences in susceptibility, thereby allowing sire selection to obtain 

higher fertility rates following AI or further improvements in the sorting procedure. 

Although normal progeny is obtained by sorted sperm, it has been suggested that 

damaged spermatozoa may be able to fertilize an oocyte, resulting in low-quality 

embryos. A putative negative effect of the use of sorted semen on two embryo quality 

parameters (speed of development and gene expression) was analyzed. Neither timing 

of blastocysts appearance nor relative transcript abundance of genes related with 

apoptosis, detoxification of ultraviolet-induced oxygen radicals, pregnancy 

recognition, placenta formation and DNA methylation were affected by the use of 

sex-sorted sperm, suggesting that it does not affect embryo quality. 

 

Postconceptional mechanisms affecting sex ratio may explain the sex ratio 

skews accompanied by a reduction in fertility, especially those observed under 

adverse or stressful conditions. It is known that preimplantation embryos may display 

sexual dimorphisms in terms of speed of development, cell count, survival in culture 

conditions and after vitrification, and gene expression, which occurs before gonadal 

differentiation and can only be attributable to their differences in sex chromosome 

dosage. Preimplantational sexual dimorphism provides a physiological basis for the 

different survival of male and female embryos under adverse conditions. However, 

this is not the sole implication for the preimplantation sexual dimorphism. The study 

of this phenomenon in early stages of development will help to understand 

phenomena such as sex chromosome transcriptional regulation, early X-chromosome 

inactivation, early sex determination, sexual chromosome evolution, X-linked 

diseases, and sex-specific long-term effects regarding to the embryonic origin of adult 

diseases. 

 

Sex-related differences in speed of development and survival under in vitro 

conditions have been reported for several species. Sexual dimorphism in these 

parameters was analyzed in our culture conditions by two different approaches: 

embryo sexing after IVF with unsorted semen (chapter 1) or the use of sex-sorted 

semen (chapter 3). No differences in the timing of first cleavage and blastocysts 
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appearance and in embryo survival were found, indicating that adverse culture 

conditions may be the cause for the sexual dimorphism previously reported. 

Furthermore, a higher sex ratio in embryos produced by IVF with sorted or unsorted 

sperm was noted in chapters 1-3, suggesting a putative higher fertilization ability of 

the Y-bearing spermatozoa. 

 

Epigenetic status, especially DNA methylation or histone methylation or 

acethylation levels, is the basis for transcriptional differences and thus, transcriptional 

sexual dimorphism should be originated by epigenetic events. However, during 

preimplantation development, X-chromosome inactivation remains the only sex-

specific epigenetic difference reported. In chapter 4, sex-related differences in 

transcription of enzymes related with the epigenetic code, methylation status of 

genomic sequences, telomere length and mtDNA copy number were analyzed. A 

higher transcription for the epigenetic-related enzymes DNMT3A, DNMT3B, HMT1 

and ILF3, and a higher methylation level for the sequence VNTR were found in male 

embryos compared with females, suggesting a higher transcriptional level in female 

embryos. Shorter telomere length and higher mtDNA copy number were also found 

for male embryos compared with female. 

 

Sex-related differences in transcription have been reported for both sex 

chromosome- and autosome-linked genes. However, with the exception of a 

microarray study carried out in the mouse model, all the studies have been based on a 

small number of genes. Global gene expression studies provide an estimation of the 

extent of the transcriptional sexual dimorphisms, which helps to understand 

phenomena such as sex chromosome transcriptional regulation, X-chromosome 

inactivation and sex ratio skews due to postconceptional mechanisms. A microarray 

study was performed on bovine male and female embryos produced with sex sorted 

spermatozoa in chapter 5. It was found that in the absence of hormonal differences, 

sex chromosomes impose an extensive transcriptional regulation upon autosomal 

genes, affecting to almost one third (2921) of the transcript detected. The array was 

validated with both in vitro and in vivo derived embryos produced with unsorted 

semen. Gene ontology analysis of the sexually dimorphic transcripts suggested a 

higher transcriptional level for female blastocysts and a more active protein 

metabolism, and an increased mitochondrial activity for males. 
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In eutherian mammals, X-chromosome inactivation (XCI) compensates the 

differences in X-chromosome dosage between male and female. However, some 

genes can escape from the X-chromosome inactivation process and be biallelically 

expressed leading to an upregulation of X-linked genes in females. This situation is 

especially common in preimplantation development, when XCI is a reversible and 

dynamic process. The microarray study results suggested that the bovine blastocyst, 

XCI is far from been accomplished, as most of the X-linked transcripts present in the 

array (88.5 %) were upregulated in females. However, most of them (70 %), exhibited 

a fold change lower than 1.66, which suggest partial XCI. A higher expression of X-

linked genes in females is usually explained by a double allele expression, however, 

as males only contains the maternal inherited X-chromosome, a preferential paternal 

allele expression by an imprinting phenomenon may be involved. In chapter 5, 

possible imprinting mechanisms were tested by analyzing the differences in 

expression levels of eight X-linked genes between male, female and parthenogenetic 

embryos. Five out of the eight genes were found to be expressed preferentially by the 

paternal X-chromosome, which suggest that imprinting mechanisms may increase the 

transcriptional skew caused by double X-chromosome dosage. Finally, a novel gene 

(YZRSR2) homologue to an X-linked gene which encodes an essential splicing factor 

involved in network interactions during spliceosome assembly was found in the Y-

chromosome. 
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RESUMEN 

 

El género de la descendencia humana y animal ha sido una de las 

preocupaciones más recurrentes de la humanidad a lo largo de la historia. En 

producción animal, el sexo es considerado como el factor genético más importante. 

Varios estudios han observado una interacción entre características o condiciones 

maternas o paternas y la proporción de sexos secundaria. De este modo, se ha 

sugerido que algunas características maternas, como la condición corporal, la dieta, 

los niveles de glucosa, el estatus de dominancia, los niveles de testosterona, el estrés, 

la edad, el número de parto y el tamaño de camada, y algunos parámetros ligados a la 

hembra tales como el momento de inseminación, el lado de ovulación, la exposición a 

contaminantes y la temperatura ambiental, pueden alterar la proporción de sexos. 

Debido a la complejidad de las relaciones entre las diferentes variables que pueden 

influir en la proporción de sexos de la descendencia, estas observaciones y las 

hipótesis a las que dan lugar son bastante especulativas sin una base molecular o 

fisiológica. Los mecanismos responsables de un sesgo en la proporción de sexos 

pueden ocurrir en dos momentos distintos: antes de la fecundación (mecanismos 

preconcepcionales) o después de la fecundación (mecanismos postconcepcionales). 

Desde un punto de vista evolutivo, los mecanismos que actúan tempranamente (antes 

o alrededor de la concepción) serían más ventajosos que aquellos que aquellos que 

actúan posteriormente, ya que estos últimos provocan mayores pérdidas al implicar la 

pérdida de embriones o fetos y una correspondiente pérdida de fertilidad. El objetivo 

general de la presente tesis es analizar los posibles mecanismos preconceptuales de 

control de la proporción de sexos y determinar las diferencias fisiológicas, 

transcripcionales y epigenéticas entre embriones preimplantacionales bovinos de 

distinto sexo. 

 

Los mecanismos preconcepcionales se pueden dividir en dos grupos. El 

primero implica una supuesta selección espermática llevada a cabo por el ovocito que 

puede alterar la igualdad de oportunidades de fecundación entre los espermatozoides 

X o Y. El segundo se basa en unas supuestas diferencias intrínsecas entre 

espermatozoides X o Y, que podrían alterar la equidad de probabilidades de alcanzar 

el lugar de la fecundación entre espermatozoides X o Y. En esta tesis, se discute la 

posibilidad del primer supuesto. Se ha propuesto que los mecanismos de selección 
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espermática del ovocito pueden explicar la relación entre la proporción de sexos y tres 

caracteríaticas del ovocito: estado de maduración, concentración de testosterona en el 

fluido folicular y lado del ovario de origen. Una supuesta selección espermática 

determinada por el estado de maduración del ovocito podría explicar la influencia del 

momento de inseminación en relación a la ovulación sobre la proporción de sexos 

propuesta en varias especies, incluyendo la bovina. En el capítulo 1 se examinó el 

efecto del estado de maduración del ovocito sobre la cinética de la primera división, la 

producción de embriones y la proporción de sexos. El tiempo de maduración afectó a 

la cinética de la primera división y a la tasa de división, pero no a la proporción de 

sexos de los embriones producidos. 

 

En la actualidad, sólo existen tres métodos para alteran la proporción de sexos 

de la descendencia que hayan demostrado su eficacia: el uso de semen sexado, la 

determinación del sexo mediante biopsia embrionaria y la transgénesis. El primero es 

el que se emplea con más frecuencia debido a razones prácticas y económicas. 

Aunque la exactitud del sexaje mediante citometría de flujo está entorno al 90 % en la 

mayoría de las especies, incluyendo al ganado bovino, su uso es limitado por razones 

económicas. Entre los distintos factores que afectan al rédito económico obtenido al 

emplear semen sexado, la menor fertilidad del semen sexado conlleva considerables 

pérdidas. El descenso de la fertilidad se puede explicar por varios factores, como el 

uso de dosis bajas de espermatozoides, el daño espermático causado por la separación 

espermática y un supuesto mecanismo de selección espermática del ovocito. Si el 

ovocito puede seleccionar a los espermatozoides X o Y, las tasas de fertilidad 

obtenidas al usar semen sexado seguirán siendo bajas, a pesar del avance en las 

técnicas de separación espermática. La hipotética selección de espermatozoides del 

ovocito se probó en el capítulo 2, examinando las diferencias de fertilidad in vitro 

entre esperma sin sexar, sexado (X o Y) y una mezcla de sexados (X e Y). Si el 

ovocito es capaz de seleccionar al esperma, se obtendría un descenso en la fertilidad 

en los grupos fecundados con semen sexado (X o Y), que mejoraría con la mezcla de 

sexados. Se encontró un descenso en la fertilidad en los tres grupos fecundados con 

semen sexado comparados con el semen sin sexar, indicando que los ovocitos 

madurados in vitro no son capaces de seleccionar al esperma de un determinado sexo 

y que la reducción en la fertilidad parece ser debida al daño espermático producido 

por el procedimiento de separación espermática. 
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Para investigar con mayor profundidad el efecto del daño espermático sobre el 

desarrollo embrionario, en el capítulo 3 se analizaron las diferencias entre semen 

sexado y sin sexar en el momento de la primera división y desarrollo a blastocisto, y 

en la abundancia relativa de ARNm de genes relacionados con el desarrollo. La 

reducción de la fertilidad tras realizar FIV con semen sexado se asoció a un retraso en 

el momento de la primera división, sin verse afectado el tiempo de desarrollo a 

blastocisto. Además, la cinética de la primera división difirió entre esperma sexado 

procedente de tres toros diferentes, que puede deberse a diferencias entre toros en la 

susceptibilidad al daño espermático causado por el procedimiento de separación 

espermática. Así, la FIV puede ser una valiosa herramienta para probar estas 

diferencias en susceptibilidad, permitiendo la selección del semental para obtener 

altas tasas de fertilidad en IA, o para mejorar las técnicas de sexaje de semen. Aunque 

se ha obtenido descendencia normal tras el empleo de semen sexado, los 

espermatozoides dañados pueden fecundar al ovocito dando lugar a embriones de 

mala calidad. Por ello se analizó el posible efecto negativo del uso de semen sexado 

sobre dos parámetros de calidad embrionaria (velocidad de desarrollo y expresión 

génica). El empleo de semen sexado no afectó ni al momento de desarrollo a 

blastocisto ni a la abundancia relativa de transcritos de genes relacionados con 

apoptosis, detoxificación de radicales libres de oxígeno inducidos por ultravioletas, 

reconocimiento de la gestación, formación de la placenta y metilación de ADN, 

sugiriendo que no afecta a la calidad embrionaria. 

 

Los mecanismos postconcepcionales que afectan a la proporción de sexos 

pueden explicar aquellos sesgos acompañados de una reducción en la fertilidad, 

especialmente aquellos observados bajo condiciones adversas o estresantes. Se sabe 

que los embriones preimplantacionales pueden mostrar un dimorfismo sexual en 

términos de velocidad de desarrollo, recuento celular, supervivencia en condiciones 

de cultivo y vitrificación, y expresión génica, que suceden antes de la diferenciación 

de las gónadas y sólo se pueden atribuir a las diferencias en la dosis de cromosomas 

sexuales. El dimorfismo sexual preimplantacional aporta una base fisiológica para las 

diferencias de supervivencia entre embriones macho y hembra bajo condiciones 

adversas. Sin embargo, esta no es la única implicación del dimorfismo sexual 

preimplantacional. El estudio de este fenómeno en estadios tempranos del desarrollo 

ayuda al conocimiento de fenómenos como la regulación de la transcripción de los 
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cromosomas sexuales, la inactivación temprana del cromosoma X, la determinación 

temprana del sexo, la evolución de los cromosomas sexuales, las enfermedades 

ligadas al cromosoma X, y los efectos a largo plazo específicos de sexo en el contexto 

del origen embrionario de las enfermedades del adulto. 

 

Se han descrito diferencias entre sexos en velocidad de desarrollo y 

supervivencia bajo condiciones in vitro en varias especies. El dimorfismo sexual en 

estos parámetros se analizó en nuestras condiciones de cultivo mediante dos 

aproximaciones diferentes: sexaje de embriones producidos con semen sin sexar 

(capítulo 1) o el uso de semen sexado (capítulo 3). No se observaron diferencias en el 

momento de la primera división y desarrollo hasta blastocisto ni en la supervivencia 

embrionaria, sugiriendo que el dimorfismo sexual observado por otros estudios puede 

ser debido a condiciones de cultivo adversas. Además, la proporción de sexos de los 

embriones producidos por FIV con semen sexado o sin sexar fue superior a 1:1 

(capítulos 1-3), lo que puede indicar una capacidad fecundante mayor de los 

espermatozoides Y. 

 

El estatus epigenético, especialmente la metilación de ADN o los niveles de 

metilación o acetilación de histonas, es la base de las diferencias transcripcionales y, 

por ello, el dimorfismo sexual transcripcional debe tener su origen en sucesos 

epigenéticos. Sin embargo, la única diferencia epigenética ligada al sexo descrita 

durante el desarrollo preimplantacional es la inactivación del cromosoma X. En el 

capítulo 4, se analizaron las diferencias entre sexos en la transcripción de enzimas 

relacionadas con el código epigenético, el estatus de metilación de secuencias 

genómicas, la longitud telomérica y el número de copias de ADN mitocondrial. Se 

observó una mayor transcripción de las enzimas relacionadas con la epigenética 

DNMT3A, DNMT3B, HMT1 y ILF3, y un nivel de metilación mayor en la secuencia 

VNTR en los embriones macho comparados con las hembras, lo que sugiere un mayor 

nivel de transcripción en los embriones hembra. Además se obtuvo un mayor 

contenido en ADN mitocondrial y una menor longitud telomérica en embriones 

macho con respecto a las hembras. 

 

Se han descrito diferencias entre sexos a nivel transcripcional en genes ligados 

tanto a cromosomas sexuales como a autosomas. Sin embargo, con la excepción de un 
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estudio de microarray llevado a cabo en ratones, todos los estudio se basan en un 

pequeño número de genes. Los estudios de expresión génica global proporcionan una 

estimación de la extensión del dimorfismo sexual transcripcional que ayuda al 

entendimiento de fenómenos como la regulación de la transcripción de los 

cromosomas sexuales, la inactivación del cromosoma X y los sesgos de la proporción 

de sexos debidos a mecanismos postconcepcionales. En el capítulo 5, se llevó a cabo 

un estudio de microarray en embriones bovinos macho y hembra producidos con 

semen sexado, en el que se observó que en la ausencia de diferencias hormonales, los 

cromosomas sexuales imponen una extensa regulación transcripcional sobre los genes 

autosómicos, que afecta a casi una tercera parte (2921) de los transcritos detectados. 

El array se validó con embriones derivados in vitro e in vivo producidos con semen 

sin sexar. El análisis de ontología génica de los transcritos que mostraron dimorfismo 

sexual sugirió un nivel de transcripción más alto en los blastocistos hembras y un 

mayor metabolismo proteico y actividad mitocondrial en los machos. 

 

En mamíferos euterios, la inactivación del cromosoma X compensa las 

diferencias en la dosis de cromosomas X entre machos y hembras. Sin embargo, 

algunos genes pueden escapar del proceso de inactivación del cromosoma X y ser 

expresados de forma bialélica dando lugar a una sobreexpresión de los genes del 

cromosoma X en hembras. Esta situación es especialmente común durante el 

desarrollo preimplantacional, cuando la inactivación del X es un proceso dinámico y 

reversible. Los resultados del estudio de microarray sugieren que en el blastocisto 

bovino, la inactivación del cromosoma X no está completa, ya que la mayoría de los 

genes ligados al X presentes en el array (88.5 %) están sobreexpresados en hembras. 

Pese a ello, la mayoría (70 %) mostraron un cambio de expresión inferior a 1,66, 

sugiriendo una inactivación parcial del X. La sobreexpresión de genes ligados al X en 

hembras se suele explicar como consecuencia de la expresión de ambos alelos, pero 

también puede influir una expresión preferente del alelo paterno debido a un 

fenómeno de impronta genómica parental, dado que los machos sólo contienen el 

cromosoma X materno. En el capítulo 5, se buscó la existencia de mecanismos de 

impronta genómica parental analizando las diferencias en el nivel de expresión de 8 

genes del cromosoma X entre embriones macho, hembra o partenotes. Cinco de los 

ocho genes se expresaron preferencialmente mediante el cromosoma X paterno, 

sugiriendo que los mecanismos de impronta genómica parental pueden incrementar el 
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sesgo transcripcional causado por la doble dosis de cromosomas X. Finalmente, se 

descubrió un nuevo gen (YZRSR2) presente en el cromosoma Y, homólogo a un gen 

ligado al cromosoma X que codifica para un factor esencial para el ensamblado 

alternativo de transcritos implicado en la red de interacciones del ensamblado del 

espliceosoma. 
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INTRODUCTION 

 

Sex is the individual feature which has the biggest impact on the mammalian 

phenotype. One of the most recurrent mankind´s concerns along history is the gender 

of both its own offspring and that of the domestic animals. As a sample of this 

concern, the first thing our parents are usually told about us is what sex we are, gender 

is the only genetic feature indicated in the identity documents from diverse countries, 

and in most languages, substantives has a gender. Therefore, it is not surprising that 

the allocation of sex in mammalian offspring had been object of study from ancient 

times [1].  

 

Different cultures have believed in diverse methods to control the sex of the 

offspring. Greek philosophers firstly proposed sidedness as the origin of sex 

determination, based on the association of the right side with the goodness, the sun, 

the hot and the man and the left side with the evil, the moon, the cold and the woman. 

Parmemides (ca. 515 B.C.) proposed that the sex of the embryo was determined by 

the side of the womb in which it developed, whereas Anaxagoras (500 to 428 B.C.) 

exposed that right testicle was responsible for the male conception, and left for 

female, proposing the ligation of the left testicle to conceive sons [1]. The idea was 

maintained in “Corpus hippocraticum” (centuries 5th and 4th B.C.), and Hindu Tantric 

texts (7th to 17th century) taught a variation, declaring that if at the moment of orgasm 

the “solar breath” taken via the right nostril, dominates in man and the “lunar breath”, 

taken via the left nostril, dominates in woman, and conception occurs, the child will 

be male, whereas the opposite was suppose to yield females [2]. French noblemen 

were still advised for removal of the left testicle to conceive sons [3], and Millot, the 

obstetrician of Queen Marie Antoinette of France (1820), wrote “it is the last 

movement of the woman that determines the sex of the child: it is the side on which 

she lies at ejaculation time that drives to sex of the child: always a boy when she is on 

the right side and always a girl on the left side” (cited in [4]). Aristotle (384-322 

B.C.) criticized both Parmemides´ and Anaxagoras´ theories citing evidence that 

embryos of both sexes can be found in the same side of the uterus and that men with a 

single testicle father children of both sexes [1] and proposed that the likelihood of 

having a male correlated directly to the vigor with which one copulated [2]. 

Empedocles (494-434 B.C.) claimed that the timing of intercourse could affect the sex 
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ratio because of the differences in the “amount of hot”, and the idea has been 

maintained until nowadays in the Shettles method [5]. 

 

In Hebraic culture, Talmud (5th century BC), based on Leviticus 12:2, claims 

that an orgasm by the woman before the man selected for male offspring  [4]. Talmud 

also suggested that placing the marriage bed in a north-south direction favored the 

conception of boys [4]. Asiatic cultures believed in an influence of the astronomy on 

sex ratio. In South Korea it is traditionally consider that the year of the Horse bears 

inauspicious implications for the birth of daughters [6]. Chinese gender selection chart 

takes the woman´s lunar age and matches it with the lunar month of conception to 

predict the sex of the offspring. Indian Ayurvedic texts by Sushruta (5th century B.C.) 

and Charaka (2nd century B.C.) suggested the use of different herbs combined with 

astrological events at 2 months of gestation to increase the probability to engender a 

son [7]. The notion has persisted throughout the time and sex selection drugs based on 

plants such as Shivalingi (Bryonia laciniosa) and Majuphal (Quercus infectoria) are 

currently used in rural India [7]. The Spaniard Huarte San Juán joined diverse folk 

methods in his book “Examen de ingenios para las ciencias” (1575) which includes 

several advices for the man, regarding to diet, exercise, and time and position of 

intercourse. Some symbolic methods, such as the Germanic folk which suggested that 

the man should carry an axe to the bed in order to conceive sons [4], were used in 

Czechoslovakia and Hungary, Palau Islands, Yugoslavia and Italy [2].  

 

At the end of the 19th century, L Cuénot said about the methods to control the 

sex of the offspring in his book “Fin the siècle”: “It is surely humiliating to state that 

as regards man and others mammals, no advance has been made since the time of the 

predecessors of Aristotle” (cited in [1]). A mayor breakthrough was the discovery that 

sex in mammals was determined by the sex chromosomes [8], which challenged all 

postconceptional theories. In the 20th century, Shettles method, described in his book 

“How to choose the sex of your baby” [5], is probably the most known natural 

strategy. It is based on putative difference in motility and survival between Y- and X-

bearing spermatozoa, and it claims that assuming certain sexual positions, the timing 

of intercourse relative to the menstrual cycle determines the sex of the baby. The 

accuracy of the method has been seriously criticized by the scientific community [9], 

and currently only three methods have proved to change the sex ratio of the offspring: 
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the used of sex-sorted semen, sex determination by embryo biopsy and transgenic 

modifications [10]. Despite this fact, an internet search for alternative methods will 

show diverse advice and products to obtain offspring of a predetermined sex including 

different diet, caffeine or chocolate ingestion, “specially balanced nutraceuticals”, 

testicular temperature, vaginal pH, orgasm, sexual positions, position of the moon 

relative to astrological houses, lunar phase, specific dates… and Shettles book was 

published in its 6th edition in 2006.  

 

Sex is considered the most important genetic trait for animal production [11], 

as it exert a great influence in growth rates, milk production and susceptibility to 

diseases. As a genetic trait, sex is a special case that can not be manipulated by 

genetic selection, but only by sex predetermination methods. Some studies have 

determined the economical benefits of a sex predetermination system in animal 

production. In dairy cow, only female cattle are productive, as male dairy cattle 

display poor growth performance for beef production. It has been estimated that a 30 

% increase in milk production efficiency could be obtained if female offspring could 

be selected at the time of insemination [12]. Similarly, in beef cattle, a 20 % increase 

in the gross margin was calculated for an increase from 50 % to 90 % male [13].  

 

Sex ratio is the proportion of male offspring relative to female offspring. 

Spermatogenesis transforms the diploid spermatogonia into haploid spermatozoa, 

producing an equal amount of X and Y-bearing spermatozoa. Assuming that X and Y-

bearing spermatozoa displayed equal survival/transport in the female genital tract and 

equal fertilization ability, and that both sexes are subjected to an equal mortality rate, 

sex ratio should be 1:1. Sex ratio can be measured at different time points: Primary 

sex ratio is the male-to-female sex ratio at the time of conception, secondary sex ratio 

is measured at birth, tertiary sex ratio is determined at puberty and quaternary sex 

ratio is observed at the end of the reproductive age. Under normal circumstances, all 

mammalian species display a secondary sex ratio roughly similar to 1:1. However, 

several studies have observed an interaction between maternal and paternal features or 

conditions and secondary sex ratios. The term “increased” or “high” sex ratio refers to 

a significant variation of the theoretical sex ratio in favors of males, whereas the 

opposite (“decreased” or “low”) can be said for a female-biased sex ratio. A variable 
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which shows “a positive correlation with sex ratio” increases the sex ratio, whereas 

“negatively correlated” variable yields to a low sex ratio. 

 

Female-based sex ratio skews 

 

It has been suggested that as mammalian female´s contribution to nurturing 

her young is more costly than male´s, both pre- and post-natally, it would make 

intuitive sense for her, from an evolutionary point of view, to have at least some input 

into sex allocation [14]. Some maternal features such as her corporal condition, diet, 

glucose level, dominance status, testosterone level, stress, age, parity and litter size, 

and some female-linked parameters such as time of insemination, side of ovulation, 

exposure to contaminants and environmental temperature have been suggested to alter 

sex ratio. 

 

Among these factors, the nutritional condition of the mother has drawn a 

special attention. A theory specially applicable to polygonous species and known as 

Trivers and Willard hypothesis, suggests that as maternal condition declines, the adult 

female tends to produce a lower ratio of males to females, because a male in good 

condition at the end of the period of parental investment is expected to outreproduce a 

sister in similar condition, and she is expected to outreproduce him if both are in poor 

condition [15]. Furthermore, it seems logical that mothers in poor condition should 

produce female-biased offspring, as the female requires higher resources to grow a 

male fetus than a female. There are several evidences which links a high plain of 

maternal nutrition with an increased sex ratio (reviewed in [16]). Retrospective 

studies have associated male-biased sex ratio with good maternal condition in 

humpback whale (Megaptera noraeangliae) [17], red deer (Cervus elaphus) [18, 19], 

reindeer (Rangifer tarandus) [20], horse [21], bovine [22] and human [23], whereas 

female biased offspring has been observed for low maternal weight or under 

unfavorable circumstances in horse [21], rat [24], and in human in first [25, 26] or 

second [26] pregnancy. In contrast, no effect of maternal body condition was found 

for bighorn sheep (Ovis canadensis) [27]. Change in body condition, rather than body 

condition itself has been proposed as the sex ratio skew causing mechanism via 

glucose concentration. In this perspective, mares gaining condition showed a extreme 

male-biased offspring, whereas the opposite was true for those loosing condition [28].  
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Has nutritional condition an effect upon sex ratio, it might be possible a 

nutritional control of the offspring sex ratio. Consistently with a male-biased offspring 

for mothers in good condition, high calorie diets were found to increase sex ratio in 

opossum (Didelphis marsupialis) [29] and fallow deer (Dama dama) [30]. Similarly, 

in dairy cows, but not in heifers, a high plane of nutrition was reported to lead to a 

male biased offspring compared with a poorer diet [31], and in human, high caloric 

availability has been positively correlated with sex ratio [32]. In the same trend, high 

maternal glucose levels during fertilization have been found to be correlated with high 

sex ratios in field vole (Microtus agrestis) [33], and diabetic mouse produces male-

biased offspring [34], although in human it has been reported the opposite situation 

[35]. On the other hand, poor maternal condition is associated with poor diet, which 

should lead to female biased offspring. Diet restriction during pregnancy was claimed 

to decrease the sex ratio in mice [36]. In the same specie, low fat diet was found to 

produce a 1:3 sex ratio [37], and an intermittently food deprivation for 1 week before 

mating produced a female biased offspring [38]. Food restriction also favored the 

production of female offspring in rat [39]. In contrast, in white-tailed deer 

(Odocoileus virginianus), poor diet was associated to male-biased offspring [40]. 

Although most of the studies have been focused on the caloric content of the diet, the 

effect may be caused by the level of some specific components. Thus, a diet isocaloric 

to the control but with high fat content increased the sex ratio in mice [41]. A high-fat 

diet can result in higher levels of circulating glucose, thereby supporting the 

hypothesis that glucose may be contributing to sex allocation [42]. In the same trend, 

a diet isocaloric to the control with increased content of rumen-protected 

polyunsaturated fatty acids (PUFA) increased the sex ratio of day 13 ovine 

conceptuses [43] without increase glucose levels, so the authors proposed two 

possible nutritional effects other than a nutritional effect on the embryo: the diet may 

delay ovulation and thus increase the sex ratio –as it will be discussed below-, or there 

may be a preferential recruitment of Y-bearing spermatozoa due to the accumulation 

of n-6 (omega 6) PUFA in the oocyte [43]. In contrast, in mice a diet with increased 

omega 6 PUFA content skewed the sex ratio in favor of females, whereas no effect 

was observed for a diet with high omega 3 content [44]. Other diet components have 

been also reported to alter sex ratio. Mineral compound were suggested to affect sex 

ratio in early studies in bovine (cited in [4]). An inverse relation between sodium 

dietary content and sex ratio was noted in rat [45], and later it was reported in the 
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same specie that dietary calcium and magnesium supplementation combined with 

sodium and potassium reduction decreases sex ratio, probably due to a decrease 

glycerylphosphorylcholine diesterase activity [39]. 

 

Another factor suggested to affect sex ratio is maternal dominance, which has 

been also linked with maternal condition and diet. Dominant mothers are supposed to 

be in a better condition than their subordinates, and therefore both factors are usually 

associated leading to increased sex ratio in dominant mothers [18, 19], although 

“good condition” is not always a sign of maternal dominance [46]. Two opposite 

hypothesis have been proposed. Firstly, one hypothesis [47] concerning matrilineal 

primate species states that a dominant mother would leave more descendants through 

a daughter rather than a son if the daughter inherited her high rank, whereas a low 

ranking mother of such specie would leave more descendants through a son, for he is 

likely to emigrate at puberty and not necessarily inherit his mother´s low rank. This 

situation has been reported in captive rhesus monkeys (Macaca mulatta) [47] and 

bonnet macaque (Macaca radiata) [48]. On the other hand, the second theory, which 

is more widely supported and fits with maternal condition, establishes that a dominant 

female tends to produce more male offspring. Several reports support the second 

theory, as dominant female mammals has been found to produce more male offspring 

in both wild and captive populations of red deer (Cervus elaphus) [18], swine [49], 

Saharan arrui (Ammotragus lervia sahariensis) [50], barbary macaque (Macaca 

sylvanus) [51] and long-tailed macaque (Macaca fascicularis) [52], whereas bottom-

ranking female were observed to produce more female pups in mouse [53] and 

barbary macaque (Macaca sylvanus) [51]. A similar situation has been observed in 

human [54], and a more complex link between maternal age and dominance was 

found for baboon (Papio cynocephalus): subordinate females give birth to more sons 

when they were young and dominant females had more sons when they were old [55]. 

Dominance is related to maternal testosterone levels (reviewed in [56]). Consistently, 

high maternal testosterone levels have been associated with increased sex ratio in 

bovine [56] and field vole (Microtus agrestis) [33], and two parameters influenced by 

testosterone/estradiol concentration -i.e. waist-to-hip ratio and orgasm ease- were 

positively correlated with sex ratio in human [57]. Contrary to both theories, two 

meta-analyses found the maternal dominance effect upon offspring sex ratio 

particularly inconsistent across the literature [42, 58], and some studies carried out in 
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yellow baboon (Papio cynocephalus) [59] and rhesus monkey (Macaca mulatta) [60] 

failed to establish a relation. Thus, it has been suggested that the previously observed 

effect could be the product of stochastic variation in small samples [58].  

 

One of the factors that has been widely associated with altered sex ratio is the 

time of mating or insemination in relation to ovulation (reviewed in [61]). The notion 

was firstly mentioned by Empedocles in the fifth century B.C., and has persisted until 

nowadays by the Shettles method [5]. Some studies associate early insemination with 

low sex ratio and late mating with increased sex ratio in hamster [62], white-tailed 

deer (Odocoileus virginianus) [63], ovine [64] and bovine [65, 66]. In contrast, a 

lower sex ratio was observed for late mating in mouse [67], bovine [68] and human 

[69, 70]. Other studies reported an inverted-U shape kinetics, with low sex ratios in 

early and late inseminations in bovine [68] and in human following artificial 

insemination [71]. The U-shape has been proposed for rat [72] and human [73]: 

females are formed disproportionately often in the middle of the fertile window and 

males at either end of it. This tendency was also observed following natural 

insemination [71]. Nevertheless, some studies have found no relation between time of 

insemination in relation to ovulation and sex ratio in rabbit [74], swine [75], bovine 

[61, 76, 77] and human [9]. 

 

  Another factor that has been though to influence sex ratio from ancient times 

is the side in which fertilization-gestation takes place. The idea was firstly offered by 

Parmemides in the 6th century B.C. which associated right side with male offspring 

and left side with female as a sex determination mechanism. Currently, the idea 

persists, although the modern explanation is a putative oocyte selection of Y- or X-

bearing spermatozoa. In agreement with Parmemides, the sex ratio of calves gestated 

in the right horn has been reported to be significantly higher than the sex ratio of left-

horn-gestated calves [78, 79]. Consistently, in Mongolian gerbil (Meriones 

unguiculatus) significantly more males were obtained from the right transplanted 

ovary (either on right or left horn) than from the left transplanted ovary [80]. However 

the opposite situation (higher sex ratio in the left horn) has been found in rabbit [81] 

and mouse [82], other studies have reported no differences in mouse [83], rat [84], 

and swine [85] -although in the last specie uterine migration usually occurs-, and the 

idea that the ovary of origin may influence the sex of the offspring has been 
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ridiculized [86]. In a similar line of embryo location and sex ratio, no sex ratio skew 

was found between three intrauterine segments (ovarian, middle, and cervical) in 

mouse [87].  

 

Stress has been often linked with low sex ratios. Stressed mothers produced 

female-biased litters in rat [88] and hamster [89]. These observations have been 

supported by mechanistic studies which have found a decreased sex ratio in rats 

treated with ACTH [90] or a recovery of the normal sex ratio in stressed hamsters 

treated with dexamethasone [91]. In human there are also evidences towards a 

negative correlation between sex ratio and stress. For instance, a decrease in sex ratio 

has been found after acute stress caused by severe life events [92], natural disasters 

such as London smog of 1952 and Brisbane flood of 1965 [93] and Kobe earthquake 

of 1995 [94], or by a short war [95] or terrorist attack [96], and the amount of daily 

doses of antidepressants and anxiolytics in Sweden was inversely related to sex ratio 

[97]. However, in field vole (Microtus agrestis), no association was found between 

sex ratio and corticosterone levels [33] and chronic stress related to local resource 

competition has been associated with raised sex ratios in marsupials [98] and primates 

[99]. The same situation was observed following war in humans [100, 101]. As a 

possible explanation for these findings, sex allocation theory predicts that in a 

population with biased operational sex ratio (OSR), parents will increase their fitness 

by adjusting the sex ratio of the progeny towards the rarer sex [102]. In agreement 

with this theory, it was reported that more sons were produced when males were rarer 

than females in the majority of the 21 parishes analyzed in the pre-industrial Findland, 

where 90 % of the marriages were contracted within each parish [103]. In wolf pups it 

has been reported a skew in favor of males when the population density is high and no 

skew or female-biased when the population density is low [104], and similar findings 

have been reported for lesser mouse lemur (Microcebus murinus) [105] and wild 

yellow baboons (Papio cynocephalus) [59], and for black rhinoceroses (Diceros 

bicornis) in captivity [106]. 

 

Maternal age, parity and litter size have been also reported to exert an 

influence upon sex ratio. Maternal age has been negatively correlated with fetal sex 

ratios in white-tailed deer (Odocoileus virginianus), with the does older than 4.5 years 

conceiving more females and those younger than 3.5 conceiving more males [107]. A 
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curvilinear relation between sex ratio and maternal age was found in hamster mated 

once: females mated at 100 days of age obtained more males than those mated at 55 

days, but less than those mated firstly after 325 days, which was explained as a 

consequence of the higher susceptibility to stressors in male embryos compared with 

their female counterparts [108]. The opposite curvilinear relation was found in ovine 

[50], with a female bias for young and old sheep and male bias for middle age sheep. 

Similarly, a positive correlation between maternal age and sex ratio was found in field 

voles (Microtus agrestis) [33] and bovine [109]. In humans, a negative correlation 

between sex ratio and age was found in Hungary [110], USA [111], and Spain [112]. 

However, other study found no differences in rhesus monkey [60]. Regarding to 

parity, a multivariate analysis applied to 1.4 millions of births found a weak negative 

correlation between birth order and sex ratio in USA [113] and similar findings were 

found in England and Wales population [114]. In hamster, an increase in the sex ratio 

was found up to the third parturition, when it started to decrease [108]. However, no 

effect was found in bovine [76, 115] and rhesus monkey [60]. Finally, in agreement 

with the effect of body condition, a negative correlation between sex ratio and litter 

size was found in guinea pig [116] and wild boar [117], which is likely to be cause by 

a higher uterine mortality for males. However, no effect was found in swine [75] and 

the opposite effect was observed in field vole (Microtus agrestis) [33].  

 

Finally, secondary sex ratio has been proposed as a sentinel for environmental 

change [118], as exposure to contaminants has been linked with sex ratio skews. Low 

sex ratios have been associated with high contaminant exposure in human. The sex 

ratio in Italian major cities was reported to be lower compared with the rest of the 

country, whereas it was higher among the stillbirths. The authors hypothesized that a 

higher mortality rate for male fetuses in major cities due to exposure to hazardous 

environmental conditions may cause the skew [119]. Similarly, sex ratio was low in 

areas at risk for high pollution from incinerators in Scotland [120] and after the 

exposure to high levels of dioxins, the population of Seveso (Italy) experienced a 

decrease in both fertility and sex ratio [121]. Similarly, maternal (but not paternal) 

ingestion of polychlorinated biphenyls was found to reduce sex ratio in Great Lakes 

region population [122]. Tobacco smoking habits also were suggested to increase 

[123], to reduce [124] or to do not have any effect on it [125, 126]. Genetic 

background, in particular ACP1 allele, has been suggested to be responsible for the 
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discrepancies among studies based on smoking habits [127]. Caffeine has been 

reported to slightly reduce sex ratio (61 % female) in Chinese hamsters (Cricetulus 

griseus) [128], and a skew of the sex ratio toward females was found in humans 

exposed to high voltage electricity in Bagdag [129]. Low sex ratios have also been 

associated to adverse medical conditions (reviewed in [130]), such as non-Hodgkin 

lymphoma [131], hepatitis [132], the use of fertility drugs such as clomiphene [132]  

congenital adrenal hyperplasia [133] and Cytomegalovirus infection [134, 135]; 

although increased sex ratio was observed for hepatitis B [136], breast cancer [137] 

and after Toxoplasma gondii infection in human [138] and mouse [139]. Weather has 

also been associated with sex ratio. Air temperature and humidity were positively 

linked with sex ratio in bovine [115] and male calves are more likely to be born in the 

warmer months of the year [109]. Similar findings have been reported for human, 

with more male births reported in warmer years in Finland [140], and an influence of 

the month of birth of the mother and the son was suggested for French Canadian [141] 

and Modena [142] population. 
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Table 1: Correlations between different maternal features and sex ratio.  
Maternal feature Positive correlation with sex 

ratio 
No effect Negative correlation 

with sex ratio 
Body condition Males in good condition: Humpback 

whale [17], red deer [18, 19], reindeer 
[20], horse [21], bovine [22] and 
human [23]. 
Females in bad condition: Horse [21], 
rat [24], and human [25, 26]. 
Males when body condition 
increases: Horse [28]. 

Bighorn sheep 
[27]. 

 

Diet caloric content Males in high calorie diet: Opossum 
[29], fallow deer [30], diary cows 
[31], and human [32]. 
Females in low calorie diet: Mouse 
[36-38] and rat [39].  

Diary heifers 
[31]. 

Males in restricted diet: 
white-tailed deer [40]. 

Glucose level Field vole [33] and mouse [34].  Human [35]. 
High-fat isocaloric 
diet 

Total fat: Mouse [41]. 
PUFA: Ovine [43]. 

 n-6 PUFA: Mouse [44]. 

Na+ content in diet   Rat [39, 45] 
Dominance Males in dominant mothers: Red deer 

[18], swine [49], Saharan arrui [50], 
barbary macaque [51], long-tailed 
macaque [52], old baboons [55] and 
human [54]. 
Females in subordinate mothers: 
mouse [53] and barbary macaque 
[51]. 

Baboon [59] and 
rhesus monkey 
[60]. 

Rhesus monkey [47], bonnet 
macaque [48] and young 
baboons [55]. 

Testosterone level Field vole [33], bovine [56] and 
human [57]. 

  

Time of 
insemination 

Hamster [62], white-tailed deer [63], 
ovine [64] and bovine [65, 66]. 

Rabbit [74], 
swine [75], 
bovine [61, 76, 
77] and human 
[9]. 

Mouse [67], bovine [68] and 
human [69, 70]. 

Time of 
insemination  
(U-shape) 

Inverted U: bovine [68] and human 
[71].  

 U: rat [72] and human [71, 
73].  

Side of 
ovulation/gestation 

Males in right: Mongolian gerbil [80] 
and bovine [78, 79].  

Mouse [83], rat 
[84] and swine 
[85] 

Males in left: Rabbit [81] 
and mouse [82] 

Stress Chronic: Marsupials [98], primates 
[99] and human [100, 101]. 

Corticosterone 
level: Field vole 
[33]. 

Acute: Rat [88, 90], hamster 
[89, 91] and human [92-97]. 

Age Field vole [33] and bovine [109].  
Inverted U-shape: Ovine [50]. 

Rhesus monkey 
[60]. 

White-tailed deer [107] and 
human [110-112]. 
U-shape: Hamster [108]. 

Parity Inverted U-shape: hamster [108]. Bovine [76, 115] 
and rhesus 
monkey [60]. 

Human [113, 114].  

Litter size Field vole [33]. Swine [75]. Guinea pig [116] and wild 
boar [117].  

Chemical or physical 
environmental 
conditions 

Hot weather: Bovine [109, 115] and 
human [140]. 

 Contaminants: Human [119-
122]. Caffeine: Chinese 
hamster [128]. High voltage: 
Human [129].  

Tobacco (human) [123] [125, 126] [124] 
Adverse medical 
conditions (human) 

Hepatitis B [136], breast cancer [137] 
and after Toxoplasma gondii infection 
in human [138] and mouse [139]. 

 Non-Hodgkin lymphoma 
[131], hepatitis [132], 
clomiphene treatment [132],  
congenital adrenal 
hyperplasia [133] and 
Cytomegalovirus infection 
[134, 135]. 
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Male-based sex ratio skews 

 

Most of the studies of the secondary sex ratio are focused on a putative 

maternal effect, but some articles have reported a paternal effect upon sex ratio. Apart 

from X-linked diseases which result in increased sex ratios due to female mortality, it 

is difficult to provide a biological mechanism for a paternal-based sex ratio skew, as 

male produce an equal amount of X- and Y-bearing spermatozoa [143, 144]. Thus, 

putative paternal effects on human secondary sex ratio have been suggested to be the 

result of second-order effects due to assortative mating  [46]. 

 

In human, a tendency towards a negative correlation between paternal age and 

sex ratio has been suggested [113, 114, 145]. However, the percentage of Y-bearing 

spermatozoa was not affected by age [146] and therefore an interaction between 

maternal age and parity and paternal age may be the cause for the differences. It has 

been also proposed that rather than the age of either parent, the difference in age 

between parents may be predictive for the sex of the first children: parents with a 

greater difference between their ages gave birth to an excess of boys, and the opposite 

situation was found for small age differences [147]. 

 

A positive relation between male fertility and the proportion of male offspring 

has been found in red deer [148]. The study avoided the interaction with female 

factors by artificial insemination, and thus, the authors hypothesized that the effect 

could be caused either by a different proportion of X- and Y-bearing spermatozoa in 

the ejaculate or by a putative fertility advantage of the Y-bearing spermatozoa in 

relation to X-bearing when produced by more-fertile males, whereas the opposite may 

occur among less-fertile males. The first hypothesis is supported by the finding of a 

variation in sex ratio between ejaculates within sire in bovine [149], although these 

results have not been repeated. The second can be explained by the presence of Y-

chromosome deletions in the low fertility males, as it has been found in the mouse 

model that Y-chromosome deletions produce Y-bearing spermatozoa with 

morphological abnormalities that are less efficient at fertilization, resulting in lower 

sex ratios [150]. Consistently with a link between fertility and sex ratio, men with 

adverse medical conditions such as testicular cancer [151, 152], or exposed to adverse 

chemicals such as dioxin [121], dithiothreitol [153], dibromochloropropane [154], 
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fungicides [155], boron [156], aluminum residues [157], or tobacco [124, 158] father 

a female-biased offspring which has been correlated with low paternal testosterone 

[159], whereas men treated with methyltestosterone therapy sired more boys than girls 

(45:17) [160]. In a similar trend, experimental pre-mating administration of dioxin to 

the males decreased the sex ratio in mouse [161] and guinea pig [162]. However, 

slight reductions in fertility has been found to do not alter sex ratio in human [163]. 

Semen collection frequency has been also suggested to exert an effect upon sex ratio 

in bovine [164]. Finally, in a similar line than paternal effects, artificial insemination 

has been suggested to increase the probability of a male calf in both dairy and beef 

cattle, although an increase of just 1 % was notice [109]. The same study also 

suggested that beef breed sires skew the sex ratio towards males [109]. 

 

Biological mechanisms for parental influences on sex ratio 

 

Most of the sex ratio skew observations cited above are based on retrospective 

studies, which lack a biological mechanism support to be fully reliable. The complex 

relations between the different variables suggested to influence the sex of the 

offspring (i.e. maternal condition, dominance, glucose, testosterone, time of 

insemination…) make the observations and their subsequent hypothesis rather 

speculative without a molecular or physiological basis. Indeed, it has been suggested 

that some of the sex ratio alterations reported are not real, but just caused by hazard 

[86]. Due to its importance and easy recording, sex ratio is a common parameter to be 

analyzed, which is rarely overlooked in any kind of analysis of an animal population. 

Thus, thousands of sex ratio analyses are performed each year in very diverse studies 

involving different species and parameters. Within such a number of observations, 

some of them would display significant differences, and these would be the only ones 

to be published. For these reasons, mechanistic studies together with meta-analyses 

and physiological markers are necessary to find the real meaning of different 

observations. 

 

When consistency and cohesiveness of the different articles published have 

been tested by meta-analyses, they usually concludes that the observed effect can be 

the product of stochastic variation in small samples [58]. However, a review restricted 

to ungulates found consistent support for a relationship between maternal dominance, 
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maternal condition and offspring sex ratio and that maternal condition measures taken 

around conception provide the most consistent support for the Trivers and Willard 

hypothesis [165]. Consistently, another meta-analysis based on mammalian studies, 

excluding human, determined that sex ratio adjustment occurs at or near implantation 

[42]. Furthermore, in domestic species, the beginning of lactation, the most energetic 

demanding period, coincides in time with of conception, and thus this period is the 

most reliable one to establish a relation between body condition and mother´s future 

ability to invest energy. 

 

Two physiological markers have been suggested to explain the discrepancies 

between studies. First, maternal glucose concentration around conception has been 

proposed as the link among different results [42], as it is high for mothers in good 

condition, but also increases under social stress, is high in diabetes and change in 

adverse medical conditions, varies through the cycle, and is related to LH [166, 167]. 

Secondly, maternal testosterone levels have been suggested as a plausible explanation 

for the contradictory findings on maternal condition, dominance range and stress [14] 

-as chronic stress affects testosterone levels by decreasing in male and increasing in 

female-, and for the sex ratio skews caused by different adverse medical conditions 

and contaminants [168]. 

 

Mechanisms responsible for skewed sex ratios may occur at two distinct 

periods: prior to fertilization or after fertilization via selective loss of embryos/fetuses 

of one sex relative to the other. In most descriptive studies, it is difficult to establish 

whether the atypical sex ratios had their origin at conception or during pregnancy or 

both, since the same environmental effects pertained both before and after conception 

[14]. However, from an evolutionary point of view, mechanisms acting early (before 

or around conception) would be more advantageous than those acting later, as the last 

are more wasteful because they imply the loss of embryos or fetuses, with a 

subsequent loss of fertility. 
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Figure 1:  Relations between different maternal features suggested to affect the sex 
ratio and the two physiological markers proposed to explain the discrepancies 
between studies. 
 

Preconceptional mechanisms 

 

Before conception, sex ratio control mechanisms must involve either the 

oocyte or the spermatozoa. In the first case, they would imply a putative spermatozoa 

selection mechanism carried out at the site of fertilization by the cumulus cells or the 

zona pellucida, whereas the second could be produced by differences in motility, 

viability, acrosome reaction, mortality or interaction with the female genital tract, 

between X- or Y-bearing spermatozoa, which would lead to different chances to reach 

the fertilization site. 

 

The hypothesis of a putative preferential selection of X- or Y-bearing 

spermatozoa was firstly suggested by Dominko et First [169] and requires the 

presence of sex-specific proteins in the membrane of the spermatozoa which would 

allow the cumulus-oocyte complex to distinguish them. The existence of these sex-

specific proteins is theoretically possible due to post-meiotic transcription [170-174]. 

On behalf of this hypothesis, maturation stage of the oocyte matured in vitro has been 

found to exert an influence upon sex ratio in bovine [64, 169, 175]. In particular, it 
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was found a positive correlation between maturation time and sex ratio, which 

provides a mechanism for the increased sex ratios observed after late insemination 

[64-66]. This particular issue will be addressed in chapter 1. In the same trend, the 

level of testosterone in the bovine follicular fluid has been positive correlated with the 

likelihood of the oocyte from being fertilized in vitro by a Y-bearing spermatozoa 

[176], which fits with the increased sex ratio observed in dominant mothers [54, 56]. 

The possibility of an oocyte sex selection has great implications when using sex-

sorted sperm in animal breeding, as if oocytes are pre-determined to be fertilized by 

X- or Y-bearing spermatozoa, fertility rates will be low irrespective of the advance of 

the sorting techniques [177]. This hypothesis will be tested in chapter 2. 

 

Differences in motility [178], migration in cervical mucus [179], capacitation 

rate [65], and survival [180] between X and Y-bearing spermatozoa have been 

proposed to exert an influence on sex ratio. Based on these differences, several sperm 

separation methods have been developed, but all have failed to produce consistent 

results and sex-sorted by flow cytometry remains as the only reliable method, as it 

will be discussed below. Y-bearing spermatozoa were suggested to be more motile 

than X-bearing in human [178], although a posterior study, which analyzed X- and Y-

sorted sperm, concluded that Y bull sperm do not swim faster than X sperm in simple 

salt solutions, although it displayed higher linearity and straightness of path than X 

[181]. In agreement with a higher motility for Y-bearing spermatozoa, Kochhar et 

Kochhar found that a reduced coincubation time (6 h) in bovine IVF caused a 

reduction of the cleavage rate and an increase in the sex ratio [182]. Similar findings 

were obtained by Kiwata et al., although the sex ratio skew was smaller [183]. Both 

studies found no sex ratio skew when coincubation was prolonged, which suggests 

that X-bearing spermatozoa survive longer. Consistently, 24 h preincubation of 

bovine sperm prior to IVF was found to reduce sex ratio [180]. In contrast, a slightly 

longer survival for human Y-bearing spermatozoa was reported in an in vitro study 

[184]. 

 

The absence of motility differences found in simple saline solutions [181] does 

not exclude the possibility that they may arise in physiological conditions. 

Conductivity of vaginal secretions in bovine has been reported to affect sex ratio [65]. 

The authors described a strong relation between conductivity, sex ratio and time of 
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onset of estrus: early in estrus (20 h before ovulation) conductivity was low and more 

heifers (92.9 %) were obtained, whereas later (10 h before ovulation), conductivity 

increased and more bull calves were obtained (91.7 %). The authors hypothesized that 

Y-bearing spermatozoa capacitate earlier than X-bearing. Thus, in early 

inseminations, Y-bearing spermatozoa capacitate before and lose their ability to 

fertilize before reaching the oocyte, whereas in late insemination early capacitation is 

a fertilization advantage [65]. Unfortunately, although the inverse relation between 

resistance (conductivity) of vaginal secretions and estrogen concentration has been 

described [185], the extreme sex ratio skew has not been confirmed in other studies. 

Similarly, a possible link between sex ratio and the cervical mucus state variations 

caused by the changing hormonal environment before conception has been proposed 

for humans [186]. Increased production of estradiol tends to increase penetrability of 

the cervical mucus over the six days before ovulation, whereas increased production 

of progesterone by the corpus luteum after ovulation quickly reduces the penetrability 

of cervical mucus. Earlier non-fertile inseminations also reduce penetrability by 

littering the passages through mucus with spermatozoa, leukocytes and other debris. 

Assuming the previous statement and that Y-bearing spermatozoa may be better able 

to pass through the cervical os, the author proposed that sex ratio at conception is 

positively associated with the coital rate and does not change with the time of 

successful insemination when coital rates are high [186]. In the same line, bicarbonate 

is known to have a role on sperm capacitation and sperm-oocyte interaction [187], and 

thus the increased sex ratio observed for late matings in hamster was explained as a 

result of the decrease in vaginal pH [62]. 

 

Sex selection of sperm 

 

Although more than 100 patents exist that claim successful sexing of sperm, 

most procedures are no more efficacious than folk methods from more than two 

millennia ago [188]. Nowadays, sorting by flow cytometry remains as the only 

reliable method, as alternative approaches have failed to success [189, 190]. 

 

X- and Y-bearing spermatozoa are known to differ in their weight and DNA 

content, which avoid their separation by flow cytometry. Early attempts to separate 

spermatozoa were based on a theoretical difference in electrical charge due to the 
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differences in DNA content or to hypothetical membrane differences. However, in 

bovine, sperm separation by electrophoresis [191] or water insoluble newtonian gels 

[192] failed to alter sex ratio. The differences in DNA content leads to a difference in 

spermatozoa weight which inspired methods based on sedimentation or density 

gradients such as Percoll, albumin, Sephadex or glass-wool. Certain Percoll gradients 

were reported to alter sex ratio in human [193-195] and to cause a slight change in 

bovine [196], but other studies in human [197, 198] or bovine [199-201] failed to 

repeat these results. Similarly, certain albumin gradients were reported to select Y-

bearing spermatozoa in bovine [202] and human [203], although other groups failed to 

repeat these results in rabbit [74], bovine [144, 204] and human [143, 205-209], and 

even lower sex ratios have been reported in human [210]. Sephadex columns [208, 

211] and glass-wool in humans [198], and sedimentation methods in rabbit [212, 213] 

have also failed to alter sex ratio.  

 

Methods based on putative differences in motility, pH susceptibility and 

membrane proteins have lead to negative or inconsistent results. In bovine, double 

Swim-up was reported to increase the percentage of Y-bearing spermatozoa [214], but 

no sex selection was found in human [195, 198, 215-217]. In rabbit, pH change of the 

seminal plasma failed to alter sex ratio [218]. Preliminary success was obtained by 

immunological sexing of sperm, based on hypothetical sex-specific proteins (SSPs) 

present in the spermatozoa [219] and was reported to success in bovine [220], 

however, other groups failed to detect those sex specific antigens [171, 221, 222].  

 

Flow cytometric sperm sorting is based on differences in their DNA content, 

indirectly measured by the fluorescence emitted by the DNA-binding dye Hoechst 

33342. Since the first report of sexing by flow cytometry [223, 224] and the first 

offspring obtained by sexed sperm [225, 226], flow cytometer/sorters have improved, 

especially in terms of speed of sorting [188, 227], and nowadays bovine sex-sorted 

semen is widely commercially available. Despite United Kingdom being the first 

country to effectively commercialize sex sorted semen [11], currently it is more 

extensively produced and used in USA for both commercial and productive reasons, 

such as the higher demand for replacement heifers compared to Europe [228]. In USA 

sexed semen inseminations in heifers accounted for 1.5, 9.6 and 14.2 % of all reported 

breedings for 2006, 2007, and 2008, respectively, whereas for cows, they account for 
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0.1, 1.3 and 2.1 %, thus showing an increase in usage [229]. Although accuracy of 

sexing by flow cytometry is around 90 % in most species, including cattle [228, 230, 

231], this technology is rather expensive for the farmer and the semen facility. Yearly 

operating cost for the first year of a sex-sorting facility may exceed US$ 2 million 

[11], and regarding to the farmer, apart from the higher cost per seminal dose, the use 

of sorted semen in farm conditions usually leads to a reduction in fertility (review in 

[232]). The three most influencing factors affecting the profitability of the use of sex 

sorted semen are the differences of worth between male or female offspring, and the 

differences in price and fertility between the unsorted or sorted semen doses. 

However, it is difficult to take into account all the factors that could account for the 

economic outcome of the use of sorted semen, such as accuracy of sexing (which is 

normally around 90 %), the cost of the insemination failure, advantages of reduced 

dystocia in heifers pregnant with a heifer instead of a male calve [233], increasing 

milk production due to the lower weight of the female fetus [234], genetic gain from 

sexed sperm [235], or opportunities to exploit alternative enterprises and strategies 

[11]. After made some assumptions, it has been suggested that calves of the more 

valuable sex must be worth at least 200 US$ more than those of less valuable sex for 

sexed semen to make economic sense [11]. 

 

Among the different factors affecting the economic profit for the use of sorted 

semen, reduced fertility of sexed sperm will result in considerable deficits [11]. Using 

sorted semen, conception rates at first service average in USA 47 % for Holstein 

heifers and 53 % for Jersey heifers, which are around 80 % of that achieved with 

conventional semen [230]. In an European production system, specifically in 

Denmark, conception rate using sorted semen was 5 % lower than with conventional 

doses for Danish Reds (60.2 %), 7 % lower for Jerseys (46.6 %) and 12 % lower for 

Holsteins (49.3 %) [231]. Similar results were found in The Netherlands by Frijters et 

al., who report a 13.6 % decline in non-return rate in Holsteins, and attributed two-

thirds (8.6 %) to the low dosage and a third (5 %) to the process of sorting [236]. 

Several factors have been proposed for the reduced fertility rates, including lower 

doses of spermatozoa used [237], damage to the spermatozoa caused by the sorting 

procedure [238] and a putative spermatozoa selection by the oocyte [176]. These 

hypotheses will be treated in chapters 2 and 3. 
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Although normal progeny is obtained by sorted sperm (reviewed in [239]), it 

has been suggested that damaged spermatozoa may be able to fertilize oocytes, 

resulting in low-quality embryos [240]. Consistently, two reports have found 

abnormalities in gene expression [241] or ultrastructure [242] in embryos produced 

with sex sorted spermatozoa, which may lead to embryo mortality. According to the 

farm data available, any increase in embryonic mortality due to the use of sexed 

semen is likely to occur early enough that the period of maternal recognition is not 

affected, and thereby a high percentage of females returns to estrus at normal inter-

estrus intervals [230], which may be also consistent with the absence of fertilization. 

However, low-quality embryos may develop to term giving rise to long-term effects in 

the offspring [243]. The possible effect of sorted semen on embryo quality, measured 

in terms of gene expression and speed of development, will be analyzed in chapter 3. 

 

Despite sex sorted technology being mainly used in cattle, the technology has 

been applied to a variety of mammalian species including rabbit [226], cat [244], dog 

[245], swine [246], horse [247], ovine [248], non-human primates [249], and human 

[250]. In human, the use of sorted sperm for sex selection constitutes an alternative to 

embryo biopsy which avoids the possible negative effects of the embryo manipulation 

and the destruction of embryos of the undesired sex. Thereby, there is an increasing 

interest in using sorted sperm as a preconceptional method of sex selection that could 

be employed to reduce the risk of a sex-linked disease or to balance the sex 

distribution of children in a family [251]. Sorted semen technology is also useful for 

wildlife management and conservation [252]. 

 

Postconceptional mechanisms 

 

Sex ratio may be modified by selective loss of embryos or fetuses of one 

determined sex. These mechanisms, unlike preconceptional mechanisms imply a loss 

of fertility and reproductive success and, therefore, are more likely to occur in 

polytocus species which produce abundant offspring, each of which has a relatively 

low probability to survive to adulthood (r-selected species) rather than in those 

species which invest more heavily in fewer offspring (k-selected species). For r-

selected species, the selective loss may occur even after birth, as it was suggested by 

Trivers and Willard [15], and confirmed in some rodents [83, 253, 254]. 
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Among the sex ratio skews reported, postconceptional mechanisms may 

explain those which were accompanied by a reduction in fertility, especially those 

observed under adverse or stressful conditions. These sex ratio skews under adverse 

or stressful conditions may occur for both r- or k-selected species. Although under in 

vitro conditions a preferential loss of female embryos have been observed in bovine 

[255], male embryos and fetuses are though to be more sensible to adverse conditions 

than their female counterparts. In humans, there is a higher loss for male fetuses than 

female [256]. In agreement with the lower sex ratios found under maternal exposure 

to contaminants, several studies report a higher susceptibility of male fetuses 

compared with female to environmental contaminants, such as pesticides [257, 258]. 

Similarly, maternal smoking was found to delay fetal growth to a greater extend in 

males than in females [259], although the antioestrogenic effect of tobacco also 

provides a link between smoking, low levels of testosterone and low sex ratios [260]. 

A higher mortality for male fetuses compared with female have been suggested to be 

the cause for sex ratio skews caused by stress [261], and female biased sex ratios have 

been found to occur as a result of preferential male fetal loss in rat [262] and hamster 

[91].  

 

The earlier the selective loss of embryos/fetuses occurs, the less the 

reproductive success and the maternal energetic reserves will be affected. When the 

selective loss occurs early in the preimplantation period, before maternal recognition, 

the female returns to estrus at normal inter-estrus intervals and her energetic loss is 

comparable to a non-fertile insemination. Selective loss during these early 

developmental stages implies the existence of a sexual dimorphism occurring before 

gonadal differentiation, which -as it will be discussed below- has been demonstrated. 

Total glucose metabolism was found to be two-fold higher in males compared with 

females, and the activity of the pentose phosphate pathway (PPP) is four times greater 

in female than in male bovine blastocysts [263]. Higher pyruvate and glucose uptake 

were also found for male human embryos [264]. In the same tendency, in bovine IVC, 

it has been observed a positive correlation between glucose concentration and sex 

ratio [265] and that glucose accelerates the development of males and slows down the 

development of female embryos [266, 267]. Transcriptional studies have found a 

higher expression of the X-linked gene glucose-6-phosphate dehydrogenase (G6PD) 

in bovine [268-270] and human [271], which may be responsible for these metabolic 
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differences. G6PD is the first and key PPP regulatory enzyme, being essential for 

providing NADPH-reducing power, which provides a link between stress response 

and transcriptional sexual dimorphism that may explain why female embryos survive 

better under oxidative stress conditions in mice [272]. Consistently, it has been proved 

that G6PD inhibition removes some of the sexual dimorphism in mice [272] and 

bovine [265]. G6PD has been also proposed as a candidate to explain the sex ratio 

skews caused by diet (reviewed in [266]). In an in vivo approach to determine glucose 

role on sex ratio control, dexametasone treatment in mice was found to decrease both 

sex ratio and glucose levels [273]. Similarly, glucosamine addition to the culture 

medium after the 8-cell stage was found to decrease embryo development rates and 

skew the sex ratio in favor of males [274]. Furthermore, the effect was negated by the 

addition of an inhibitor of O-linked GlcNAc transferase (OGT), an X-linked enzyme 

involved in glucosamine metabolism [274].  

 

Preimplantational sexual dimorphism 

 

Preimplantational sexual dimorphism provides a physiological basis for the 

different survival rates of male and female embryos observed under adverse 

conditions. However, this is not the sole implication of the preimplantation sexual 

dimorphism. The study of this phenomenon in early stages of development will help 

to understand phenomena such as sex chromosome transcriptional regulation, early X-

chromosome inactivation – which has been thoroughly studied only in mouse -, early 

sex determination, sex chromosome evolution, X-linked diseases, and sex-specific 

long-term effects regarding to the embryonic origin of adult diseases.   

 

  Early studies supported the idea that embryos develop in a non-sexspecific 

manner until the develop of the gonads [275]. However, now it is known that 

preimplantation embryos displayed sexual dimorphisms that occurs before gonadal 

differentiation and can only be attributable to their differences in sex chromosome 

dosage [276]. Apart from the differences in glucose metabolism previously described, 

in eutherian mammals, male embryos have been suggested to survive better after 

vitrification [277], and to develop faster than their female counterparts before sexual 

differentiation. Thus, sex related differences in speed of development have been 

reported in mouse [278], swine [279], ovine [280], bovine [255, 281-284], and human 
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[285]. If this notion was true, a skew of the sex ratio would be expected following in 

vitro techniques, as in both humans and farm animals, the faster embryos are 

considered to be of better quality and thus, are selected to be transferred. However, in 

human, no sex ratio skew was observed after the transfer of fast developing embryos 

[286, 287]. Consistently, no sex related differences in speed of development have 

been observed in mice [16, 288], rats [84], swine [289, 290], ovine [43] and bovine 

[288, 291]. Suboptimal in vitro conditions may be the cause for the differences in 

speed of development which may lead to a sex-specific embryo loss or selection. 

Thus, in mouse, it was observed that the acceleration of male preimplantational 

development occurs in vitro but not in vivo [292]. Also in bovine, increased sex ratio 

at the expanded blastocyst stage was found for in vitro cultured embryos, but not for 

those cultured in the sheep oviduct [293], and, as previously noted, the presence of 

high concentration of glucose cause sex-related differences in speed of development, 

which are not observed at optimal levels [267]. Absence of differences was also found 

in bovine embryos cultured without serum [294]. In human, embryo transfer at early 

stages did not skew the sex ratio [295], whereas there are several reports for a sex 

ratio skew in the offspring when embryos are transferred at the blastocyst stage [296-

298]. In the same tendency, it has been reported that only male embryos derived by 

ICSI, but not those derived by IVF, grow faster than their female counterparts [299]. 

Consistently with a putative higher speed of development, in vitro produced male 

embryos have been found to content more cells than female in bovine [255] and 

human [285]. Also in human, third trimester male fetuses were bigger than female, 

which was attributed to differences in chromosome constitution [300]. However, other 

studies found no differences among sexes in bovine [284, 301]. Preimplantation 

sexual dimorphisms in terms of different survival in in vitro culture conditions and 

speed of development will be addressed in chapters 1 and 3. 

 

Preimplantation sexual dimorphism is the consequence of a transcriptional 

dimorphism originated by the differences in sex chromosome dosage. Y-linked genes 

are male exclusively expressed and thus, the first suggestion for sex related 

transcriptional differences in preimplantation embryos was described for 

histocompatibility Y antigen (Hya), which was present in 50 % of the eight-cell-stage 

mouse embryos [302], which were later confirmed to be males [303]. Later, SRY 

transcription was reported for male embryos in mouse [304, 305], bovine [306] and 
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human [307]. X-linked genes are present in double dose in females, but dosage 

compensation by random X-chromosome inactivation ensures an equal transcription 

level of most X-linked genes for both sexes in adult tissues. However, during the 

preimplantation period, X inactivation is a reversible dynamic process [308] and some 

genes escape from inactivation and are expressed at a higher level in female embryos, 

as it has been reported for mouse [309-312], bovine [241, 268, 269, 313] and human 

[271] embryos. The extent of this escape from inactivation remains unclear. Apart 

from this direct effect on gene expression, genes allocated on sex chromosomes 

modulate the expression of autosomal-linked genes, leading to sex related differences 

[241, 314]. Among the few autosomal-linked genes reported to displayed sex-related 

differences in their expression patterns, IFN-Tau (IFNT) -which signals pregnancy to 

the mother in ruminants [315]- has been widely studied. Female bovine blastocysts 

produce more IFNT than male in both in vitro [314] and in vivo conditions [316], 

although the differences disappeared in day 14 elongated embryos [316]. Similarly, 

female day 13 ovine conceptuses produce slightly more IFNT than males [43] and in 

red deer (Cervus elaphus) IFNT was found in 60 % of 10 female blastocysts whereas 

it was not found in 7 male blastocysts [19]. These differences may be linked to 

glucose metabolism, as inhibition of G6PD in bovine embryos suppresses the 

differential expression of IFNT [317]. The sexual dimorphism in the transcription of 

selected candidate genes will be addressed on chapters 3 and 4. Most of the studies 

which have analyzed preimplantation transcriptional dimorphism are based on a small 

number of candidate genes. Global gene expression studies provide an estimation of 

the extent of the transcriptional sexual dimorphism, which helps to understand 

phenomena such as sex chromosome transcriptional regulation, X-chromosome 

inactivation and sex ratio skews due to postconceptional mechanisms. However, due 

to the technical difficulties in obtaining the necessary large number of embryos per 

group to perform the molecular biology techniques, there is only one report which 

analyzes global gene expression sex-related differences, which was performed in the 

mouse model [318]. In chapter 5, global gene expression sex-related differences will 

be analyzed in the bovine model. 

 

Epigenetics is a term in biology used today to refer to features such as 

chromatin and DNA modifications that are stable over rounds of cell division but do 

not involve changes in the underlying DNA sequence of the organism [319]. 
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Epigenetics controls DNA transcription and constitutes the way the genome integrates 

intrinsic and environmental signals [320]. Epigenetic status, especially DNA 

methylation or histone methylation or acethylation levels, is the basis for 

transcriptional differences and thus, transcriptional sexual dimorphism should be 

originated by epigenetic events. However, during preimplantation development, X-

chromosome inactivation remains as the only sex-specific epigenetic difference 

reported. Apart from DNA and histone modification, there are other epigenetic 

features, such as mitochondrial DNA copy number and telomere length. Mitochondria 

are responsible for oxidative glucolysis, whose importance as a significant source for 

ATP production increased during the preimplantation period [321-323], coinciding 

with an increase in mitochondria maturation [324] and number [325]. Due to their 

importance in two factors affected by preimplantational sexual dimorphism (i.e. 

embryo metabolism and oxidative stress [272]), mitochondria has been proposed to 

play an important role in sex-related differences [326]. Telomeres are repeated DNA 

sequences situated at the end of the chromosomes, whose length determines the limit 

of divisions an adult somatic cell can support before senescence [327]. Telomere 

length is determined in the preimplantation period, when telomeres elongate by an 

alternative recombination-based mechanism [328] followed by telomerase [329]. On 

chapter 5, sex-related epigenetic differences at the blastocyst stage in terms of gene 

expression of epigenetic related enzymes, methylation status of repeated sequences, 

mtDNA copy number and telomere length will be determine. 
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Figure 2: Putative sex ratio control mechanisms and their relations with the chapters 
of this thesis. 
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INTRODUCCIÓN 

 

El sexo es la característica individual que más influye en el fenotipo de los 

mamíferos. El género de la descendencia humana y animal ha sido una de las 

preocupaciones más recurrentes de la humanidad a lo largo de la historia. Como 

ejemplo de este interés, el sexo es lo primero que conocen nuestros padres de 

nosotros, el género es la única característica genética indicada en los documentos de 

identidad de distintos países y en la mayoría de las lenguas, los sustantivos tienen un 

género. Por ello, no sorprende que la determinación del sexo de la descendencia de los 

mamíferos haya sido objeto de estudio desde la antigüedad [1].  

 

Las distintas culturas han confiado en diversos métodos de control del sexo de 

la descendencia. Los filósofos griegos pensaron en un principio que el origen de la 

determinación del sexo se hallaba en la lateralidad, basándose en la asociación del 

lado derecho con la bondad, el sol, el calor y el hombre, y del lado izquierdo con la 

maldad, la luna, el frío y la mujer. Parmemides (515 A.C. aprox.) propuso que el sexo 

del embrión estaba determinado por el lado del vientre en el que se desarrollara, 

mientras que Anaxágoras (500 a 419 A.C.) expuso que el testículo derecho daba lugar 

a la concepción de machos y el izquierdo a hembras, proponiendo la ligadura del 

testículo izquierdo para concebir hijos [1]. La idea se mantuvo en el “Corpus 

hippocraticum” (siglos V y IV A.C.), y los textos tántricos hindúes (siglos VII a 

XVII) introdujeron una variación, declarando que si en el momento del orgasmo, el 

“aliento solar” tomado por la ventana derecha de la nariz dominaba en el hombre y el 

“aliento lunar” tomado por la ventana izquierda de la nariz dominaba en la mujer y 

tenía lugar la concepción, se obtendría un niño, mientas que lo opuesto daría lugar a 

una niña [2]. En la nobleza francesa se seguía aconsejando la extirpación del testículo 

izquierdo para concebir varones [3], y Millot, el tocólogo de la reina María Antonieta 

de Francia, escribió “es el último movimiento de la mujer el que determina el sexo del 

bebé: es el lado sobre el que reposa en el momento de la eyaculación el que 

determina el sexo del bebé: siempre un niño cuando es hacia el lado derecho y 

siempre una niña cuando es hacia el lado izquierdo” (citado en [4]). Aristóteles (384-

322 A.C.) criticó las teorías de Parmemides y Anaxágoras en base a la evidencia de 

que se pueden encontrar embriones de ambos sexos en el mismo lado del útero y que 

los hombres con un único testículo tienen descendencia de ambos sexos [1] y propuso 
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que la probabilidad de tener un varón se correlacionaba directamente con el vigor 

mostrado durante el coito [2]. Empedocles (494-434 A.C.) indicó que el momento de 

la cópula podía afectar a la proporción de sexos debido a las diferencias en “cantidad 

de calor”, y la idea se ha mantenido en la actualidad en el método de Shettles [5]. 

 

En la cultura hebrea, el Talmud (siglo V A.C.), basado en Leviticus 12:2, 

afirma que un orgasmo femenino anterior al masculino daba lugar a descendencia 

masculina [4]. El Talmud también aconsejaba situar el lecho matrimonial en una 

dirección norte-sur para favorecer la concepción de varones [4]. Las culturas asiáticas 

creían en una influencia de la astronomía sobre la proporción de sexos. En Corea del 

Sur, la tradición considera que el año del caballo trae consigo circunstancias 

desfavorables que dan lugar al nacimiento de más niñas [6]. La tabla china de 

selección del género emplea la edad lunar de la mujer y el mes lunar de la concepción 

para predecir el sexo de la descendencia. Los textos indios ayurvédicos de Sushruta 

(siglo V A.C.) y Charaka (siglo II A.C.) sugieren el uso de distintas hierbas en 

combinación con eventos astrológicos a los dos meses de gestación con el fin de 

aumentar las probabilidades de engendrar un varón [7]. La noción se ha mantenido a 

lo largo del tiempo y actualmente en la India rural se siguen utilizando preparados 

basados en plantas como la bryonia laciniosa (Bryonia laciniosa) y el roble del 

Kurdistán (Quercus infectoria) [7]. El español Huarte San Juán reunió distintos 

métodos tradicionales en su libro “Examen de ingenios para las ciencias” (1575), que 

incluía varios consejos para el hombre relacionados con la dieta, el ejercicio y el 

momento y la posición del coito. Ciertos métodos simbólicos, como la tradición 

germana que aconsejaba al hombre llevar un hacha a la cama para concebir varones 

[4], se han usado en Checoslovaquia y Hungría, Islas Palau, Yugoslavia e Italia [2]. 

 

A finales del siglo XIX, L Cuénot en su libro “Fin de siècle” comentaba 

acerca de los métodos de control de la proporción de sexos de la descendencia: “Es 

ciertamente humillante reconocer que en lo relativo al hombre y otros mamíferos no 

se ha avanzado desde los tiempos de los predecesores de Aristóteles” (citado en [1]). 

El descubrimiento del papel de los cromosomas sexuales en la determinación del sexo 

de los mamíferos constituyó un gran avance [8] que desafió todas las teorías 

postconcepcionales. En el siglo XX, el método Shettles, descrito en el libro “How to 

choose the sex of your baby” [5], es probablemente la estrategia natural más conocida. 
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Está basado en la supuesta diferencia en motilidad y supervivencia entre 

espermatozoides X e Y, y afirma que adoptando ciertas posturas sexuales, el momento 

del coito en función del ciclo menstrual determina el sexo del bebé. La comunidad 

científica ha criticado seriamente la eficacia del método [9], y en la actualidad, sólo 

tres métodos han demostrado su capacidad para alterar la proporción de sexos de la 

descendencia: el uso de semen sexado, la determinación del sexo mediante biopsia 

embrionaria y las modificaciones transgénicas [10]. A pesar de esto, una búsqueda en 

internet de métodos alternativos encontrará distintos consejos y productos para 

obtener descendencia de un sexo predeterminado, incluyendo diferentes dietas, 

ingestión de café o chocolate, “nutraceúticos especialmente equilibrados”, 

temperatura testicular, pH vaginal, orgasmo, postura sexual, posición de la luna con 

respecto a las constelaciones, fase lunar, fechas específicas… y el libro de Shettles se 

publicó en su 6ª edición en 2006. 

 

El sexo está considerado como el carácter genético más importante en la 

producción animal [11], ya que ejerce una gran influencia sobre las tasas de 

crecimiento, la producción lechera y la susceptibilidad a enfermedades. Como 

carácter genético, el sexo constituye una excepción que sólo puede ser manipulada 

mediante métodos de predeterminación del sexo y no por selección genética. Algunos 

estudios han determinado los beneficios económicos de un sistema de 

predeterminación del sexo en la producción animal. En el vacuno lechero, sólo las 

terneras son productivas, puesto que los machos presentan un pobre rendimiento 

productivo cárnico. De este modo, se ha estimado que si se pudiese seleccionar la 

descendencia hembra en el momento de la inseminación, la eficiencia de la 

producción lechera podría aumentar un 30 % [12]. De forma similar, en el vacuno 

cárnico, se ha calculado que el beneficio neto se incrementaría en un 20 % si el 

porcentaje de machos aumentase de un 50 a un 90 % [13].  

 

La proporción de sexos se define como la proporción de descendencia macho 

con respecto a la descendencia hembra. La espermatogénesis transforma la 

espermatogonia diploide en espermatozoides haploides, dando lugar a la misma 

cantidad de espermatozoides X e Y. Asumiendo que la supervivencia y transporte en 

el tracto genital femenino y la capacidad de fecundación es igual para los 

espermatozoides X e Y, y que ambos sexos sufren la misma mortalidad, la proporción 
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de sexos debería ser 1:1. La proporción de sexos se puede medir en distintos puntos 

de observación: la proporción de sexos primaria es la relación de sexos macho-

hembra en el momento de la concepción, la secundaria se mide en el nacimiento, la 

terciaria se determina en la pubertad y la cuaternaria se observa al final de la edad 

reproductiva. Bajo circunstancias normales, todas las especies mamíferas muestran 

una proporción de sexos secundaria aproximadamente similar a la equidad (1:1). Sin 

embargo, ciertos estudios han observado una interacción entre la proporción de sexos 

y ciertas características o condiciones maternas o paternas. El término proporción de 

sexos “aumentada” o “alta” se refiere a una variación significativa de la proporción de 

sexos teórica a favor de los machos, mientras que lo contrario (“disminuida” o “baja”) 

indica una proporción de sexos sesgada a favor de las hembras. Una variable que 

muestra una “correlación positiva con la proporción de sexos” la aumenta, mientras 

que una “correlacionada negativamente” la disminuye. 

 

Sesgos de la proporción de sexos originados en la hembra 

 

Dado que la contribución de la hembra mamífera al cuidado de su 

descendencia es mayor que la del macho, antes y después del parto, tiene sentido 

pensar desde un punto de vista evolutivo en una aportación materna a la proporción de 

sexos [14]. Se ha indicado que algunas características maternas, como la condición 

corporal, la dieta, los niveles de glucosa, el estatus de dominancia, los niveles de 

testosterona, el estrés, la edad, el número de parto y el tamaño de camada, y algunos 

parámetros ligados a la hembra como el momento de inseminación, el lado de 

ovulación, la exposición a contaminantes y a temperatura ambiental, pueden 

modificar la proporción de sexos. 

  

Entre estos factores, el estado nutricional de la madre ha suscitado un interés 

especial. Una teoría especialmente aplicable a especies polígamas, conocida como la 

hipótesis de Trivers y Willard, sugiere que conforme disminuye la condición de la 

madre, la hembra adulta tiende a producir una proporción macho-hembra más baja, 

porque se espera que un macho en buena condición se reproduzca más durante el 

periodo de inversión parental que una hermana en condiciones similares, mientras que 

es previsible que una hembra en una condición pobre se reproduzca más que su 

hermano en la misma condición [15]. Además, parece lógico que las madres en una 
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condición pobre produzcan una descendencia con predominio de hembras, ya que la 

hembra requiere más recursos para desarrollar un feto macho que una hembra. Ciertas 

evidencias relacionan un plano alto de nutrición materna con un aumento de la 

proporción de sexos (revisado en [16]). Algunos estudios retrospectivos llevados a 

cabo en ballenas jorobadas (Megaptera noraeangliae) [17], ciervos europeos (Cervus 

elaphus) [18, 19], renos (Rangifer tarandus) [20], equinos [21], bovinos [22] y 

humanos [23], han asociado un predominio de la descendencia macho con una buena 

condición materna, mientras que se ha observado un sesgo a favor de las hembras en 

madres con bajo peso o bajo circunstancias desfavorables en equinos [21], ratas [24], 

y en humanos en el primer [25, 26] y segundo [26] parto. Sin embargo, no se encontró 

un efecto de la condición maternal sobre la proporción de sexos en carneros de las 

Rocosas (Ovis canadensis) [27]. Más que la condición corporal per se, se ha 

propuesto que el cambio en la condición corporal puede ser el mecanismo causante 

del sesgo de la proporción de sexos mediante la concentración de glucosa. En este 

sentido, se ha descrito que las yeguas que aumentan su condición corporal exhiben un 

sesgo extremo a favor de los machos en su descendencia, mientras que lo opuesto se 

observó en aquellas que perdían condición [28].  

 

Suponiendo que la condición nutricional altera la proporción de sexos de la 

descendencia, sería posible un control nutricional de la misma. En la misma línea de 

un predominio de machos en la descendencia de madres en buena condición, se ha 

observado que las dietas altas en calorías aumentan la proporción de sexos en 

zarigüeyas (Didelphis marsupialis) [29] y gamos (Dama dama) [30]. De forma 

similar, en vacas lecheras, aunque no en terneras, se ha visto que un alto plano 

nutricional da lugar a un exceso de machos en la descendencia en comparación con 

una dieta más pobre [31], y en humanos, la disponibilidad de calorías se ha 

correlacionado positivamente con la proporción de sexos [32]. Siguiendo la misma 

tendencia, se ha encontrado que los niveles altos de glucosa materna durante la 

fecundación están correlacionados con un aumento en la proporción de sexos en  el 

topillos agrestes (Microtus agrestis) [33], y los ratones diabéticos dan lugar a una 

descendencia abundante en machos [34], aunque en humanos se ha descrito la 

situación opuesta [35]. En el otro extremo, una mala condición maternal se asocia con 

una dieta pobre que debería conducir a un predominio de hembras en la descendencia. 

En ratones se ha indicado que una restricción en la dieta disminuye la proporción de 
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sexos [36]. En la misma especie, se obtuvo una proporción de sexos 1:3 mediante una 

dieta baja en grasa [37], y una privación intermitente del alimento durante la semana 

anterior a la monta produjo un exceso de hembras en las camadas [38]. La restricción 

de alimento también favoreció la obtención de descendencia hembra en ratas [39]. En 

contraposición, en ciervos de cola blanca (Odocoileus virginianus), se asoció la dieta 

pobre con un exceso de machos en la descendencia [40]. Aunque la mayoría de los 

estudios se han centrado en el contenido calórico de la dieta, es posible que su efecto 

se deba al nivel de algunos componentes específicos. Así, una dieta isocalórica con 

respecto al control pero con un alto contenido graso aumentó la proporción de sexos 

en ratones [41]. Una dieta con una elevada proporción grasa puede dar lugar a altos 

niveles de glucosa circulante, lo que apoya la hipótesis de la glucosa como un factor 

determinante de la proporción de sexos [42]. En la misma línea, una dieta isocalórica 

con respecto al control, pero con un contenido aumentado en ácidos grasos 

poliinsaturados protegidos en el rumen aumentó la proporción de sexos en embriones 

ovinos de día 13 [43] sin incrementar los niveles de glucosa, llevando a los autores a 

proponer dos posibles efectos nutricionales distintos del efecto directo sobre el 

embrión: la dieta puede retrasar la ovulación y aumentar así la proporción de sexos –

como será discutido posteriormente-, o puede haber una atracción de los 

espermatozoides Y debido a la acumulación de ácidos grasos poliinsaturados n-6 

(omega 6) en el ovocito [43]. Por el contrario, una dieta con un alto contenido en 

ácidos omega 6 sesgó la proporción de sexos a favor de las hembras en ratones, 

mientras que una dieta alta en omega 3 no causó efecto [44]. Se han descrito otros 

componentes de la dieta que pueden alterar la proporción de sexos. Los componentes 

minerales fueron propuestos como alterantes de la proporción de sexos en estudios 

iniciales llevados a cabo en el modelo bovino (citados en [4]). En ratas se describió 

una relación inversa entre el contenido en sodio de la dieta y la proporción de sexos 

[45], y posteriormente se observó que un aumento de calcio y magnesio en la dieta 

combinado con una reducción de sodio y potasio disminuía la proporción de sexos, 

probablemente a causa de un descenso en la actividad de la enzima 

glicerilfosforilcolina diesterasa [39]. 

 

Otro factor que se ha asociado con alteraciones de la proporción de sexos es la 

dominancia materna, que también se ha relacionado con la condición materna y la 

dieta. Las madres dominantes se deberían encontrar en una mejor condición que sus 
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subordinadas y, por ello, ambos factores se asocian frecuentemente dando lugar 

proporciones de sexos aumentadas en madres dominantes [18, 19], aunque una “buena 

condición” no es siempre sinónimo de dominancia materna [46]. Se han propuesto dos 

hipótesis opuestas. En primer lugar, una hipótesis [47] aplicable a especies primates 

matrilineales declara que una madre dominante dejaría más descendientes a través de 

una hija que a través de un hijo si la hija heredase su alto rango, mientras que una 

madre de bajo rango de la misma especie obtendría más descendientes mediante un 

hijo, que probablemente emigraría en la pubertad y no heradaría necesariamente el 

bajo rango de su madre. Esta situación se ha observado en monos rhesus (Macaca 

mulatta) en cautividad [47] y en macacos coronados (Macaca radiata) [48]. En 

oposición, la segunda teoría, que tiene mayor apoyo y coincide con la condición 

materna, establece que una hembra dominante tiende a producir más machos en la 

descendencia. Varios trabajos apoyan la segunda teoría; así se ha descrito que las 

hembras mamíferas dominantes tienden a generar en su descendencia un mayor 

número de machos en poblaciones cautivas y salvajes de ciervos europeos (Cervus 

elaphus) [18], cerdos [49], arruis (Ammotragus lervia sahariensis) [50], monos de 

Gibraltar (Macaca sylvanus) [51] y macacos cangrejeros (Macaca fascicularis) [52], 

mientras que otras observaciones muestran que las hembras de bajo rango dan lugar a 

un predominio de hembras en su prole en ratones [53] y monos de Gibraltar (Macaca 

sylvanus) [51]. Una situación similar se ha observado en humanos [54], y una relación 

más compleja entre edad materna y dominancia se observó en papiones (Papio 

cynocephalus): las hembras subordinadas parieron más hijos siendo jóvenes y las 

dominantes más hijos siendo viejas [55]. La dominancia está relacionada con los 

niveles de testosterona maternos (revisado en [56]). En este sentido, se han asociado 

altos niveles de testosterona materna con proporciones de sexo aumentadas en 

bovinos [56] y topillos agrestes (Microtus agrestis) [33], y dos parámetros afectados 

por las concentraciones de testosterona y estradiol -la proporción cadera/cintura y la 

facilidad de orgasmo- se han correlacionado positivamente con la proporción de sexos 

en la especie humana [57]. En desacuerdo con ambas teorías, dos metaanálisis han 

observado que el efecto de la dominancia maternal sobre la proporción de sexos en la 

descendencia es particularmente inconsistente a lo largo de la literatura [42, 58], y 

algunos estudios llevados a cabo en papiones (Papio cynocephalus) [59] y monos 

rhesus (Macaca mulatta) [60] no han logrado establecer una relación. Esto ha llevado 
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a pensar que los efectos observados pueden deberse a la variación estocástica que 

sucede en muestras pequeñas [58]. 

 

Uno de los factores ampliamente asociados a las alteraciones en la proporción 

de sexos es el momento de la monta o la inseminación en relación con la ovulación 

(revisado en [61]). La idea fue mencionada por primera vez por Empedocles en el 

siglo V A.C. y se ha mantenido hasta la actualidad en el método Shettles [5]. Existen 

estudios que asocian la inseminación temprana con proporciones de sexos bajas y las 

cópulas tardías con un aumento en la proporción de sexo en hámsteres [62], ciervos de 

cola blanca (Odocoileus virginianus) [63], ovinos [64] y bovinos [65, 66]. En 

contraposición, se ha observado un descenso en la proporción de sexos en cópulas 

tardías en ratones [67], bovinos [68] y humanos [69, 70]. Otros estudios describen una 

cinética en forma de U invertida, con bajas proporciones de sexos en inseminaciones 

tempranas y tardías en bovinos [68] y en humanos realizando inseminación artificial 

[71]. La forma de U se ha descrito en ratas [72] y humanos [73]: se vió una frecuencia 

desproporcionadamente alta de hembras en la mitad de la ventana de fertilidad y de 

machos en cualquiera de sus extremos. Esta tendencia también se observo en 

inseminación natural [71]. Sin embargo, otros estudios no han encontrado una 

relación entre el tiempo de inseminación en relación con la ovulación y la proporción 

de sexos en conejos [74], suidos [75], bovinos [61, 76, 77] y humanos [9]. 

 

Otro de los factores que desde la antigüedad se ha pensado que puede influir 

en la proporción de sexos es el lado en el cual tiene lugar la fecundación-gestación. 

Parmemides fue el primero en ofrecer la idea en el siglo VI A.C., asociando el lado 

derecho con la descendencia masculina y el izquierdo con la femenina, como un 

mecanismo de determinación del sexo. En la actualidad la idea se mantiene, aunque la 

explicación moderna es una supuesta selección del ovocito de los espermatozoides X 

o Y. De acuerdo con Parmemides, se ha publicado que la proporción de sexos en 

terneros gestados en el cuerno derecho es significativamente más alta que en el cuerno 

izquierdo [78, 79]. De forma similar, en gerbillos de Mongolia (Meriones 

unguiculatus) se obtuvieron significativamente más machos del ovario derecho 

transplantado (en el cuerno derecho o izquierdo) que del ovario izquierdo 

transplantado [80]. Sin embargo, la situación opuesta (un aumento de la proporción de 

sexos en el cuerno izquierdo) se ha observado en conejos [81] y ratones [82], otros 
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estudios no encontraron diferencias en ratones [83], ratas [84], y cerdos [85] –aunque 

en esta última especie es frecuente la migración uterina-, y la idea de que el ovario de 

origen puede influir sobre el sexo de la descendencia se ha ridiculizado [86]. En una 

línea similar a la localización del embrión y la proporción de sexos, no se encontraron 

diferencias en la proporción de sexos entre tres segmentos uterinos (ovárico, medio y 

cervical) en ratones [87]. 

  

El estrés se ha asociado frecuentemente con una baja proporción de sexos. Las 

madres estresadas producen un exceso de hembras en sus camadas en ratas [88] y 

hámsteres [89]. Estas observaciones han encontrado apoyo en estudios mecánicos que 

describen un descenso en la proporción de sexos en ratas tratadas con ACTH [90] o 

una recuperación de la proporción de sexos normal en hámsteres estresados tratados 

con dexametasona [91]. En humanos también hay evidencias de una correlación 

negativa entre la proporción de sexos y el estrés. Por ejemplo, la proporción de sexos 

se ha visto disminuida después de situaciones de estrés agudas causadas por 

circunstancias vitales severas [92], desastres naturales, como la niebla tóxica de 

Londres en 1952 y las inundaciones de Brisbane en 1965 [93] y el terremoto de Kobe 

en 1995 [94], o por una guerra breve [95] o un ataque terrorista [96], y la cantidad de 

dosis diarias de antidepresivos y ansiolíticos en Suecia se ha relacionado de forma 

inversa con la proporción de sexos [97]. Sin embargo, en el topillos agrestes 

(Microtus agrestis), no se encontró una asociación entre la proporción de sexos y los 

niveles de corticosterona [33], y el estrés crónico relacionado con la competición por 

recursos locales se ha asociado con proporciones de sexo elevadas en marsupiales 

[98] y primates [99]. La misma situación se ha observado después de la guerra en 

humanos [100, 101]. Una posible explicación a estos resultados es la teoría de la 

asignación del sexo, que predice que en una población con la proporción de sexos 

sesgada por asignación, los padres aumentan su idoneidad ajustando la proporción de 

sexos de su progenie hacia el sexo menos frecuente [102]. De acuerdo con esta teoría, 

se detectó que en la mayoría de las 21 parroquias de la Finlandia preindustrial 

analizadas, en las que el 90 % de los matrimonios se concertaban dentro de cada 

parroquia, se tenían más hijos cuando los hombres eran más escasos que las mujeres 

[103]. En camadas de lobos, se observó un sesgo a favor de los machos cuando la 

densidad de población era alta, y una ausencia de sesgo o un predominio de hembras 

cuando la densidad de población era baja [104], y se han citado situaciones similares 
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en lemúres ratón grises (Microcebus murinus) [105] y papiones (Papio cynocephalus) 

[59], y en rinocerontes negros (Diceros bicornis) en cautiverio [106]. 

 

La edad materna, el número de parto y el tamaño de camada también pueden 

ejercer una influencia sobre la proporción de sexos. La edad materna se ha 

correlacionado negativamente con la proporción de sexos fetal en ciervos de cola 

blanca (Odocoileus virginianus): las ciervas mayores de 4,5 años concibieron más 

hembras y las menores de 3,5 años más machos [107]. En hámsteres, se detectó una 

relación curvilínea entre la proporción de sexos y la edad materna cuando se producía 

una única monta: las hembras cubiertas a los 100 días de edad obtuvieron más machos 

que aquellas cubiertas a los 55 días, pero menos que aquellas cubiertas por primera 

vez a los 325 días, lo que fue explicado como una consecuencia de la mayor 

susceptibilidad de los embriones macho a agentes estresantes en comparación con sus 

compañeras [108]. La relación curvilínea inversa se ha descrito en ovinos, con un 

exceso de corderas en ovejas jóvenes y viejas y de corderos en las de mediana edad 

[50]. De forma parecida, se encontró una correlación positiva entre la edad materna y 

la proporción de sexos en topillos agrestes (Microtus agrestis) [33] y en bovinos 

[109]. En humanos se obtuvo una correlación negativa entre la proporción de sexos y 

la edad en Hungría [110], Estados Unidos [111], y España [112]. Sin embargo, otro 

estudio no encontró diferencias en monos rhesus (Macaca mulatta) [60]. En lo 

relativo al número de parto, un análisis multivariable aplicado a 1,4 millones de 

nacimientos en Estados Unidos encontró una débil correlación entre el orden de 

nacimiento y la proporción de sexos [113] y se han obtenido resultados similares en la 

población de Inglaterra y Gales [114]. En hámsteres se detectó un aumento de la 

proporción de sexos hasta el tercer parto, a partir del cual comenzó a disminuir [108]. 

Sin embargo no se vieron efectos en bovinos [76, 115] y monos rhesus (Macaca 

mulatta) [60]. Por último, de acuerdo con el efecto de la condición corporal, se ha 

observado una correlación negativa entre la proporción de sexos y el tamaño de 

camada en cobayas [116] y jabalíes [117], que parece deberse a una mayor mortalidad 

uterina de los machos. Sin embargo, no se observó efecto en cerdos [75] y el efecto 

contrario se observó en el topillos agrestes (Microtus agrestis) [33].  

 

Finalmente, la proporción de sexos secundaria ha sido propuesta como un 

centinela de los cambios ambientales [118], ya que la exposición a contaminantes 
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puede alterarla. Un descenso en la proporción de sexos se ha relacionado con una 

exposición alta a contaminantes en humanos. Se ha descubierto que la proporción de 

sexos en las principales ciudades italianas es baja en comparación con el resto del 

país, siendo más alta entre los fetos abortados. Los autores propusieron que la causa 

del sesgo podría ser una mayor mortalidad de los fetos machos en las grandes 

ciudades debida a la exposición a condiciones ambientales dañinas [119]. Igualmente, 

la proporción de sexos fue baja en áreas con un alto riesgo de contaminación 

procedente de incineradoras en Escocia [120] y, tras la exposición a altos niveles de 

dioxinas, la población de Seveso (Italia) experimentó un descenso en la fertilidad y en 

la proporción de sexos [121]. De forma similar, la ingestión materna (pero no paterna) 

de bifenilos policlorados redujo la proporción de sexos en la población de la región de 

los Grandes Lagos [122]. También se ha sugerido que el hábito de fumar tabaco 

aumenta [123], reduce [124] o no tiene efecto sobre la proporción de sexos [125, 126]. 

El fondo genético, en particular el alelo ACP1, puede ser el responsable de las 

discrepancias entre los estudios basados en el consumo de tabaco [127]. Además se ha 

descrito que la cafeína reduce ligeramente la proporción de sexos (61% de hembras) 

en el hámsteres chinos (Cricetulus griseus) [128], y se detectó un sesgo a favor de las 

hembras en la proporción de sexos en humanos expuestos a alto voltaje eléctrico en 

Bagdag [129]. Las proporciones de sexo bajas también se han asociado a condiciones 

médicas adversas (revisado en [130]), como el linfoma no-Hodgkin [131], la hepatitis 

[132], el uso de fármacos en tratamientos de fertilidad como el clomifeno [132], la 

hyperplasia congénita adrenal [133] y la infección por Cytomegalovirus [134, 135]; 

aunque se ha observado un aumento de la proporción de sexos en la hepatitis B [136], 

cáncer de mama [137] y tras la infección por Toxoplasma gondii en humanos [138] y 

ratones [139]. El clima también se ha asociado con la proporción de sexos. La 

temperatura del aire y la humedad se han relacionado positivamente con la proporción 

de sexos en el ganado vacuno [115] y es más frecuente el nacimiento de terneros en 

los meses cálidos del año [109]. En humanos se han encontrado resultados similares, 

naciendo más niños en los años cálidos en Finlandia [140], y se ha propuesto una 

influencia del mes de nacimiento de la madre y del hijo en la población franco-

canadiense [141] y en Módena [142]. 
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Tabla 1: Correlación entre distintas características maternas y la proporción de sexos. 
Característica 

materna 
Correlacción positiva con la 

proporción de sexos 
Sin efecto Correlacción negativa 

con la proporción de 
sexos 

Condición corporal Machos en buena condición: Ballenas 
jorobadas [17], ciervos europeos [18, 19], 
renos [20], equinos [21], bovinos [22] y 
humanos [23]. 
Hembras en mala condición: Equinos 
[21], ratas [24] y humanos [25, 26]. 
Machos cuando aumenta la condición 
corporal: Equinos [28]. 

Carneros de las 
Rocosas [27]. 

 

Contenido calórico 
de la dieta 

Machos en dieta alta en calorías: 
Zarigüeyas [29], gamos [30], vacas 
lecheras [31] y humanos [32]. 
Hembras en dieta restringida: Ratones 
[36-38] y ratas [39].  

Terneras lecheras 
[31]. 

Machos en dieta restringida: 
ciervos de cola blanca [40]. 

Nivel de glucosa Topillos agrestes [33] y ratones [34].  Humanos [35]. 
Dieta isocalórica alta 
en grasa 

Grasa total: Ratones [41]. 
Ácidos grasos poliinsaturados: Ovinos 
[43]. 

 Ácidos grasos poliinsaturados 
n-6: Ratones [44]. 

Na+ en dieta   Ratas [39, 45] 
Dominancia Machos en madres dominantes: Ciervos 

europeos [18], cerdos [49], arruís [50], 
monos de Gibraltar [51], macacos 
cangrejeros [52], papiones viejos [55] y 
humanos [54]. 
Hembras en madres subordinadas: 
Ratones [53] y monos de Gibraltar [51]. 

Papiones [59] y 
monos rhesus 
[60]. 

Monos rhesus [47], macacos 
coronados [48] y papiones 
jóvenes [55]. 

Nivel de testosterona Topillos agrestes [33], bovinos [56] y 
humanos [57]. 

  

Momento de 
inseminación 

Hámsteres [62], ciervos de cola blanca 
[63], ovinos [64] y bovinos [65, 66]. 

Conejos [74], 
cerdos [75], 
bovinos [61, 76, 
77] y humanos 
[9]. 

Ratones [67], bovinos [68] y 
humanos [69, 70]. 

Momento de 
inseminación (forma 
de U) 

U invertida: Bovinos [68] y humanos [71].  U: Ratas [72] y humanos [71, 
73].  

Lado de 
ovulación/gestación 

Machos en la derecha: Gerbillos de 
Mongolia [80] y bovinos [78, 79].  

Ratones [83], 
ratas [84] y 
cerdos [85] 

Machos en la izquierda: 
Conejos [81] y ratones [82] 

Estrés Crónico: Marsupiales [98], primates [99] 
y humanos [100, 101]. 

Corticosterona: 
Topillos agrestes 
[33]. 

Agudo: Ratas [88, 90], 
hámsteres [89, 91] y humanos 
[92-97]. 

Edad Topillos agrestes [33] y bovinos [109].  
Forma de U invertida: Ovinos [50]. 

Monos rhesus 
[60]. 

Ciervos de cola blanca [107] y 
humanos [110-112]. 
Forma de U: Hámsteres [108]. 

Número de parto Forma de U invertida: Hámsteres [108]. Bovinos [76, 
115] y monos 
rhesus [60]. 

Humanos [113, 114].  

Tamaño de camada Topillos agrestes [33]. Cerdos [75]. Cobayas [116] y jabalíes 
[117].  

Condiciones 
ambientales 
químicas o físicas 

Clima cálido: Bovinos [109, 115] y 
humanos [140]. 

 Contaminantes: Humanos 
[119-122]. Cafeína: hámsteres 
chinos [128]. Alto voltaje: 
Humanos [129].  

Tabaco (humanos) [123] [125, 126] [124] 
Condiciones médicas 
adversas (humanos) 

Hepatitis B [136], cáncer de pecho [137] y 
tras la infección por Toxoplasma gondii 
en humanos [138] y ratones [139]. 

 Linfoma no-Hodgkin [131], 
hepatitis [132], tratamiento 
con clomifeno [132], 
hiperplasia adrenal congénita 
[133] e infección por 
Cytomegalovirus [134, 135]. 
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Sesgos de la proporción de sexos originados en el macho 

 

La mayoría de los estudios de la proporción de sexos secundaria se basan en 

un supuesto efecto materno, pero algunos artículos han descrito un efecto paterno 

sobre la proporción de sexos. Dejando a un lado las enfermedades ligadas al 

cromosoma X, que dan lugar a un aumento de la proporción de sexos debido a la 

mortalidad femenina, es difícil aportar un mecanismo biológico que explique un sesgo 

en la proporción de sexos de base paterna, dado que el macho produce la misma 

cantidad de espermatozoides X e Y [143, 144]. Por ello se ha sugerido que los 

supuestos efectos paternos en la proporción de sexos secundaria en humanos son el 

resultado de efectos de segundo orden debido al emparejamiento selectivo [46]. 

 

En humanos se ha encontrado una tendencia hacia una correlación negativa 

entre la edad paterna y la proporción de sexos [113, 114, 145]. Sin embargo, el 

porcentaje de espermatozoides Y no se vió afectado por la edad [146] y por ello, las 

diferencias pueden ser causadas por una interacción entre la edad materna y el número 

de parto y la edad paterna. Además, se ha propuesto que en vez de la edad de cada 

progenitor, la diferencia de edad entre ambos puede predecir el sexo del primer hijo: 

los padres con una diferencia de edad mayor obtuvieron un exceso de niños en su 

descendencia, y la situación opuesta se observó en las parejas con una edad menor 

[147]. 

 

En ciervos europeos (Cervus elaphus) se ha descrito una correlación positiva 

entre la fertilidad del macho y el porcentaje de descendencia macho [148]. El estudio 

eliminó la interacción de factores de la hembra realizando inseminación artificial y 

así, los autores propusieron que el efecto podía ser causado por una diferencia en la 

proporción de espermatozoides X o Y en el eyaculado o por una supuesta ventaja en 

la fecundación de los espermatozoides Y comparados con los X cuando fueran 

producidos por los machos más fértiles, mientras que la situación opuesta podría 

ocurrir en los machos menos fértiles. La primera hipótesis se apoya en el 

descubrimiento de variaciones en la proporción de sexos entre eyaculados del mismo 

toro [149], aunque estos resultados no se han repetido. La segunda se puede explicar 

mediante la presencia de delecciones del cromosoma Y en los machos con baja 

fertilidad, ya que en ratones se ha observado que las delecciones en el cromosoma Y 
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producen espermatozoides Y con anomalías morfológicas que son menos eficaces en 

la fecundación dando lugar a bajas proporciones de sexos [150]. De acuerdo con el 

nexo entre fertilidad y proporción de sexos, los hombres con condiciones médicas 

desfavorables tales como cáncer testicular [151, 152], o expuestos a sustancias 

nocivas como las dioxinas [121], el ditiotreitol [153], el dibromocloropropano [154], 

fungicidas [155], el boro [156], residuos de aluminio [157], o el tabaco [124, 158] 

experimentan un sesgo a favor de las hembras en la proporción de sexos de su 

descendencia que se ha relacionado con bajos niveles de testosterona paterna [159], 

mientras que los hombres tratados con una terapia de metiltestosterona engendraron 

más hijos que hijas (45:17) [160]. Siguiendo la misma tendencia, la administración 

experimental de dioxina al macho antes de la monta disminuyó la proporción de sexos 

en ratones [161] y cobayas [162]. Sin embargo, se han observado que las reducciones 

leves en la fertilidad no alteran la proporción de sexos en el hombre [163]. En la 

especie bovina, se ha sugerido que la frecuencia de extracción del semen puede tener 

un efecto sobre la proporción de sexos [164]. Por último, en un ámbito similar a los 

efectos paternos, se ha descrito que la inseminación artificial puede aumentar la 

probabilidad de obtener terneros en vacuno lechero y cárnico, aunque sólo se detectó 

un incremento del 1 % [109]. El mismo estudio también indicó que las razas cárnicas 

sesgaban la proporción de sexos a favor de los machos [109]. 

 

Mecanismos biológicos de la influencia parental sobre la proporción de sexos 

 

La mayoría de los sesgos en la proporción de sexos que han sido citados en 

estas líneas se basan en estudios retrospectivos, que adolecen del apoyo de un 

mecanismo biológico para ser completamente fiables. Las complejas relaciones entre 

las diferentes variables que pueden influir en el sexo de la descendencia (ej. condición 

materna, dominancia, glucosa, testosterona, momento de inseminación…) hacen que 

las observaciones y las hipótesis derivadas de ellas sean bastante especulativas sin una 

base molecular o fisiológica. De hecho, se ha sugerido que algunas de las alteraciones 

de la proporción de sexos publicadas no son reales, sino causadas únicamente por el 

azar [86]. Debido a su importancia y a la sencilla toma de datos, la proporción de 

sexos es un parámetro analizado con frecuencia, que no se suele obviar en cualquier 

tipo de análisis de una población animal. De este modo, cientos de análisis de la 

proporción de sexos son llevados a cabo cada año en una diversidad de estudios que 
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implican distintas especies y parámetros. Entre tal número de observaciones, algunas 

obtendrán diferencias significativas, y éstas serán las únicas que serán publicadas. Por 

estas razones, para determinar el verdadero significado de las distintas observaciones 

son necesarios los estudios basados en los mecanismos, junto con los metaanálisis y 

los marcadores fisiológicos. 

 

Cuando se ha analizado la consistencia y la coherencia de los diferentes 

artículos publicados mediante metaanálisis, se suele llegar a la conclusión de que el 

efecto puede ser debido a la variación estocástica en muestras pequeñas [58]. Sin 

embargo, una revisión restringida a ungulados encontró un apoyo consistente a la 

relación entre dominancia y condición materna y proporción de sexos de la 

descendencia, y que las medidas de la condición materna tomadas en torno a la 

concepción proporcionan el mayor apoyo a la hipótesis de Trivers y Willard [165]. De 

acuerdo con esto, otro metaanálisis basado en estudios en mamíferos excluyendo a la 

especie humana, determinó que el ajuste de la proporción de sexo ocurre en o cerca de 

la implantación [42]. Además, en las especies domésticas, el comienzo de la lactación, 

el periodo de mayor demanda energética, coincide en el tiempo con la concepción, y 

por ello este periodo es el más adecuado para establecer una relación entre condición 

corporal y la futura capacidad inversora de energía de la madre. 

 

Para explicar las diferencias entre estudios, se han propuesto dos marcadores 

fisiológicos. En primer lugar, la concentración materna de glucosa alrededor de la 

concepción puede unir distintos resultados [42], ya que es alta en madres en una 

buena condición, pero también aumenta bajo estrés social, es alta en diabetes y varía 

en condiciones médicas adversas, varía a lo largo del ciclo y está relacionada con la 

LH [166, 167]. En segundo lugar, los niveles maternos de testosterona pueden 

explicar los resultados contradictorios relacionados con la condición materna, el nivel 

de dominancia y el estrés [14] –ya que el estrés crónico altera los niveles de 

testosterona disminuyéndolos en machos y aumentándolos en hembras-, y las 

alteraciones de la proporción de sexos causadas por diferentes condiciones médicas 

adversas y contaminantes [168]. 

 

Los mecanismos responsables de la alteración de la proporción de sexos 

pueden ocurrir en dos periodos distintos: antes de la fecundación o después de la 
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misma mediante la pérdida selectiva de embriones/fetos de un sexo determinado. En 

la mayoría de los estudios descriptivos es difícil establecer si las proporciones de sexo 

atípicas se originaron en la concepción, durante la gestación o en ambos periodos, 

puesto que los efectos ambientales están presentes antes y después de la concepción 

[14]. Sin embargo, desde un punto de vista evolutivo, los mecanismos que actúan 

tempranamente (antes o en torno a la concepción) constituyen una ventaja con 

respecto a los que actúan más tarde, ya que los últimos representan un mayor derroche 

al suponer la pérdida de embriones o fetos, con una consiguiente pérdida de fertilidad. 

 

Glucosa Testosterona

Condición corporal

Dieta

Dominancia

Condiciones médicas adversas

Momento de inseminación

Estrés agudo

Estrés crónico

Glucosa Testosterona

Condición corporal

Dieta

Dominancia

Condiciones médicas adversas

Momento de inseminación

Estrés agudo

Estrés crónico

 
Figura 1: Relaciones entre las distintas características maternas que pueden alterar la 
proporción de sexos y los dos marcadores fisiológicos propuestos para explicar las 
discrepancias entre estudios. 
 

Mecanismos preconcepcionales 

 

Antes de la concepción, los mecanismos de control de la proporción de sexos 

deben implicar al ovocito o al espermatozoide. En el primer caso, se requeriría de un 

supuesto mecanismo de selección espermática llevado a cabo en el lugar de la 

fecundación mediante las células del cúmulo o la zona pelúcida, mientras que el 

segundo puede producirse por diferencias en motilidad, viabilidad, reacción 

acrosómica, mortalidad o interacción con el tracto genital femenino, entre 
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espermatozoides X o Y, que conducirían a una diferencia en la probabilidad de 

alcanzar el lugar de la fecundación. 

 

La hipótesis de una supuesta selección preferente de espermatozoides X o Y 

fue formulada por primera vez por Dominko y First [169] y require de la presencia de 

proteínas específicas del sexo en la membrana del espermatozoide que permitirían que 

el complejo cúmulo-ovocito los pudiese distinguir. La existencia de estas proteínas 

específicas de sexo es teóricamente posible gracias a la transcripción postmeiótica 

[170-174]. En base a esta hipótesis, se ha publicado que el estado de maduración del 

ovocito madurado in vitro ejerce una influencia sobre la proporción de sexos en la 

especie bovina [64, 169, 175]. En particular, se encontró una correlación positiva 

entre el tiempo de maduración y la proporción de sexo, lo que aporta un mecanismo 

para explicar el aumento de la proporción de sexo observado en inseminaciones 

tardías [64-66]. Este asunto particular será tratado en el capítulo 1. En la misma línea, 

el nivel de testosterona del fluido folicular se ha correlacionado de forma positiva con 

la probabilidad de que el ovocito sea fecundado in vitro por un espermatozoide Y 

[176], lo que concuerda con el aumento de la proporción de sexos observado en las 

madres dominantes [54, 56]. La posibilidad de una selección del sexo llevada a cabo 

por el ovocito tiene grandes repercusiones en el uso de semen sexado en la producción 

animal, ya que si los ovocitos están predeterminados a ser fecundados por un 

espermatozoide X o Y, las tasas de fertilidad serán bajas a pesar del avance en las 

técnicas de separación espermática [177]. Esta hipótesis será probada en el capítulo 2. 

 

Se ha propuesto que las diferencias en motilidad [178], migración en mucus 

cervical [179], tasa de capacitación [65], y supervivencia [180] entre espermatozoides 

X e Y pueden influir en la proporción de sexos. En base a estas diferencias, se han 

desarrollado varios métodos de separación del esperma, pero ninguno produce 

resultados consistentes, y el empleo de semen sexado por citómetro del flujo sigue 

siendo el único método fiable, como será explicado posteriormente. Se ha sugerido 

que en humanos los espermatozoides Y son más mótiles que los X [178], aunque un 

estudio posterior, que analizó el esperma X y el Y, concluyó que el esperma Y de toro 

no nada más rápido que el X en soluciones salinas simples, aunque mostró mayor 

linearidad y rectitud de ruta que el X [181]. De acuerdo con una mayor motilidad de 

los espermatozoides Y, Kochhar y Kochhar encontraron que reduciendo el tiempo de 
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coincubación (6 h) de la FIV en la especie bovina, disminuía la tasa de división y 

aumentaba la proporción de sexos [182]. Kiwata et al. obtuvieron resultados similares, 

aunque el sesgo de la proporción de sexos fue menor [183]. Ambos estudios no 

encontraron una variación en la proporción de sexos cuando se prolongó la 

coincubación, lo que indica que los espermatozoides X sobreviven más tiempo. De 

acuerdo con esto, la preincubación del esperma bovino durante 24 horas antes de la 

FIV disminuyó la proporción de sexos [180]. En oposición, se ha descrito en un 

estudio in vitro que la supervivencia de los espermatozoides Y humanos es 

ligeramente mayor [184]. 

 

La ausencia de diferencias de motilidad en soluciones salinas simples [181] no 

excluye la posibilidad de que puedan surgir en condiciones fisiológicas. Se ha 

propuesto que la conductividad de las secreciones vaginales de la vaca puede influir 

en la proporción de sexos [65]. Los autores describieron una fuerte relación entre la 

conductividad, la proporción de sexos y el momento de la aparición del estro: al inicio 

del estro (20 horas antes de la ovulación) la conductividad fue baja y se obtuvieron 

más terneras (92,9 %), mientras que después (10 horas antes de la ovulación), la 

conductividad aumentó y se obtuvieron más terneros (91,7 %). Los autores 

argumentaron que los espermatozoides Y capacitaban antes que los X. Así, en 

inseminaciones tempranas, los espermatozoides Y capacitan antes y pierden la 

capacidad fecundante antes de alcanzar al ovocito, mientras que en inseminaciones 

tardías la capacitación temprana suponía una ventaja para fecundar [65]. 

Desafortunadamente, aunque se ha descrito una relación inversa entre la resistencia 

(conductividad) de las secreciones vaginales y la concentración de estrógenos [185], 

el sesgo extremo de la proporción de sexos no se ha confirmado en otros estudios. En 

la misma línea, en humanos se ha propuesto un posible nexo entre la proporción de 

sexos y las variaciones de estado del mucus cervical causadas por los cambios en el 

ambiente hormonal antes de la concepción [186]. A consecuencia del aumento en la 

producción de estradiol, la penetrabilidad del mucus cervical tiende a aumentar 

durante los 6 días previos a la ovulación, mientras que el aumento de la producción de 

progesterona por el cuerpo lúteo después de la ovulación la disminuye rápidamente. 

Las inseminaciones tempranas no fecundantes también disminuyen la penetrabilidad, 

porque ensucian los canales del mucus con espermatozoides, leucocitos y otros 

detritos. Asumiendo esta máxima y que los espermatozoides Y pueden atravesar más 
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fácilmente el os cervical, el autor propuso que la proporción de sexos en la 

concepción estaba correlacionada positivamente con la frecuencia coital y no variaba 

con el momento de la inseminación fecundante cuando la frecuencia coital era alta 

[186]. En la misma línea, el bicarbonato actúa en la capacitación espermática y en la 

interacción espermatozoide-ovocito [187] y, por ello, el aumento en la proporción de 

sexos asociado a montas tardías observado en hámsteres se explicó mediante un 

descenso del pH vaginal [62]. 

 

Selección del sexo del esperma 

 

Aunque existen más de 100 patentes que aseguran ser capaces de sexar 

esperma satisfactoriamente, la mayoría de los procedimientos no son más eficaces que 

los métodos tradicionales con más de dos milenios de antigüedad [188]. En la 

actualidad, el sexado por citometría de flujo es el único método fiable, dado el fracaso 

de otros métodos [189, 190]. 

 

Los espermatozoides X e Y se diferencian en peso y cantidad de ADN, 

permitiendo su separación por citometría de flujo. Los intentos iniciales de separación 

espermática se basaron en una diferencia teórica en la carga eléctrica, debida a 

diferencias en el contenido de ADN o a unas hipotéticas diferencias en la membrana. 

Sin embargo, en bovino, la separación de esperma por electroforesis [191] o los geles 

newtonianos insolubles en agua [192] no consiguieron modificar la proporción de 

sexos. Las diferencias en contenido de ADN provocan una diferencia en el peso del 

espermatozoide que ha inspirado el desarrollo de métodos basados en la 

sedimentación o gradientes de densidad, tales como el Percoll, la albúmina, el 

Sephadex o la lana de vidrio. Se publicó que ciertos gradientes de Percoll alteraban la 

proporción de sexos en humanos [193-195] y causaban un ligero cambio en bovinos 

[196], pero otros estudios en humanos [197, 198] o bovinos [199-201] no pudieron 

repetir estos resultados. También se ha indicado que cierto gradiente de albúmina 

seleccionaba los espermatozoides Y en bovinos [202] y humanos [203], aunque otros 

grupos contradicen estos resultados en conejos [74], bovinos [144, 204] y humanos 

[143, 205-209], e incluso se ha obtenido un descenso en la proporción de sexos en 

humanos [210]. Las columnas de Sephadex [208, 211] y la lana de vidrio [198] en 
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humanos y los métodos de sedimentación en conejos [212, 213] también han 

fracasado en el intento de alterar la proporción de sexos. 

 

Los métodos basados en las supuestas diferencias en motilidad, susceptibilidad 

al pH y proteínas de membrana han conducido a resultados negativos o inconsistentes. 

En la especie bovina, el Swim-up doble aumentó el porcentaje de espermatozoides Y 

[214], pero no sirvió para seleccionar el sexo en humanos [195, 198, 215-217]. En 

conejos, el cambio de pH del plasma seminal no alteró la proporción de sexos [218]. 

El sexaje inmunológico del esperma, basado en las hipotéticas proteínas específicas 

de sexo presentes en el espermatozoide, obtuvo éxitos parciales [219] y aunque se 

anunció su utilidad en bovinos [220], otros grupos no pudieron detectar los antígenos 

específicos de sexo [171, 221, 222].  

 

La separación del esperma por citometría de flujo se basa en las diferencias en 

su contenido en ADN, medidas de forma indirecta en base a la fluorescencia emitida 

por la tinción de ADN Hoetchst 33342. Desde la primera publicación de sexado por 

citometría de flujo [223, 224] y la primera cría obtenida con semen sexado [225, 226], 

los citómetros/separadores de flujo han evolucionado, sobre todo en términos de 

velocidad de separación [188, 227], y en la actualidad hay una amplia disponibilidad 

comercial de semen sexado bovino. A pesar de que Reino Unido fue el primer país en 

comercializar de forma eficaz el semen sexado [11], actualmente es producido y 

usado a mayor escala en Estados Unidos debido a razones comerciales y productivas, 

como la mayor demanda de novillas de reemplazo en comparación con Europa [228]. 

En Estados Unidos, las inseminaciones con semen sexado en novillas correspondieron 

a un 1,5, 9,6 y 14,2 % del total de las cubriciones en los años 2006, 2007, and 2008, 

respectivamente, mientras que en vacas, supusieron un 0,1, 1,3 y 2,1 %, lo que 

muestra un incremento en su uso [229]. Aunque la exactitud del sexaje por citometría 

de flujo oscila en torno al 90 %, en la mayoría de las especies, incluyendo el ganado 

vacuno [228, 230, 231], la tecnología es bastante costosa para el ganadero y el centro 

de inseminación. El coste anual de funcionamiento de una instalación de semen 

sexado puede exceder los 2 millones de dólares estadounidenses [11], y con respecto 

al ganadero, además del elevado coste de la dosis seminal, el uso de semen sexado en 

condiciones de granja normalmente conduce a una reducción de la fertilidad (revisado 

en [232]). Los tres factores que ejercen una mayor influencia en la rentabilidad del 
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uso del semen sexado son la diferencia de valor entre la descendencia macho y 

hembra, y las diferencias en precio y fertilidad entre las dosis de semen sexado y sin 

sexar. Sin embargo, es difícil tener en cuenta todos los factores que podrían incidir en 

el beneficio económico del uso del semen sexado tales como la exactitud del sexaje 

(que normalmente ronda el 90 %), el coste del fallo en la fecundación, las ventajas de 

la reducción de la incidencia de distocias en las novillas preñadas con una ternera en 

vez de un ternero [233], el aumento en la producción lactea motivado por el menor 

peso del feto hembra [234], la ganancia genética obtenida con el semen sexado [235], 

o las oportunidades de explotar empresas y estrategias alternativas [11]. Después de 

asumir una serie de supuestos, se llegó a la conclusión de que los terneros del sexo 

más preciado deberían valer al menos 200 dólares estadounidenses más que el sexo de 

menor valor para que el uso de semen sexado tuviera sentido desde un punto de vista 

económico [11]. 

 

Entre los diferentes factores que afectan al rendimiento económico del uso de 

semen sexado, la disminución de la fertilidad provoca pérdidas considerables [11]. 

Usando semen sexado, las tasas de concepción en el primer servicio promedian en 

Estados Unidos un 47 % en novillas Holstein y un 53 % en novillas Jersey, siendo en 

torno a un 80 % de las logradas con semen convencional [230]. En un sistema de 

producción europeo, concretamente en Dinamarca, la tasa de concepción del semen 

sexado se redujo con respecto al empleo de la dosis convencional en un 5 % en Roja 

Danesa (60.2 %), un 7 % en Jersey (46.6 %) y un 12 % en Holstein (49.3 %) [231]. 

En Holanda, Frijters et al. obtuvieron resultados similares, con un descenso del 13,6 

% en las tasas de no retorno en Holstein, y atribuyeron dos tercios (8,6 %) a la baja 

dosis y uno (5 %) al procedimiento de sexaje [236]. Para explicar la reducción en las 

tasas de fertilidad, se han propuesto varios factores, incluyendo la baja dosis de 

espermatozoides usada [237], el daño espermático causado por el procedimiento de 

separación [238] y una supuesta selección espermática llevada a cabo por el ovocito 

[176]. Estas hipótesis serán abordadas en los capítulos 2 y 3. 

 

Aunque se ha obtenido descendencia normal tras el empleo de semen sexado 

(revisado en [239]), se ha observado que los espermatozoides dañados pueden 

fecundar ovocitos dando lugar a embriones de baja calidad [240]. En el ámbito de esta 

hipótesis, dos publicaciones han encontrado anomalías en la expresión génica [241] o 
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ultraestructura [242] en embriones producidos con semen sexado, que pueden 

desembocar en mortalidad embrionaria. En función de los datos de granja disponibles, 

cualquier aumento en la mortalidad embrionaria causado por el uso de semen sexado 

parece ocurrir tan temprano que no afecta al periodo de reconocimiento maternal y, de 

este modo, un alto porcentaje de hembras vuelven al celo en un intervalo interestral 

normal [230], lo que también es compatible con la ausencia de fecundación. Sin 

embargo, los embriones de baja calidad pueden llegar a término dando lugar a efectos 

a largo plazo en la descendencia [243]. El posible efecto del semen sexado sobre la 

calidad del embrión, evaluado en base a la expresión génica y velocidad de desarrollo 

será analizado en el capítulo 3. 

 

A pesar de que la tecnología de semen sexado se emplea principalmente en el 

ganado vacuno, la misma se ha aplicado a una diversidad de especies, incluyendo al 

conejo [226], al gato [244], al perro [245], al cerdo [246], al caballo [247], al morueco 

[248], a los primates no humanos [249], y al hombre [250]. En humanos, el uso de 

semen sexado como medio de selección del sexo constituye una alternativa a la 

biopsia embrionaria, evitando los posibles efectos de la manipulación de embriones y 

la destrucción de los embriones del sexo no deseado. Por ello, existe un interés 

creciente en el empleo de semen sexado como método de selección preconcepcional 

que podría ser empleado para disminuir el riesgo de enfermedades ligadas al sexo o 

para equilibrar la distribución de hijos en una familia [251]. La tecnología del semen 

sexado también es de utilidad para la conservación y manejo de animales salvajes 

[252]. 

 

Mecanismos postconcepcionales 

 

La proporción de sexos se puede modificar mediante la pérdida selectiva de 

embriones o fetos de un sexo determinado. Estos mecanismos, al contrario que los 

preconcepcionales, implican una pérdida de fertilidad y éxito reproductivo y, por 

tanto, es más probable que ocurran en especies politocas con una descendencia 

numerosa, en la que cada individuo tiene unas probabilidades relativamente bajas de 

sobrevivir hasta la edad adulta (estrategas de la r), que en especies que invierten más 

en una descendencia menos numerosa (estrategas de la k). En el caso de los estrategas 

de la r, la pérdida selectiva puede ocurrir incluso después del nacimiento, como 
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sugirieron Trivers y Willard [15], y ha sido confirmado en algunos roedores [83, 253, 

254]. 

 

Entre los distintos sesgos de la proporción de sexos descritos, los mecanismos 

postconcepcionales pueden explicar aquellos que van acompañados de una reducción 

en la fertilidad, especialmente aquellos observados bajo condiciones adversas o 

estresantes. Estas variaciones de la proporción de sexos bajo condiciones adversas o 

estresantes pueden ocurrir en estrategas de la r o o de la k. Aunque en condiciones in 

vitro se ha observado una pérdida preferente de embriones hembra en bovinos [255], 

se piensa que los embriones y fetos macho son más sensibles a condiciones adversas 

que los hembra. En humanos, hay una mayor pérdida de fetos macho que de hembras 

[256]. De acuerdo con las bajas proporciones de sexo encontradas en casos de 

exposición materna a contaminantes, varios estudios han encontrado una mayor 

susceptibilidad de los fetos macho comparados con las hembras a contaminantes 

ambientales como los pesticidas [257, 258]. De forma similar, se ha visto que el 

hábito de fumar de la madre retrasa el crecimiento fetal de los machos en mayor 

medida que el de las hembras [259], aunque el efecto antiestrogénico del tabaco 

también proporciona un nexo entre el consumo de tabaco, los niveles bajos de 

testosterona y las bajas proporciones de sexos [260]. En el caso de las variaciones de 

la proporción de sexos causadas por estrés, también se ha propuesto una mayor 

mortalidad de los fetos macho en comparación con las hembras [261], y se ha 

observado en ratas [262] y hámsteres [91], que ciertos sesgos de la proporción de 

sexos a favor de las hembras ocurren debido a una pérdida preferente de fetos macho.  

 

Cuanto antes ocurra la pérdida selectiva de embriones o fetos, menos se verán 

afectados el éxito reproductivo y las reservas energéticas maternas. Cuando la pérdida 

selectiva acontece de forma temprana en el periodo preimplantacional, antes del 

reconocimiento materno, la hembra vuelve al estro en un intervalo interestral normal y 

su pérdida energética es comparable a una inseminación no fecundante. La pérdida 

selectiva durante estos estadios tempranos implica la existencia de un dimorfismo 

sexual que ocurre antes de la diferenciación gonadal, hecho que, como se explicará 

más adelante, ha sido demostrado. Se ha descrito que el metabolismo total de glucosa 

es dos veces más alto en machos que en hembras, y que la actividad de la ruta de las 

pentosas fosfato es cuatro veces mayor en blastocistos bovinos hembra que en machos 
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[263]. También se ha observado un mayor consumo de piruvato y glucosa en 

embriones macho humanos [264]. En esta línea, se ha observado una relación positiva 

entre la concentración de glucosa y la proporción de sexos en el cultivo in vitro 

bovino [265] y que la glucosa acelera el desarrollo de los embriones macho y retrasa 

el de las hembras [266, 267]. Los estudios transcripcionales han mostrado una mayor 

expresión del gen ligado al cromosoma X glucosa-6-fosfato deshidrogenasa (G6PD) 

en bovinos [268-270] y humanos [271], que puede causar las diferencias metabólicas 

descritas. G6PD es la primera enzima regulatoria clave de la ruta de las pentosas 

fosfato, siendo esencial para el aporte del poder reductor de NADPH y constituyendo 

un nexo entre la respuesta al estrés y el dimorfismo sexual transcripcional que puede 

explicar por qué los embriones hembra sobreviven mejor a las condiciones de estrés 

oxidativo en ratones [272]. En este sentido, se ha demostrado que la inhibición de 

G6PD anula parte del dimorfismo sexual en ratones [272] y bovinos [265]. Además, 

se ha propuesto a G6PD como candidato para explicar las variaciones en la 

proporción de sexos causadas por la dieta (revisado en [266]). En una aproximación in 

vivo para determinar el papel de la glucosa en el control de la proporción de sexos, se 

encontró un descenso de la proporción de sexo y los niveles de glucosa en ratones 

tratados con dexametasona [273]. De forma similar, se ha observado que la 

suplementación de glucosamina en el medio de cultivo después del estadio de 8 

células disminuye las tasas de desarrollo embrionario y sesga la proporción de sexos a 

favor de los machos [274]. Además, el efecto fue neutralizado al añadir un inhibidor 

de la enzima O-N-acetilglucosamina transferasa (OGT), codificada en el cromosoma 

X e implicada en el metabolismo de la glucosamina [274].  

 

Dimorfismo sexual preimplantacional 

 

El dimorfismo sexual preimplantacional constituye una base fisiológica para 

las diferencias en la tasa de supervivencia entre embriones de distinto sexo observadas 

bajo condiciones adversas. Sin embargo, esta no es la única repercusión del 

dimorfismo sexual preimplantacional. El estudio de este fenómeno en los estadios 

iniciales del desarrollo ayuda a la comprensión de fenómenos como la regulación 

transcripcional de los cromosomas sexuales, la inactivación temprana del cromosoma 

X –que sólo ha sido estudiada al detalle en ratones-, la determinación temprana del 

sexo, la evolución de los cromosomas sexuales, las enfermedades ligadas al 
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cromosoma X, y los efectos a largo plazo específicos del sexo relacionados con el 

origen embrionario de la enfermedad adulta. 

 

 Los estudios iniciales sostenían la idea de que los embriones de ambos sexos 

se desarrollaban de forma similar hasta el desarrollo de las gónadas [275]. Sin 

embargo, ahora se sabe que los embriones preimplantacionales exhiben un 

dimorfismo sexual antes de que ocurra la diferenciación gonadal, que sólo puede 

atribuirse a sus diferencias en la dosis de cromosomas sexuales [276]. Además de las 

diferencias en el metabolismo de glucosa ya descritas, en mamíferos euterios se ha 

sugerido que los embriones macho sobreviven mejor a la vitrificación [277], y se 

desarrollan más rápido que sus compañeras antes de que ocurra la diferenciación 

sexual. Así, se han encontrado diferencias entre sexos en velocidad de desarrollo en 

ratones [278], suidos [279], ovinos [280], bovinos [255, 281-284], y humanos [285]. 

Si esta idea es cierta, se esperaría un sesgo en la proporción de sexo al utilizar técnicas 

in vitro, ya que tanto en humanos como en animales de granja, se considera que 

embriones más rápidos son de mayor calidad, y por ello son seleccionados para ser 

transferidos. Sin embargo, en humanos no se ha observado un sesgo de la proporción 

de sexos tras transferir embriones de rápido desarrollo [286, 287]. En la misma linea, 

no se han visto diferencias entre sexos en la velocidad de desarrollo en ratones [16, 

288], ratas [84], suidos [289, 290], ovinos [43] y bovinos [288, 291]. Las condiciones 

de cultivo in vitro pueden ser las causantes de las diferencias en velocidad de 

desarrollo que pueden llevar a una pérdida o selección de embriones de un sexo 

determinado. De este modo, en ratones se ha indicado que la aceleración en el 

desarrollo preimplantacional de los machos ocurre in vitro, pero no in vivo [292]. 

También en bovinos, se obtuvo un aumento en la proporción de sexos entre los 

blastocistos expandidos entre los embriones cultivados in vitro, pero no en los 

cultivados en el oviducto ovino [293], y, como se ha comentado anteriormente, la 

presencia de una alta concentración de glucosa originó diferencias entre sexos en 

velocidad de desarrollo que no se observan en niveles óptimos [267]. Tampoco se 

obtuvieron diferencias en embriones bovinos cultivados sin suero [294]. En humanos, 

la transferencia de embriones de estadios tempranos no alteró la proporción de sexos 

[295], pero hay varios artículos que muestran un sesgo de la proporción de sexos 

cuando se transfieren embriones en estadio de blastocisto [296-298]. En la misma 

tendencia, se ha publicado que sólo los embriones macho obtenidos por ICSI, pero no 
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aquellos obtenidos por FIV, crecen más rápido que sus compañeras [299]. De acuerdo 

con la supuesta mayor velocidad de desarrollo, se ha visto que los embriones macho 

producidos in vitro contienen más células que las hembras en bovinos [255] y 

humanos [285]. También en humanos, los fetos macho del tercer trimestre son más 

grandes que las hembras, lo que se atribuyó a diferencias en la constitución 

cromosómica [300]. Sin embargo, otros estudios no han encontrado diferencias entre 

sexos en bovinos [284, 301]. El dimorfismo sexual preimplantacional en términos de 

diferencia de supervivencia en el cultivo in vitro y velocidad de desarrollo será 

estudiado en los capítulos 1 y 3. 

 

El dimorfismo sexual preimplantacional es la consecuencia de un dimorfismo 

transcripcional causado por las diferencias en la dosis de cromosomas sexuales. Los 

genes ligados al Y se expresan exclusivamente en el macho y por ello, la primera 

descripción de diferencias transcripcionales entre sexos en embriones 

preimplantacionales fue el antígeno de histocompatibilidad Y, que estaba presente en 

el 50 % de los embriones de ratón de 8 células [302], que posteriormente se confirmó 

que eran machos [303]. Después, se descubrió la transcripción de SRY en embriones 

macho de ratón [304, 305], bovinos [306] y humanos [307]. Los genes del cromosoma 

X están presentes en una dosis doble en hembras, pero en los tejidos adultos se 

consigue un nivel transcripcional igual para ambos sexos gracias a la compensación 

de la dosis mediante la inactivación aleatoria del cromosoma X. Sin embargo, durante 

el periodo preimplantacional, la inactivación del X es un proceso reversible y 

dinámico [308] y algunos genes escapan a la inactivación y se expresan en un mayor 

nivel en embriones macho, como ha sido descrito en embriones de ratón [309-312], 

bovinos [241, 268, 269, 313] y humanos [271]. La extensión de este escape de la 

inactivación es desconocida. Además de este efecto directo sobre la expresión de 

genes, los genes localizados en los cromosomas sexuales modulan la expresión de los 

genes autosómicos, dando lugar a diferencias entre sexos [241, 314]. Entre los escasos 

genes autosómicos de los que se conoce un dimorfismo sexual en sus patrones de 

expresión, el interferón Tau (IFNT) –que informa de la gestación a la madre en los 

rumiantes [315]- ha sido ampliamente estudiado. Los blastocistos bovinos hembra 

produjeron más IFNT que los machos en condiciones in vitro [314] e in vivo [316], 

aunque las diferencias desaparecieron en embriones elongados de día 14 [316]. De 

forma similar, los embriones hembra ovinos de día 13 produjeron una cantidad 
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ligeramente mayor de IFNT que los macho [43] y en ciervos europeos (Cervus 

elaphus) el IFNT fue detectado en el 60 % de 10 blastocistos hembra y no se detectó 

en ninguno de los 7 blastocistos macho analizados [19]. Estas diferencias pueden estar 

unidas al metabolismo de glucosa, ya que la inhibición de G6PD en embriones 

bovinos, suprimió la expresión diferencial de IFNT [317]. El dimorfismo sexual en la 

transcripción de genes candidatos será abordado en los capítulos 3 y 4. La mayoría de 

los estudios que han analizado el dimorfismo sexual transcripcional preimplantacional 

se basan en un limitado número de genes candidatos. Los estudios de expresión 

génica global proporcionan una estimación de la extensión del dimorfismo sexual 

transcripcional que ayuda al conocimiento de fenómenos como la regulación 

transcripcional de los cromosomas sexuales, la inactivación del cromosoma X y los 

sesgos de la proporción de sexos debidos a mecanismos postconcepcionales. Sin 

embargo, debido a las dificultades técnicas para la obtención de la gran cantidad de 

embriones por grupo necesarios para llevar a cabo las técnicas de biología molecular, 

sólo una publicación, basada en ratones, ha analizado las diferencias entre sexos en la 

expresión génica global [318]. En el capítulo 5, se analizarán las diferencias entre 

sexos en la expresión génica global en el modelo bovino. 

 

En biología, el término epigenética se refiere a características como las 

modificaciones de la cromatina y del ADN que son estables después de varios ciclos 

de división celular pero no implican cambios en la secuencia de ADN del organismo 

[319]. La epigenética controla la transcripción del ADN y constituye la vía por la cual 

el genoma integra las señales intrínsecas y ambientales [320]. El estatus epigenético, 

especialmente los niveles de metilación de ADN o de metilación o acetilación de 

histonas, es la base de las diferencias transcripcionales y, por ello, el dimorfismo 

sexual transcripcional debe iniciarse mediante fenómenos epigenéticos. Sin embargo, 

durante el desarrollo preimplantacional, la única diferencia epigenética descrita entre 

sexos es la inactivación del cromosoma X. Aparte de las modificaciones en el ADN o 

las histonas, hay otras modificaciones epigenéticas, como el número de copias de 

ADN mitocondrial y la longitud telomérica. Las mitocondrias son las responsables de 

la glucolisis oxidativa, cuya importancia como una fuente significativa en la 

producción de ATP aumenta durante el periodo preimplantacional [321-323], 

coincidiendo con un aumento en la maduración mitocondrial [324] y en su número 

[325]. Debido a su importancia en dos factores implicados en el dimorfismo sexual 
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preimplantacional (metabolismo del embrión y estrés oxidativo [272]), se ha 

propuesto que las mitocondrias pueden tener un papel importante en las diferencias 

entre sexos [326]. Los telómeros son secuencias de ADN repetidas situadas en el 

extremo de los cromosomas cuya longitud determina el límite de divisiones que puede 

llevar a cabo una célula somática adulta antes de la senescencia [327]. La longitud 

telomérica queda determinada en el periodo preimplantacional, cuando los telómeros 

se elongan mediante un mecanismo alternativo basado en recombinación [328] que se 

continúa con la telomerasa [329]. En el capítulo 5, se determinarán las diferencias 

epigenéticas entre sexos en el estadio de blastocisto en términos de expresión génica 

de enzimas relacionadas con la epigenética, en el estatus de metilación de secuencias 

repetidas, en el número de copias de ADN mitocondrial y en la longitud telomérica. 

 

Figura 2: Posibles mecanismos de control de la proporción de sexos y sus relaciones 
con los capítulos de esta tesis. 
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Objectives 

OBJECTIVES 

 

General objective 

 

To analyze possible sex ratio control preconceptional mechanisms and to 

determine sex-related physiological, transcriptional and epigenetic differences in 

bovine preimplantation embryos. 

 

Specific objectives 

 

1) To examine the effect of oocyte maturation for 16 v. 24 h on the kinetics of first 

cleavage and embryo yield, and on the sex ratio of bovine embryos produced by 

IVF. 

2) To determine whether in vitro matured oocytes preferentially select X- or Y- 

bearing spermatozoa following in vitro fertilization, by examining the differences 

in fertility between sorted (i.e. X- or Y-sorted) versus sorted/recombined (i.e. a 

mix of X- and Y-sorted sperm) sperm. 

3) To examine the differences in kinetics of first cleavage and blastocysts 

development and relative transcript abundance of developmental-related genes 

between embryos derived from sorted v. unsorted spermatozoa. 

4) To examine differences in kinetics of development and survival under in vitro 

conditions for bovine embryos produced in vitro. 

5) To analyze sex-related differences in mtDNA content, telomere length, 

methylation of different regions of the genome, and transcription of genes related 

with cytosine methylation and histone methylation in bovine blastocysts produced 

in vitro. 

6) To study preimplantational sexual dimorphism at the transcriptional level by 

microarray gene expression profiling of bovine blastocysts produced in vitro, and 

to determine if the sexual dimorphism also occurs for in vivo embryos. 

7) To determine possible imprinting mechanisms affecting the X-chromosome.  
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Objetivos 

OBJETIVOS 

 

Objetivo general 

 

Analizar los posibles mecanismos preconcepcionales de control de la 

proporción de sexos y determinar las diferencias fisiológicas, transcripcionales y 

epigenéticas entre embriones preimplantacionales bovinos de distinto sexo. 

 

Objetivos específicos 

 

1) Examinar el efecto de la maduración del ovocito durante 16 o 24 horas en la 

cinética de la primera división y en la producción de embriones, y sobre la 

proporción de sexos de los embriones bovinos producidos por FIV. 

2) Determinar si los ovocitos madurados in vitro pueden seleccionar a los 

espermatozoides portadores del cromosoma X o Y durante la fecundación in 

vitro, mediante el examen de las diferencias en la capacidad fecundante entre 

semen sexado (X o Y) y una mezcla de semen sexado (X e Y). 

3) Examinar las diferencias en cinética de la primera división y desarrollo a 

blastocisto, y en la abundancia relativa de transcritos de genes relacionados 

con el desarrollo entre embriones obtenidos mediante espermatozoides 

sexados o sin sexar. 

4) Examinar las diferencias en cinética de desarrollo y supervivencia en las 

condiciones de cultivo in vitro entre embriones bovinos de distinto sexo 

producidos in vitro. 

5) Analizar las diferencias en contenido de ADN mitocondrial, longitud 

telomérica, metilación de diferentes regiones genómicas y transcripción de 

genes relacionados con metilación de citosinas e histonas entre blastocistos 

bovinos producidos in vitro. 

6) Estudiar el dimorfismo sexual preimplantacional a nivel transcripcional 

mediante perfiles de expresión génica de microarray en blastocistos bovinos 

producidos in vitro, y determinar si el dimorfismo sexual también ocurre in 

vivo. 

7) Determinar posibles mecanismos de impronta genómica parental que afecten 

al cromosoma X. 
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Abstract. The aim of the present study was to examine the effect of maturation for 16 v. 24 h on the kinetics of development
and the sex ratio of bovine embryos. Oocytes were inseminated at 16 or 24 h after the beginning of maturation using frozen–
thawed bull semen. Two-cell embryos at 24, 28, 32, 36, 40, 44 and 48 h post-insemination (hpi) and blastocysts at Days
6, 7 and 8 from both groups were snap-frozen individually and stored at −80◦C until determination of embryo sex.
Insemination at 16 h resulted in a lower cleavage rate at 48 hpi than insemination at 24 h (70.6% v. 77.1%, respectively,
P < 0.05). In terms of the evolution of cleavage divisions, insemination at 24 h resulted in a typical pattern of cleavage
such that by 32 hpi, ∼58% of presumptive zygotes had cleaved. In contrast, first cleavage following insemination at 16 h
was significantly slower such that by 32 hpi, ∼35% of presumptive zygotes had cleaved. Duration of IVM did not affect
blastocyst yield (∼37%). The overall sex ratio of 2-cell embryos at 48 hpi differed from 1 : 1 in favour of males in both
groups (24 h: 55.9 v. 44.1%; 16 h: 59.1 v. 40.9%, P < 0.05). Similarly, the overall sex ratio of blastocysts differed from
1 : 1 in both groups (24 h: 59.7 v. 40.3%; 16 h: 58.5 v. 41.5%, P < 0.05). In conclusion, timing of gamete interaction and
maturity of the oocyte at the time of the interaction can affect the kinetics of the early cleavage divisions but has no effect
on the sex ratio of the embryos produce.

Additional keywords: IVM, PCR.

Introduction

The ability to preferentially produce either male or female off-
spring would be of enormous economic benefit to the livestock
industry. The only consistent approach to achieving this is the
use of sex-sorted sperm, however, problems with low through-
put of sperm have thus far limited its widespread use (Seidel
2003, 2007; Garner and Seidel 2008). Using unsorted sperm,
several factors have been shown to influence sex ratio in cat-
tle including (1) timing of insemination (Wehner et al. 1997;
Pursley et al. 1998; Martinez et al. 2004), (2) the maturational
state of the oocyte at the time of insemination in vitro (Dominko
and First 1997; Agung et al. 2006), (3) the duration of gamete
co-incubation in vitro (Kochhar et al. 2003) and (4) the post-
fertilisation culture conditions in vitro (Gutiérrez-Adán et al.
1996, 2001a, 2001b).

Studies in a variety of mammals suggest that the timing of
mating or insemination in relation to ovulation can influence the
offspring sex ratio, with early insemination resulting in more
females and late insemination more males (reviewed by Rorie
1999). Wehner et al. (1997) reported that insemination early dur-
ing oestrus (20 h before ovulation) resulted in 93% female calves
whilst late insemination (10 h before ovulation) resulted in 92%

males. Similarly, Martinez et al. (2004) reported >70% female
calves following early insemination (8–18 h after oestrus onset)
compared with >70% male calves if insemination took place
late (after 30 h). In sheep, Gutiérrez-Adán et al. (1999) reported
that insemination of ewes during the 5 h preceding ovulation led
to more female offspring compared with insemination during the
5 h after ovulation, which resulted in more males. While the exis-
tence of this phenomenon is not universally accepted, proposed
mechanisms include preferential transport of X- or Y-bearing
sperm in the female tract, preferential selection of sperm at the
site of fertilisation or sex-specific embryo mortality after fer-
tilisation. However, others have failed to replicate these results
(Jobst and Nebel 1998; Rorie et al. 1999; Roelofs et al. 2006).

The maturational state of the oocyte at the time of insemi-
nation in vitro has been shown to influence the sex ratio of the
resulting embryos. Dominko and First (1997) and Gutiérrez-
Adán et al. (1999) selected bovine oocytes at 16 h for the
presence of a polar body and either inseminated them immedi-
ately or after an 8-h delay at 24 h. Delayed insemination enhanced
the cleavage rate and proportion developing to the 8-cell stage as
well as significantly increasing the proportion of male embryos.
It is not known whether such a deviation in sex ratio would exist

© CSIRO 2008 10.1071/RD08083 1031-3613/08/060734
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in unselected oocytes. Therefore, the aim of the present study
was to examine the effect of maturation for 16 v. 24 h on the
kinetics of development after insemination and the sex ratio of
bovine embryos. In vitro embryo production in cattle is a rather
inefficient process; despite high rates of maturation and fertilisa-
tion (cleavage) on average only ∼30–40% of immature oocytes
recovered from abattoir-derived ovaries develop to the blastocyst
stage. Because of this substantial loss of embryos between fer-
tilisation and blastocyst formation a more valid estimation of the
sex ratio could be obtained by sexing the embryos shortly after
fertilisation. Thus, we assessed the effect of maturation length
on sex ratio at both the 2-cell and blastocyst stage. Indirectly, this
also allowed an assessment of whether postfertilisation culture
conditions preferentially supported more males than females as
has been suggested for some culture conditions (Gutiérrez-Adán
et al. 2001a, 2001b).

Materials and methods
In vitro embryo production
Unless otherwise stated, all chemicals were purchased from
Sigma Chemical Co. (Poole, UK). The techniques for producing
embryos in vitro have been described previously (Rizos et al.
2002a). Immature cumulus oocyte complexes (n = 4402) in 16
replicates (replicate = days of ovary collection) were obtained
by aspirating follicles from the ovaries of heifers and cows col-
lected at slaughter and were split into two groups for maturation.
Maturation took place in TCM-199 (catalogue no. M4530) sup-
plemented with 10% (v/v) fetal calf serum (FCS, catalogue no.
F2442) and 10 ng mL−1 epidermal growth factor (catalogue no.
E4127) at 39◦C under an atmosphere of 5% CO2 in air with
maximum humidity. One group (n = 2198) was inseminated 16 h
after the beginning of maturation and the other at 24 h (n = 2204)
using frozen–thawed percoll-separated bull sperm (GE Health-
care Bio-sciences, Uppsala, Sweden) at a concentration of 106

spermatozoa mL−1. Gametes were co-incubated at 39◦C under
an atmosphere of 5% CO2 in air with maximum humidity.
At ∼20 h post insemination (hpi), presumptive zygotes were
denuded and transferred to 25-µL culture droplets (1 embryo
per µL) under mineral oil. Culture took place in SOF + 5% FCS.
Plates were incubated at 39◦C under an atmosphere of 5% CO2,

5% O2 in air with maximum humidity. At 24, 28, 32, 36, 40, 44
and 48 h post insemination all culture dishes were examined for
the presence of 2-cell embryos. In half of the replicates (n = 8)
all 2-cell embryos at each time point were removed from culture,
snap-frozen individually in liquid nitrogen and stored at −80◦C
until determination of embryo sex. Embryos in the remaining 8
replicates were further cultured and all blastocysts were removed
at Days 6, 7 and 8 and similarly processed for sex determination.

Embryo sexing by PCR
In order to remove any potential confounding effects of acces-
sory spermatozoa attached to the zona pellucida, all embryos
for sexing were removed from culture drops, washed in PBS
and then transferred into a 5 mg mL−1 pronase solution (Sigma
P5147, Madrid, Spain) for 1 min. They were then washed 3 to
4 times in PBS and snap-frozen individually in liquid nitrogen

in 0.2-µL eppendorf tubes and stored at −80◦C until analy-
sis. For increasing PCR efficiency, embryos were digested with
8 µL per individual 2- to 4-cell embryo or 16 µL per individual
blastocyst of a 100 µg mL−1 proteinase K (Sigma, P8044–1G)
solution at 55◦C overnight. After digestion, proteinase K was
inactivated at 95◦C for 10 min. Two sets of PCR primers were
used to determine embryo sex: Y-chromosome specific primers
(BRY1a), and bovine-specific satellite sequence primers (Sat1)
(Manna et al. 2003). The PCR were conducted in a total volume
of 25 µL containing 8 µL of the proteinase K-digested sample,
1× Gotaq Flexi buffer, 1 IU of Gotaq (Promega, Madison, WI,
USA), 1.25 mm MgCl2, 0.1 mm dNTP, 1 ng µL−1 BRY primers
and 0.2 ng µL−1 Sat primers. PCR was performed with a first
cycle (94◦C for 3 min, 60◦C for 40 s and 72◦C for 15 s) fol-
lowed by 35 cycles (94◦C for 15 s, 60◦C for 30 s, 72◦C for 15 s;
final elongation 72◦C for 5 min) (Bermejo-Alvarez et al. 2008).
Products were visualised on an ethidium bromide-stained 2%
agarose gel. The gel was visualised under ultraviolet illumina-
tion for the positive 300-bp band of BRY 1a and the 216-bp band
of the satellite sequence. Samples which exhibited both bands
were assigned as male while samples exhibiting only a satellite
sequence band were assigned as female. Every PCR was carried
out with three controls: male genomic DNA, female genomic
DNA and a negative control.

Statistical analysis
Data were analysed using the SigmaStat (Jandel Scientific,
San Rafael, CA, USA) software package. One-way repeated-
measures ANOVA (followed by multiple pair-wise comparisons
using Student-Newman-Kleus method) was used for the analy-
sis of cleavage rate and blastocyst yield. The sex ratio of 2-cell
embryos and blastocysts was compared with the expected ratio
of 1 : 1 using the chi-square test of goodness-of-fit. The effect
of time of first cleavage and sex ratio was also analysed using
logistic regression (sex regressed on IVM duration and time).

Results
Kinetics of cleavage and embryo development
Insemination at 16 h after initiation of IVM resulted in a lower
cleavage rate at 48 hpi than insemination at 24 h (70.6% v. 77.1%,
respectively, P < 0.05). In terms of the evolution of cleavage
divisions, insemination at the normal time (24 h after start of
IVM) resulted in a typical pattern of cleavage; very few zygotes
had cleaved by 24 hpi (2%), a further 27% had cleaved by 28 hpi
with another 29% cleaved by 32 hpi, such that by 32 hpi ∼58%
of presumptive zygotes had cleaved. Put another way, 74% of all
zygotes that cleaved had done so by 32 hpi (Table 1; Fig. 1).

In contrast, the speed of oocyte cleavage after IVF was signif-
icantly slower when oocytes were inseminated 16 h after the start
of IVM; 1% had cleaved by 24 hpi, a further 9% had cleaved by
28 hpi with another 25% cleaved by 32 hpi, such that by 32 hpi
∼35% of presumptive zygotes had cleaved, representing 49% of
all zygotes which cleaved (Table 1; Fig. 1).

Irrespective of duration of maturation, most blastocysts
appeared on Day 6 and Day 7 after insemination (∼40–45%
of the total blastocyst yield on each of the two days) with a
smaller number of additional blastocysts (∼11% of total) on
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Table 1. Effect of duration of in vitro maturation of bovine oocytes on kinetics of cleavage after fertilisation in vitro
Sixteen replicates. Data are reported as n (% (mean ± s.e.m.)) for each time point and IVM duration

Duration No. of 24 h 28 h 32 h 36 h 40 h 44 h 48 h
of IVM COC

CumulativeA

16 h 2198 23 (1.1 ± 0.2) 218a (10.0 ± 1.5) 770a (35.3 ± 1.5) 1207a (54.8 ± 1.8) 1394a (63.3 ± 1.8) 1505 (68.4 ± 1.9) 1557a (70.6 ± 1.8)
24 h 2204 47 (2.3 ± 0.9) 630b (28.8 ± 3.6) 1267b (57.6 ± 3.3) 1486b (67.4 ± 2.8) 1586b (72.0 ± 2.5) 1650 (74.7 ± 2.4) 1702b (77.1 ± 2.2)

At each time pointB

16 h 2198 23 (1.1 ± 0.9) 195a (8.9 ± 1.5) 552a (25.3 ± 1.6) 437a (19.6 ± 1.7) 177a (8.2 ± 0.8) 110a (5.0 ± 0.4) 52 (2.3 ± 0.3)
24 h 2204 47 (2.3 ± 0.9) 583b (26.6 ± 3.2) 637b (28.9 ± 2.2) 219b (9.8 ± 1.3) 100b (4.6 ± 0.5) 64b (2.7 ± 0.5) 52 (2.5 ± 0.6)

AData represent the cumulative total number of oocytes cleaved at each observation time.
BData represent number of oocytes cleaving since previous observation time.
a,bIndicates a significant difference (P < 0.05) between treatments at a particular time point.
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Fig. 1. Kinetics of first cleavage division in bovine zygotes after IVF following oocyte maturation for 16
(�, n = 2198) or 24 h (�, n = 2204). (a) Cumulative cleavage. (b) Proportion of zygotes cleaving at each time
point. *P < 0.05, **P < 0.01, ***P < 0.001 (16 replicates).

Day 8. Duration of IVM did not affect the yield of blastocysts
(Table 2; Fig. 2).

Sex ratio of bovine 2-cell embryos and blastocysts
Treatment did not affect the sex ratio of 2-cell embryos at any
of the time points studied, apart from at the 48-h time point,

at which, amongst the small number of embryos, there were
significantly more males than females in the 16-h compared with
the 24-h IVM group (P < 0.05; Table 3).

Within each treatment, the observed sex ratio differed from
the expected 1 : 1 at specific time points. For the 24-h IVM group
there was a trend towards more males at the early cleaving time

87



Oocyte maturation and embryo sex ratio Reproduction, Fertility and Development 737

Table 2. Effect of duration of in vitro maturation of bovine oocytes on
blastocyst development

Eight replicates. Data are reported as n (% (mean ± s.e.m.)) for each day and
IVM duration

Duration No. of Blastocyst yield
of IVM COC Day 6 Day 7 Day 8

16 h 1078 164 (17.1 ± 3.1) 314 (30.6 ± 4.1) 356 (34.1 ± 3.9)
24 h 1074 182 (16.4 ± 2.1) 376 (34.6 ± 3.5) 426 (39.4 ± 4.3)

0
5

10
15
20
25
30
35
40
45
50

Day 6 Day 7 Day 8

%

Fig. 2. Kinetics of blastocyst development in vitro following oocyte
maturation for 16 (�, n = 1078) or 24 h (�, n = 1074) (8 replicates,
P > 0.05).

points (up to and including 36 hpi) with a significant difference
only at 32 hpi (59.7 v. 40.3%, P < 0.05) while at the later time
points (40, 44 and 48 hpi) there was a tendency towards more
females. For the 16-h IVM group there were significantly more
males at 24, 28 and 32 hpi (100 v. 0%; 64.5 v. 35.5% and 60.1
v. 39.9% respectively, P < 0.05), and this trend continued at the
later time points, although the difference was not significant
(Table 3).

Irrespective of duration of IVM, when embryos were grouped
into early- (up to and including 32 hpi) and late-cleaving (after
32 hpi) groups, there were significantly more males in the early
group than the expected 1 : 1 (Table 4). However, in the 16-h
IVM group the difference continued, in favour of males, in the
late-cleaving embryos (Table 4). Analysis using logistic regres-
sion (sex regressed on IVM duration and time) supported this
observation; there was no significant interaction between IVM
and time but time significantly affected sex ratio (P = 0.011)
while the effect of duration of IVM approached significance
(P = 0.097).

The overall sex ratio of all 2-cell embryos at 48 hpi differed
significantly from 1 : 1 in favour of males in both groups (24 h:
55.9 v. 44.1%; 16 h: 59.1 v. 40.9%, P < 0.05) (Table 4). The
overall sex ratio of blastocysts differed significantly from 1 : 1 in
both groups (24 h: 59.7 v. 40.3%; 16 h: 58.5 v. 41.5%, P < 0.05;
Table 5). There was a tendency for more male blastocysts than
females at Days 6, 7 and 8. However, a significant difference in
favour of males compared with 1 : 1 was only apparent for the
24-h IVM group on Day 6 (62.0 v. 38.0%) and for the 16-h IVM
group only on Day 7 (60.6 v. 39.4%).
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Table 4. Sex ratio of early- and late-cleaving bovine embryos following in vitro oocyte maturation
for 16 or 24 h

Data are reported as n (%)

Duration Sex ratio
of IVM Before 32 h After 32 h Total at 48 h

� � � � � �

24 h 200x (58.5) 142y (41.5) 62 (48.8) 65 (51.2) 262x (55.9) 207y (44.1)
16 h 140x (62.2) 85y (37.8) 146x (56.4) 113y (43.6) 286x (59.1) 198y (40.9)

x,yIndicates a significant difference (P < 0.05) from the expected 1 : 1 ratio within each treatment group.

Table 5. Sex ratio of blastocysts derived from oocytes matured for 16 or 24 h
Data are reported as n (%)

Duration Blastocyst sex ratio
of IVM Day 6 Day 7 Day 8 Total

� � � � � � � �

24 h 70x (62.0) 43y (38.0) 64 (58.2) 46 (41.8) 17 (56.7) 13 (43.3) 151x (59.7) 102y (40.3)
16 h 41 (52.6) 37 (47.4) 57x (60.6) 37y (39.4) 22 (66.7) 11 (33.3) 120x (58.5) 85y (41.5)

x,yIndicates a significant difference (P < 0.05) from the expected 1 : 1 ratio within each treatment group.

Discussion

In the present study 4402 oocytes were used over 16 replicates
to address the effect of the duration of IVM on the kinetics of
cleavage, overall cleavage rate and blastocyst development. To
address the effect of duration of IVM on the sex of embryos after
IVF we sexed a total of 953 2-cell embryos and 458 blastocysts.
The findings demonstrate that reducing the period of maturation
in vitro before exposure to sperm from the standard 24 h to 16 h
results in a slower evolution of cleavage after IVF and a slightly
reduced cleavage rate overall. However, this delay in cleavage
was not manifested in a lower blastocyst yield. Irrespective of
the duration of IVM, early-cleaving embryos were more likely
to be male.

A clear relationship between the time of first cleavage after
insemination in vitro and the developmental competence of the
embryo has been demonstrated in humans (Shoukir et al. 1997;
Bos-Mikich et al. 2001; Fenwick et al. 2002) and in many domes-
tic species, including cattle (Lonergan et al. 1999), with those
oocytes cleaving earliest after IVF being more likely to reach
the blastocyst stage than their later-cleaving counterparts. The
mechanisms responsible for this difference have not been fully
elucidated but it is related to the polyadenylation of several
mRNA transcripts in the oocyte (Brevini et al. 2002). In addi-
tion, the sire used in IVF can have a significant effect on the
kinetics of cleavage and the proportion of oocytes developing
to the blastocyst stage (Ward et al. 2001). However, irrespective
of sire, those zygotes that cleave earliest after insemination are
more likely to form blastocysts than their later-cleaving coun-
terparts. The mechanism through which the sire can affect the
kinetics of cleavage is thought to be due to the timing of the onset
and duration of DNA replication during the first cell cycle (Eid

et al. 1994; Comizzoli et al. 2003). Using semen from the same
bull, in the present study we observed that it is possible to influ-
ence the kinetics of oocyte cleavage by altering the maturational
stage at which fertilisation takes place; IVM for 16 h resulted in
a lag in cleavage kinetics compared with the 24-h IVM group.

From our results we can conclude also that even though during
meiosis in mammals equal numbers of X- and Y-bearing sperm
are created, this might not be reflected in the proportion of the
sperm population that reaches the oocyte. The overall sex ratio
of all 2-cell embryos at 48 hpi differed significantly from 1 : 1 in
favour of males in both groups (144 males to 100 females at 16 h
and 127 males to 100 females at 24 h). This is in agreement with
the primary sex ratio (male : female ratio at the time of fertilisa-
tion) reported in humans, that may be as high as 170 males to 100
females (Pergament et al. 2002), suggesting that there is a differ-
ential ability of X- orY-bearing spermatozoa to fertilise oocytes.
These differences may be due to differences in the physiological
activity (motility/viability or capacitation/acrosome reaction)
of X- or Y-bearing spermatozoa before fertilisation (Penfold
et al. 1998; Gutiérrez-Adán et al. 1999; Madrid-Bury et al.
2003).

In cattle, male embryos have been reported to develop to
more advanced embryonic stages faster than females (Avery
et al. 1991; Xu et al. 1992). Consistent with this, the pro-
portion of males is significantly higher among embryos that
cleave to the two-cell stage within the first 30 h of insemina-
tion (Yadav et al. 1993). When this is coupled with the fact
that such oocytes account for most of blastocysts (Lonergan
et al. 1999) it is not surprising that the sex ratio is skewed
amongst blastocysts in many in vitro systems and the dis-
proportionate number of male calves born after IVF, perhaps
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by selecting developmentally-advanced blastocysts for transfer
(Hasler 1998).

Both Dominko and First (1997) and Gutiérrez-Adán et al.
(1999) found that insemination of oocytes immediately after
polar body extrusion resulted in more female embryos, whereas
delaying insemination for 8 h resulted in more males. They sug-
gested that the observed skewing of the sex ratio away from
the expected 1 : 1 was influenced by the maturational state of
the oocytes and the kinetics of sperm–oocyte interaction. They
propose that delaying insemination allows metaphase II-arrested
oocytes to process Y sperm more effectively and that delaying
insemination allows a greater proportion of oocytes to reach opti-
mal maturity before insemination. Whether this is true or not is
unclear. However, one reason for the difference in our results
may be the fact that we did not select oocytes for the presence
of a polar body.

Undoubtedly, a lower proportion of such unselected oocytes
inseminated at 16 h are at metaphase II. We have previously
shown that by 12 h IVM over 90% of oocytes have reached
metaphase I; by 16 h over 50% are at either telophase I or
metaphase II while by 24 h ∼90% are at metaphase II (Lonergan
et al. 1997). Thus in the present study approx 50% of oocytes
inseminated at 16 h were at metaphase I (40%) or earlier stages.
Similar to the present study,Agung et al. (2006) did not preselect
oocytes based on polar body extrusion. Based on a small num-
ber of blastocysts sexed per time point (n = 22) in that study,
the proportion of males increased with increasing duration of
IVM from 32% in blastocysts derived from oocytes matured for
16 h, to 73% in oocytes matured for 34 h. In agreement with our
observations, they did not observe a difference in blastocyst sex
ratio following IVM for 16 v. 22 h.

The postfertilisation culture environment to which the bovine
embryo is exposed has been shown to influence the quality of
the resulting embryo measured in terms of cryotolerance (Rizos
et al. 2002a), ultrastructural morphology (Rizos et al. 2002b),
transcript abundance (Rizos et al. 2002c; Lonergan et al. 2003),
incidence of chromosome abnormalities (Lonergan et al. 2004)
and pregnancy rate (Lazzari et al. 2002). In addition, under
certain conditions, particularly in the presence of serum, the
speed of development (Rizos et al. 2003) and the sex ratio
(Gutiérrez-Adán et al. 2001b) can be altered. In the present
study, irrespective of treatment, the overall sex ratio at the 2-
cell stage and the blastocyst stage were similar, suggesting that,
at least under the conditions used in the present study, culture
environment did not preferentially support the development of
one sex over another.

In conclusion, timing of gamete interaction and maturity of
the oocyte at the time of the interaction can affect the kinetics
of the early cleavage divisions but has no effect on the sex ratio
of the embryos produced.
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Department of Biotechnology,4 Institute of Animal Breeding (FAL), 31535 Neustadt, Germany
School of Agriculture, Food Science and Veterinary Medicine,5 University College Dublin, Dublin 4, Ireland

ABSTRACT

It has been reported that the mammalian female could have a
preconceptual influence on the sex of her offspring, and it has
been hypothesized that this influence could go some way toward
accounting for the reported lower fertility following insemination
with sex-sorted sperm. To test whether in vitro matured oocytes
are able to select X- or Y-bearing spermatozoa following in vitro
fertilization (IVF), we fertilized in vitro 1788 oocytes with X-
sorted semen, Y-sorted semen, a mix of X- and Y-sorted semen,
and unsorted semen from the same bull, and cultured until Day 9.
Fertility was assessed by recording cleavage rate at 48 h
postinsemination (hpi) and blastocyst development until Day 9.
Embryos were sexed at the two- to four-cell stage and the
blastocyst stage. The proportion of zygotes cleaving at 48 hpi was
not different between X- and Y-sorted groups and the mix of X-
and Y-sorted semen group; however, all were significantly lower
than the unsorted group (P , 0.001). Blastocyst yield on Day 6
was significantly higher (P� 0.01) in the control group compared
with the rest of the groups. Cumulative blastocyst yields on Days
7, 8, and 9 were also significantly higher (P � 0.01) in the
unsorted group compared with the sorted groups. The proportion
of female and male two- to four-cell embryos obtained following
IVF with X- and Y-sorted sperm was 88% and 89%, respectively
and the sex ratio at the two- to four-cell stage was not different
following IVF with unsorted or sorted/recombined sperm (56.9%
males vs. 57% males, respectively). At the blastocyst stage,
similar percentages were obtained. In conclusion, the differences
in cleavage and blastocyst development using sorted versus
unsorted sperm are not due to the oocyte preferentially selecting
sperm of one sex over another, but are more likely due to
spermatic damage caused by the sorting procedure.

animal reproduction technology, fertilization, in vitro fertilization,
male and female bovine embryos, sex-sorted sperm

INTRODUCTION

Several factors have been reported to influence sex ratio in
cattle, including 1) timing of insemination in vivo [1–3], 2) the

maturational state of the oocyte at the time of insemination in
vitro [4–6], 3) the duration of gamete coincubation in vitro [7],
and 4) the postfertilization culture conditions in vitro [8]. It has
been reported that the mammalian female could have a
preconceptual influence on the sex of her offspring, and it
has been hypothesized that this influence could go some way
toward accounting for the reported lower fertility following
insemination with sex-sorted sperm [9]. It has been suggested
that the level of testosterone in bovine follicular fluid (FF) may
predispose the ovulated oocyte to be preferentially fertilized by
either an X- or a Y-chromosome-bearing spermatozoa [10]. In
support of this theory, a positive correlation has been described
between the concentration of testosterone in follicular fluid and
the likelihood of the oocyte recovered from that follicle being
fertilized in vitro by a Y-bearing spermatozoa [11]. If this
notion is true, then no matter how technically successful sperm
sorting techniques are, fertility rates will be low.

Lower pregnancy rates from sex-sorted sperm have been
attributed to factors associated with the sorting process (sperm
damage), problems with insemination techniques, and/or the
low sperm doses typically used. Experiments using matched
doses of sorted and unsorted sperm attempt to address the issue
of sperm numbers used [12]. However, the comparison
between insemination with sorted versus sorted/recombined
sperm, which would control for both sperm dose and sperm
damage, has not been made.

Therefore, this study was designed to address two questions:
1) Can in vitro matured oocytes preferentially select X- or Y-
bearing spermatozoa following in vitro fertilization (IVF)? and
2) Is there a difference in fertility following insemination with
sorted versus sorted/recombined sperm? To do this, we
inseminated in vitro matured oocytes with X-sorted semen,
Y-sorted semen, a mix of X- and Y- sorted semen (i.e., sorted-
recombined) or unsorted semen from the same high-fertility
bull. Fertility was assessed by recording cleavage rate at 48 h
postinsemination (hpi) and blastocyst development until Day 9.
Embryos were sexed at the two- to four-cell stage and the
blastocyst stage.

MATERIALS AND METHODS

Semen Preparation

Semen was collected from six ejaculates of a Holstein Friesian bull of
proven fertility and diluted immediately with Sexcess extender (Masterrind,
Verden Germany) to a final concentration of 1 3 108 sperm/ml. Spermatozoa
were labelled with 15–25 ll of a 8.12 mM Hoechst 33342 solution (8.9 mM of
2-[-4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2.5-bi-1H-benzimidazole in
bidistillated water) for 60 min at 348C. Sperm sorting was performed (one
sorting per ejaculate) according to the Beltsville Sperm Sorting Technology
[13]. Labeled sperm samples were filtered through a 51-lm cell strainer grid
(Falcon Becton Dickinson and Company, Franklin Lakes, NY) and then
supplemented with 1 ll food dye solution FD&C#40 (Warner Jekinson
Company Inc., St. Louis, MO). Sorting was performed with a high-speed flow
cytometer (MoFlo SX, DakoCytomation, Fort Collins, CO), equipped with an
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de la Coruña Km 5.9, Madrid 28040, Spain. FAX: 034 91 347 4014;
e-mail: agutierr@inia.es

Received: 22 April 2008.
First decision: 10 May 2008.
Accepted: 6 June 2008.
� 2008 by the Society for the Study of Reproduction, Inc.
ISSN: 0006-3363. http://www.biolreprod.org

594
93



argon UV-Laser (Coherent Laser, Inova I 90C-6, Dieburg, Germany), set to
200 mW output. Samples were sorted at an average event rate of 25 000 cells/
sec giving a sorting rate of 3300 cells/sec. Spermatozoa were collected into 10-
ml conical plastic tubes (Greiner, Nürtingen, Germany) prefilled with 500 ll
TEST-yolk extender [13]. Immediately after collection of 8 million
spermatozoa, the sorted cells were centrifuged at 840 3 g for 20 min. The
supernatant was discharged, and the pellet was resuspended with a TRIS-based
cooling extender and cooled in two steps to 48C within 3 h. Then the final
sperm concentration was set at 20.6 3 106 sperm/ml with a TRIS based freezing
extender [14], and 3.33 106 spermatozoa were filled into 0.25-ml plastic straws
(Minitüb, Tiefenbach, Germany), sealed, and frozen in liquid nitrogen. From
each sorted frozen sample, a purity analysis for the correct sex separation was
performed using a flow-cytometrical resort protocol and by curve-fitting
statistics (Gaus 7 [13]). Semen collection was carried out under routine
conditions with due adherence to the care and welfare of the animal. All the
procedures involving animals were reviewed and approved by the Institutional
Animal Care and Use Committee of INIA (Madrid) and were performed in
accordance with the guiding principles for the care and use of laboratory
animals.

In Vitro Embryo Production

Immature cumulus oocyte complexes (COCs; n¼ 1788) were obtained by
aspirating follicles (2–8 mm) from the ovaries of heifers and cows collected at
slaughter. COCs were matured (in groups of approximately 50 in 500 ll of
medium) for 24 h in TCM-199 supplemented with 10% (v/v) fetal calf serum
(FCS) and 10 ng/ml epidermal growth factor at 398C under an atmosphere of
5% CO

2
in air with maximum humidity. For IVF, matured COCs were

inseminated with 12.5 ll of frozen-thawed, percoll-separated sperm added to
25-ll droplets under mineral oil (15–20 oocytes per droplet) at a final
concentration of 1 3 106 spermatozoa/ml. Oocytes were inseminated with
frozen-thawed X-sorted sperm (n¼ 518), Y-sorted sperm (n¼ 445), a pool of
X- and Y-sorted sperm (n¼ 400), or unsorted sperm (n¼ 425) from the same
bull. To generate the pool of X- and Y-sorted sperm, an equal volume of X-
sorted and Y-sorted sperm were mixed after percoll separation. Theoretically,
this pooled XY group should yield the same sex ratio as unsorted sperm. Four
replicates (¼ days of ovary collection) were carried out, and each treatment was
represented in each replicate; approximately equal numbers of oocytes were
used per treatment in each replicate. Gametes were coincubated at 398C under
an atmosphere of 5% CO

2
in air with maximum humidity. At approximately 20

hpi, presumptive zygotes were denuded and transferred to 25-ll culture
droplets (one embryo per ll) under mineral oil. Culture took place in SOF þ
5% FCS. Plates were incubated for 7 days at 398C under an atmosphere of 5%
CO

2
, 90% of N

2
, and 5% O

2
with maximum humidity. Fertility was assessed by

recording cleavage rate at 48 hpi and blastocyst development until Day 9.
Embryos were sexed at the two- to four-cell stage and the blastocyst stage.

Embryo Sexing by PCR

For sexing, embryos were washed in PBS and transferred into 5 mg/ml
pronase (Sigma, Madrid, Spain) in PBS for 1 min to remove the zona pellucida
and any attached spermatozoa. This was considered necessary to avoid any
potential ambiguity in the sexing results contributed by accessory sperm
attached to the zona. They were then washed three to four times in PBS,
individually snap frozen in liquid nitrogen in 0.2-ll Eppendorf tubes, and stored
at�808C until analysis. For increasing PCR efficiency, embryos were digested
with 8-ll/individual two- to four-cell embryo or 16-ll/individual blastocyst of a

100-lg/ml proteinase K (Sigma, P8044-1G) solution at 558C overnight. After
digestion, proteinase K was inactivated at 958C for 10 min. Two sets of PCR
primers were used to determine embryo sex: Y-chromosome specific primers
(BRY1a), and bovine specific satellite sequence primers (Sat1) [15]. The PCR
reactions were conducted in a total volume of 25 ll containing 8 ll of the
proteinase K digested sample, 13 Gotaq Flexi buffer, 1 IU of Gotaq (Promega,
Madison, WI), 1.25 mM MgCl

2
, 0.1 mM dNTP, 1 ng/ll BRY primers, and 0.2

ng/ll Sat primers. PCR was performed with a first cycle (948C for 3 min, 608C
for 40 sec, and 728C for 15 sec) followed by 35 cycles (948C for 15 sec, 608C
for 30 sec, and 728C for 15 sec; final elongation 728C for 5 min) [16]. Products
were visualized on an ethidium bromide stained 2% agarose gel. The gel was
visualized under ultraviolet illumination for the positive 300-bp band of BRY
1a and 216 bp of the satellite sequence. Samples that exhibited both bands were
assigned as male, while samples exhibiting only a satellite sequence band were
assigned as female. Every PCR was carried out with three controls: male
genomic DNA, female genomic DNA, and a negative control.

Statistical Analysis

Data were analyzed using the SigmaStat (Jandel Scientific, San Rafael, CA)
software package. Cleavage and embryo development was analyzed using one-
way repeated measures ANOVA with arcsine transformation.

RESULTS

In Vitro Development of Bovine Embryos Produced Using
Sorted Sperm

Cleavage was assessed at 48 hpi, and blastocyst yield was
recorded on Days 6, 7, 8, and 9. The proportion of zygotes
cleaving at 48 hpi was not different between X- and Y-sorted
groups and the mix of X- and Y-sorted semen group (X: 61.1
6 3.2%, Y: 61.3 6 5.7%, XY: 58.5 6 5.4%); however, all
were significantly lower than the unsorted group (84.2 6
1.3%; P , 0.001) (Table 1). Blastocyst yield (% out of total
COCs) on Day 6 was significantly higher (P � 0.01) in the
unsorted control group compared with the rest of the groups
(unsorted: 22.3 6 5.8; X: 6.9 6 2.42; Y: 8.2 6 2.1; XY: 5.3
6 2.4). Similarly, cumulative blastocyst yields on Days 7, 8,
and 9 were significantly higher (P � 0.01) in the unsorted
group compared with the sorted groups (e.g., Day 9, unsorted:
50.4 6 5.3; X: 27.0 6 4.8; Y: 27.3 6 4.6; XY: 22.6 6 4.6)
(Table 1). Thus, reconstituting an ‘‘unsorted’’ sperm sample by
recombining X- and Y-sorted sperm did not improve cleavage
rate or blastocyst yield compared with the use of X- or Y-sorted
sperm.

Sex Ratio of Bovine Embryos Produced Using Sorted and
Unsorted Sperm

The proportion of female and male two- to four-cell
embryos obtained following IVF with X- and Y-sorted sperm

TABLE 1. Effect on cleavage rate and blastocyst development (four replicates) from using sex-sorted bovine sperm in IVF.

No. of oocytes Percentage cleaved (n)

Percentage of blastocysts (n)

Day 6 Day 7 Day 8 Day 9

X-sorted

518 61.1 6 3.2b (313) 6.9 6 2.4b (33) 21.0 6 4.1b (106) 25.6 6 4.4b (130) 27.0 6 4.8b (137)

Y-sorted

445 61.3 6 5.7b (277) 8.2 6 2.1b (36) 22.1 6 4.3b (99) 25.6 6 4.4b (116) 27.3 6 4.6b (123)

XY poola

400 58.5 6 5.4b (235) 5.3 6 2.3b (21) 17.1 6 4.3b (70) 21.1 6 4.8b (85) 22.6 6 4.6b (91)

Unsorted

425 84.4 6 1.7c (358) 22.3 6 5.8c (90) 40.7 6 3.8c (169) 48.9 6 5.0c (202) 50.4 6 5.3c (208)

a Produced by pooling an equal volume of Percoll-separated X- and Y-sorted sperm.
b,c Different superscripts indicate significant differences between groups (P , 0.01) based on ANOVA.
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was 88% and 89%, respectively (Table 2). The sex ratio at the
two- to four-cell stage was not different following IVF with
unsorted or sorted/recombined sperm (56.9% males vs. 57%
males, respectively; Table 2).

The sex ratio at the blastocyst stage was consistent with that
observed at 48 hpi; the proportion of female and male embryos
obtained with X- and Y-sorted sperm was 87.8% and 89.3%,
respectively (Table 2), while the sex ratio was not different
between unsorted or sorted/recombined sperm (53.5% vs.
50.6%, respectively; Table 2). This observed consistency
between sex ratio at the two- to four-cell stage and the
blastocyst stage would suggest that the postfertilization
conditions of culture used in this study did not preferentially
support the development of embryos of either sex.

DISCUSSION

It has been suggested that in cattle the oocyte is ovulated
already adapted to receive an X- or Y-bearing spermatozoa,
and this could be responsible for some of the fertilization
failure observed when using sex-sorted semen [9]. We have
found that when in vitro matured bovine oocytes were fertilized
with X- or Y-sorted sperm or with a reconstituted mixture of X-
or Y-sorted sperm, embryo development was similar, indicat-
ing that bovine oocytes, at least under the conditions used in
this study, cannot preferentially select X- or Y-bearing
spermatozoa. Moreover, in agreement with previous reports,
we have found that the production of embryos using IVF with
sorted sperm is lower than using nonsorted sperm. The
evidence suggests that this is due to damage induced during
the sorting process as the cells are exposed to a number of
potential hazards, including dilution, centrifugation, incuba-
tion, exposure to DNA stains, high pressure, laser light, and
electrical charge [17]. Several studies have reported effects of
the sorting procedure on sperm, including altered motility
patterns [18], a reduced life span [19], acceleration of the
acrosome reaction [20], and increases in the proportion of
capacitated sperm [21]. Changes in viability/motility and
capacitation/acrosome reaction of sex-sorted sperm could be
the reason for the reduced initial fertilization rates obtained in
vitro and in vivo. Moreover, it has been also reported that
sperm chromosome integrity and sperm DNA fragmentation
are not affected by the sorting procedure and may even be
improved in the sorted population because of the elimination of
membrane damaged sperm in the sorting process [22, 23]. In
addition, the quality of the embryos produced using sex-sorted
spermatozoa may be affected; differential expression of
developmentally important genes in embryos derived from
unsorted and sex-sorted sperm has been reported [24].

Several different maternal and paternal traits may affect
offspring sex ratio in mammals. The results of a recent meta-
analysis suggested that sex ratio adjustment in mammals was
most likely to occur around conception and/or before
implantation [25], and the two most significant factors
affecting the sex ratio variation was the time of insemination

and the condition of the mother around conception [25]. It has
been reported that variation in glucose levels, in tandem with
other mechanisms, may mediate the sex of an offspring [26–
28]. Indirect evidence supporting this hypothesis comes from
studies showing that female mice fed with a high-fat diet,
leading potentially to increased glucose levels [29], produced
male-biased litters [30]. There is also increasing interest in
hormones as proximate mechanisms of offspring sex ratio
variation. It has been reported that maternal testosterone level
during fertilization may influence offspring sex ratio [31].
Recently, it has been suggested that high follicular testosterone
concentration in cattle is associated with male embryos after
fertilization [11]. On the other hand, females may produce
male-biased litters when mated with a highly fertile male [32],
of which high testosterone level can be a signal [33]. The
variation in glucose levels may be related to the maternal
hormone levels because glucose levels are important for
reproductive functioning through their interaction with LH.
Glucose enhances LH secretion and release from the pituitary,
and reduced glucose concentration can inhibit LH pulses [34].
Moreover, LH has an enhancing effect on glycolytic activity,
increasing glucose availability to the oocyte [35]. Also, it has
been recently reported in voles that the proportion of male pups
was positively associated with levels of maternal circulating
testosterone and glucose just prior to breeding [30]. Taken
together, these results suggest that several different maternal
and paternal traits may affect offspring sex ratio in mammals.

In conclusion, our results strongly suggest that the
differences in cleavage and blastocyst development using
sorted versus unsorted sperm are not due to the oocyte
preferentially selecting sperm of one sex over another, as has
been recently suggested [9], but more likely are due to sperm
damage caused by the sorting procedure.
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Abstract. Using bovine embryos generated in vitro from IVF with X-sorted, Y-sorted and unsorted spermatozoa, we
compared the kinetics of male and female embryo development and gene expression between male and female blastocysts.
Bovine in vitro-matured oocytes (n = 8858) were fertilised with spermatozoa from each of three different bulls (X-sorted,
Y-sorted or unsorted spermatozoa depending on the experiment). The cleavage rate was assessed 24, 27, 30, 33, 36, 40, 44
and 48 h post insemination (h.p.i.) and blastocyst development was recorded on Days 6–9. The relative mRNA abundance
of nine genes (GSTM3, DNTM3A, PGRMC1, TP53, BAX, COX2, IGF2R, AKR1B1 and PLAC8) was analysed in male and
female Day 7 blastocysts produced with sorted and unsorted spermatozoa from one bull. Cumulative cleavage rate and
blastocyst yield were significantly higher in the unsorted group compared with the X- or Y-sorted group from the same
bull (P ≤ 0.05). Although differences existed between bulls in terms of cleavage rate, no differences were observed in
cleavage rate between X- and Y-sorted spermatozoa within a bull. The blastocyst yield was significantly higher only for
Bull 3 when the Y-sorted spermatozoa were used (27.1 + 2.8 v. 19.1 + 1.4 for Y- and X-sorted spermatozoa, respectively;
P < 0.05). There were no differences in the mRNA abundance of the nine genes analysed between embryos of the same
sex produced with sorted or unsorted spermatozoa. However, significant differences in polyA mRNA abundance were
observed between male and female blastocysts for three genes (GSTM3, DNMT3A and PGRMC1; P ≤ 0.05). In conclusion,
the use of sorted rather than unsorted spermatozoa in IVF significantly delays the onset of first cleavage. Differences were
noted between bulls, but not between X- and Y-sorted spermatozoa, and although no differences were found in terms of
the mRNA abundance of the nine genes tested between sorted and unsorted spermatozoa, sex-related differences were
found in the case of three genes.

Additional keyword: IVF.

Introduction

Together with sex determination by embryo biopsy, sperm sexing
by flow cytometry currently represents the only reliable method
by which to obtain offspring of a predetermined sex. Over the
past decade, procedures for sexing mammalian spermatozoa by
flow cytometry/cell sorting have been refined sufficiently for
large-scale commercial application in cattle, with millions of
doses of sexed spermatozoa being sold each year for artifi-
cial insemination (Seidel 2009). In human assisted reproductive
technology (ART), sperm sorting is an emerging tool to reduce
the risk of X-linked genetic disorders or for family balancing
(Karabinus 2009).

As well as the obvious benefits to commercial animal produc-
tion, the availability of sex-sorted spermatozoa has enormous

benefits for the basic study of early embryo development in a
sex-specific manner. Because at present the main use of sexed
spermatozoa is for the production of replacement heifers in the
dairy industry, most spermatozoa currently marketed are X-
sorted only. Indeed, there are very few publications where the
consequences of insemination with X- or Y-sorted spermatozoa
from the same bull have been compared (Morton et al. 2007;
Bermejo-Alvarez et al. 2008b).

Following IVF, the speed of development, specifically the
timing of the first cleavage division and/or the timing of the
appearance of the blastocyst, has been related to embryo devel-
opmental competence (Lonergan et al. 1999) and has been
reported to be altered when using sorted spermatozoa both
in vivo (McNutt and Johnson 1996) and in vitro (Cran et al. 1993;
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Lu et al. 1999). Furthermore, under some culture conditions,
male embryos have been found to develop faster and are thought
to be of better quality than their female counterparts (Avery et al.
1991; Xu et al. 1992).

Following insemination with sex-sorted spermatozoa, lower
fertility rates have been observed both in vivo (Schenk et al.
1999; Bodmer et al. 2005) and in vitro (Lu et al. 1999; Bermejo-
Alvarez et al. 2008b; Xu et al. 2009). Several factors have been
proposed for the reduced fertility rates, including the lower doses
of spermatozoa used (Bodmer et al. 2005), damage to the sper-
matozoa caused by the sorting procedure (Schenk and Seidel
2007) and differences in individual sires (for a review, see Rath
et al. 2009). In addition, it has been proposed that some oocytes
may be predisposed to being fertilised by spermatozoa of a par-
ticular sex (Grant et al. 2008), although this has recently been
questioned (Bermejo-Alvarez et al. 2008b). In a recent large
field trial using sexed spermatozoa from seven Holstein bulls,
Frijters et al. (2009) reported a 13.6% decline in the 56-day non-
return rate; approximately two-thirds of this decline (8.6%) was
attributed to the low dose used and one-third (5%) was attributed
to the sorting process itself.

On the available evidence, the offspring produced by sex-
sorted spermatozoa do not show an increased frequency of
abnormalities (Tubman et al. 2004). However, during the sorting
process, spermatozoa are exposed to several potential haz-
ards (Maxwell et al. 2004) that have been suggested to be
responsible for some deleterious effects, such as altered motil-
ity patterns (Suh et al. 2005), reduced lifespan (Hollinshead
et al. 2003), acceleration of the acrosome reaction (Mocé et al.
2006) and increases in the proportion of capacitated spermato-
zoa (Maxwell et al. 1998). Lower fertility and/or embryo quality
may be expected as a consequence of these changes. It has been
suggested that damaged spermatozoa may be able to fertilise
an oocyte, which results in low-quality embryos (Fernández-
Gonzalez et al. 2008). Some studies have reported abnormalities
in terms of mRNA abundance or ultrastructure in embryos pro-
duced by sorted spermatozoa (Morton et al. 2007; Palma et al.
2008), whereas others have found no differences in the percent-
age of transferable or degenerate embryos or pregnancy rates
between embryos produced with sorted and unsorted spermato-
zoa (Hayakawa et al. 2009). In addition, sex-related differences
have been reported in terms of embryo metabolism (Tiffin
et al. 1991), survival after vitrification (Nedambale et al. 2004),
mRNA abundance (Gutiérrez-Adán et al. 2000; Kobayashi et al.
2006; Morton et al. 2007; Bermejo-Alvarez et al. 2008a) and
epigenetic status (Bermejo-Alvarez et al. 2008a).

Thus, in the present study, we used X- and Y-sorted sper-
matozoa from each of three sires and almost 9000 immature
oocytes to address the following questions: (1) is the lower blas-
tocyst development observed in vitro when using sex-sorted
spermatozoa related to a different pattern of cleavage kinetics
after IVF; (2) is the pattern of cleavage of oocytes different
between male and female embryos produced following IVF
with X-sorted v. Y-sorted spermatozoa; (3) is there a difference
in the relative transcript abundance of developmental-related
genes between blastocysts derived from sorted v. unsorted sper-
matozoa that could be due to damage to the spermatozoa
sustained during the sorting procedure; and (4) does the relative

transcript abundance of the same transcripts differ between
male and female blastocysts produced with sorted or unsorted
spermatozoa?

Materials and methods
Collection and sorting of spermatozoa
Semen was collected from three Holstein Friesian bulls of proven
fertility and diluted immediately with Sexcess extender (Mas-
terrind, Verden, Germany) to a concentration of 1 × 108 sperma-
tozoa mL−1. Spermatozoa were labelled with 15–25 µL of an
8.12 mM Hoechst 33342 solution (8.9 mM 2-(4-ethoxyphenyl)-
5-(4-methyl-1-piperazinyl)-2.5-bi-1H-benzimidazole in double-
distilled water) for 60 min at 34◦C. Sperm sorting was
performed (one sorting per ejaculate) according to the
Beltsville Sperm Sorting Technology (Johnson et al. 1999).
Labelled sperm samples were filtered through a 51-µm
cell strainer grid (Falcon Becton Dickinson, Franklin Lakes,
NY, USA) and then supplemented with 1 µL food dye solution
FDandC#40 (Warner Jekinson, St Louis, MO, USA). Sorting
was performed at 40 psi with a high-speed flow cytometer
(MoFlo SX; DakoCytomation, Fort Collins, CO, USA) equipped
with an argon UV-Laser (Inova I 90C-6; Coherent Laser,
Dieburg, Germany) set to 200 mW output. Samples were sorted
at an average event rate of 25 000 cells s−1, giving a sorting rate
of 3300 cells s−1. Spermatozoa were collected into 10-mL con-
ical plastic tubes (Greiner, Nürtingen, Germany) prefilled with
500 µL Test-yolk extender (Johnson et al. 1999). Immediately
after collection of 8 million spermatozoa, sorted cells were cen-
trifuged at 840g for 20 min. The supernatant was discarded and
the pellet was resuspended with a TRIS-based cooling exten-
der and cooled to 4◦C within 2 h. Then, the final concentration
was set 20.6 × 106 spermatozoa mL−1 with a TRIS-based freez-
ing extender (Klinc and Rath 2007) and 0.25-mL plastic straws
(Minitüb,Tiefenbach, Germany) were filled with 3.3 × 106 sper-
matozoa (Segment 1 of the straws was filled with 160 µL sperm
and Segment 2 was filled with 50 µL extender), sealed and frozen
in liquid nitrogen. From each sorted frozen sample, a purity
analysis for the correct sex separation was performed using a
flow cytometrical resort protocol and by curve fitting statistics
(Gaus 7; Johnson et al. 1999). Semen collection was performed
under routine conditions with due adherence to the care and
welfare of the animal.

In vitro embryo production
As described previously (Rizos et al. 2002), immature cumulus–
oocyte complexes (COCs; n = 8858, 22 replicates) were
obtained by aspirating follicles (2–8 mm) from the ovaries of
heifers and cows collected at slaughter. The COCs were matured
for 24 h in TCM-199 supplemented with 10% (v/v) fetal calf
serum (FCS) and 10 ng mL−1 epidermal growth factor at 39◦C
under an atmosphere of 5% CO2 in air with maximum humidity.
The IVF procedure was performed with X- or Y-sorted sperma-
tozoa from three different bulls or with unsorted or a pool of X-
andY-sorted spermatozoa from one of the bulls (Bull 1). To gen-
erate the pool of X- and Y-sorted spermatozoa, an equal volume
of X-sorted and Y-sorted spermatozoa was mixed after Per-
coll separation. Matured COCs were inseminated with 12.5 µL
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frozen–thawed, Percoll-separated semen added to 25-µL
droplets under mineral oil (15–20 oocytes per droplet) at a
final concentration of 106 spermatozoa mL−1. Gametes were
co-incubated at 39◦C under an atmosphere of 5% CO2 in air
with maximum humidity. At approximately 20 h post insemina-
tion (h.p.i.), presumptive zygotes were denuded and transferred
to 25-µL culture droplets (1 embryo per µL) under mineral oil.
Culture took place in synthetic oviducal fluid (SOF) + 5% fetal
calf serum (FCS). Plates were incubated for 8 days at 39◦C under
an atmosphere of 5% CO2, 90% N2 and 5% O2 with maximum
humidity. Fertility was assessed by recording cleavage rates at
24, 27, 30, 33, 36, 40, 44 and 48 h.p.i. and blastocyst development
until Day 9.

Embryo sexing by polymerase chain reaction
For Experiment 1, sexing was performed as described by
Bermejo-Alvarez et al. (2008b). Two- to four-cell embryos were
washed in phosphate-buffered saline (PBS) and transferred into
5 mg mL−1 pronase (Sigma, Madrid, Spain) in PBS for 1 min
to remove the zona pellucida and any attached spermatozoa.
This was considered necessary to avoid any potential ambigu-
ity in the sexing results as a result of accessory spermatozoa
attached to the zona. The embryos were then washed three to
four times in PBS, snap frozen individually in liquid nitrogen in
0.2-mL Eppendorf tubes and stored at −80◦C until analysis. To
increase polymerase chain reaction (PCR) efficiency, embryos
were digested with 8 µL of 100 µg mL−1 proteinase K (P8044–
1G; Sigma) at 55◦C overnight. After digestion, proteinase K was
inactivated at 95◦C for 10 min. Two sets of PCR primers were
used to determine embryo sex: Y-chromosome-specific primers
(BRY1A) and bovine-specific satellite sequence primers (SAT1;
Manna et al. 2003). The PCR reactions were performed in a total
volume of 25 µL containing 8 µL proteinase K-digested sample,
1× Gotaq Flexi buffer (Promega, Madison, WI, USA), 1 IU of
Gotaq (Promega, Madison, WI, USA), 1.25 mM MgCl2, 0.1 mM
dNTP, 1 ng µL−1 BRY primers and 0.2 ng µL−1 Sat primers.The
PCR was performed with one cycle of 94◦C for 3 min, 60◦C for
40 s and 72◦C for 15 s, followed by 35 cycles or 94◦C for 15 s,
60◦C for 30 s and 72◦C for 15 s with final elongation at 72◦C for
5 min (Bermejo-Alvarez et al. 2008a). Products were visualised
on an ethidium bromide-stained 2% agarose gel. The gel was
visualised under ultraviolet light for the positive 300-bp band
of BRY1A and the 216-bp band of the satellite sequence. Sam-
ples that exhibited both bands were designated male, whereas
samples exhibiting only a satellite sequence band were desig-
nated female. Each PCR was performed with three controls: male
genomic DNA, female genomic DNA and a negative control.

RNA and DNA extraction, reverse transcription and
quantification of mRNA transcript abundance
Poly(A) RNA was extracted from individual blastocysts using
the Dynabeads mRNA Direct Extraction KIT (Dynal Biotech,
Oslo, Norway) following the manufacturer’s instructions but
with some minor modifications. After 5 min incubation in lysis
buffer with Dynabeads, poly(A) RNA attached to the Dyn-
abeads was extracted with a magnet, suspended in Washing
BufferA and stored at 4◦C while DNA extraction and sexing was

performing.The DNA present in Lysis Buffer was extracted with
phenol/chloroform treatment and finally suspended in 16 µL
MilliQ water; an 8-µL aliquot of each sample was used to
perform embryo sexing by PCR under the same conditions as
described above. After embryo sexing, the individually stored
poly(A) RNA from 10 embryos of the same sex was pooled
and RNA extraction continued. Immediately after extraction,
the reverse transcription (RT) reaction was carried out following
the manufacturer’s instructions (Bioline, Ecogen, Madrid, Spain)
using poly(T) primer, random primers and MMLV reverse tran-
scriptase enzyme in a total volume of 40 µL to prime the RT
reaction and to produce cDNA. Tubes were heated to 70◦C for
5 min to denature the secondary RNA structure and then the RT
mix was completed with the addition of 100 units of reverse tran-
scriptase. They were were then incubated at 42◦C for 60 min to
allow the reverse transcription of RNA, followed by incubation
at 70◦C for 10 min to denature the RT enzyme.

The quantification of all mRNA transcripts was performed
by real-time quantitative (q) RT-PCR. For qRT-PCR, five groups
of cDNA per experimental group, each obtained from 10
embryos, were used with two repetitions for all genes of inter-
est. Experiments were conducted to compare relative levels
of each transcript with those of histone H2AFZ in each sam-
ple. The PCR was performed by adding a 2-µL aliquot of
each sample to the PCR mix containing specific primers to
amplify histone H2Az (H2AFZ), glutathione-S-transferase Mu3
(GSTM3), DNA methyltransferase 3α (DNMT3A), progesterone
receptor membrane component 1 (PGRMC1), tumour protein
53 (TP53), Bcl-2-associated X protein (BAX ), prostaglandin
G/H synthase-2 (COX2), insulin-like growth factor 2 receptor
(IGF2R), aldo-keto reductase family 1 member B1 (AKR1B1)
and placenta-specific 8 (PLAC8). Primer sequences and the
approximate sizes of the amplified fragments of all transcripts
are given in Table 1. For quantification, real-time PCR was per-
formed as described above. The comparative cycle threshold
(CT) method was used to quantify expression levels (Bermejo-
Alvarez et al. 2008a). Quantification was normalised against that
of the endogenous control, H2AFZ. Fluorescence was acquired
in each cycle to determine the threshold cycle or the cycle dur-
ing the log-linear phase of the reaction at which fluorescence
increased above background for each sample. Within this region
of the amplification curve, a difference of one cycle is equiv-
alent to doubling of the amplified PCR product. According to
the comparative CT method, the �CT value was determined
by subtracting the H2AFZ CT value for each sample from the
CT value for each gene in the sample. Calculation of ��CT
involved using the highest sample �CT value (i.e. the sample
with the lowest target expression) as an arbitrary constant to
subtract from all other �CT sample values. Fold changes in the
relative gene expression of the target gene were determined using
the formula 2−��CT.

Statistical analysis
Data were analysed using SigmaStat (Jandel Scientific, San
Rafael, CA, USA). Cleavage, embryo development and mRNA
expression were analysed using one-way repeated-measures
ANOVA with arcsine transformation.
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Table 1. Details of primers used for quantitative reverse transcription–polymerase chain reaction

Gene Primer sequence (5′–3′) forward and reverse Fragment size (bp) GenBank accession no.

H2AFZ AGGACGACTAGCCATGGACGTGTG 209 NM_174809.2
CCACCACCAGCAATTGTAGCCTTG

GSTM3 ATCGCCCGCAAGCACAATATG 290 NM_001046560
TCCAGGCACTTGGGCTCAAAC

DNMT3A CTGGTGCTGAAGGACTTGGGC 317 AY271299
CAGAAGAAGGGGCGGTCATC

PGRMC1 TGTGTGTCACAAATCCAGAAAG 265 NM_001075133.1
AATCATGCAGTTAGGTCAATCG

TP53 CTCAGTCCTCTGCCATACTA 364 U74486
GGATCCAGGATAAGGTGAGC

BAX CTACTTTGCCAGCAAACTGG 158 NM_173894.1
TCCCAAAGTAGGAGAGGA

COX2 ATCTACCCGCCTCATGTTCCT 187 AF031698
GGATTAGCCTGCTTGTCTGGA

IGF2R GCTGCAGTGTGCCAAGTGAAAAAG 201 NM_174352.2
AGCCCCTCTGCCATTGTTACCT

AKR1B1 CGTGATCCCCAAGTCAGTGA 152 NM_001012519.1
AATCCCTGTGGGAGGCACA

PLAC8 CGGTGTTCCAGAGGTTTTTCC 166 NM_001025325.1
AAGATGCCAGTCTGCCAGTCA

Experiment 1: validation of the sperm sorting procedure
The aim of this experiment was to validate the sex-sorting pro-
cedure by determining the sex of two- to four-cell embryos
produced after IVF. In vitro-matured oocytes were inseminated
with X- orY-sorted spermatozoa from each of three bulls and the
resulting zygotes were cultured in vitro as described above and
sexed at the two- to four-cell stage at 48 h.p.i. (n = 904 embryos
in total; three replicates per bull).

Experiment 2: effect of the sperm sorting procedure
on cleavage and blastocyst development
The aim of this experiment was to examine the effect of sperm
sorting on the speed of embryo development during the first 48 h
after IVF and on blastocyst yield. Bovine COCs (n = 2154; five
replicates) were matured in vitro, divided randomly into four
groups and fertilised with unsorted, X-sorted, Y-sorted or a pool
of X- andY-sorted spermatozoa from the same bull (Bull 1). The
resulting zygotes were cultured in vitro; the cleavage rate was
assessed at 24, 27, 30, 33, 36, 40, 44 and 48 h.p.i. and blastocyst
yield was recorded on Days 6, 7, 8 and 9 post insemination (p.i.).

Experiment 3: effect of sex on embryo cleavage
and blastocyst development
The aim of this experiment was to compare the kinetics of the
cleavage of male and female bovine embryos following IVF
and subsequent blastocyst yield. To generate male and female
embryos, bovine COCs (n = 7855) were matured in vitro and
fertilised with X- orY-sorted spermatozoa from one of three dif-
ferent bulls. The resulting zygotes were cultured in vitro and the
kinetics of cleavage was assessed at 24, 27, 30, 33, 36, 40, 44
and 48 h.p.i. in a subset of COCs (n = 2826 COCs; 12 repli-
cates), whereas total cleavage rate (at 48 h.p.i.) and blastocyst

yield on Days 6, 7, 8 and 9 were recorded for all 7855 COCs
(22 replicates).

Experiment 4: effect of sorting procedure and embryo sex
on blastocyst mRNA abundance
This experiment was conducted to analyse differences in the
relative transcript abundance of nine candidate genes (GSTM3,
DNMT3A, PGRMC1, TP53, BAX, COX2, IGFR2, AKR1B1 and
PLAC8) between male and female blastocysts (i.e. the effect
of embryo sex) produced with sorted (X and Y) and unsorted
spermatozoa (i.e. the effect of the sorting procedure) from the
same bull (Bull 1). Day 7 blastocysts derived from IVF with
X-sorted, Y-sorted or unsorted sperm were snap frozen individ-
ually in liquid nitrogen following zona removal and stored at
−80◦C. Prior to pooling in groups of 10 embryos of the same
sex for transcript analysis, each embryo was sexed as described
above.

Results
Experiment 1: validation of the sperm sorting procedure
As shown in Table 2, approximately 90% of embryos produced
following IVF with putative X- or Y-sorted spermatozoa from
each of the three bulls were of the predicted sex, which is
comparable results obtained in studies in vivo (Tubman et al.
2004).

Experiment 2: effect of the sperm sorting procedure
on kinetics of cleavage and blastocyst development
The cumulative cleavage rate was significantly higher
(P ≤ 0.001) in the unsorted group compared with the three
groups fertilised with sorted spermatozoa from 27 to 48 h.p.i.
No differences were found between the group fertilised with
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Table 2. Effect of using sex-sorted bovine spermatozoa in IVF on the
proportion of male and female two- to four-cell embryos at 48 h post

insemination (Experiment 1)

No. embryos No. male No. female
sexed embryos (%) embryos (%)

Bull 1
X-sorted 183 22 (12.0) 161 (88.0)
Y-sorted 163 145 (89.0) 18 (11.0)

Bull 2
X-sorted 132 7 (5.3) 125 (94.7)
Y-sorted 155 145 (93.5) 10 (6.5)

Bull 3
X-sorted 142 15 (10.6) 127 (89.4)
Y-sorted 129 112 (86.8) 17 (13.2)

Total
X-sorted 457 44 (9.6) 413 (90.4)
Y-sorted 447 402 (90.0) 45 (10.0)

X- orY-sorted sperm or the reconstituted pool of X- andY-sorted
spermatozoa (Fig. 1a).

Furthermore, the progression of first cleavage clearly differed
between the unsorted group, in which more than half of the total
cleaved embryos had divided before 30 h.p.i. (i.e. 53.6 ± 5.7%
cleaved at 30 h.p.i. of 84.2 ± 1.3% cleaved at 48 h.p.i.), and the
sorted groups, in which, at the same time, only one-third of the
total of cleaved embryos had cleaved (X-sorted: 20.3 ± 3.2%
cleaved at 30 h.p.i. of 58.9 ± 3.3% cleaved at 48 h.p.i.; Y-sorted:
22.7 ± 4.9% cleaved at 30 h.p.i. of 62.2 ± 4.5% cleaved at 48
h.p.i.; pooled X- and Y-sorted: 14.1 ± 4.4% cleaved at 30 h.p.i.
of 57.6 ± 4.3% cleaved at 48 h.p.i.; Fig. 1b).

Consistent with the observations regarding cleavage rate,
blastocyst yield was significantly higher (P ≤ 0.05) in the
unsorted group compared with the sorted groups. However, a
similar timing of blastocyst appearance was observed in all
groups, with Days 6 and 7 accounting for most of the total
blastocysts, irrespective of the treatment group (Fig. 1c).

Experiment 3: effect of X- or Y-sorted sperm on cleavage
and blastocyst development
In terms of the kinetics of cleavage, no differences were observed
between X- andY-sorted spermatozoa at any time-point analysed
(Fig. 2a).

To more clearly examine potential differences in the kinetics
of embryo cleavage between different bulls, X- andY-sorted data
were separated (Fig. 2b). Differences between bulls appeared at
specific time points and were similar for embryos of both sexes.
Furthermore, clear differences in the progression of cleavage
were present between the three bulls (Fig. 2b, c).

For a given bull, there was no difference in overall cleavage
rate between X- and Y-sorted spermatozoa. However, signifi-
cant differences existed in cleavage rate between X- or Y-sorted
spermatozoa from different bulls (Table 3).

Cumulative blastocyst yield did not differ between bulls or
between X- and Y-sorted spermatozoa for a given bull on Day 6
or 7 for Bulls 1 and 2. For Bull 3, a significantly higher blasto-
cyst yield was obtained following insemination withY- compared

with X-sorted spermatozoa on Days 8 (25.5 ± 2.7 v. 18.3 ± 1.5,
respectively; P ≤ 0.05) and 9 (27.1 ± 2.8 v. 19.1 ± 1.4, respec-
tively; P ≤ 0.05;Table 3). For the X-sorted groups, no significant
differences were observed between the three bulls. However, for
the Y-sorted groups, Bull 2 showed a significantly higher blas-
tocyst yield than Bulls 1 and 3 on Days 8 and 9 (P ≤ 0.05).
The speed of development was similar between bulls, with most
blastocysts appearing on Day 7.

Experiment 4: effect of sorting procedure and embryo sex
on blastocyst mRNA abundance
Sperm sorting had no effect on blastocyst transcript abundance;
no differences were observed between blastocysts of the same
sex produced with sorted or unsorted spermatozoa (Fig. 3). How-
ever, three genes displayed significant differences in transcript
abundance between male and female blastocysts, irrespective
of whether those blastocysts were produced with sorted or
unsorted sperm (P ≤ 0.001).The expression of GSTM3 was four-
fold higher in female compared with male embryos, whereas
a 2.2-fold increase was observed in female compared with
male blastocysts for PGRMC1. The opposite was observed for
DNMT3A, with expression being 1.8-fold higher in male com-
pared with female embryos. In addition, a tendency was noted
for higher expression of TP53 in male embryos (P = 0.078).

Discussion

When sorted spermatozoa are used in IVF, lower fertility rates
are generally obtained compared with the use of unsorted sper-
matozoa (Lu et al. 1999; Bermejo-Alvarez et al. 2008b). This is
generally attributed to the deleterious effect of the sex-sorting
procedure on sperm capacitation status and lifespan (Maxwell
et al. 2004). Although there is some evidence to suggest that
embryos produced with sorted spermatozoa may develop slower
than normal, both in vivo (McNutt and Johnson 1996) and in vitro
(Cran et al. 1993; Lu et al. 1999), clear data describing the pro-
gression of embryo cleavage following insemination with sorted
sperm are lacking.

In the present study, when sorted and unsorted spermatozoa
from the same bull were used (in Experiment 2), we observed
a significant reduction in the cleavage rate during the period
when, under normal circumstances, most zygotes undergo the
first mitotic division (from 27 to 32 h.p.i.; Ward et al. 2002).
However, apart from this decrease in cleavage rate, we observed
clear differences in the progression of cleavage; oocytes fer-
tilised with sorted spermatozoa showed a slower early cleavage
compared with those inseminated with unsorted spermatozoa.
This slower cleavage may be associated with the reduced motil-
ity reported for sorted cryopreserved spermatozoa (Schenk et al.
1999; Hollinshead et al. 2003).

Male embryos produced using unsorted spermatozoa have
been reported to develop faster than their female counterparts
(Avery et al. 1991; Xu et al. 1992). The availability of X-sorted,
Y-sorted and unsorted spermatozoa from the same sire allowed
the rare opportunity to investigate potential differences in devel-
opment between male and female embryos. Yadav et al. (1993)
observed a higher proportion of males (77%) among the embryos
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Fig. 1. Experiment 2. Kinetics of first cleavage division in bovine zygotes following insemination
with unsorted (n = 516), X-sorted (n = 618), Y-sorted (n = 533) or pooled X- and Y-sorted (n = 487)
spermatozoa from Bull 1 (five replicates). (a) Cumulative cleavage; (b) proportion of zygotes cleaving
at each time point; (c) blastocyst cumulative yield. *P ≤ 0.05 between unsorted and sorted groups
(ANOVA).

that cleaved to the two-cell stage before 30 h.p.i. after perform-
ing IVF with unsorted spermatozoa. Taking into account the fact
that embryos that cleave before 30 h.p.i. account for most of the
subsequent blastocysts (Lonergan et al. 1999), a skew in the
sex ratio of blastocysts may be expected. Using sex-sorted sper-
matozoa from three different bulls (Experiment 3), we did not
observe any significant differences in the kinetics of cleavage
between male and female embryos produced with spermato-
zoa from the same bull. This is consistent with the results of

a previous study (Rizos et al. 2008) that followed a different
experimental design, performing IVF with unsorted spermato-
zoa and sexing two-cell embryos at different time-points after
insemination. However, in that study, significantly more males
cleaved before 32 h.p.i. (59.7% males), but the differences were
not as impressive as previously reported (Yadav et al. 1993).This
slightly higher proportion of males was also observed by using
sorted and unsorted spermatozoa (57% and 56.9%, respectively)
in another study (Bermejo-Alvarez et al. 2008b) and is consistent
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Fig. 2. Experiment 3. Kinetics of first cleavage division in bovine zygotes following insemination with
X-sorted (closed symbols) orY-sorted (open symbols) spermatozoa from each of three bulls: Bull 1 (squares;
five replicates; X-sorted n = 618; Y-sorted n = 533), Bull 2 (diamonds; four replicates; X-sorted n = 445;
Y-sorted n = 411) or Bull 3 (triangles; four replicates; X-sorted n = 411;Y-sorted n = 408). (a, b) Cumulative
cleavage; (c) proportion of zygotes cleaving at each time-point. Middle graphs (b) compare different bulls
when using X-sorted (left) or Y-sorted (right) spermatozoa; different letters indicate significant differences
(P ≤ 0.05) based on ANOVA.

with a non-significantly higher proportion of embryos cleaved
after using Y- compared with X-sorted spermatozoa in all three
bulls. This observation is in agreement with that reported by
Beyhan et al. (1999) and is consistent with studies reporting a
skew in the sex ratio in favour of males following IVF for both
embryos (Yadav et al. 1993; Gutiérrez-Adán et al. 1996) and
offspring (Lonergan et al. 1999; Luna et al. 2007). Together,
these results suggest that the fertilisation capacity of Y-bearing
spermatozoa following IVF may be slightly higher than that of
X-bearing spermatozoa.

It has been suggested that embryos produced with sorted
spermatozoa may be of inferior quality, based on reduced cell

number (Beyhan et al. 1999), reduced timing of development
(Cran et al. 1993; Lu et al. 1999) and differences in mRNA
abundance (Morton et al. 2007). Our results showed clearly that
the timing of development at the blastocyst stage was similar
to that obtained using unsorted spermatozoa, with most blasto-
cysts appearing on Day 7. To further investigate the effect of
sperm sorting on embryo quality, we analysed the mRNA abun-
dance of several candidate genes in blastocysts of the same sex
produced with sorted or unsorted spermatozoa.A detailed analy-
sis of the data according to sex was considered crucial, because
gene expression between male and female embryos is known
to differ (Gutiérrez-Adán et al. 2000; Kobayashi et al. 2006;
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Table 3. Overall cleavage rate and blastocyst yield following insemination of in vitro-matured bovine oocytes with X- orY-sorted spermatozoa using
three bulls (Experiment 3)

For kinetics of cleavage, see Fig. 2. For X-sorted spermatozoa, there were nine, five and eight replicates for Bulls 1, 2 and 3, respectively (total = 22 replicates);
for Y-sorted spermatozoa, there were eight, five and seven replicates for Bulls 1, 2 and 3, respectively (total = 20 replicates). Data are the mean ± s.e.m.
a,bDifferent superscripts show significant differences (P ≤ 0.05) between X- and Y-sorted spermatozoa from the same bull; x,y,zdifferent superscripts show
significant differences (P ≤ 0.05) between X-sorted spermatozoa from different bulls; e,f ,gdifferent superscripts show significant differences (P ≤ 0.05)

between Y-sorted spermatozoa from different bulls

No. oocytes % Cleaved (n) % Blastocysts (n)

Day 6 Day 7 Day 8 Day 9

Bull 1
X-sorted 1782 62.2 ± 1.4z (1115) 6.0 ± 1.1 (101) 17.1 ± 2.1 (279) 20.4 ± 2.5 (331) 21.2 ± 2.7 (343)
Y-sorted 1652 63.6 ± 2.4g (1073) 6.9 ± 1.1 (103) 20.0 ± 2.2 (304) 24.3 ± 2.1f (379) 25.5 ± 2.2f (359)

Bull 2
X-sorted 816 77.1 ± 1.8x (611) 8.4 ± 1.8 (54) 21.5 ± 3.1 (163) 27.4 ± 3.2 (207) 28.4 ± 3.0 (213)
Y-sorted 756 80.5 ± 1.1e (606) 9.6 ± 2.5 (57) 26.3 ± 3.2 (180) 35.6 ± 2.8e (246) 36.8 ± 2.6e (255)

Bull 3
X-sorted 1575 70.3 ± 2.0y (1077) 4.3 ± 1.1 (60) 13.7 ± 1.7 (202) 18.3 ± 1.5a (270) 19.1 ± 1.4a (284)
Y-sorted 1274 72.0 ± 2.0f (896) 6.7 ± 1.4 (78) 18.4 ± 2.0 (209) 25.5 ± 2.7b,f (298) 27.1 ± 2.8b,f (317)
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Fig. 3. Experiment 4. Relative mRNA expression of nine candidate genes related to the anti-oxidant
response (GSTM3), DNA methylation (DNMT3A), pregnancy recognition and placental formation
(PGRMC1, COX2, IGF2R, AKR1B1 and PLAC8) and apoptosis (TP53 and BAX ). Different letters
indicate significant differences (P ≤ 0.001) based on ANOVA.

Morton et al. 2007; Bermejo-Alvarez et al. 2008a). In contrast
with the report of Morton et al. (2007), we did not find any dif-
ferences in gene expression between blastocysts of the same sex
produced with sorted and unsorted spermatozoa in the present
study. However, three genes differed significantly between male
and female blastocysts, irrespective of whether they had been
produced with sorted or unsorted spermatozoa.

Of the risks associated with the sperm sorting procedure,
Hoechst 33342 has been reported to cause chromosomal dam-
age under some conditions (Libbus et al. 1987). Sperm DNA
damage has been correlated with pregnancy outcome (Benchaib
et al. 2003; Virro et al. 2004), altered mRNA patterns and
long-term effects in offspring (Fernández-Gonzalez et al. 2008).
If this damage is not repaired by the oocyte, it could cause
a pro-apoptotic profile in the resulting blastocyst. To test this

hypothesis, the relative mRNA abundance of two genes related
with apoptosis (i.e. TP53 and BAX ) and one gene involved in
detoxification of ultraviolet-induced oxygen radicals (GSTM3;
Strange et al. 1998) was analysed and no significant differences
were found between embryos produced with sorted or unsorted
spermatozoa. This observation is consistent with the lack of dif-
ferences in levels of single- and double-stranded DNA breaks
in embryos produced in vitro using sexed or non-sexed sperma-
tozoa (Blondin et al. 2009). No significant damage to sperm
chromatin structure was found after sorting (Suh et al. 2005)
and no evidence of DNA nicks (Catt et al. 1997), ultraviolet-
induced DNA damage (Catt et al. 1997) or changes to sperm
chromatin structure has been obtained.As a result, DNA damage
caused by the sorting procedure is estimated to be 3.2% (Garner
2006), which is much lower than the DNA fragmentation of the
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spermatozoa analysed in previous studies (Benchaib et al. 2003;
Fernández-Gonzalez et al. 2008) and it is likely to be repaired
by the oocyte.

To determine whether a transcript abundance pattern reflec-
tive of high-quality embryos known to yield a pregnancy
(El-Sayed et al. 2006) existed in embryos produced with
sorted or unsorted spermatozoa, five genes related to pregnancy
recognition and placental formation (i.e. PGRMC1, COX2,
AKR1B1, IGFR2 and PLAC8) were analysed. PGRMC1 is
a membrane-bound progesterone receptor that mediates anti-
apoptotic effects of progesterone in granulosa cells (Peluso
et al. 2006). Prostaglandin G/H synthase 2 (COX2) is related
to prostaglandin synthesis and is more abundant in blasto-
cysts resulting in calf delivery compared with those resulting
in resorption (El-Sayed et al. 2006). The AKR1B1 gene encodes
the enzyme aldolase reductase, which metabolise progesterone
and synthesises prostaglandin (PG) F2α, terminating pregnancy.
The expression of AKR1B1 has been associated with embryos
that fail to establish pregnancies or are resorbed (El-Sayed et al.
2006). The IGF2R gene is an imprinted gene, the downregula-
tion of which has been linked to fetal overgrowth (Young et al.
2001). PLAC8 is an invasion-specific gene that is more abundant
in blastocysts resulting in calf delivery compared with those
resulting in resorption (El-Sayed et al. 2006). No significant
differences in transcript abundance were observed between blas-
tocysts produced with sorted or unsorted spermatozoa, which is
in agreement with the observation that embryos obtained with
sexed spermatozoa result in reasonable pregnancy rates that lead
to term calves (Garner 2006; Xu et al. 2006). Finally, DNMT3A is
a de novo methyltransferase involved in DNA methylation set up
in early development, the expression of which has been reported
to differ between male and female bovine in vitro-produced blas-
tocysts (Bermejo-Alvarez et al. 2008a). No differences were
found between embryos of the same sex produced with sorted
or unsorted embryos. These results indicate that embryos pro-
duced either with sorted or unsorted spermatozoa show the same
sex-specific patterns of gene expression. This important find-
ing validates the use of sorted spermatozoa to generate large
numbers of embryos of the desired sex to study preimplantation
sexual dimorphism.

Three of the genes analysed in the present study, namely
GSTM3, DNMT3A and PGRMC1, exhibited sex-related differ-
ences in expression. DNMT3A has been reported previously to
be upregulated in male compared with female bovine blasto-
cysts, which has been linked to sex-related epigenetic differences
in terms of DNA methylation and telomere length (Bermejo-
Alvarez et al. 2008a). GSTM3 is involved in the detoxification
of electrophilic compounds, such as oxygen radicals, by con-
jugation with glutathione. Because of this anti-oxidant action,
GSTM3 has been proposed as a DNA protector, because muta-
tions and polymorphisms of this gene have been related with
an increased risk of cancer, hypertension and Alzheimer’s dis-
ease (Reszka et al. 2007). In mice treated with an anti-oxidant
response inductor, GSTM3 expression in the liver was sixfold
higher in females than in males (Chanas et al. 2002). The anti-
oxidant action of this gene could be related to differences in both
metabolic and anti-oxidant responses reported between male and
female blastocyst (for a review, see Gutiérrez-Adán et al. 2006).

In addition, it has been reported that DNA hypermethylation
regulates the expression of GSTM3 (Peng et al. 2009), which
provides a possible link between activation of the glutathione
pathway and epigenetic status, because a higher methylation
level has been reported in male blastocysts (Bermejo-Alvarez
et al. 2008a). PGRMC1 is a progesterone membrane receptor
that contains both high- and low-affinity progesterone binding
site domains (Meyer et al. 1996); it is present in both the pla-
centa and uterus during early pregnancy in the mouse (Zhang
et al. 2008) and has been detected recently in bovine blasto-
cysts (Clemente et al. 2009). The expression of PGRMC1 was
found to be higher in female than male embryos in the present
study. The biological significance of this difference is unclear,
although a possible anti-apoptotic effect could be suggested,
because PGRMC1 has been found to attenuate apoptosis in cul-
tured rat granulosa cells in response to progesterone treatment
(Peluso et al. 2006). Consistently, in the present study TP53
expression tended to be higher in male embryos (P ≤ 0.078).
Studies in vivo have found that supplementary progesterone from
Day 5 to Day 9 enhances both interferon-τ activity and tro-
phoblast length in Day 16 bovine embryos (Garrett et al. 1988;
Mann et al. 2006).

In conclusion, the main findings of the present study were
that: (1) the use of sex-sorted spermatozoa was associated with
a delay in the timing of the first cleavage following IVF, which
is reflected in a lower blastocyst yield than that achieved using
unsorted spermatozoa; (2) there are no significant differences
in the kinetics of the first cleavage of embryos derived from
X- and Y-sorted spermatozoa; (3) the kinetics of first cleavage
differ between bulls; (4) there are no differences in the mRNA
abundance of the nine genes analysed between blastocysts pro-
duced with sorted or unsorted spermatozoa, validating the use of
sorted spermatozoa to generate a large number of embryos of the
desired sex for development studies, as well as the use of sorted
spermatozoa to obtain healthy offspring; and (5) there were sex-
related differences in the relative transcript abundance of three
genes.
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Bermejo-Álvarez P, Rizos D, Rath D, Lonergan P, Gutierrez-
Adan A. Epigenetic differences between male and female bovine blastocysts
produced in vitro. Physiol Genomics 32: 264–272, 2008. First published
November 6, 2007; doi:10.1152/physiolgenomics.00234.2007.—Epigenetic
differences between male and female bovine blastocysts provide a
plausible link between physiological and gene transcription differ-
ences observed between male and female embryos. The aim of this
study was to examine sex-related epigenetic differences in bovine
blastocysts produced in vitro. Oocytes were matured in vitro and
inseminated with frozen-thawed sex-sorted (X or Y) and unsorted
(control) bull sperm. Zygotes were cultured to blastocyst stage and
were analyzed for embryo sexing, mtDNA content, telomere lengths,
methylation analysis, and quantification of mRNA transcripts of DNA
methyltransferases (Dnmt1, Dnmt3a, Dnmt3b) HMT1 hnRNP meth-
yltransferase-like 2 (Hmt1), and interleukin enhancer binding factor 3
(Ilf3). There was a difference (P � 0.05) in the mean mtDNA copy
number between male (410,000 � 23,000) and female (360,000 �
21,000) blastocysts. Telomere length was shorter in male blastocysts
(P � 0.01). The level of methylation in a sequence near a variable
number of tandem repeats minisatellite region [variable number of
tandem repeats (VNTR)] in males (39.8% � 4.8) was higher than in
females (23.7% � 3.1) (P � 0.05); however, no differences were
found in other regions analyzed. Moreover, transcription differences
between sexes were observed for Dnmt3a, Dnmt3b, Hmt1, and Ilf3.
These results provide evidence of epigenetic differences between
male and female bovine in vitro produced embryos and suggest that
before initiation of gonadal differentiation, epigenetic events may
modulate the difference between speed of development, metabolism,
and transcription observed during preimplantation development be-
tween male and female embryos.

mtDNA; methylation; mRNA transcription

IN EUTHERIAN MAMMALS, EVIDENCE has emerged that clearly
demonstrates differences in growth rates and metabolism be-
tween male and female embryos that appear before sexual
differentiation of the gonads and, therefore, could not be
explained by sex-related hormonal differences (6, 36). In
preimplantation bovine embryos, total glucose metabolism is
twice as high in male embryos as female embryos, and the
activity of the pentose phosphate pathway is four times greater
in female than in male blastocysts (54). Similar metabolic
differences were found in human embryos at this stage (46).
Differential metabolism and growth rates may be attributable
to the unbalanced expression of X-linked genes between the

sexes during certain stages of early preimplantation develop-
ment, where both X chromosomes may be active (32, 40). We
have shown that mRNA relative abundance of three X-linked
genes are expressed at higher levels in female bovine embryos
than in male embryos at the early blastocyst stage: two are
important components of energetic metabolism, also involved
in controlling the amount of oxygen radicals [glucose 6-phos-
phate dehydrogenase (G6PD) and hypoxanthine phosphoribo-
syl transferase (HPRT)] and the third, X-linked inhibitor of
apoptosis protein (XIAP), is a mammalian protein that controls
apoptosis through modulation of caspase activation and activ-
ity (19, 24). This differential expression has also been con-
firmed in other species (53, 58). The development of genomic
procedures such as transgenesis and microarray analysis have
allowed the discovery of nearly 600 differentially expressed
genes between male and female mouse blastocysts (29). These
results confirm differences previously reported in cattle (17).

Evidence from several species indicates that embryos pro-
duced in vitro that reach the blastocyst stage earliest are more
likely to be males than females; examples include the mouse
(55), cow (1, 17), human (44), pig (8), and sheep (4). Further-
more, the faster-developing blastocysts in in vitro culture
systems are generally considered more viable and better able to
survive cryopreservation or embryo transfer than those that
develop more slowly (38). However, under suboptimal condi-
tions, female embryos are more resistant than male embryos
(43). This suggests that some early differences between male
and female embryos are manifested under certain environmen-
tal conditions (18), and these early differences may be related
to the control of the secondary sex ratio in mammals (i.e.,
differences in sex ratio observed at birth) (23). The mecha-
nism(s) responsible for the observed phenotypic differences
between male and female embryos in rate of development to
the blastocyst stage is not clearly understood. Mitochondria,
which play a central role in the provision of energy to embryo,
may play a role in the differences in development between the
male and female embryos (37), because enhanced rates of cell
proliferation in the developing male embryo may be expected
to require increased levels of cellular energy. Moreover it has
been reported that mitochondria distribution at preimplantation
stage may be an epigenetic factor developmentally relevant
with respect to embryo competence (56). In addition, telomere
elongation during embryogenesis is restricted to the preimplan-
tation morula-blastocyst transition (49), and it is possible that
the differences between sexes at early mammalian embryos
have a telomerase-dependent genetic program that elongates
telomeres to a defined length (49). Telomere length is also
related with the epigenetic status of mammalian cells. It has
been reported that telomere length regulates the epigenetic
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status (histone modifications and DNA methylation) of mam-
malian telomeres and subtelomeres (3). Also, during the pre-
implantation period, there is a relationship between genetic and
epigenetic reprogramming (13); for this reason one could
expect that the changes observed in gene expression between
male and female embryo may be a cause or consequence of
changes in epigenetic events. These epigenetic events may
have a long term sex-linked effect in the adult animal (12) or
may be hereditary and lead to sex-specific transgenerational
responses (42).

Because in vitro culture may be responsible for or, at the
very least, exacerbate the sex differences observed in embryos,
bovine in vitro culture represents an excellent model to analyze
genetic and epigenetic differences between male and female
embryos because the oocyte takes �7 days to develop to
blastocyst stage; this long period should help to amplify these
differences (20) The aim of this study was to examine sex-related
differences in mtDNA content, telomere length, methylation of
different regions of the genome, and mRNA transcription of genes
related with cytosine methylation and histone methylation in
bovine blastocysts produced in vitro.

MATERIALS AND METHODS

Semen preparation. Semen was collected from a Holstein Frisian
bull of proven fertility and diluted immediately with Sexcess extender
(Masterrind, Verden, Germany) to a concentration of 1 � 108 sperm/
ml. Spermatozoa were labeled with 15–25 �l of a 8.12 mM Hoechst
33342 solution [8.9 mM of 2-(-4-ethoxyphenyl)-5-(4-methyl-1-
piperazinyl)-2.5-bi-1H-benzimidazole in bi-distillated water] for 90
min at 34°C. Sperm sorting was performed according to the Beltsville
Sperm Sorting Technology (25). Labeled sperm samples were filtered
through a 51 �m cell strainer grid (Falcon Becton Dickinson, Franklin
Lakes, NJ) and then supplemented with 1 �l food dye solution
FD&C#40 (Warner Jekinson, St. Louis, MO). Sorting was performed
with a high-speed flow cytometer (MoFlo SX, DakoCytomation, Fort
Collins, CO), equipped with an argon UV-Laser (Coherent Laser,
Inova I 90C-6; Dieburg, Germany), set to 200 mW output. Samples
were sorted at an average event rate of 25,000 cells/s, giving a sorting
rate of 3,300 cells/s. Spermatozoa were collected into 10 ml conical
plastic tubes (Greiner, Nürtingen, Germany) prefilled with 500 �l
TEST-yolk extender (25). Immediately after collection of 8 million
spermatozoa, the sorted cells were centrifuged at 840 g for 20 min.
The supernatant was discharged, and the pellet was resuspended with
a TRIS-based cooling extender and cooled to 4°C within 2 h. Then,
the final sperm concentration was set 20.6 � 106 sperm/ml with a
TRIS-based freezing extender (28), and 3.3 � 106 spermatozoa were
filled into 0.25 ml plastic straws (Minitüb, Tiefenbach, Germany)
(segment 1 with 160 �l sperm and segment 2 with 50 �l extender),
sealed and frozen in liquid nitrogen. From each sorted frozen sample
a purity analysis for the correct sex separation was performed using a
flow cytometrical resort protocol and by curve fitting statistics [Gaus
7, (25)].

Blastocyst production. Immature cumulus oocyte complexes
(COCs) were obtained by aspirating follicles from the ovaries of
heifers and cows at slaughter. COCs were matured for 24 h in
TCM-199 supplemented with 10% (vol/vol) fetal calf serum (FCS)
and 10 ng/ml epidermal growth factor at 39°C under an atmosphere of
5% CO2 in air with maximum humidity. For in vitro fertilization
(IVF), matured COCs were inseminated with frozen-thawed, Percoll-
separated, flow-cytometrically sex-sorted (X-sorted; n � 1,057 or
Y-sorted; n � 1,094) and unsorted (control; n � 157) bull sperm at a
concentration of 1 � 106 spermatozoa/ml. On each day of IVF a small
number of oocytes were inseminated with unsorted semen as a control
to ensure procedures in the laboratory were optimal, hence the lower

numbers. Gametes were co-incubated at 39°C under an atmosphere of
5% CO2 in air with maximum humidity. At �20 h postinsemination
(hpi), presumptive zygotes were denuded and transferred to 25 �l
culture droplets (1 embryo per �l) under mineral oil. Culture took
place in synthetic oviduct fluid � 5% FCS. Plates were incubated for
7 days at 39°C under an atmosphere of 5% CO2, 90% of N2, and 5%
O2 with maximum humidity. Day 7 blastocysts from both experimen-
tal groups were snap-frozen in groups of 10 for analysis of mRNA
relative abundance, mtDNA, and methylation status. Five replicates
were performed, and embryos from several replicates were used in the
genetic and epigenetic analyses.

Embryo sexing by PCR. A preliminary study was performed for
verification of the sorting procedure. All blastocysts used were pro-
duced in vitro as described above. Day 7 blastocysts from both groups
(X-sorted; n � 47, Y-sorted; n � 61) were first washed in PBS and
then transferred into 5 mg/ml Pronase (Sigma P5147, Madrid, Spain)
in PBS medium for 1 min to remove the zona pellucida and any
attached spermatozoa. They were then washed three or four times in
PBS and individually snap-frozen in liquid nitrogen in Eppendorf
tubes and stored at 	80°C until analysis. Samples were thawed at
room temperature and centrifuged at 8,000 g for 1 min prior to being
mixed with PCR reagents. Two sets of PCR primers were used to
determine embryo sex: Y-chromosome-specific primers (BRY4a) and
bovine-specific satellite sequence primers (Sat1) (33). Because of the
number of repetitions of these sequences, this is one of the best
systems to sex bovine embryos in a single PCR. The amplification
reactions were conducted in a total volume of 25 �l containing 1�
PCR buffer, 2 mM MgCl2, 0.5 mM dNTPs, 1 unit of Taq DNA
polymerase, 0.1 mM of the Sat1 primer, and 0.3 mM of the Bry4a
primer. PCR was programmed for 35 cycles of 94°C for 15 s, 58°C for
30 s and 72°C for 20 s; in the first cycle denaturation was at 95°C for
3 min, and after the 35 cycles the reaction mixtures were kept at 72°C
for 5 min. PCR product were analyzed on 2% agarose gel and
ethidium bromide staining. The gel was visualized under ultraviolet
illumination for the positive 300 bp band of Bry4a 1a and 216 bp of
the satellite sequence. Samples that exhibited both bands were as-
signed as males, while the samples exhibiting only a satellite sequence
band were assigned as female (Fig. 1).

Quantification of mtDNA. To analyze mtDNA, 60 individual day 7
blastocysts and six groups of five blastocysts of each sex from three
different experimental replicates were used. DNA was extracted form
each sample and used directly for PCR analysis as described by
Shitara et al. (50) and divided in three aliquots; each aliquot was used
directly for sexing, mtDNA quantification (35), and measurement of
telomere length by PCR. For mtDNA quantification, we used primers
located in the COX1 gene (Table 1) that amplify a product of 190 bp
(there is only one copy of the gene in the mitochondria genome).
Quantification was performed by a real-time polymerase chain reaction
(qRT-PCR) method. Briefly, a Rotorgene 2000 Real Time CyclerTM
(Corbett Research, Sydney, Australia) and SYBR Green (Molecular
Probes, Eurogene, OR) as a double-stranded DNA-specific fluorescent
dye were used to determine the mtDNA copy number. The PCR
reaction mixture (25 �l) contained: 1� PCR buffer, 3 mM MgCl2, 2
U Taq Express (MWGAG Biotech, Ebersberg, Germany), 100 �M of
each dNTPs, and 0.2 �M of each primer. In addition, the double-
stranded DNA dye, SYBR Green I, (1:3,000 of 10,000� stock
solution) was included in each reaction. The PCR protocol included an
initial step of 94°C (2 min), followed by 40 cycles of 94°C (15 s),
56°C (30 s) and 72°C (10 s). Fluorescent data were acquired at 83°C
after the elongation step. The melting protocol consisted of a hold
temperature at 40°C for 60 s and then heating from 50 to 94°C,
holding at each temperature for 5 s while monitoring fluorescence.
Product identity was confirmed by ethidium bromide-stained 2%
agarose gel electrophoresis. The external standard was a COX1 PCR
standard product that was purified and quantified by spectrophotom-
etry, assuming that 1 ng of a 200 bp product contained 4.5 � 109

molecules of double-stranded DNA. Several serial dilutions were then
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made to assess the concentration of a known number of templates, and
these were then used as external standards. For each replicate, a
standard curve was generated using five 10-fold serial-dilutions (100–
1,000,000 copies) of the external standard. This curve allowed the
determination of the starting copy number of mtDNA in each sample.
All samples were tested three times.

Quantification of telomere length. Average telomere length was
measured from 60 individual bovine day 7 blastocysts DNA by a

real-time quantitative PCR method previously described (7). DNA
was extracted form each blastocysts as described by Shitara et al. (50)
and divided in three aliquots; each aliquot was used directly for
sexing, mtDNA quantification, and measurement of telomeres length
by PCR analysis. Quantification of telomere length by real-time PCR
was performed according to the relative standard curve protocol,
doing a minimum of three repetitions for each sample. The assay
measures an average telomere length ratio (ATLR) by quantifying
telomeric DNA with specially designed primer sequences and divid-
ing that amount by the quantity of a single-copy gene (H2a.z). To
serve as a reference for standard curve calculation, an individual
sample of bovine somatic DNA was serially diluted over a 25-fold
range for the telomere PCR and over 16-fold range for the H2a.z. The
relative amount of the telomere PCR product was divided by the
relative amount of the H2a.z, and the ratio of telomere/H2a.z was
calculated. The average of these ratios was reported as the ATLR. The
primers used for RT-PCR are listed in Table 1.

Bisulphite treatment, PCR, and restriction analysis of PCR prod-
ucts. To analyze methylation status, three groups of 10 embryos of
each sex from three different experimental replicates were used.
Embryos were washed in PBS, placed in 1.5 ml Eppendorf tubes,
snap-frozen, and stored at 	80°C until they were analyzed. As a
control, the DNA of �1 mm3 of ovarian stroma was extracted with
phenol-chloroform and diluted. The DNA was treated with sodium
bisulphite using the EZ DNA Methylation Kit (Zymo Research,
Orange, CA). Bisulphite-modified DNA was used to amplify each
sequence. The methylated status of a part of the satellite I region, a
part of the satellite II region, a part of the 18S rRNA sequence, a part
of the Alu-like short interspersed nuclear element (SINE) art2, and
sequence near a VNTR region were amplified using nested or hemi-
nested PCR (26, 27). The first PCR consisted of one cycle of 94°C for
2 min, 45°C for 30 s and 72°C for 20 s, followed by 4 cycles of 94°C
for 1 min, 50°C for 30 s, and 72°C for 20 s, 35 cycles of 94°C for 15 s,
54°C for 30 s, and 72°C for 20 s, and a final step of 72°C for 8 min.
The nested PCR was carried out using 1 �l of the product and
consisted of a first step of 94°C for 2 min, 35 cycles of 94°C 20 s,
54°C 30 s, and 72°C 30 s, and a final step of 72°C for 5 min. Primers
are indicated in Table 2. Cytokeratin gene promoter sequence was
amplified using a nested PCR consisting of one cycle of 94°C for 3
min, 56°C for 40 s, and 72°C for 20 s, followed by 4 cycles of 93°C
for 1 min, 56°C for 30 s, and 72°C for 20 s, 25 cycles of 94°C for 15 s,
57°C for 30 s, and 72 °C for 20 s, and a final step of 72°C for 8 min.
From the PCR products, 15 �l were digested with 1 UI of AciI
restriction enzyme (New England Biolabs, Hitchin, Herts, UK) over-
night at 37 °C for the promoter sequence of cytokeratin gene, satellite I,

Fig. 1. A: representative results of the PCR sexing of embryos after agarose
gel electrophoretic separation. A single PCR using both male-specific (Bry4a)
and bovine Satellite (Sat) primers was carried out. Lanes 1 and 2: female
embryos with a 216 bp specific product of Sat. Lanes 3 and 4: male embryos,
a 300 bp Y chromosome-specific product (Bry4a) appeared in the top lane.
M: 100 bp DNA ladder. B: comparison of mtDNA content between male and
female bovine blastocysts. For each box, the central bar represents the mean;
top and bottom boundaries of boxes represent �1 SD, and vertical lines extend
to the maximal and minimal values for each sex. Male in vitro produced
blastocyst have more mtDNA than female (ANOVA analysis, P � 0.05).

Table 1. Details of primers used for qRT-PCR

Gene Primer Sequence (5
-3
) Fragment Size, bp Annealing Temperature, °C Gene Bank Accession No.

Histone H2a.z AGGACGACTAGCCATGGACGTGTG 208 59 NM_174809
CCACCACCAGCAATTGTAGCCTTG

COX1 AAATAATATAAGCTTCTGACTCC 190 59 AY676873
TCCTAAAATTGAGGAAACTCCT

Dnmt1 CGCATGGGCTACCAGTGCACCTT 311 57 BC114063
GGGCTCCCCGTTGTATGAAATCT

Dnmt3a CTGGTGCTGAAGGACTTGGGC 318 57 AY271299
CAGAAGAAGGGGCGGTCATC

Dnmt3b GCACGAGGGCAACATCAAATACG 532 57 NM_181813
CTCCAGGACCTTCCCAGCAGC

Hmt1 CCCAAGCAGCTGGTCACCAATG 320 59 BC109796
TCCAGGTCACGGTTGTTCTTGGC

Ilf3 TATGGAGGCAACTCAGCGACTGC 301 59 XM_592855
AGCCTTTCTGCTTGCCCTGTGG

Telomere CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 79 56 NT_039202
GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT

Dnmt, DNA methyltransferase; Hmt1, hnRNP methyltransferase-like 2; Ilf, interleukin enhancer binding factor.
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18S rRNA and VNTR; with 1 UI of MvnI restriction enzyme (New
England Biolabs) overnight at 37 °C for satellite II; or with 1 UI of
TaqI restriction enzyme (New England Biolabs) overnight at 55 °C for
art2. As a control, another 15 �l of the PCR products were mixed with
restriction enzyme buffer without enzyme and exposed at 37°C or
55°C overnight. Digested and undigested samples were resolved in
2% agarose gel stained with ethidium bromide. Methylation status of
the sequences analyzed was obtained by comparison of the relative
DNA amount between digested and undigested samples. Once the
bands were separated by electrophoresis, a picture of the gel was
taken, avoiding pixel saturation, to obtain the relative DNA amount of
each band by pixel density using ScionImage software. To determine
pixel density, the image was inverted, then the selection tool was used
to select the bigger band, and the same selected area was used for
every band. The mean of pixel density in each area was obtained via
histogram, and pixel density of each band was calculated, removing
background pixel density. Linear regression of band mass versus pixel
density was assessed by plotting a standard curve with increasing
amounts of the PCR products of each gene. Results were finally
obtained by comparison of pixel density between the undigested band
of the digested DNA and the unique band of the undigested PCR
product.

RNA extraction, reverse transcription, and quantification of mRNA
transcript abundance. Poly(A) RNA was prepared from five groups of
pools of 10 blastocysts from each experimental group (males or
females) following the manufacturer’s instructions using the Dyna-
beads mRNA Direct Extraction KIT (Dynal Biotech, Oslo, Norway).
Immediately after extraction, the RT reaction was carried out follow-
ing the manufacturer’s instructions (Promega, Madrid, Spain) using
poly(T) anchor primer and AMV reverse transcriptase enzyme in a
volume of 20 �l to prime the RT reaction and to produce cDNA.
Tubes were heated to 70°C for 5 min to denature the secondary RNA
structure and then the RT mix was completed with the addition of 5
units of Superscript RT enzyme. They were then incubated at room
temperature for 10 min and then at 42°C for 60 min to allow the
reverse transcription of RNA, followed by 70°C for 10 min to
denature the RT enzyme. We used 4 �l of the cDNA sample in the
RT-PCR for the detection of each transcript.

The quantification of all mRNA transcripts was carried out by
real-time qRT-PCR. Five replicate PCR experiments were conducted
for all genes of interest. Experiments were conducted to contrast
relative levels of each transcript and histone H2a.z in every sample.
PCR was performed by adding a 4 �l aliquot of each sample to the
PCR mix containing the specific primers to amplify H2a.z, DNA
methyltransferase (Dnmt) 1, Dnmt3a, Dnmt3b, hnRNP methyltrans-
ferase-like 2 (Hmt1), and interleukin enhancer binding factor 3 (Ilf3).
Primer sequences, annealing temperature, and the approximate sizes
of the amplified fragments of all transcripts are shown in Table 1. For
quantification, real time PCR was performed as described above. The
comparative cycle threshold (CT) method was used to quantify
expression levels (12). Quantification was normalized to the endoge-
nous control, H2A. Fluorescence was acquired in each cycle to
determine the threshold cycle or the cycle during the log-linear phase
of the reaction at which fluorescence increased above background for
each sample. Within this region of the amplification curve, a differ-
ence of one cycle is equivalent to doubling of the amplified PCR
product. According to the comparative CT method, the �CT value
was determined by subtracting the H2a.z CT value for each sample
from each gene CT value of the sample. Calculation of ��CT
involved using the highest sample �CT value (i.e., the sample with the
lowest target expression) as an arbitrary constant to subtract from all
other �CT sample values. Fold changes in the relative gene expres-
sion of the target were determined using the formula 2	��CT.

Statistical analysis. Data were analyzed using the SigmaStat (Jandel
Scientific, San Rafael, CA) software package. Cleavage and embryo
development was analyzed using one-way repeated-measures
ANOVA with arcsine transformation. One-way repeated-measures
ANOVA (followed by multiple pair-wise comparisons using Student-
Newman-Keuls method) was used for the analysis of mtDNA, per-
centage of methylation, and differences in mRNA expression assayed
by quantitative RT-PCR. The mean of the male and female telomere
length were compared using an independent samples t-test.

RESULTS

In vitro embryo development and sex ratio of bovine em-
bryos. Sexing was performed on zonafree embryos with a
single PCR using the male-specific primer, Bry4a, and a
satellite Sat1. The proportion of female and male blastocysts
obtained with X- and Y-chromosome-bearing sperm in the
preliminary study was 87.2 and 80.3%, respectively (Fig. 1A,
Table 3). The proportion of zygotes cleaving at 48 hpi was not
different between X- and Y-sorted groups (58.2 vs. 55.1%,
respectively); however, both groups were significantly differ-
ent from the unsorted group (86.0%. P � 0.001). Furthermore,
the proportion of blastocysts formed on day 7 and 8 followed
the same trend; there was no significant difference between X-
and Y-sorted groups (day 7: 10.1% vs. 13.5%, day 8: 13.8% vs.
18.3%, respectively) but significantly more blastocysts were
produced in the unsorted group (day 7: 51.6%, day 8: 55.4%,
P � 0.001; Table 4).

mtDNA copy number and telomere length in male and
female blastocysts. For mtDNA quantification we used single
and pooled blastocysts. A lower intersample variation was

Table 3. Effect of using sex-sorted bovine sperm in IVF on
the production of male or female blastocysts in vitro on day 7

Blastocysts Sexed, n Females, n (%) Males, n (%)

X-sorted 47 41 (87.2) 6 (12.8)
Y-sorted 61 12 (19.7) 49 (80.3)

IVF, in vitro fertilization.

Table 2. Primers used in PCR for amplification of various
target sequences

DNA Region Primer Sequence (5
-3
)
Primary or Nested

PCR

Satellite I AATACCTCTAATTTCAAACT 1st
TTTGTGAATGTAGTTAATA 1st
TTTCAAACTCCAATCACAAA 2nd
TTAATATGAAGGGGTAGTTTTT 2nd

Satellite II CAACCCATAATCAATAAACTC 1st
GTTGAGGTAGTAGTTAGGTA 1st
ATAAATCCACTTTAAATCCTTC 2nd
GGGATATTTAGTTAAGAGTAT 2nd

Art2 TTAAATTCAATTCAATCACTCAATCA 1st
TTTATGTGAAGAGTTGATTTATTGGA 1st
CCAAACCTCCCTATCCATCTC 2nd
TTTATGTGAAGAGTTGATTTATTGGA 2nd

VNTR CAACTCAAAATAACCCACTATC 1st
GTGTTTATGGTGATAGTAGTG ATGA 1st
CACTATCCTATCAAACTTATC 2nd
TTTATGTGAAGAGTTGATTTATTGGA 2nd

Cytokeratin CCTCTTTCTACCAAACAAACCAA 1st
GTGGATGGTAAGTTATTTAAAAGGAG 1st
ACAAACCAAAAACTAATAATACCTCA 2nd
TAAAAGGAGAGTGGATTGGGAG 2nd

18S rRNA GGGATATTTAGTTAAGAGTAT 1st and 2nd
AACTCTTTCRAAACCCTATAAT 1st
ATAAATCCACTTTAAATCCTTC 2nd

VNTR, variable number of tandem repeats.
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found when we used pooled embryos; however, in both cases
the differences between sexes were significant. The mean
mtDNA copy number from the pool analysis of male and
female bovine blastocysts is shown in Fig. 1B. There was a
difference between genders (P � 0.05); mtDNA content aver-
age in male blastocysts was 410,000 � 23,000 and in females
was 360,000 � 21,000. When individual male and female
blastocysts were analyzed the mtDNA content average in male
blastocysts was 423,000 � 33,000 and in females was
373,000 � 27,000.

For telomere length quantification we used single Day 7
blastocysts. To evaluate the real-time PCR method, DNA from
the tail of two mouse species, Mus musculus and M. spretus,
was used (M. musculus animals have long telomeres with
repeats of �20 kb, and M. spretus mice have short telomeres,
similar to those in bovine, with 5–10 kb repeats). The mean
ATLRs for the two species were compared and found to be
statistically different. The mean ATLRs and the average stan-
dard deviation for the ATLRs for the two groups were similar
to those reported by Callicott and Womack (7). No PCR
products were noted when the genomic DNA template was
omitted or when Escherichia coli DNA was substituted in the
reaction (data non shown). Telomere length was shorter in
male bovine blastocysts than in female blastocysts (P � 0.01,
Fig. 2).

Differential methylation between male and female blasto-
cysts. To examine the methylation status of male or female
bovine blastocysts, purified genomic DNA from male and
female embryos was treated with bisulphite, which causes
deamination of unmethylated cytosines to uridine, thereby
allowing discrimination between unmethylated and methylated
cytosine residues through restriction enzyme analysis. The
bisulphite-treated DNAs were subjected to PCR, and products

were digested by restriction enzyme. We examined the meth-
ylation status of six genomic regions (that cover both euchro-
matic and heterochromatic DNA regions) in male and female
bovine blastocysts produced in vitro (these regions have been
previously used to analyzed differences in methylation be-
tween bovine blastocysts produced in vivo, in vitro, or by
nuclear transfer) (26, 27): a region of the promoter of bovine
epidermal cytokeratin gene, a sequence of the higher repeat
satellite I region (SatI), a sequence of the higher repeat satellite
II region (SatII), a sequence near a VNTR, a sequence near the
euchromatic repeated sequence 18S rRNA, and a part of the
euchromatic repeat sequence Art2. A 153 bp unique genomic
sequence near a VNTR region which three AciI recognition
sites and eight CpG sequences was digested by AciI enzyme,
with recognizes only the unconverted (methylated) sequences.
The sequence near VNTR region is highly methylated in sperm
and become extensively demethylated at the morula and blas-
tocyst stages (27). The level of methylation in males (39.8 �
4.8%) was significantly higher (P � 0.01) than in females
(23.7 � 3.1%) (Fig. 3A). In contrast, the rest of the analyzed
sequences were hypomethylated in both sexes, but Art2, which
was partially methylated and did not show any difference
between sexes (males 22.6 � 7.7%, females 19.6 � 4.5%).

Relative abundance of selected gene transcripts. In a pre-
liminary experiment to select a reference housekeeping gene
for data normalization we analyzed mRNA abundance of
�-actin (47), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (48), ribosomal protein L7 (Rpl7) (UniGene
Bt.67188), and histone H2a.z (H2a.z) (21) between male and
female bovine blastocysts. We found differences between male
and female blastocysts for Rpl7, but we did not observe
differences for the other housekeeping genes. For that reason,
quantification was normalized to the endogenous control
H2a.z.

There was no difference in the relative abundance of mRNA
for Dnmt1 between male and female blastocysts. However,
Hmt1 (P � 0.01), Ilf3 (P � 0.01), Dnmt3a (P � 0.001), and
Dnmt3b (P � 0.001) were significantly upregulated in male
blastocysts (Fig. 3B).

DISCUSSION

Bovine embryos derived from sex-sorted sperm have similar
morphology and timing of development than those fertilized
with unsorted sperm. However, at least in this study, sex-sorted
bovine sperm have a lower fertility and lead to reduced embryo
development compared with unsorted sperm when used in
vitro. This is generally attributed to the deleterious effect of the
sex-sorting procedure on the capacitation status and lifespan of
sex-sorted sperm (34).

Table 4. Effect of using sex-sorted bovine semen in IVF on the cleavage rate and blastocyst yield in vitro

COCs, n Cleaved, n (%)

Blastocysts on Day 7, n Blastocysts on Day 8, n

Total* (%) Cleaved# (%) Total (%) Cleaved (%)

Control† 157 135a (86.0) 81/157a (51.6) 81/135a (60.0) 87/157a (55.4) 87/135a (64.4)
X-sorted 1,057 615b (58.2) 107/1,057b (10.1) 107/615b (17.4) 146/1,057b (13.8) 146/615b (23.7)
Y-sorted 1,094 603b (55.1) 148/1,094b (13.5) 148/603b (24.5) 200/1,094b (18.3) 200/603b (33.2)

a,bValues in the same column differ significantly (P � 0.05). Data from 5 experimental replicates. †On each day of IVF a small number of oocytes were
inseminated with unsorted semen as a control to ensure procedures in the laboratory were optimal, hence the lower numbers. *Number of blastocysts from the
total number of cumulus oocytes complexes (COCs); #number of blastocysts from the cleaved oocytes.

Fig. 2. Comparison of the average telomere length ratios (ATLR, means �
SE) between male and female bovine blastocysts, showing that the female
group has longer telomeres. Means were compared by an independent sample
t-test and were found to be significantly different (P � 0.01).
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Quantitative variation in mtDNA has been associated with
gamete quality and reproductive success. It has been reported
that mitochondria and mtDNA genotype affect the develop-
mental capacity of bovine oocytes in vitro (51) The mean copy
number of mtDNA per blastocyst reported here is consistent
with previous studies (35). It has been reported that the
mtDNA copy number increases at the blastocyst stage in
bovine embryos (35). The fact that male embryos have more
copies of mtDNA indicates that this increase is faster in male
than in female bovine embryos, or conversely, that degradation
of mitochondria is higher in female than in male embryos
during early development. It has been hypothesized that a
divergence in energy metabolism is at the root of the differ-
ences between the sexes in mammals (37), and since metabol-
ically active cells tend to contain more mitochondria than less
active ones, there should be a difference in the number and/or
activity of mitochondria in developing male and female mam-
mals.

It has been reported in humans that telomeres on early male
embryo Xqs are �1,100 bp shorter than on female Xqs (45). In
mice and rats it has been reported that telomere lengths are

shorter in adult and new born males than in females (9, 10). It
has been also been reported that early mammalian embryos
have a telomerase-dependent genetic program that elongates
telomeres to a defined length (49). Analysis revealed no sig-
nificant increase in telomere length between day 8 and 13.5 of
mouse embryogenesis compared with length at the morula-
blastocyst transition, indicating that telomere elongation during
embryogenesis is restricted to the preimplantation morula-
blastocyst transition (49). Because we have identified differ-
ences at the blastocyst stage between male and female em-
bryos, it is possible that the differences between sexes at birth
are consequences of the differences generated during the pre-
implantation period. We do not know the origin of these
differences between sexes, but recently a locus with a major
effect on telomere length on the distal X chromosome has been
identified (7). One possibility is that this locus behaves like
other described X-linked genes that are expressed at higher
levels in female bovine embryos than in male embryos at the
early blastocyst stage (19, 24). In addition, we have found that
the expression of Dnmt3a and Dnmt3b is higher in male than
in female bovine embryos, in agreement with reports that these
methyltransferases are negative regulators of telomere length
(16). Moreover, mouse embryonic stem cells genetically defi-
cient for Dnmt3a and Dnmt3b have dramatically elongated
telomeres compared with wild-type controls (16). Our results
are in agreement with the link between epigenetic status and
telomere-length regulation (5).

Also, we found that some epigenetic modifications take
place differentially between male and female embryos. We did
not observe differences in those sequences that were hypo-
methylated: the surrounding genomic heterochromatic repeats
regions to SatI and SatII, a region of the euchromatic repeated
sequence 18S rRNA and in a region of the promoter of
cytokeratin gene, nor in a part of the euchromatic SINE
element art2, that was partially methylated (males 22.6 �
7.7%, females 19.6 � 4.5%). These findings are similar to
those reported by Kang et al. (26), who found considerably
hypomethylated states in SatI, 18S rRNA and the promoter of
the cytokeratin gene and some degree of methylation (26%) in
art2 in IVF blastocysts, except for SatII, which was reported to
be methylated to some degree (27.8%) (26). This difference
can be attributed to the different DNA methylation analysis
method used (cloning and sequencing versus restriction en-
zyme analysis), as similar differences between methods have
been found in others sequences such as SatI (26). However, we
found differences in a unique sequence near a minisatellite
repeat locus VNTR (AF012918) (26), indicating that the dif-
ference in methylation between male and female is not a
genome-wide phenomenon and that there are sequence- or
genomic region-specific differences in epigenetic modification
between male and female bovine blastocysts. These findings
present the possibility that other single-copy genes that are
important for full-term development may also be differentially
demethylated and may explain the differential expression of
some autosomal genes (29, 30, 43). These repeat minisatellites
(VNTR) are widespread within the genome and have been
widely used as genetic markers, owing to the highly polymor-
phic nature of their tandem repeat number (22).

Sex-related differences in mRNA transcription of certain
genes may implicate a new epigenetic process occurring in
early embryos that precedes gonadal sex commitment. DNA

Fig. 3. A: representative result of differential methylation between male and
female bovine blastocysts of a 179 bp PCR of a unique genomic sequence near
a VNTR region digested with AciI restriction enzyme (X, intact, undigested
PCR products; O, enzyme-treated PCR products). Numbers are percentage
digestion calculated from undigested band intensity of digested samples
relative to that of the undigested sample. B: relative mRNA expression of
several candidate genes related with cytosine methylation (Dnmt1, Dnmt3a,
and Dnmt3b) or histone methylation (Hmt1 and Ilf3) in bovine male and
female blastocysts produced in vitro. ANOVA analysis, P � 0.01. VNTR,
variable number of tandem repeats; Dnmt, DNA methyltransferase; Hmt1,
hnRNP methyltransferase-like 2; Ilf3, interleukin enhancer binding factor 3.
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methylation is vital for preimplantation embryo development,
necessary for imprinting, transposon silencing, X chromosome
dosage compensation, and genome stability. Methylation of the
cytosines is the predominant epigenetic modification of vertebrate
genome. It is catalyzed by Dnmt enzymes; Dnmt1 is the major
maintenance methyltransferase, and it ensures that newly syn-
thesized DNA retains the methylation pattern of the template;
Dnmt3a and Dnmt3b are de novo methyltransferases, setting
up the methyl-CG landscape of the genome early in develop-
ment. We have found similar expression of Dnmt1 between
male and female bovine embryos, but lower expression of
Dnmt3a and Dnmt3b in females. It has been reported that DNA
methylation is lower in XX ES cell lines than in XY or XO
lines and that this hypomethylation is associated with reduced
levels of Dnmt3a and Dnmt3b (60). They speculate that the X
chromosome encodes a modifier locus whose product represses
de novo methyltransferases. Cells with two active X chromo-
somes will overexpress the modifier and therefore have re-
duced levels of the enzymes (60). Also, the influence of sex
chromosome constitution on the genomic imprinting of germ
cells has been reported (11). They found that there is a
dose-dependent demethylating effect exerted by the X chro-
mosome (one in XY, two in XX germ cells, with both X
chromosomes active). In addition, the X-coded protein ATRX
is known to be involved in chromatin modification, and is
dosage sensitive (14). It has also been reported that during in
vitro culture in preimplantation embryos there is higher ex-
pression of genes present on the X chromosome in female than
in male embryos, indicating that two X chromosome are active
(19, 29, 39, 58). This could suggest that female cells will
overexpress the modifier and therefore have reduced levels of
the enzyme. The differences in the expression of these methyl-
transferase genes between male and female embryos may be
necessary to establish the differences observed in gene expres-
sion between genders that take place in early postimplantation
embryos (29).

Methylation of specific residues within the NH2-terminal
histone tails plays a critical role in regulating eukaryotic gene
expression. Ilf3 is a cell cycle-regulated protein that it is
cyclically phosphorylated during mitosis (52) and regulates
PRMT1 activity, the type I protein-arginine methyltransferase,
that is a cofactor of nuclear receptor-activated gene expression,
acting in the methylation of the histone 4 arginine 3 (2). Hmt1
is the bovine homolog to human and murine PRMT1. These
protein arginine N-methyltransferases have been implicated in
a variety of processes, including cell proliferation, signal trans-
duction, and protein trafficking (41). Embryos homozygous
mutant for this gene failed to develop beyond embryonic day
(E) 6.5 (41), and the expression of the Prmt1 gene in wild-type
mice was greatest along the midline of the neural plate and in
the forming head fold from E7.5 to E8.5 and in the developing
central nervous system from E8.5 to E13.5 (41). The early
differences in expression that we have found could be related
to the surprisingly widespread sexually dimorphic gene expres-
sion in mice, as manifested by the identification of thousands
of differentially expressed genes between male and female
mice (59), and differential gene expression between the devel-
oping brains of male and female mice at stage 10.5 days
postcoitum, before any gonadal hormone influence.

The differences in growth, metabolism, and genetic and
epigenetic programming during the preimplantation stages in-

dicates that males and females may respond differently to
environmental conditions and suggest that early perturbations
may have a sex-specific effect, not only during preimplantation
development, but also that may lead to some subsequent effects
on postnatal development (20). Undesirable postnatal sex-asso-
ciated phenotypic consequences can result from the alteration of
long-term genetic or epigenetic reprogramming (15) as a conse-
quence of embryo exposure to suboptimal in vitro culture condi-
tions. Possibly related to this, Beckwith-Wiedemann syndrome
associated with hypomethylation of the KvDMR1 (DMRs:
differentially methylated regions) occurs at a relatively high
frequency in monozygotic twins, and in almost all cases, the
affected twins are female (31, 57). It will be important to
examine this relationship further and also to determine whether
female bias occurs in association with other diseases with an
epigenetic component. Embryos of different sex may respond
differently to epigenetic alterations. By analyzing these early
sex differences we will be able to exert greater control on sex
ratio manipulation of domestic animals, and it will help us to
understand other aspects of early embryo development, X
inactivation, and epigenetic and genetic processes related to
early development that may have a long-term effect on the
offspring.
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Although genetically identical for autosomal Chrs (Chr), male and
female preimplantation embryos could display sex-specific transcrip-
tional regulation. To illustrate sex-specific differences at the mRNA
level, we compared gene-expression patterns between male and
female blastocysts by DNAmicroarray comparison of nine groups of
60 bovine in vitro-producedblastocysts of each sex. Almost one-third
of the transcripts detected showed sexual dimorphism (2,921 tran-
scripts; false-discovery rate, P< 0.05), suggesting that in the absence
of hormonal influences, the sex Chrs impose an extensive transcrip-
tional regulation upon autosomal genes. Six geneswere analyzedby
qPCR in in vivo-derived embryos, which displayed similar sexual
dimorphism. Ontology analysis suggested a higher global transcrip-
tional level in females andamore activeproteinmetabolism inmales.
AgenehomologtoanX-linkedgene involved innetwork interactions
during spliceosome assembly was found in the Y-Chr. Most of the
X-linked-expressed transcripts (88.5%)were up-regulated in females,
but most of them (70%) exhibited fold-changes lower than 1.6, sug-
gesting that X-Chr inactivation is partially achieved at the blastocyst
stage. Almost half of the transcripts up-regulated in female embryos
exhibiting more than 1.6-fold change were present in the X-Chr and
eightof themwere selected todetermineaputativepaternal imprint-
ing by gene expression comparison with parthenogenetic embryos.
Five (BEX, CAPN6, BEX2, SRPX2, and UBE2A) exhibited a higher
expression in females than in parthenotes, suggesting that they are
predominantly expressed by the paternal inherited X-Chr and that
imprinting may increase the transcriptional skew caused by double
X-Chr dosage.

gender | preimplantation | microarray | imprinting | X-inactivation

In mammals, sexual dimorphism is mostly attributable to sex-
related hormonal differences in fetal and adult tissues; however,

thismay not be the sole determinant. Before gonad differentiation
occurs, male and female preimplantation embryos display phe-
notypic differences that can only be attributed to the different sex
Chr dosage. Although male and female blastocysts carry the same
autosomal DNA, gender-specific transcription or translation
occurs. At these early stages, sex Chrs modulate the genome
machinery leading to differences in epigenetic status (1) and
expression level of both X-linked (2, 3) and autosomal genes (1, 4,
5). These molecular events are reflected in phenotypic differences
reported under some culture conditions, including differences in
speed of embryo development, survival after vitrification, cell
number at the blastocyst stage, and metabolism. In particular,
glucose metabolism is thought to differ between male and female
embryos (6), which may lead to a skewing in sex ratio because of
preferential loss of embryos of one sex occurring both in vitro (7, 8)
and in vivo (9, 10).
In a genomic context, transcriptional analyses during preim-

plantation development provide a useful tool to study hormone-
independent sexual dimorphism phenomena. Both sexChrs encode
transcripts, which not only can have a direct effect upon phenotypic
differences (i.e., G6PD and HPRT) but also can modulate the
expression of autosomal genes (1). In adult tissues, one of the X-
Chrs is inactivated, but some genes can escape from the X-Chr

inactivation process and be expressed biallelically. This situation is
especially common during preimplantation development, when X
inactivation is a reversible dynamic process (11) andmay lead to an
up-regulation of X-linked genes in female embryos (2, 3). On the
other hand, male embryos only contain the maternally inherited X-
Chr; thus, anX-linked gene up-regulation in femalesmay also occur
as a result of an imprinting mechanism leading to a total or partial
maternal allele transcriptional repression (11).
Global gene expression analyses in preimplantation embryos

are scarce, mainly because of the technical difficulties in obtaining
the necessary large number of embryos per group. To our
knowledge, there is only one report on global differences in gene
expression inmale and female blastocysts, which used a transgenic
mouse model to obtain the biological material (12). Sex-sorted
semen constitutes a powerful tool for these studies, as it can
provide a large number of embryos of known sex in species with a
longer preimplantation period, such as bovine. In this study, we
aimed to analyze preimplantation sexual dimorphism mecha-
nisms at the transcriptional level by microarray gene-expression
profiling of bovine blastocysts produced in vitro. We also con-
firmed the findings for in vivo-derived embryos, performed
ontology analysis, reported a previously unreported Y-linked
transcript, and determined the putative imprinting of eight X-
linked genes up-regulated in female embryos.

Results
Microarray Overall Results and Validation. More than 1,000 blasto-
cysts of known sex were produced in 12 independent experiments.
The global gene-expression pattern of nine pools each of male
and female bovine blastocysts (n = 60 blastocysts per pool) was
compared with the GeneChip Bovine Genome Array. A total of
9,322 transcripts were present at the blastocyst stage. The total
number of transcripts differing between male and female embryos
is listed in Table 1 and Table S1. Hierarchical distribution clearly
grouped the samples according to the sex, irrespective of the bull
used (Fig. 1A and Fig. S1). Therefore, statistical analysis was
performed by grouping the data from the nine arrays of each sex
obtained from samples of the three different bulls. Principal
component analysis demonstrated that the sexes clearly separated
and, interestingly, within each sex, the three replicates from each
bull clustered together (Fig. 1A and Fig. S1). The large sample
size obtained after grouping the data allowed us to detect small
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absolute differences and after false-discovery rate (FDR) assess-
ment of significance (P < 0.05) correction was applied to reduce
the number of false-positives, a total of 2,921 transcripts differed
between male and female blastocysts, which constitutes almost
one-third of the transcripts actively expressed. The fold-change
for most of the transcripts was below 2. For 55 transcripts, the
fold-change was higher than 2, 53 of which were up-regulated in
females. Transcripts up-regulated (with the higher values) in male
and female bovine blastocysts are listed in Tables S2 and S3. A
higher level of fold-changes of up-regulated transcripts was found
in female than in male embryos.

Array validation by quantitative PCR (qPCR) was performed in
embryos produced with unsorted sperm to confirm that observed
sex-related transcript differences were not artifacts of the use of
sorted sperm. Eight X-linked genes (BEX1, CAPN6, FMR1NB,
SAT1, BEX2, X24112, SRPX2, and UBE2A), one transcript puta-
tively present on both sex Chrs (Y2467), a previously unreported
gene located on the Y-Chr (YZRSR2), and four autosomal genes
(GSTM3, PGRMC1, LAMA1, and DNMT3A), together with two
Y-linked genes with anX-linked homolog not present on the array
were analyzed. Fold-change values obtained by qPCR were very
similar to those obtained in the array (Table 2).

Table 1. Results of microarray analysis of transcripts differentially expressed between male (M) and female (F) bovine blastocysts

Comparison
(# of samples)

Multiple
test correction

Up-regulated genes
in females

Up-regulated genes
in males Total

Fold-changes > 2
female/male

F vs. M(9 vs. 9) None 1,667 2,089 3,745 53/2
FDRP < 0.05 1,330 1,591 2,921 53/2
FDR P < 0.01 897 914 1,811 53/2
Bonferroni P < 0.05 290 92 382 45/2

Statistical analysis from comparison of nine pools each of male and female embryos.
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Fig. 1. Comparison of male and female bovine blastocysts. (A) Hierarchical clustering of the 382 differentially expressed transcripts (Bonferroni correction)
between male and female bovine blastocysts, comparing three different bulls and the three pools of embryos derived from Y- and X-sorted semen from each
bull. The color gradient determines normalized gene expression of all of the samples. The dendrogram on the left depicts the grouping of samples based on
the similarity between them. Samples were clearly grouped according to sex (blue and red bars on Left). (B) Chr distribution for the total transcripts present
(green bars) and up-regulated in male (blue bars) or female (red bars) embryos (FDR P < 0.05). Percentages for each Chr out of the total transcripts with a
known Chr location (7,691, 1,287, and 1,065 transcripts for present and up-regulated in males and females, respectively). (C) The pie chart shows the per-
centage of expressed X-linked transcripts (n = 218) grouped according to the fold change (FDR P < 0.05 correction). From pink to red were up-regulated in
females (n = 193), blue were up-regulated in males (n = 3), and green did not show differences (n = 22). The line chart shows the percentage of X-linked
transcripts compared to the total up-regulated transcripts in females with a known location after FDR for four groups according to the fold-change.
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To determine whether the sex-related differences also occur for in
vivo-derivedembryos, theexpression levelof six geneswasanalyzed in
in vivo-derivedmaleor female embryos.Fold-change valuesobtained
by qPCR were also similar to those obtained in the array (Fig. 2A).

Chr Distribution of Differentially Regulated Genes. Chr distribution
comparison between expressed genes and up-regulated genes
after FDR (P < 0.05) correction is shown in Fig. 1B. χ2 analysis
was performed to test for significant differences in Chr-location
frequency between the three groups. The only Chr that displayed
significant differences between up-regulated transcripts in males
and females and expressed genes was the X-Chr, which accounted
for 18.1% of the total up-regulated genes in females, whereas only
2.8% of the expressed transcripts were X-linked. Of the 218 X-
linked transcripts expressed, 193 (88.5%) were up-regulated in
females. Among them, only 10% exhibited a fold-change greater
than 2, and most of them (70%) exhibited a fold-change lower
than 1.66 (Fig. 1C, pie chart). Furthermore, X-linked genes
accounted for almost half (47%) of the transcripts up-regulated in
females that exhibit a fold-change higher than 1.66, whereas this
percentage decreased (14%) in the groups with a lower fold
change (Fig. 1C, line chart). The Chr distribution of the expressed
X-linked genes along the X-Chr is shown in Fig. S2. Three
regions, located at 0 to 3, 21 to 24, and 54 to 57 Mb account for
42.9% of the total transcripts up-regulated in females. No relation
was found between fold-change and transcript location for the up-
regulated X-linked transcripts in females and the 3 transcripts up-
regulated in males and the 22 showing no sex-related differences
were distributed in a similar way to the transcripts up-regulated in
females. Some X-linked genes showing no sex-related dimor-
phism or up-regulation in males had a Y-Chr homolog, which
suggests that the lack of sex-related differences may be caused by
the transcription of both X- and Y-Chrs.

Gene Ontology.Gene ontology classification (FatiGo) was used for
categorizing embryo expressed sequence tags of the gene ontology
annotated genes present after FDR P < 0.01 correction (Fig. 3).
Under theMolecular Function heading, nucleotide binding, DNA
binding, nucleic acid binding, calcium ion binding, enzyme
inhibitors, and transcription-factor activity were overrepresented
among the up-regulated genes in female blastocysts, whereas
hydrolase activity followed the opposite tendency. Biological
Function analysis showed that transcription-related functions
(regulation of transcription DNA-dependent, transcription, RNA

splicing, and RNA processing) were overrepresented in genes up-
regulated in females, whereas translation, proteolysis, and protein
transport followed the opposite tendency. In addition, signal
transduction, cell differentiation, and multicellular organismal
development were overrepresented in females, whereas meta-
bolic process and cell cycle were in males. Finally, under Cellular
Component, mitochondrion, mitochondrial inner membrane, and
ribosome were overrepresented among the up-regulated genes in
males, whereas cytoplasm, extracellular region, cytoskeleton, and
cell projection were overrepresented in females.

Identification of a Previously Unreported Y-Linked Transcript. In
the microarray there were three probes that were theoretically
complementary to the X-linked ZRSR2; however, only one of
the probes showed differential expression between male and
female blastocysts, and it showed the highest difference among
all of the genes. For this reason we designed primers specifically
to amplify this sequence to sequence and clone the complete
cDNA. A previously unreported 1382 pb cDNA was identified
(GQ426330). The sequence [YZRSR2, Y-linked zinc finger
(CCCH type), RNA-binding motif and serine/arginine rich 2
homologous] has 100% homology with a recently published
BAC present in the bovine Y-Chr (AC216982.4) and is
homologous to the X-linked gene ZRSR2 (87% homology with
the putative bovine gene -XR_028361.2- and 84% for human
-BC113480.1-). The sequence contains an ORF encoding a
protein of 446 amino acid residues. The transcript was found to
be uniquely expressed in male embryos and tissues and was
expressed from the beginning of embryonic genome activation
(16-cell stage) onward and in all of the male tissues analyzed
except the spleen (Tables S4 and S5).

Table 2. Validation of array data by real-time qRT-PCR analysis

Gene qPCR* Array* Statistical correction

BEX1 5.6 4.04 Bonferroni P < 0.05
CAPN6 4.13 4.07 Bonferroni P < 0.05
GSTM3 3.52 3.94 Bonferroni P < 0.05
FMR1NB 3.02 3.1 Bonferroni P < 0.05
SAT1 2.83 2.73 Bonferroni P < 0.05
BEX2 2.32 2.8 Bonferroni P < 0.05
X24112 2.28 2.63 Bonferroni P < 0.05
SRPX2 1.75 2.43 FDR P < 0.01
PGRMC1 1.52 1.62 Bonferroni P < 0.05
UBE2A 2.56 1.78 Bonferroni P < 0.05
YZRSR2 −1† −12.01 Bonferroni P < 0.05
DDX3Y −1† Not in array
EIF2S3Y −1† Not in array
Y2467 −5.38 −2.25 Bonferroni P < 0.05
LAMA1 −1.76 −1.93 Bonferroni P < 0.05
DNMT3A −1.75 −1.19 FDR P < 0.01

*Expression fold-change of female versus male (positive values for up-regu-
lated genes in females).
†Expressed only in males.
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Fig. 2. Relative mRNA abundance. (A) Relative poly(A) mRNA abundance of
six genes (four X-linked -CAPN6, FMR1NB, SAT1 and UBE2A-, one Y-linked –

YZRSR2-, and one autosomal -DNMT3A-) for male and female in vivo–
derived blastocysts. (B) Relative poly(A) mRNA abundance of eight putative
paternally expressed imprinted X-linked genes and one gene located on
both X- and Y-Chrs (Y2467) for male (black bars), female (white bars), and
parthenogenetic (dashed bars) in vitro blastocysts. Different letters indicate
significant differences between groups based on one-way ANOVA (P ≤ 0.05).
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Putative Imprinted Gene Analysis. The expression of eight X-linked
genes that were up-regulated in female blastocysts was analyzed in
male and female blastocysts produced with unsorted semen and in
parthenogenetic blastocysts. The expression level of five genes
(BEX1, CAPN6, BEX2, SRPX2, and UBE2A) differed between
parthenogenetic and female blastocysts, suggesting that the
paternal allele is expressed at a higher level than thematernal (Fig.
2B). The expression level of one transcript present in both Y- and
X-Chrs (Y2467) did not differ between parthenogenetic and
female blastocysts. The presence of transcripts of these nine genes
was also analyzed in denuded oocytes, preimplantation stage
embryos, and adult tissues (Tables S4 and S5). All genes were
present in oocytes and blastocysts, but the transcript presence in
other stages differed among genes with two of them (SAT1 and
UBE2A) present in all stages. CAPN6, SAT1, and UBE2A were
present in all tissues analyzed, whereas Y2467 was not found in

adult tissues, FMR1NBwas only expressed in testes, and SRPX2 in
kidney. The genes with a known location are shown in Fig. S2.

Discussion
Gene-expression variation may play a significant role in gender-
specific early embryo development disparity through up- or down-
regulating genes within physiological pathways. Herein we report
extensive transcriptional differences occurring during pre-
implantation and therefore not attributable to sex-specific hor-
monal actions. The transcription of genes located on the sex Chrs
exerts direct or indirect effects on biological processes, which lead
to sexual dimorphism. Genes on the Y-Chr will be only present in
males, and X-Chr effects will bemediated by sex differences in the
dose of X genes or their parental imprint. Almost half of the up-
regulated transcripts in female embryos exhibiting a fold-change
higher than 1.66 were X-linked, similar to the situation observed
inmice (12). Dosage compensation by randomX-Chr inactivation
ensures an equal transcription level of X-linked genes for both
sexes. Nevertheless, some genes may escape from X-Chr inacti-
vation processes and be expressed from both X-Chrs, which cause
an up-regulation in females. This escape is especially common
during the preimplantation period (2, 3), when X inactivation is a
reversible dynamic process (11) and leads to a phenotypic sexual
dimorphism (7, 8). Although in vivo- and in vitro-produced
embryos have been found to display the same transcriptional
sexual dimorphism (12), sex-related differences may be exagger-
ated in in vitro-produced embryos compared with those derived in
vivo, as X-Chr inactivation seems to be disrupted by some in vitro
conditions (13, 14). However, the six genes (four X-linked, one Y-
linked, and one autosomal) analyzed showed similar sex-related
transcriptional differences for in vivo- or in vitro-derived blasto-
cysts, suggesting that X-Chr inactivation is only partially achieved
at the blastocyst stage in both in vivo and in vitro conditions, and
that our in vitro conditions did not increase the sexual dimor-
phism. Sex-related differences are likely to be higher under sub-
optimal conditions, which are known to alter sex ratio by
preferential loss of embryos of one sex (7, 8). A similar situation
occurs for other sex-related phenotypic differences, such as speed
of development, which has been reported to be altered under
some in vitro culture conditions, which lead to sex ratio distortion
(15). However, under the conditions used in this study, no dif-
ference was observed in speed of development between male and
female embryos (16), and the percentage of blastocysts at day 7
were similar between both groups (17).
Four-fifths of the up-regulated genes in female embryos and

almost all of the up-regulated genes in male embryos were auto-
somal genes, indicating that sex-Chrs can exert an extensive reg-
ulation on the transcription of some autosomal genes, and
therefore indirectly modulate sexual dimorphism. Gene ontology
analysis was in agreement with observations previously reported.
Among the cellular components, mitochondria and mitochondria
inner membrane were overrepresented in the up-regulated genes
in males, which is in agreement with the higher mtDNA copy
number found in male embryos (1). Spliceosome, nucleotide,
DNA, nucleic acid and calcium-ion binding, transcription factors
activity, transcription and its regulation, and RNA splicing and
processing were overrepresented among the up-regulated genes in
females, which suggests a higher global transcriptional level for
this sex; this is in accordance with the lower expression of de novo
DNA methyltransferases (Dnmts) and lower methylation status
reported in female embryos (1, 18) and stem cells (19). These
differences in DNA-methylation regulation may account for the
embryonic sex-specific susceptibility to a methyl-deficient mater-
nal diet, and thus lead to gender-specific long-term effects in the
offspring (20). The higher transcriptional level found in females is
unlikely to be the direct consequence of the presence of an actively
transcribed X-Chr in females instead of the Y-Chr, as X-Chr
accounted for just 2.8% of the total expressed transcripts. How-
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Fig. 3. Fatigo-based comparative analysis of gene ontology for the family
of genes exhibiting sex-related transcriptional differences based on (A)
molecular function, (B) biological function, and (C) cellular component.
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ever, it has been suggested that X-Chr encodes a modifier locus
whose product represses de novo Dnmts, which could indirectly
lead to these differences (19). In contrast, among the up-regulated
genes in male blastocysts, ribosome, translation, proteolysis, and
protein transport were overrepresented, suggesting a more active
protein metabolism, which may be related with the differences in
amino acid turnover recently found between male and female
bovine blastocysts (21). Finally, cell differentiation, signal trans-
duction, and development were overrepresented in females, which
may suggest differences in developmental processes.
All these phenotypic sex-related differences cannot be attrib-

utable to sex-specific hormonal differences but to genomic actions,
which are not only restricted to the preimplantation period, as
sexual dimorphism phenomena independent of hormonal inter-
action have been reported in adult tissues. Thus, a large sex effect
on gene expression (30%of expressed genes) and trans-regulation
was described in mouse macrophages that were cultured 2 weeks
ex vivo, and thus were not influenced by endogenous sex steroids
(22). Furthermore, the chromosomal sex of muscle-derived stem
cells influences their ability to promote skeletal muscle regener-
ation by differential transcription of genes related to cell stress
response (23). Moreover, male and female cells, independent of
hormonal influences, respond differently to stressors, and a pos-
sible sex-dependent gene regulatory mechanism was suggested to
explain sexually dimorphic physiology and pathology (24). Inter-
estingly, male and female embryos of different species (mice,
bovine, and human) respond differentially to environmental stress
(25). Collectively, these data suggest that a large degree of sexually
dimorphic gene expression may be directly dependent on X- and
Y-Chr dosage, rather than on the hormonal environment, and that
cells differ and respond to stress innately according to sex, irre-
spective of their history of exposure to sex hormones.
The unique Y-linked transcript described here (YZRSR2) is

located in the nonrecombining portion of the Y-Chr, which only
maintains those genes responsible for large fitness effects, generally
being restricted to those either required for male function or those
that determine sex (26). In both humans and mice, ZRSR2 has an
autosomal homolog (ZRSR1) (27), which in mice is a paternally
expressed imprinted gene that is silencedduringoogenesis (28).The
function of YZRSR2 remains unclear, but it seems to have evolved
from theX-linked geneZRSR2, which encodes an essential splicing
factor (29). Thus,YZRSR2mayhavea role in sex determination and
sexual dimorphism by operating at the posttranscriptional level,
althoughmore studies would be needed to test this hypothesis. The
Y-Chr is particularly important for the study of sex determination
and fertility because of its rapid species-specific differential evolu-
tion and divergence (30). Unfortunately, it is the only Chr that
remains unsequenced in the cattle genome project (31).
The higher expression of X-linked genes in female compared to

male embryos may be caused by a preferential paternal allele
expression (12), by a double allele expression, (2, 13, 14) or by a
combination of both. In the first case, a lower expression for male
and parthenogenetic embryos compared with their female coun-
terparts is expected, as they lack a paternal X-Chr (12, 32). Five
genes (BEX1, CAPN6, BEX2, SRPX2, and UBE2A) were found to
be preferentially expressed by the paternal allele (Fig. 2B).
Maternal allele expression level was lower, but not absent.
Although autosomal and X-linked imprinted genes can be bial-
lelically expressed at the blastocyst stage, which may mask
imprinting mechanisms, they may show quantitative effects of
imprinting in terms of differences in gene expression between
monoparental and biparental embryos (11, 32). Most of the X-
linked genes up-regulated in female embryos exhibited a fold-
change lower than 2, suggesting that X-Chr inactivation occurred
partially. Unfortunately, very little is known about X-chromosome
inactivation during preimplantation development in other species
than mouse (33). In adult tissues, X-chromosome inactivation is a
random and stable process, although some paternally expressed

X-linked genes, such asXIST andRHOX5 (12), have been reported
(http://igc.otago.ac.nz/home.html). Furthermore, females with
Turner syndrome (XO) differ in their cognitive and behavioral
phenotypes, according to the parental origin of their single X
chromosome in human and mice (34), which may be caused by
imprinting. Imprinting mechanisms have been proposed to evolve
from a mechanism to defend the genome against transposable
elements and, compared to autosomal chromosomes, the X chro-
mosome has generated a disproportionately high number of func-
tional retroposed genes in mammalian species (35).
We do not know if these differences in gene expression are

similar in other species. However, in one study onmouse embryos,
using a microarray analysis with 20,371 transcripts and three pools
of male and female blastocysts, fewer than 600 sex-biased genes
were detected (12). The large degree of sex bias in gene expression
that we detected in bovine blastocysts can partly be attributed to
the large power we had to detect highly significant sex effects on
gene expression, even when the absolute effect was small because
of the large sample size (nine pools each of male and female
blastocysts). In our study, when only one bull and three pools each
of male and female bovine blastocysts were analyzed, a small
number of sex-biased genes was detected because of the small
sample size and the low power to detect small effects as significant.
The high number of genes exhibiting sexual dimorphism shows

an extensive transcriptional regulation lead by the sex Chrs and
provides a basis for the study of transcriptional sexual dimorphism
without hormonal interaction, which occurs both for in vivo- and
in vitro-derived embryos. Furthermore, they suggest that data
from male and female embryos should be analyzed separately in
gene expression analyses focused on individual blastocysts and
embryos produced by nuclear transfer from a male or female cell
line, on embryo-maternal gene communication, and on stem cell
lines. In addition, we have identified five X-Chr linked genes
whose expression level in female embryos differs from male and
parthenogenetic embryos, suggesting that they are predominantly
expressed by the paternally inherited X-Chr and opening the
possibility of a synergistic effect of imprinting and double-X
dosage on X-linked genes transcriptional sex-related differences.
Future analysis of gene expression in in vivo embryos produced
under different environmental conditions may help to understand
the nature and consequences that these early sex differences may
have on sex ratio control in mammals. By analyzing these early sex
differences it may be possible to exert greater control on sex ratio
manipulation in domestic animals and to better understand other
aspects of early embryo development, early sex determination
mechanisms, X inactivation, and epigenetic and genetic processes
related to early development that may have a short-term effect on
implantation and a long-term effect on offspring.

Materials and Methods
Sperm Collection, Sorting, and Verification of the Sorting Procedure. Semen
was collected and sorted flow cytometrically for sex from each of three bulls
as previously described (36). Approximately 90% of the embryos produced
with sorted sperm were of the predicted sex (17).

Embryo Production. In vitro fertilization procedures were performed as
previously described (36). Details in SI Materials and Methods. In vivo-derived
blastocysts were obtained from superovulated cows on day 7 after artificial
insemination. Details in SI Materials and Methods.

RNA Isolation and Target Preparation. Total RNA was isolated and purified
from 18 pools of 60 day 7 blastocysts each (three bulls, two sexes, three
replicates) using the RNeasy Micro kit (Qiagen). Embryos were pooled ran-
domly to avoid batch-to-batch variation. Labeled cRNA was synthesized with
a linear RNA amplification method (Message Amp Premier Kit, Ambion)
following the manufacturer’s instructions and using 50 ng of total RNA as
template for reverse transcription.

Bermejo-Alvarez et al. PNAS Early Edition | 5 of 6

A
G
RI
CU

LT
U
RA

L
SC

IE
N
CE

S

123

http://igc.otago.ac.nz/home.html
http://www.pnas.org/cgi/data/0913843107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0913843107/DCSupplemental/Supplemental_PDF#nameddest=STXT


Array Hybridization and Scanning. Labeled cRNA was fragmented in frag-
mentation buffer [5× buffer: 200 mM Tris-acetate (pH 8.1)/500 mM KOAc/
150 mM MgOAc] and hybridized to the microarrays (n = 18 arrays, as
described above) in 200 μL of hybridization solution containing 15 μg
labeled target in 1× Mes buffer (0.1 M Mes/1.0 M NaCl/20 mM EDTA 0.01%/
Tween20) and 0.1 mg/mL herring sperm DNA, 10% DMSO, 0.5 mg/mL BSA,
50 pM control oligonucleotide B2 and 1× eukaryotic hybridization controls
(bioB, bioC, bioD, cre). Both control oligonucleotide B2 and eukaryotic
hybridization controls were purchased from Affymetrix. The hybridization
mix was applied to the GeneChip Bovine Genome Array (Affymetrix), which
contains 24,072 bovine gene probe sets, representing more than 23,000
transcripts, including assemblies from 19,000 UniGene clusters. Arrays were
placed on a rotisserie and rotated at 0.4 × g for 16 h at 45 °C. Following
hybridization, the arrays were washed and stained with a streptavidin-
phycoerythrin conjugate (Molecular Probes). The arrays were scanned using
a confocal scanner (GC3000_Affymetrix). The image data were analyzed by
GeneChip Operating Software (GCOS 1.4, Affymetrix).

Array Bioinformatic and Statistical Analysis. For the bioinformatic analysis
dChip and Affy/AffyPLM (Bioconductor) software were used to detect outlier
samples and Partek Genomics Suite 6.4 (Partek software, Partek Inc.) to per-
form gene expression analysis. RMA processing was used for normalizing the
data as well as a global median normalization. The change in expression of
each gene was calculated by determining the fold-change (ratio) of the mean
intensity of each group. Statistical analysis was based on a regression model
andANOVA to look for significant genes between conditions and hierarchical
un/supervised analysis performed using Average linkage and Euclidean dis-
tance for classifying the samples. Bonferroni or FDR corrections were applied
to reduce the total number of false-positives. Chr distribution was performed
based on the Entrez link provided in annotation file Bovine.na29.annot.csv
available on the Affymetrix Web site among the 9,322 expressed transcripts.

Gene ontology (FatiGO: http://babelomics.bioinfo.cipf.es) was used for cate-
gorizing embryo expressed sequence tags with respect to gene function,
includingmolecular function, biological process, and cellular component (37).
Raw data frommicroarray experimentswas submitted to the Gene Expression
Omnibus database (http://www.ncbi.nlm.nih.gov/geo). The platform ID is
GPL2112. The accession ID is GSE17921.

Independent Verification of Array Data Using Real-Time RT-PCR. Poly(A) RNA
was extracted after sexing from individual blastocysts produced in vitro with
unsorted semen or by parthenogenetic activation or in vivo with unsorted
semen following the manufacturer’s instructions using the Dynabeads mRNA
Direct Extraction KIT (Dynal Biotech) with minor modifications (17). (Details
are available in SI Materials and Methods). The quantification of all mRNA
transcripts was carried out by real-time qRT-PCR following a previously
described protocol (1). Five pools of cDNA per experimental group, each
obtained from 10 in vitro-produced or 5 in vivo-derived embryos, were used
with two repetitions for all genes of interest. Details of protocol for quanti-
fication of mRNA transcripts are available in SI Materials and Methods). The
primers listed in Table S6 were used to amplify specific fragments referring to
the selected transcripts. PCR fragmentswere sequenced to verify the resulting
PCR product.

YZRSR2 Cloning and Sequencing. Reverse transcription was performed in
blastocyst RNA and full-length cDNA of YZRSR2 was cloned with 5′- and 3′-
RACE using SMART Technology (Clontech Laboratories, Inc.).
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Supporting Information
Bermejo-Alvarez et al. 10.1073/pnas.0913843107
SI Material and Methods
In Vitro Embryo Production. Selected cumulus–oocyte complexes
(COCs) obtained from ovaries collected at slaughter were ma-
tured for 24 h in TCM-199, supplemented with 10% (vol/vol) FCS
(FCS) and 10 ng/mL epidermal growth factor at 39 °C under an
atmosphere of 5% CO2 in air with maximum humidity. In vitro
fertilization was performed with X- or Y-sorted sperm from three
different bulls or unsorted semen from one of the bulls (Bull 1) as
described in ref. 1. Matured COCs were inseminated with 12.5 μL
of frozen-thawed, percoll-separated sperm added to 25-μL
droplets under mineral oil (15–20 oocytes per droplet) at a final
concentration of 1 × 106 spermatozoa/mL. Gametes were co-
incubated at 39 °C under an atmosphere of 5% CO2 in air with
maximum humidity. At ≈20 h postinsemination, presumptive zy-
gotes were denuded and transferred to 25-μL culture droplets (1
embryo per microliter) under mineral oil. Blastocysts were pro-
duced in 12 independent experiments (equals days of ovary col-
lection). In all cases, X- and Y-sperm from an individual bull were
used on the same day and were never split across days. Depending
on the availability of oocytes, one, two, or all three bulls were
processed on a given day. Details for developmental rates and
sexing accuracy of the bulls used in this study can be found in ref.
2. Parthenogenetic activation was achieved by incubation of ma-
ture oocytes in 5 μM ionomycin for 5 min followed by 3 h in-
cubation in 2 mM 6-DMAP. Embryo culture took place in SOF+
5% FCS. Plates were incubated for 7 days at 39 °C under an at-
mosphere of 5% CO2, 90% N2, and 5% O2 with maximum hu-
midity. Day-7 blastocysts produced from X- and Y-sorted sperm
were snap-frozen in groups for microarray analysis and those
produced with unsorted sperm and parthenogenetic activation
had their zona pellucida removed with 0.2% pronase and were
then individually snap-frozen for array validation. Oocytes and
embryos collected at different stages were snap-frozen in groups
of 10 to analyze the evolution of transcription during pre-
implantation stages of different genes presented in the array.

In Vivo Embryo Production. In vivobovineblastocystswereproduced
using standard superovulation protocol. Briefly, the estrous cycles
of crossbredbeef heiferswere synchronized using a combination of
an intravaginal progesterone device (CIDR) and administration of
a prostaglandin F2α analog to ensure luteolysis. Beginning on day
10 of the synchronized cycle, each animal received twice daily in-
jections of Folltropin (Bioniche Animal Health) for 4 days, with
prostaglandin given with the sixth injection. Animals were in-
seminated at estrus and embryos were recovered by flushing the
reproductive tract at slaughter. Blastocysts were snap-frozen in-
dividually in liquid nitrogen for subsequent analysis.All ex-
perimental procedures involving animals were licensed by the
Department of Health and Children, Ireland, in accordance with
the Cruelty to Animals Act (Ireland 1897) and the European
Community Directive 86/609/EC and were sanctioned by the
AnimalResearchEthics Committee ofUniversity CollegeDublin.

Independent Verification of Array Data Using Rea-lTime RT-PCR. Poly
(A)RNAwasextractedfromindividualblastocystsproducedinvitro
with unsorted semen or by parthenogenetic activation or derived in
vivo following themanufacturer’s instructions, using theDynabeads
mRNA Direct Extraction KIT (Dynal Biotech) with minor mod-
ifications. After 5 min incubation in lysis buffer with Dynabeads,
poly(A) RNA attached to the Dynabeads was extracted with a
magnet, suspended in washing buffer A and stored at 4 °C while
DNA extraction and sexing was performed. The DNA present in

lysis buffer was extracted with phenol/chloroform treatment and
finally suspended in 16 μL ofmilliQwater. Eightmicroliters of each
sample were used to perform embryo sexing by PCRas described in
ref. 1. After embryo sexing, the individually stored poly(A) RNA
from 10 (in vitro) or 5 (in vivo) embryos of the same sex or par-
thenotes were pooled andRNA extraction continued. Immediately
after extraction, the RT reaction was carried out following the
manufacturer's instructions (Bioline,Ecogen) using poly(T) primer,
random primers, and MMLV reverse transcriptase enzyme in a
total volume of 40 μL to prime the RT reaction and to produce
cDNA. Tubes were heated to 70 °C for 5 min to denature the sec-
ondaryRNA structure and then theRTmixwas completedwith the
addition of 100 units of reverse transcriptase. They were then in-
cubated at 42 °C for 60 min to allow the reverse transcription of
RNA, followed by 70 °C for 10 min to denature the RT enzyme.
The quantification of all mRNA transcripts was carried out by

real-time qRT-PCR; five groups of cDNA per experimental
group, each obtained from 10 embryos, were used with two
repetitions for all genes of interest. PCR was performed by adding
a 2-μL aliquot of each sample to the PCR mix containing the
specific primers to amplify histone H2Az (H2a.z), brain-ex-
pressed X-linked 1 (BEX1), calpain 6 (CAPN6), GST Mu3
(GSTM3), fragile-X mental retardation 1 neighbor (FMR1NB),
spermidine/spermine N1-acethyltransferase 1 (SAT1), brain-ex-
pressed X-linked 2 (BEX2), sushi-repeat-containing protein X-
linked 2 (SRPX2), progesterone receptor membrane component
1 (PGRMC1), ubiquitin-conjugating enzyme E2A (UBE2A),
DEAD box polypeptide 3 Y-linked (DDX3Y), eukaryotic
translation initiation factor 2, subunit 3, structural gene Y-linked
(EIF2S3Y), laminin alpha 1 (LAMA1), DNA-methyltransferase
3 alpha (DNMT3A), and three nonannotated transcripts present
in the array and named X24112, YZRSR2 and Y2467. Primer
sequences and the approximate sizes of the amplified fragments
of all transcripts are shown in Table S6. For quantification, real-
time PCR was performed as previously described (3). qPCR
conditions were 94 °C for 3 min followed by 35 cycles (94 °C 10 s,
56 °C 30 s, 72 °C 10 s, and 10 s of fluorescence acquisition –

SYBR-) (Rotor Gene 6000, Corbett Research). Each pair of
primers were tested to achieve efficiencies close to 1 and then
the comparative cycle threshold (CT) method was used to
quantify expression levels as described (4). To avoid primer-
dimmers artifacts, fluorescence was acquired in each cycle at a
temperature higher than the melting temperature of primer-
dimmers (specific for each product, 80–86 °C). Then, the
threshold cycle or the cycle during the log-linear phase of the
reaction at which fluorescence increased above background was
determined for each sample. When the efficiency is close to 1,
within this region of the amplification curve, a difference of one
cycle is equivalent to doubling of the amplified PCR product.
According to the comparative CT method, the ΔCT value was
determined by subtracting the endogenous control (H2a.z) CT
value for each sample from each gene CT value of the sample.
Calculation of ΔΔCT involved using the highest sample ΔCT
value (i.e., the sample with the lowest target expression) as a
constant to subtract from all other ΔCT sample values. Fold-
changes in the relative gene expression of the target were de-
termined using the equation 2–ΔΔCT.

Expression Analysis on Preimplantation Stages and Tissues. RNA
extraction and DNA synthesis of denuded oocytes and pre-
implantation embryoswasperformedas describedabove.Male and
femaleadult tissues (brain,medulla, testes, spleen,kidney, lung,and
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muscle) were collected from a local slaughterhouse and imme-
diately snap-frozen in liquid nitrogen. RNA extraction was per-
formedwithULTRASPEC(Ecogen)avoidingDNAcontamination

by DNase treatment following the protocol described in ref. 4 with
minor modifications. PCR was performed and products were vi-
sualized in 2% ethidium bromide stained gels under UV light.

1. Bermejo-Alvarez P, Rizos D, Rath D, Lonergan P, Gutierrez-Adan A (2008) Can bovine in
vitro-matured oocytes selectively process X- or Y-sorted sperm differentially? Biol
Reprod 79:594–597.

2. Bermejo-Alvarez P, Lonergan P, Rath D, Gutierrez-Adan A, Rizos D (2010)
Developmental kinetics and gene expression in male and female bovine embryos
produced in vitro with sex-sorted spermatozoa. Reprod Fertil Dev 22:426–436 .

3. Bermejo-Alvarez P, Rizos D, Rath D, Lonergan P, Gutierrez-Adan A (2008) Epigenetic

differences between male and female bovine blastocysts produced in vitro. Physiol

Genomics 32:264–272.
4. Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the comparative C(T)

method. Nat Protoc 3:1101–1108.
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Fig. S1. Analysis of microarray data for male and female bovine blastocysts between the three individual bulls. Venn diagrams showing the number of
transcripts common or specific to each bull comparison using three statistical corrections: (A) False-discovery rate (FDR) at P < 0.05; (B) FDR at P < 0.01; and (C)
Bonferroni at P < 0.05. (D) Principal component analysis mapping of the 18 analyzed samples showing the aggregation of the samples according to the sex and
to the bull.
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Fig. S2. Chromosome distribution of the expressed X-linked transcripts. The position along the X-chromosome is shown on a Megabase vertical scale. For rep-
resentation, the chromosomewasdivided into303-Mb length sections anda scatter chart on the right shows thepercentageofX-linked transcripts up-regulated in
females located on each section comparedwith the total X-linked transcripts up-regulated in females with known location. The location of the genes analyzed for
putative imprinting plus XIST are noted by red arrows (Right); gene names in bold letters are preferentially or totally paternally expressed. (Left) Color bars depict
the location of X-linked genes showing no differences between sexes (n = 22, green bars) or being up-regulated in male (n = 3, blue bars).
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Table S1. Results of microarray analysis of transcripts differentially expressed at the blastocyst stage between male and female bovine
blastocysts

Comparison
(# of samples)

Multiple test
correction

Up-regulated transcripts
in females

Up-regulated transcripts
in males Total

Fold-changes > 2
female/male

Bull 1: F vs. M (3 vs. 3) NO 1,050 1,347 2,397 67/4
FDR P < 0.05 567 528 1,095 61/3
FDR P < 0.01 293 134 427 53/2
Bonferroni 57 13 70 14/1

Bull 2: F vs. M (3 vs. 3) NO 1,095 894 1,989 58/1
FDR P < 0.05 529 246 775 56/1
FDR P < 0.01 273 62 335 41/1
Bonferroni 74 7 81 17/1

Bull 3: F vs. M (3 vs. 3) NO 1,058 1,295 2,353 64/6
FDR P < 0.05 555 531 1,086 59/6
FDR P < 0.01 277 149 426 46/4
Bonferroni 53 12 65 16/3

Statistical analysis from comparison of three bulls and three pools each of male and female embryos per bull.

Table S2. Transcripts up-regulated in female bovine blastocysts

Fold-
change Gene symbol Description

Map
position

Affymetrix
number

5.69697 XIST X (inactive)-specific transcript X Bt.11847.1.A1_at
4.81758 LOC617729 Similar to germ cell less Bt.19174.1.A1_at
4.07092 CAPN6 Calpain 6 X Bt.10150.1.S1_at
4.03808 BEX1 Brain expressed, X-linked 1 X Bt.16678.1.S1_at
3.94148 GSTM3 GST M3 (brain) 3 Bt.5304.1.S1_at
3.1044 FMR1NB Fragile X mental retardation 1 neighbor X Bt.17305.1.A1_at
3.01817 MGC140151 Hypothetical protein LOC783451 Bt.3698.1.S1_at
2.80938 BEX2 Brain expressed X-linked 2 X Bt.4818.1.S1_at
2.79954 NGFRAP1 /// WBP5 WWdomain binding protein 5 /// nerve growth factor receptor (TNFRSF16) associat Bt.1998.1.S1_at
2.77223 LOC618696 Similar to trophoblast Kunitz domain protein 5 13 Bt.26365.1.A1_at
2.72556 SAT1 Spermidine/spermine N1-acetyltransferase 1 X Bt.7594.1.S1_at
2.67507 HSPA1A Heat shock 70kDa protein 1A 23 Bt.5154.1.S1_s_at
2.62714 LOC511106 Serpin peptidase inhibitor, clade B like 24 Bt.9693.1.S1_at
2.62576 — Transcribed locus X Bt.24112.1.A1_at
2.46584 RNASE1 Ribonuclease 10 Bt.4630.1.S1_at
2.44574 PAGE4 P-antigen family, member 4 (prostate associated) X Bt.6375.1.S1_at
2.44426 — CDNA clone IMAGE:8067330 Bt.3722.1.S1_at
2.42561 SRPX2 Sushi-repeat-containing protein, X-linked 2 X Bt.8109.2.A1_at
2.42269 LOC786521 Similar to growth differentiation factor 3 5 Bt.26222.1.A1_at
2.40878 NUDT10 Nudix (nucleoside diphosphate linked moiety X)-type motif 10 X Bt.24396.3.A1_at
2.39311 RESP18 Regulated endocrine-specific protein 18 2 Bt.1107.1.S1_at
2.35584 LDOC1 Leucine zipper, down-regulated in cancer 1 X Bt.16830.1.S1_at
2.33049 HSPA1A Heat shock 70kDa protein 1A 23 Bt.5154.1.S1_at
2.28281 MATN4 Matrilin 4 13 Bt.15484.2.A1_at
2.27552 PHLDA2 Pleckstrin homology-like domain, family A, member 2 29 Bt.1702.1.A1_at
2.27285 DHRS9 Dehydrogenase/reductase (SDR family) member 9 2 Bt.12764.1.S1_at
2.26844 UCHL1 Ubiquitin carboxyl-terminal esterase L1 (ubiquitin thiolesterase) 6 Bt.5408.1.A1_at
2.23403 — Transcribed locus, moderately similar to XP_228803.4 PREDICTED: similar to spind Bt.6921.1.S1_at
2.22899 UBD Ubiquitin D 23 Bt.5897.2.S1_at
2.2128 HSPA1A Heat shock 70kDa protein 1B 23 Bt.23161.2.A1_at
2.20333 BDH2 3-hydroxybutyrate dehydrogenase, type 2 6 Bt.1792.1.S1_at
2.18206 LOC527068 Aldo-keto reductase family 1 member C3 -like 13 Bt.23094.5.S1_at
2.17899 MAOB Monoamine oxidase B X Bt.22460.1.S2_at
2.16263 MAGEH1 Melanoma antigen family H, 1 X Bt.27079.1.S1_at
2.15041 LGALS3BP Lectin, galactoside-binding, soluble, 3 binding protein 19 Bt.6597.1.S1_at
2.11523 CLU Clusterin 8 Bt.12504.1.S1_at
2.10778 APOL3 Apolipoprotein L, 3 5 Bt.28313.1.S1_at
2.09222 — Transcribed locus Bt.8707.1.S1_at
2.0887 PRPS1 Phosphoribosyl pyrophosphate synthetase 1 9 Bt.3500.1.S1_at
2.07758 BRWD3 Bromodomain and WD repeat domain containing 3 X Bt.26037.1.A1_at
2.0607 LOC783344 Similar to armadillo repeat containing, X-linked 5 X Bt.18144.1.A1_at
2.06029 TUBA4A Tubulin, alpha 4a 2 Bt.5183.1.S1_at

Bermejo-Alvarez et al. www.pnas.org/cgi/content/short/0913843107 4 of 7

128

www.pnas.org/cgi/content/short/0913843107


Table S2. Cont.

Fold-
change Gene symbol Description

Map
position

Affymetrix
number

2.05841 — Transcribed locus Bt.17129.1.A1_at
2.02324 TRAPPC2 Trafficking protein particle complex 2 X Bt.27952.1.S1_at
2.00277 TUBA4A Tubulin, alpha 4a 2 Bt.5183.2.S1_at
1.98973 UPK1A Uroplakin 1A 18 Bt.337.1.S1_at
1.97291 UBQLN2 Ubiquilin 2 Bt.26593.1.A1_at
1.96544 — Transcribed locus, moderately similar to NP_006112.3 keratin 1 [Homo sapiens] Bt.879.1.S1_at
1.9635 ZAP70 Zeta-chain (TCR) associated protein kinase 70kDa 11 Bt.20905.1.S1_at
1.96167 SULT1A1 Sulfotransferase family, cytosolic, 1A, phenol-preferring, member 1 25 Bt.3537.1.S1_at
1.95339 THEM4 Thioesterase superfamily member 4 3 Bt.10185.1.S1_at
1.94875 PDK3 Pyruvate dehydrogenase kinase, isozyme 3 X Bt.28108.1.S1_at
1.94866 — Transcribed locus Bt.16164.2.A1_at
1.94588 TNNI3 Troponin I type 3 (cardiac) 18 Bt.11438.1.S1_at
1.93171 MGC127538 Hypothetical protein MGC127538 Bt.2577.1.S1_at
1.92109 RNF113A Ring finger protein 113A Bt.9525.1.A1_at
1.91648 SNX12 Sorting nexin 12 X Bt.6730.1.S1_at
1.91203 TCEAL8 Transcription elongation factor A (SII)-like 8 Bt.4822.1.A1_at
1.9115 TM4SF1 Transmembrane 4 L six family member 1 1 Bt.6087.1.S1_at
1.90139 — Transcribed locus Bt.29559.1.A1_at
1.90074 — Transcribed locus Bt.27388.1.A1_at
1.89922 MSL3L1 Male-specific lethal 3-like 1 (Drosophila) X Bt.26659.1.S1_at
1.89498 — Transcribed locus Bt.9959.3.S1_a_at
1.88554 SLITRK2 SLIT and NTRK-like family, member 2 X Bt.17460.1.A1_at
1.88486 — — Bt.24184.1.A1_at
1.87044 MID1IP1 MID1 interacting protein 1 (gastrulation specific G12 homolog (zebrafish)) X Bt.11034.1.S1_at
1.8673 STEAP2 Six transmembrane epithelial antigen of the prostate 2 4 Bt.22045.1.S1_at
1.86095 CITED1 Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxyl-terminal domain,X Bt.4437.1.S1_at
1.84912 LY6G6C Lymphocyte antigen 6 complex, locus G6C 23 Bt.9737.1.S1_at
1.84314 HSPB8 Heat shock 22kDa protein 8 17 Bt.22526.1.S1_at
1.83629 — Transcribed locus Bt.22686.1.S1_at
1.8359 ABHD4 Abhydrolase domain containing 4 10 Bt.28090.1.S1_at
1.82804 ATRX Alpha thalassemia/mental retardation syndrome X-linked (RAD54 homolog, S.

cerevi
X Bt.8265.1.A1_at

1.82472 — Transcribed locus Bt.7322.1.S1_at
1.82433 CXCL16 Chemokine (C-X-C motif) ligand 16 19 Bt.22009.1.S1_at
1.81427 LOC534630;

LOC613705
Similar to RNA binding motif protein, X-linked 2; Y3388 transposase X Bt.9546.2.S1_a_at

1.8142 DYNLT3 Dynein, light chain, Tctex-type 3 Bt.1844.1.S1_at
1.80754 MCTS1 Malignant T cell amplified sequence 1 X Bt.9940.1.S1_at
1.80692 S100A4 S100 calcium binding protein A4 3 Bt.5493.1.S1_at
1.80566 ALDOC Aldolase C, fructose-bisphosphate 19 Bt.4837.1.A1_at
1.80129 — — Bt.20724.1.S1_at
1.79894 FAM122B Family with sequence similarity 122B X Bt.24200.1.S1_at
1.79516 — Transcribed locus Bt.6445.1.S1_at
1.79079 TSPAN6 Tetraspanin 6 Bt.3821.1.A1_at
1.78802 LOC613674 Hypothetical protein LOC613674 X Bt.19984.1.S1_at
1.78683 CETN2 Centrin, EF-hand protein, 2 X Bt.2559.1.S1_at
1.78002 UBE2A Ubiquitin-conjugating enzyme E2A (RAD6 homolog) X Bt.13063.1.S1_at
1.77614 MAGED2 Melanoma antigen family D, 2 X Bt.5078.1.S1_at
1.77427 WDR44 WD repeat domain 44 X Bt.216.1.S1_at
1.77413 MAP3K12 Mitogen-activated protein kinase kinase kinase 12 5 Bt.29962.1.S1_at
1.76628 APEX2 APEX nuclease (apurinic/apyrimidinic endonuclease) 2 X Bt.1184.1.S1_at
1.76603 — Transcribed locus, strongly similar to NP_001091853.1 retinitis pigmentosa GTPas Bt.10928.1.A1_at
1.76491 S100A11 S100 calcium binding protein A11 (calgizzarin) 3 Bt.3750.1.S1_at
1.75419 NKRF NFKB repressing factor Bt.2958.1.A1_at
1.75237 FUNDC1 FUN14 domain containing 1 X Bt.18513.1.S1_at

All transcripts for which the change in expression level is higher than 1.75-fold are listed (Bonferroni corrections).
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Table S3. Transcripts up-regulated in male bovine blastocysts

Fold-change Gene symbol Description Map position Affymetrix number

−12.0163 YZRSR2 Y-linked zinc finger (CCCH type), RNA-binding motif and serine/arginine rich 2 Y Bt.24372.1.S1_at
−2.25315 — Transcribed locus Bt.2467.1.A1_at
−1.93739 LAMA1 Laminin, alpha 1 24 Bt.26511.1.S1_at
−1.75692 BPHL Biphenyl hydrolase-like (serine hydrolase; breast epithelial mucin-associated) 23 Bt.1663.1.A1_at
−1.70267 P2RX4 Purinergic receptor P2X, ligand-gated ion channel, 4 17 Bt.15997.1.S1_at
−1.67361 SLC6A20 Solute carrier family 6 (proline IMINO transporter), member 20 22 Bt.28747.1.S1_at
−1.63797 — Transcribed locus Bt.13701.1.A1_at
−1.55877 — Transcribed locus Bt.11733.1.S1_at
−1.55343 — Transcribed locus Bt.5998.1.S1_at
−1.54639 SHPK Sedoheptulokinase 19 Bt.14637.1.A1_at
−1.53131 — Transcribed locus Bt.22747.1.S1_at
−1.52509 LOC512529 Hypothetical LOC512529 5 Bt.11226.1.S1_at
−1.4575 — Transcribed locus Bt.9413.1.S1_at
−1.45683 — CDNA clone IMAGE:8277899 Bt.9612.1.S1_at
−1.44552 ABCB6 ATP-binding cassette, subfamily B (MDR/TAP), member 6 2 Bt.14310.1.S1_a_at
−1.44319 HSD17B8 Hydroxysteroid (17-beta) dehydrogenase 8 23 Bt.2187.1.S1_at
−1.44193 LOC788567 Hypothetical protein LOC788567 29 Bt.12080.1.S1_at
−1.433 PRMT7 Protein arginine methyltransferase 7 18 Bt.21927.1.S1_at
−1.43021 — Transcribed locus, moderately similar to NP_060272.3 HEAT repeat containing 2 [H Bt.22403.1.S1_at
−1.42759 SNAPC5 Small nuclear RNA activating complex, polypeptide 5, 19kDa 10 Bt.13422.1.A1_at
−1.42671 — Transcribed locus Bt.9848.1.A1_a_at
−1.42644 HN1L Hematological and neurological expressed 1-like 25 Bt.10127.1.S1_at
−1.42401 LOC516579 Similar to Probable phospholipid-transporting ATPase IIA (ATPase class II type 9 13 Bt.21546.1.S1_at
−1.42319 COQ6 Coenzyme Q6 homolog, monooxygenase (S. cerevisiae) 10 Bt.22142.2.S1_a_at
−1.41898 LOC525138 Similar to CG3337-PA 20 Bt.2552.1.S1_at
−1.41637 FBXL6 F-box and leucine-rich repeat protein 6 14 Bt.2511.1.S1_at
−1.41156 SPLL2B Signal peptide peptidase-like 2B 7 Bt.12223.1.S1_at
−1.41114 LOC514296 Hypothetical LOC514296 22 Bt.8874.1.S1_at
−1.40872 LOC524279 Similar to LPS responsive and Beige-like anchor protein LRBA 17 Bt.13411.1.S1_at
−1.40651 — Transcribed locus Bt.23606.2.S1_at

All transcripts for which the change in expression level is lower than −1.4-fold are listed (Bonferroni corrections).

Table S4. Gene expression during preimplantation
development of eight candidate-imprinted genes present on the
X-chromosome, one putatively X- and Y-linked, and one Y-
chromosome linked

Gene Oocyte 4–8 cell 16 cell Morula Blastocysts

YZRSR2 No No Yes Yes Yes
Y2467 Yes Weak No Weak Yes
BEX1 Yes No No Yes Yes
CAPN6 Yes No No Yes Yes
FMR1NB Yes No Yes Yes Yes
SAT1 Yes Yes Yes Yes Yes
BEX2 Yes No No No Yes
X24112 Yes Weak No No Yes
SRPX2 Yes No No Yes Yes
UBE2A Yes Yes Yes Yes Yes
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Table S5. Gene expression in different tissues of adult animals
of eight candidate-imprinted genes present on X-chromosome,
one putatively X- and Y-chromosome linked, and one Y-
chromosome linked

Gene Brain Medulla Testes Spleen Kidney Lung Muscle

YZRSR2 Yes Yes Yes No Yes Yes Yes
Y2467 No No No No No No No
BEX1 Yes Weak Yes No No No No
CAPN6 Yes Yes Yes Yes Yes Yes Yes
FMR1NB No No Yes No No No No
SAT1 Yes Yes Yes Yes Yes Yes Yes
BEX2 Yes Yes Yes Weak Yes Yes No
X24112 No No Yes Yes No No No
SRPX2 No No No No Yes No No
UBE2A Yes Yes Yes Yes Yes Yes Yes

Table S6. Details of primers used for qRT-PCR

Gene Primer sequence (5′–3′) (Forward/Reverse) Fragment size, bp GenBank accession no.

H2AFZ AGGACGACTAGCCATGGACGTGTG/CCACCACCAGCAATTGTAGCCTTG 209 NM_174809.2
BEX1 ACCTAGAGGAAATCGCAGACGG/AAGCATCTTGCCATGAAACAGG 434 NM_001077034
CAPN6 TTTTAAATGATTGCGTGCTGAAC/AAAGCCACATCCTCCATGAAGC 135 AU278104.1
GSTM3 ATCGCCCGCAAGCACAATATG/TCCAGGCACTTGGGCTCAAAC 290 NM_001046560.1
FMR1NB TTTCCAACAACATGCGTTCCAG/TTCCTCATCCACTGCTGTTTCC 363 NM_001102262.1
SAT1 GCCAGGTTGCAATGAAGTGTCG/AAACATGCAACAACGCCACTGG 320 NM_001034333.1
BEX2 AGAACCTATGGCCCTCCTTTCG/AAGCTGGTAATAGGAAACGCG 409 NM_001077087.1
X24112 TACAGCTGACCAAACTAAAGGC/TGCTTAGCTTCTGAGTTTGGAC 204 CK846762
SRPX2 ACTCGCTCCTACTTCAACATG/AGAGACTTGCTTGAGGAAAGG 337 NM_001014926.1
PGRMC1 TGTGTGTCACAAATCCAGAAAG/AATCATGCAGTTAGGTCAATCG 265 NM_001075133.1
UBE2A GGGCTCCGTCTGAGAACAACATC/CATACTCCCGCTTGTTCTCCTGG 336 XM_864331
YZRSR2 CAGGAGGAAGAACAAGAGACAAAC/CTTCTTCACTGTACTCTAAGT 396 GQ426330
DDX3Y AGTAGCAATCGTGGCCGTTCTAGG/CCTGAGAGCTGTAATTTCCG 217 XM_001251699.1
EIF2S3Y TGTTAAGAAAATTCCAGTACCTCTC/ATACTGAAGATCATTGTGTTCC 275 FJ627276.1
Y2467 GGACTAACGTACAATCTACCTC/AAGGCACGGTCTCCTCTTAGTC 554 CB460806
LAMA1 CCCTGCCAGCAATGCACACATC/TCGGATGCCGTTCTGTTGAAGG 341 AF010231
DNMT3A CTGGTGCTGAAGGACTTGGGC/CAGAAGAAGGGGCGGTCATC 317 AY271299
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General discussion 

GENERAL DISCUSSION 

 

Evaluation of the putative spermatozoa selection by the oocyte 

 

Two possible groups of mechanisms may be involved in the sex ratio skews 

originated before conception. The first one involves a putative spermatozoa selection 

by the oocyte which could alter the equality in fertilization chances between X- or Y-

bearing spermatozoa. The second is based on putative intrinsic differences between 

X- or Y-bearing spermatozoa which could affect the equal chances for X- and Y-

bearing spermatozoa to reach the fertilization site. In chapters 1 and 2, the feasibility 

of the first hypothesis was tested. 

 

  Spermatozoa sex selection mechanisms by the oocyte have been proposed to 

explain the relation between sex ratio and three different features of the oocyte: stage 

of maturation [1-3], testosterone concentration in the follicular fluid [4] and the side 

of the ovary of origin [5, 6]. A putative spermatozoa sex selection affected by the 

maturation stage of the oocyte provides an explanation for the influence of the time of 

insemination in relation to ovulation upon sex ratio suggested for several species, 

including bovine (discussed in introduction). It has been suggested that delaying 

insemination allows metaphase II-arrested oocytes to process Y sperm more 

effectively [1-3]. In chapter 1, the effect of the maturation stage of the oocyte upon 

sex ratio was examined, and maturation time was found to affect kinetics of first 

cleavage and cleavage rate, as discussed in the chapter, but no effect was found in sex 

ratio. 

 

The existence of a putative spermatozoa selection by the oocyte would has a 

great impact on sex-sorted sperm technology, as it will imply that fertility rates will be 

low irrespective of the advance in the sorting techniques [7] (discussed in 

introduction). In chapter 2, we tested the hypothetical spermatozoa selection by the 

oocyte by examining the differences in in vitro fertility between unsorted, sorted (X- 

or Y-sorted) and sorted/recombined (a mix of X- and Y-sorted) sperm. If the oocyte is 

able to select the sperm, a decrease in fertility would be obtained for both sorted 

groups (X- and Y-sorted), whereas fertility would improve for the sorted/recombined  
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group. A decrease in fertility was found for all three groups fertilized with sorted 

semen compared with unsorted, which is contrary to a putative spermatozoa selection. 

 

Three studies carried out after the publication of chapter 2 have confirmed the 

absence of a selective process of X- or Y-bearing spermatozoa in the oocyte [8-10]. 

The first used fluorescent in situ hybridization to determine the percentage of Y-

bearing spermatozoa in epididimal murine sperm and in spermatozoa attached to in 

vivo matured murine oocytes, and found no skew from the theoretical 1:1, concluding 

that murine oocytes do not selectively attract one class of spermatozoa [8]. This 

finding is consistent with a previous study which found equal numbers of X- and Y-

bearing bovine spermatozoa between those which penetrate the bovine ooplasm [11]. 

The other two studies address the effect of testosterone upon the putative oocyte sex-

selection mechanisms [4]. The first one found that increasing testosterone 

concentrations in the maturation media do not affect sex ratio [9], whereas the second 

failed to repeat the findings of the study published by Grant et al. [10]. A testosterone-

dependent sperm selection mechanism by the oocyte would provide a physiological 

explanation for the relation between maternal dominance and sex ratio reported in 

several species (discussed in introduction). However, it has not been reported a 

relation between high serum testosterone levels, which are related to maternal 

dominance, and high follicular testosterone levels.  

 

The side of the ovary an oocyte comes from has been suggested to affect the 

likelihood of that oocyte from being fertilized from and X- or Y-bearing spermatozoa. 

In this sense, sex ratio has been reported to differ from left or right uterine horn in 

several species where uterine migration is low (discussed in introduction). If this 

controversial notion is true, spermatozoa selection by the oocyte is not the only 

possible explanatory mechanism: X- or Y-bearing spermatozoa chances to reach the 

fertilization site could be different depending of the uterine side. In agreement, a 

recently published paper which observed different sex ratios in right and left bovine 

uterine horns, did not found skewed sex ratios neither in unilaterally-ovariectomized 

heifers nor in embryos derived from IVF from abattoir derived oocytes originated 

from right or left ovaries [5, 12]. 
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The results presented in chapter 2 constitute strong evidence against the 

existence of a selection of X- or Y-bearing sorted spermatozoa by the oocyte. This 

hypothetical mechanism requires the presence of sex-specific proteins in the 

membrane of the spermatozoa which would allow the cumulus-oocyte complex to 

distinguish them, which is theoretically possible, as explained in the introduction. 

However, several studies have failed to detect those sex specific antigens [13-15]. 

Furthermore, this mechanism could imply a reduction in fertility, as in in vivo 

fertilization, very few spermatozoa reach the fertilization site, where a selection 

mechanism would reduce the chance for fertilization. Contrary to the oocytes, which 

are present in reduced number, each insemination provides millions of spermatozoa, 

which made a spermatozoa selection along the female genital tract more feasible than 

an oocyte selection mechanism. Taken together, these findings propose intrinsic 

differences between X- or Y-bearing spermatozoa which could affect the equal 

chances for X- and Y-bearing spermatozoa to reach the fertilization site as responsible 

for preconceptual sex selection mechanisms. These oocyte-independent mechanisms 

could explain possible preconceptual effects of different female parameters on sex 

ratio, such as time of insemination, testosterone level or body condition. 

 

Analysis of the low fertility obtained with sorted semen 

 

As described in the introduction, the use of sorted semen is frequently 

associated with low fertility rates both in in vivo and in vitro conditions, which 

prevents its use in conventional animal production systems. This reduction in fertility 

may be caused by differences in sperm quality (spermatozoa damage during the 

sorting procedure and lower doses of spermatozoa) or by a putative oocyte selection 

mechanism. As above mentioned, the last is inconsistent with the findings of chapter 

2. Moreover, in spite of the use of the same concentration of live spermatozoa 

selected by Percoll method, a reduction in fertility was observed for sorted sperm in 

chapters 2 and 3. As review in Chapter 3, the deleterious effect on spermatozoa 

caused by sperm sorting procedure is responsible for the reduced fertility rates.   

 

The farm data available show an increased percentage of cows returning to 

estrus at normal inter-estrus intervals after insemination with sorted semen [16]. This 

situation may be caused by a reduction of the fertilization ability of the sorted semen 
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or by an increase in embryonic mortality prior to the maternal recognition. To 

discriminate between both possibilities, cleavage rate at different time points and 

blastocyst yield was recorded in our in vitro study. A reduction in both parameters 

were noted in the groups fertilized with sorted semen, but a similar blastocyst/embryo 

cleaved early (before 33 hpi) ratio was obtained, suggesting that there was no 

increased embryo mortality, and that the reduction in fertility was due to a reduced 

fertilization ability. Furthermore, a delay in the timing of the first cleavage was 

obtained for sorted sperm, which may be associated with the reduced motility reported 

for sorted cryopreserved spermatozoa [17, 18]. This delay could be also caused by a 

longer time for spermatozoon processing by the oocyte following fertilization with 

sorted semen, as in mouse, ICSI with DNA fragmented (30 %) sperm leads to a 2 h 

delay in active male pronuclear demethylation [19]. However, the potential DNA 

damage of sperm sorted with both staining and laser illumination has been estimated 

to increase by 3.2 % compared with unsorted sperm [20], which may not have any 

consequence. Interestingly, the alteration in the evolution of first cleavage differed 

significantly between sorted semen from different bulls, which is consistent with the 

differences in fertility found between different bulls following IVF [21-23] or AI [24]. 

This finding suggests that susceptibility of sperm to the damage caused by the sorting 

procedure may differ between bulls, and IVF could provide a valuable tool to test 

these differences in susceptibility and, thus, allow sire selection to obtain higher 

fertility rates following AI or further improvements in the sorting procedure. 

 

Damaged spermatozoa may be able to fertilize oocytes resulting in low-quality 

embryos [19], which may implant and undergo pregnancy resulting in detrimental 

long-term effects in the offspring [25], which will restrict seriously the use of sex-

sorted technology in cattle and human. In chapter 3, a putative negative effect of the 

use of sorted semen on two embryo quality parameters (speed of development and 

gene expression) was analyzed. Neither timing of blastocysts appearance nor relative 

transcript abundance of genes related with apoptosis, detoxification of ultraviolet-

induced oxygen radicals, pregnancy recognition, placenta formation and DNA 

methylation were affected by the use of sex-sorted sperm. These findings, together 

with the normalcy of the offspring obtained by sorted semen [26], suggest that sperm 

sorting do not affect embryo quality. 
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Sexual dimorphism in speed of development and survival in culture medium 

 

Two different approaches were used to determine a possible sexual 

dimorphism in speed of development and survival in culture medium. Firstly, in 

chapter 1, embryos produced with unsorted semen were sexed at the 2-cell or 

blastocyst stage at different times of appearance. If a sexual dimorphism in terms of 

speed of development exists, changes of the sex ratio observed at different times of 

appearance are expected; whereas if a selective embryo loss of one determined sex 

occurs, different sex ratios between the 2-cell and the blastocyst stage should be 

observed. Secondly, in chapter 3, the evolution of first cleavage and blastocysts 

appearance was recorded for groups of embryos resulting from IVF with X- or Y-

sorted semen (around 90 % of sexing accuracy). In this case, differences in the 

evolution of first cleavage and blastocysts appearance should be noted when using X- 

or Y-sorted semen from the same bull if sex-related differences in speed of 

development do exist; and differences in blastocyst/embryo cleaved ratio should be 

found between groups fertilized with X- or Y-sorted semen from the same bull, in the 

case of sex-specific survival rates. No sex-related differences in speed of development 

or embryo survival were noted in both approaches. As reviewed in the introduction, 

these sex-related differences may appear only under adverse conditions. 

 

Analyzing the data from chapter 1-3, an increased sex ratio after IVF was 

noted. In chapter 1, the percentage of males at 48 hpi was 55.9 and 59.1 % for the 24 

and 16 h maturation groups, respectively. Similarly, in chapter 2 the percentage of 

males in the 2- to 4-cell embryos sexed was around 57 % for both groups fertilized 

with unsorted and sorted-recombined sperm. Finally, an increased cleavage rate was 

obtained for Y-sorted semen compared with X-sorted in all three bulls analyzed. 

Taken together, these results suggest that the fertilization capacity of Y-bearing 

spermatozoa following IVF may be slightly higher than that of X-bearing 

spermatozoa. An increased secondary sex ratio has been reported in bovine with a 

52.9 % of males over 500000 dairy cattle [27]. Similarly, in humans, although the 

percentage Y-chromosome bearing spermatozoa in semen is close to 50.3 %, live 

birth sex ratio in different countries is about 51.3 % [28]. Several statistic studies have 

confirmed that human sex ratio is about 106:100, with variations in different countries 

(reviewed in [29]). Furthermore, there is a higher loss for male fetuses than female 
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[30, 31]. Taken together, primary sex ratio has been proposed to differs greatly from 

the theoretically expected equality in human [29]. In agreement with this hypothesis, 

human embryonic sex ratio has been calculated to be 164:100 and to decrease to 

111:100 at the fetal stage in Finish population [32]. 

 

Epigenetic and transcriptional preimplantation sexual dimorphism 

 

Preimplantation sexual dimorphism studies may help in the understanding of 

the selective loss of embryos of a determined sex occurring under adverse conditions 

which are responsible for the sex ratio skews occurring after conception and linked to 

a reduction in fertility. Physiological differences observed under suboptimal in vitro 

conditions –in terms of speed of development, survival after vitrificacion and cell 

number (reviewed in introduction)- should have a molecular root. However, at the 

molecular level only few evidences, based on the transcription of some specific genes 

and glucose metabolism, have been reported. 

 

Epigenetics is the basis for the transcriptional differences which modulates the 

translation that leads to functional differences. In chapter 4, relative mRNA 

abundance of genes related with the epigenetic regulation of transcription was found 

to differ between sexes. In particular, the two de novo DNA methyltransferases were 

highly expressed in male embryos, suggesting that the genome of the male embryos 

may be highly methylated, and thus more silenced [33] compared with female 

embryos. The finding of a higher methylation level in one of the five sequences 

analyzed, confirmed this hypothesis and suggests that sex-related differences in 

methylation are not a genome-wide but a sequence- or genomic region-specific 

phenomenon. Moreover, two enzymes related with histone methylation and therefore 

with genome silencing [33], were also highly transcribed in male embryos. In 

addition, the gene ontology analysis of chapter 5 suggests a higher global 

transcriptional level in female embryos, in agreement with the findings of chapter 4. 

After the publication of chapter 4, new evidence for sexual dimorphism in 

methylation status was provided in bovine. Gebert et al. found that the methylation 

level of one differentially methylated region (DMR) of the IGF2 gene was lower in 

female than in male blastocyst [34]. Lower methylation levels have been also found in 

female EGCs and PGCs compared with male, but these differences may be caused by 
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the demethylating effect of the female genital ring (reviewed in [34]). However, in 

murine ES cells, which are directly derived from the blastocysts, XX cell lines were 

hypomethylated respect XY lines [35], and it has been suggested that the X 

chromosome may encode a modifier locus whose product represses de novo DNA 

methyltransferases [35]. Taking into account that in chapter 5 it was found that X-

chromosome inactivation is far from being accomplished at the blastocyst stage, this 

locus is likely to be expressed at higher levels in females, which, thereby, will display 

reduced levels for these enzymes. Sexual dimorphism at the epigenetic level has been 

also found in neonatal mice, with higher levels of both histone methylation and 

acethylation in males [36]. Interestingly, the higher level of histone acethylation 

seemed to be caused by testosterone exposure, but the higher level of histone 

methylation could not be reach in females exposed to testosterone [36]. These sex-

specific differences in methylation levels may lead to long-term effects, as it will be 

discussed below. 

 

Telomere length was found to be shorter in male blastocysts (chapter 4). 

Telomere lengthening during early development is especially important, because the 

telomere reserves in newborns are established at the morula-blastocyst transition [37], 

and therefore, differences in telomere length at the blastocyst stage may have long 

term consequences. Consistently, immediately after birth, male telomeres have been 

reported to be shorter in mouse and rat [38, 39], and in the Xq arm in humans [40]. 

The establishment of a relation between this observation and the lower life expectance 

for male in several species including human [41] may be too speculative, as many 

other factors influence sex-specific mortality. The molecular mechanism responsible 

for this difference remains unclear, although a X-linked locus with a major effect on 

telomere length has been identified [42], and de novo DNA methyltransferases are 

negative regulators of telomere length [43]. 

 

Mitochondria are the most abundant organelles in the mammalian oocyte and 

early embryo [44] and have been demonstrated to play a critical role in 

preimplantation development [45-47], because they are essential for oxidative 

glucolysis, whose importance increases in the morula-blastocysts transition (reviewed 

in introduction and [48]). During preimplantation development, each mitochondrion 

contents a single copy of mtDNA, which avoids the quantification by qPCR [49]. 
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Replication of mtDNA during preimplantation development has been proved in 

mouse and bovine [50, 51], which possibilities the existence of differences between 

sexes. Moreover, mtDNA has been hypothesized to be involved in sexual dimorphism 

[52]. In chapter 4, a higher content of mtDNA was observed in male embryos. 

Consistently, in chapter 5, gene ontology analysis showed that among the cellular 

components, mitochondria and mitochondria inner membrane were over-represented 

in the genes upregulated in males. The sexual dimorphism in the content of mtDNA 

may explain the differences in glucose metabolism and susceptibility to oxidative 

stress among male and female embryos [53]. 

 

  As reviewed in the introduction, sex-related differences have been reported for 

the expression both sex chromosome- and autosomal-linked genes. However, with the 

exception of a microarray study carried out in the mouse model [54], all the studies 

have been based on a limited number of genes. In chapters 3 and 4, the previously 

unknown sexually dimorphic expression patterns for several genes (DNMT3A, 

DNMT3B, HMT1, ILF3, GSTM3 and PGRMC1) were reported. Large scale analyses 

of the transcriptional differences are necessary to evaluate the extension of the 

preimplantation sexual dimorphism in gene expression and to validate the previous 

findings observed in studies which analyzed a small number of genes. In chapter 5, it 

was found that in the absence of hormonal differences, sex chromosomes impose an 

extensive transcriptional regulation upon autosomal genes, affecting to almost one 

third (2921) of the transcripts detected. The array was performed on in vitro derived 

embryos produced with sorted semen, but the validation was performed with both in 

vitro and in vivo derived embryos produced with unsorted semen. These findings have 

important implications for both developmental biology and genome regulation 

studies. Preimplantation embryos constitute an ideal model for the study of sexually 

dimorphic gene expression without hormonal influences. Our results are consistent 

with non-hormonal dependent sexual dimorphism phenomena found in adult cells 

(discussed in chapter 5), and suggest that a large degree of sexually dimorphic gene 

expression may be directly depend on sex chromosomes rather than on hormonal 

levels. The large preimplantation sexual dimorphism at the transcriptional level has 

implications in sex-specific embryo mortality, X-chromosome inactivation and long 

term effects, as it will be discussed below. Gene ontology analysis agreed with 

previous observations, such as the differences in epigenetic status and mtDNA. 
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Furthermore, protein metabolism related genes were overrepresented among the 

upregulated genes in male, which may play a role in the sexual dimorphism in 

aminoacid turnover recently found for bovine blastocysts [55]. Another important 

implication of the results presented herein is that when individual embryos are used 

for gene expression analysis, the male and female data should be analyzed separately, 

because the transcriptional differences found may not be caused by the treatment, but 

be a result of the sexual dimorphism. The same can be said when nuclear transfer 

embryos produced by one cell line, and thus being XX and XY, are compared with a 

pool of XX or XY IVF or in vivo-derived embryos. 

  

Suboptimal environmental conditions during preimplantation development can 

originate long-term effects in the offspring due to alterations in the epigenetic 

reprogramming [25]. Long term effects have been found to be sex-specific in many 

cases, in agreement with the epigenetic differences observed in chapters 4 and 5. 

Probably, the most studied long term effect is the large offspring syndrome (LOS), 

which is caused by suboptimal in vitro culture conditions and it is characterized by a 

disproportionate growth of the fetus accompanied by a reduction in its viability [56]. 

The presence of serum in the culture media of mouse embryos is known to produce 

long-term effects similar to the LOS, which differ between male and female embryos; 

in particular increased body weight was only found in females and several behavioral 

abnormalities also depended on sex [57]. In the same animal, but using other model 

(presence or absence of a growth factor in the embryo culture medium), other study 

associated suboptimal in vitro culture conditions with increased body weight and 

decreased relative brain size in males, but not in females [58]. In humans, Beckwith-

Wiedemann syndrome (BWS) is an epigenetic disorder originated at the 

preimplantation period which is considered to be the equivalent for the LOS, as it is 

characterized by similar alterations and has been related with altered methylation 

patterns in DMRs of genes involved in IGF2 signalling (such as hypomethylation in 

KvDMR1) [59]. Remarkably, BWS occurs at a relatively high frequency in 

monozygotic twins, and in almost all cases, the affected twins are female [60, 61], 

which fits with the higher methylation status found in male embryos in chapters 4 and 

5 and in [34]. Furthermore, in sheep, a methyl-deficient maternal diet during the 

periconceptional period lead to long term effects in the offspring by affecting 

methylation levels of some loci in a sex-specific manner: over half of the affected loci 
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were specific to males, which was consistent with a greater clinically relevant 

phenotypic effect for that sex [62]. The differences in protein metabolism suggested in 

chapter 5 and in [55], may also lead to long-term effects. In rats, maternal low protein 

diet during the preimplantation period had gender-specific long term effects, such as 

reduced birth weight in female offspring and increased systolic blood pressure and 

abnormal organ/body mass ratios in male offspring [63]. 

 

X-chromosome inactivation in bovine blastocysts 

 

To compensate the gradual loss of genes in the Y-chromosome across 

evolution, mammals developed the X-chromosome inactivation (XCI) mechanism. In 

eutherian mammals, X-chromosome inactivation occurs in the maternal or paternal X 

chromosome randomly, early in embryogenesis. Some studies consider that XCI is 

virtually complete in different adult tissues. The degree of completion of XCI varies 

among studies depending on the tissue [64], from 5.4 % of X-linked genes with 

increased female expression in human lymphoblastoid cell lines [65] to 15-25 % in 

fibroblasts and hybrid cells [66]. XCI was firstly suggested in 1961 to explain mosaic 

phenotypes seen in female mice heterozygous for sex-linked mutations in coat color 

genes [67] and then confirmed by later observations of heterozygous women for 

different X-linked genes, such as G6PD, HPRT and PGK [68-71]. In mouse embryos, 

the paternal X chromosome is fully active after EGA [72], then it undergoes imprinted 

inactivation from the cleavage states, and in the cells of the ICM of the expanded or 

hatching blastocyst it occurs a reversal of the inactive state, with a loss of epigenetic 

marks such as histone modifications or polycomb proteins, which give rise to the 

embryo-proper random XCI [73]. However, little is known about XCI during the 

preimplantation period in other species, and large variations among mammalian 

species may occur [74]. In chapter 5, we observed that in the bovine blastocyst, XCI 

is far from been accomplished. Consistently with the presence of both X-

chromosomes partially active, most of the X-linked transcripts present in the array 

(88.5 %) were upregulated in females, and most of them (70 %), exhibited a fold 

change lower than 1.66, which suggests partial XCI. The distribution of genes that 

escape inactivation has been found to be not random along the chromosome, being 

clustered and map primarily to the distal portion of the X chromosome short arm (Xp) 

[66, 75], far from the XIST gene [76]. However, a relation between linear distribution 
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along the X-chromosome and fold change could not be established, which may be 

caused by the tridimensional structure of the chromosome. 

 

The higher expression of X-linked genes in females is usually explained by a 

double allele expression. However, as males only contain the maternal inherited X-

chromosome, a preferential paternal allele expression by an imprinting phenomenon 

may play a role in the sexual dimorphism [54].  The imprinting phenomenon was 

firstly discovered by the observation that mouse embryogenesis requires both the 

maternal and paternal genomes [77]. The imprint mark is set during gametogenesis 

[78], and result in the expression of the imprinted gene from only one of the two 

parental chromosomes [79], although partial imprinting mechanisms have been 

reported, specially during preimplantation development [80, 81]. Probably because 

XCI implies the random inactivation of one of the X-chromosomes, few X-linked 

imprinted genes have been reported [54]. Nevertheless, imprinting mechanisms have 

been proposed to evolve from mechanisms to defend the genome against transposable 

elements [82], and compared to autosomal chromosomes, the X chromosome has 

generated a disproportionately high number of functional retroposed genes in 

mammalian species [83]. In chapter 5, possible imprinting mechanisms were tested by 

analyzing the differences in expression levels of eight X-linked genes between male, 

female and parthenogenetic embryos. Five out of eight X-linked genes which 

displayed transcriptional sexual dimorphism were found to be expressed preferentially 

by the paternal X-chromosome. X-chromosome imprinting phenomena have clinical 

implications in human syndromes. Turner syndrome (XO) females differ in their 

cognitive and behavioural phenotypes according to the parental origin of their single 

X chromosome, being XpO better socially adjusted that XmO [84], although their 

visual memory was poorer [85]. Differences on superior temporal gyrus morphology 

have been also reported [86]. Similarly, XpO female mice are more competent than 

XmO [78]. Klinefelter syndrome (XXX) symptoms also depend on the origin of the 

supernumerary X-chromosome [87]. Interestingly, X-linked gene expression is higher 

in brain compared with other tissues [88]. In humans, brain expressed genes are in 5-

fold excess on the X-chromosome compared with autosomal chromosomes [89], and 

X-chromosome contents a disproportionate number of genes involved in mental 

retardation syndromes [89, 90]. Four out of the five genes which were found to be 

preferentially expressed by the paternal allele were expressed in adult brain. 

143



General discussion 

Imprinting mechanisms for X-linked genes may play a role in X-linked mental 

retardation syndromes, as it has been suggested for autism, which is four times more 

frequent in males than in females [91]. 

 

YZRSR2 

 

The novel Y-linked transcript discovered in chapter 5 (YZRSR2) seems to have 

evolved from its X-linked homologue gene ZRSR2. For this gene pairs, the expression 

of the X-linked homologue (ZRSR2) in females is not sufficient to compensate for the 

male bias in YZRSR2 gene expression. YZRSR2 is located in the non-recombining 

portion of the Y-chromosome, which only contains genes responsible for large fitness 

effects such as those that determine sex or are required for male function [92]. Its 

function remains unclear, but it may be involved in splicing, as ZRSR2 [93]. ZRSR2 

has an autosomal homologous in mouse (ZRSR1), which is a paternally expressed 

imprinted gene that is silenced during oogenesis [94]. Thus, it can be speculated that 

YZRSR2 may have a role on sex determination, sex differentiation and/or sexual 

dimorphism by operating at the posttranscriptional level. Alternative splicing may 

originate transcriptional sexual dimorphism, as it has been reported for mouse liver 

[95]. Some of the factors involved in sex determination and differentiation have 

multiple spliced transcripts, such as Dmrt1, which has been proposed to govern sex 

differentiation in mouse [96]. Dmrt1 is the only male development regulator 

conserved in the whole vertebrate phyla and sex-differentiation in Drosophila is 

governed by a splicing mechanism of the Dmrt1 homologous gene ddx [97]. In some 

fish, bird, amphibians and monotremes, Dmrt1 is sex chromosome-linked [98], but in 

eutherian mammals only one sex determination gene –Sry-, that is not present in 

monotremes and some rodents [99], has been described to be sex chromosome-linked. 

The finding of this splicing factor Y-chromosome linked in bovine, homologous to a 

paternally expressed autosomal gene silenced during oogenesis in mouse [94], 

together with the alternative splicing of Dmrt1 found in mouse gonadal development 

[96], may suggest a role for splicing-based mechanisms in vertebrate sex 

differentiation. 
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DISCUSIÓN GENERAL 

 

Evaluación de la supuesta selección espermática llevada a cabo por el ovocito 

 

Existen dos grupos de mecanismos que pueden estar implicados en los sesgos 

de la proporción de sexos originados antes de la concepción. El primero implica una 

supuesta selección espermática llevada a cabo por el ovocito que puede alterar la 

igualdad de posibilidades de fecundación entre los espermatozoides X e Y. El 

segundo se basa en unas supuestas diferencias intrínsecas entre los espermatozoides X 

e Y que pueden perturbar la equidad de probabilidades de alcanzar el lugar de la 

fecundación entre los espermatozoides X e Y. En los capítulos 1 y 2 se probó la 

viabilidad de la primera hipótesis. 

 

 Los mecanismos de selección del sexo del espermatozoide presentes en el 

ovocito han sido propuestos para explicar la relación entre la proporción de sexos y 

tres características distintas del ovocito: el estado de maduración [1-3], la 

concentración de testosterona en el fluido folicular [4] y el lado del ovario de origen 

[5, 6]. La existencia de una supuesta selección del espermatozoide motivada por el 

estado de maduración del ovocito proporciona una explicación a la influencia del 

momento de inseminación en relación con la ovulación sobre la proporción de sexos 

descrita en varias especies, incluyendo a la bovina (discutido en la introducción). Se 

ha propuesto que el retraso en la inseminación permite a los ovocitos detenidos en 

metafase II procesar al esperma Y de forma más eficiente [1-3]. En el capítulo 1, se 

examinó el efecto del estado de maduración sobre la proporción de sexos, y se 

encontró que el tiempo de maduración afectó a la cinética de la primera división y a la 

tasa de división, como se ha discutido en el capítulo, pero no a la proporción de sexos. 

 

La existencia de una supuesta selección espermática llevada a cabo por el 

ovocito tendría un gran impacto sobre la tecnología del semen sexado, ya que supone 

que las tasas de fertilidad seguirán siendo bajas a pesar del avance en las técnicas de 

separación espermática [7] (discutido en la introducción). En el capítulo 2, evaluamos 

una hipotética selección espermática llevada a cabo por el ovocito examinando las 

diferencias en fertilidad in vitro entre esperma sin sexar, sexado (X o Y) y sexado-

recombinado (una mezcla de X e Y). Si el ovocito es capaz de seleccionar al esperma,  
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obtendríamos un descenso en la fertilidad en ambos grupos sexados (X o Y) y la 

fertilidad mejoraría en la mezcla de sexados (X e Y). En oposición a una supuesta 

selección espermática, se obtuvo un descenso en la fertilidad de los tres grupos 

fecundados con semen sexado comparados con el semen sin sexar. 

 

Tres estudios realizados después de la publicación del capítulo 2 han 

confirmado la ausencia de un proceso selectivo de espermatozoides X o Y en el 

ovocito [8-10]. El primero empleó hibridación in situ para determinar el porcentaje de 

espermatozoides Y en el esperma epididimal de ratón y en los espermatozoides 

pegados a ovocitos de ratón madurados in vivo, y no encontró una desviación del 

teórico 1:1, concluyendo que los ovocitos de ratón no atraen de forma selectiva a una 

clase de espermatozoide [8]. Este descubrimiento concuerda con un estudio anterior 

que encontró el mismo número de espermatozoides bovinos X e Y entre aquellos que 

penetraban el ovoplasma bovino [11]. Los otros dos estudios abordan el efecto de la 

testosterona sobre los supuestos mecanismos del ovocito de selección del sexo [4]. El 

primero indica que el aumento de la concentración de testosterona en el medio de 

maduración no afecta a la proporción de sexos [9], mientras que el segundo no puede 

repetir los resultados del estudio de Grant et al. [10]. Un mecanismo de selección 

ovocitaria del esperma dependiente de testosterona proporcionaría una explicación 

fisiológica a la relación entre la dominancia materna y la proporción de sexo citada en 

varias especies (discutido en la introducción). Sin embargo, no se ha publicado una 

relación entre niveles altos de testosterona en suero, que están relacionados con la 

dominancia materna, y niveles altos de testosterona en folículos. 

 

Se ha sugerido que el lado del ovario de origen de un ovocito puede influir en 

la probabilidad de que dicho ovocito sea fecundado por un espermatozoide X o Y. En 

esta linea, se ha afirmado que la proporción de sexos difiere entre los cuernos uterinos 

izquierdo y derecho en varias especies en las que la migración uterina es baja 

(discutido en la introducción). De ser cierta esta controvertida idea, la selección 

espermática llevada a cabo por el ovocito no sería el único mecanismo capaz de 

explicarlo: las opciones de que los espermatozoides X o Y alcancen el lugar de la 

fecundación pueden variar entre ambos lados del útero. De acuerdo con esta opción, 

un artículo publicado recientemente que observó diferentes proporciones de sexos en 

los cuernos uterinos bovinos derecho e izquierdo, no encontró variaciones en la 
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proporción de sexos ni en terneras ovariectomizadas unilateralmente ni en embriones 

producidos por FIV a partir de ovocitos procedentes de matadero con origen en 

ovarios derechos o izquierdos [5, 12]. 

 

Los resultados presentados en el capítulo 2 constituyen una clara evidencia en 

contra de la existencia de una selección de los espermatozoides sexados X o Y por 

parte del ovocito. Este mecanismo hipotético requiere de la presencia de proteínas 

específicas de sexo en la membrana del espermatozoide que permitirían que complejo 

cúmulo-ovocito los distinguiese, lo que es teóricamente posible, como se ha explicado 

en la introducción. Sin embargo, varios estudios han fracasado en la detección de esos 

antígenos específicos de sexo [13-15]. Además, este mecanismo podría implicar una 

reducción en la fertilidad, puesto que en la fecundación in vivo, un número limitado 

de espermatozoides alcanzan el lugar de la fecundación, donde un mecanismo de 

selección reduciría las posibilidades de fecundación. A diferencia de los ovocitos, que 

están presentes en un número reducido, cada inseminación aporta millones de 

espermatozoides, haciendo que sea más factible la selección espermática a lo largo del 

tracto genital femenino que un mecanismo de selección en el ovocito. Considerando 

lo anterior, estos resultados proponen a las diferencias intrínsecas entre los 

espermatozoides X e Y, que pueden alterar la equidad de posibilidades de alcanzar el 

lugar de fecundación, como responsables de los mecanismos preconceptuales de 

selección del sexo. Estos mecanismos independientes del ovocito podrían explicar los 

posibles efectos preconceptuales de distintos parámetros de la hembra sobre la 

proporción de sexos, como el momento de inseminación, los niveles de testosterona o 

la condición corporal. 

 

Análisis de la baja fertilidad obtenida con semen sexado 

 

Como se ha descrito en la introducción, el uso de semen sexado se asocia 

frecuentemente a un descenso en las tasas de fertilidad en condiciones in vivo e in 

vitro, impidiendo su uso en sistemas de producción animal convencionales. Esta 

reducción de la fertilidad puede deberse a diferencias en la calidad del esperma (daño 

espermático durante el procedimiento de separación y bajas dosis de espermatozoides) 

o a un supuesto mecanismo de selección del ovocito. Como ya se ha mencionado, los 

resultados del capítulo 2 contradicen a la segunda posibilidad. Además, a pesar de 
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usar la misma concentración de espermatozoides vivos seleccionados por Percoll, en 

los capítulos 2 y 3 se observó una reducción en la fertilidad al usar esperma sexado. 

Como se ha revisado en el capítulo 3, el efecto deletéreo causado por el procedimiento 

de separación en los espermatozoides es el responsable de las bajas tasas de fertilidad. 

 

Los datos de granja disponibles muestran un aumento en el porcentaje de 

vacas que repiten celo en intervalos interestrales normales tras la inseminación con 

semen sexado [16]. Esta situación se puede deber a una reducción en la capacidad 

fecundante del semen sexado o a un incremento en la mortalidad embrionaria anterior 

al reconocimiento materno. Para distinguir entre ambas posibilidades, en nuestro 

estudio in vitro se anotó la tasa de división en distintos momentos de observación y el 

porcentaje de blastocistos. Se detectó una reducción en ambos parámetros en los 

grupos fecundados con semen sexado, pero la proporción blastocisto/embrión de 

división temprana (antes de 33 hpi) fue similar, sugiriendo que no había un aumento 

de la mortalidad embrionaria y que la reducción de fertilidad se debía a una reducción 

en la capacidad fecundante. Además se obtuvo un retraso en el momento de la primera 

división al usar esperma sexado, que puede estar asociado a la reducción en la 

motilidad descrita en espermatozoides sexados criopreservados [17, 18]. Este retraso 

también puede ser causado por un aumento en el tiempo de procesamiento del 

espermatozoide por el ovocito tras la fecundación con semen sexado, ya que en 

ratones, la ICSI con esperma con ADN fragmentado (30 %) causa un retraso de 2 h en 

la demetilación activa del pronucleo masculino [19]. Sin embargo, se ha estimado que 

el daño potencial en el ADN del esperma sexado, incluyendo la tinción y la 

iluminación con láser, es un 3,2 % mayor que el del esperma sin sexar [20], lo que 

quizás no suponga consequencia alguna. Es interesante destacar que la alteración de la 

evolución de la primera división difirió de forma significativa entre semen sexado 

procedente de distintos toros, coincidiendo con la diferencias en fertilidad entre toros 

en FIV [21-23] o IA [24]. Este resultado sugiere que la susceptibilidad del esperma al 

daño espermático causado por el procedimiento de separación puede variar entre 

toros, y la FIV puede ser una valiosa herramienta para analizar estas diferencias en 

susceptibilidad y, así, permitir la selección del semental para obtener altas tasas de 

fertilidad en IA o realizar mejoras en el procedimiento de sexaje. 
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Los espermatozoides dañados pueden ser capaces de fecundar ovocitos dando 

lugar a embriones de baja calidad [19], que pueden implantar y ser gestados dando 

lugar a efectos negativos a largo plazo en la descendencia [25], hecho que limitaría 

seriamente el uso de la tecnología de semen sexado en el ganado vacuno y en 

humanos. En el capítulo 3, se analizó un supuesto efecto negativo del uso de semen 

sexado sobre 2 parámetros de calidad embrionaria (velocidad de desarrollo y 

expresión génica). El uso de semen sexado no afectó ni al momento de aparición del 

blastocisto ni a la abundancia relativa de transcritos de genes relacionados con 

apoptosis, detoxificación de radicales de oxígeno inducidos por ultravioleta, 

reconocimiento de gestación, formación de placenta y metilación de ADN. Estos 

resultados, en combinación con la normalidad de la descendencia obtenida con semen 

sexado [26], sugieren que el sexaje de esperma no afecta a la calidad embrionaria. 

 

Dimorfismo sexual en velocidad de desarrollo y supervivencia en el medio de 

cultivo 

 

Para determinar el posible dimorfismo sexual en velocidad de desarrollo y 

supervivencia en el medio de cultivo se emplearon dos aproximaciones diferentes. En 

primer lugar, en el capítulo 1, se sexaron embriones producidos con semen sin sexar 

en los estadios de 2 células o blastocisto en distintos momentos de aparición. De 

existir un dimorfismo sexual en velocidad de desarrollo, se esperarían cambios en la 

proporción de sexos observada en distintos momentos de aparición, mientras que si 

sucede una pérdida selectiva de embriones de un sexo determinado, se deberían 

observar distintas proporciones de sexos entre los estadios de 2 células y blastocisto. 

En segundo lugar, en el capítulo 3, se anotó la evolución de la primera división y la 

aparición de blastocistos en grupos de embriones producidos por FIV con semen 

sexado X o Y (aproximadamente 90 % de exactitud en el sexaje). En este caso, se 

deberían detectar diferencias en la evolución de la primera división y la aparición de 

blastocistos al usar semen sexado X o Y del mismo toro si existieran diferencias entre 

sexos en velocidad de desarrollo; y se deberían encontrar diferencias en la proporción 

blastocisto/embrión dividido entre grupos fecundados con semen sexado X o Y del 

mismo toro en el caso de que las tasas de supervivencia fueran específicas de sexo. 

No se encontraron diferencias entre sexos en velocidad de desarrollo o supervivencia 
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en ambas aproximaciones. Como se ha revisado en la introducción, estas diferencias 

entre sexos pueden aparecer en condiciones adversas. 

 

Tras el análisis de los datos de los capítulos 1-3, se detectó un aumento de la 

proporción de sexos después de la FIV. En el capítulo 1, el porcentaje de machos a las 

48 hpi fue de 55,9 % y 59,1 % en los grupos madurados durante 24 y 16 horas, 

respectivamente. De forma similar, en el capítulo 2 el porcentaje de machos en los 

embriones de 2 o 4 células sexados estuvo en torno al 57 % en los grupos fecundados 

con semen sin sexar o con la mezcla de sexados. Por último, se obtuvo una tasa de 

división mayor al usar semen sexado Y en comparación con el X en los tres toros 

analizados. En conjunto, estos resultados sugieren que la capacidad fecundante de los 

espermatozoides Y en FIV puede ser ligeramente superior que la de los X. Se ha 

descrito que la proporción de sexos secundaria en bovinos está aumentada, con un 

52,9 % de machos sobre 500000 partos de ganado lechero [27]. De forma similar, en 

humanos, aunque el porcentaje de espermatozoides Y es cercano al 50,3 %, la 

proporción de sexos de los nacidos vivos está en torno al 51,3 % en varios países [28]. 

Varios estudios estadísticos han confirmado que la proporción de sexos humana es 

aproximadamente 106:100, con variaciones entre distintos países (revisado en [29]). 

Además, tiene lugar una mayor pérdida de fetos macho que de hembras [30, 31]. A 

consecuencia de lo anterior, se ha propuesto que la proporción de sexos primaria 

puede apartarse en gran medida de la igualdad esperada teóricamente en humanos 

[29]. De acuerdo con esta hipótesis, se ha calculado que la proporción de sexos en 

embriones humanos es 164:100 y que disminuye a 111:100 en el estadio fetal en la 

población finlandesa [32]. 

 

Dimorfismo sexual preimplantacional epigenético y transcripcional 

 

El estudio del dimorfismo sexual preimplantacional puede ayudar al 

entendimiento de la pérdida selectiva de embriones de un sexo determinado que 

acontece en condiciones adversas y puede ser responsable de las variaciones de la 

proporción de sexos que ocurren después de la concepción y están ligadas a una 

reducción en la fertilidad. Las diferencias fisiológicas observadas bajo condiciones 

subóptimas in vitro –relativas a la velocidad de desarrollo, la supervivencia a la 

vitrificación y al número de células (revisadas en la introducción)- deben tener su 
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origen a nivel molecular. Sin embargo, a este nivel sólo se han publicado ciertas 

observaciones basadas en la transcripción de algunos genes específicos y en el 

metabolismo de la glucosa. 

 

La epigenética es la base de las diferencias transcripcionales que modulan la 

traducción dando lugar a las diferencias funcionales. En el capítulo 4, se encontraron 

diferencias entre sexos en la abundancia relativa de ARNm de genes relacionados con 

la regulación epigenética de la transcripción. En concreto, las dos de novo ADN-

metiltransferasas se expresaron a un mayor nivel en los embriones macho, sugiriendo 

que el genoma de los embriones macho puede estar más metilado, y por ello más 

silenciado [33] en comparación con las hembras. El descubrimiento de un mayor nivel 

de metilación en una de las cinco secuencias analizadas, confirmó esta hipótesis y 

sugiere que las diferencias entre sexos en metilación no afectan a todo el genoma, sino 

que son específicas de secuencia o región genómica. Por otra parte, la transcripción de 

dos enzimas relacionadas con la metilación de histonas y por tanto con silenciamiento 

genómico [33], fue superior en embriones macho. Además, el análisis de ontología 

génica del capítulo 5 sugiere un mayor nivel de transcripción global en los embriones 

hembra, de acuerdo con los resultados del capítulo 4. Después de la publicación del 

capítulo 4, se han aportado nuevas evidencias de dimorfismo sexual en el estatus de 

metilación en bovinos. Gebert et al. han observado que el nivel de metilación de una 

región metilada de forma diferencial (RMD) del gen IGF2 fue menor en los 

blastocistos hembra que en los macho [34]. Se han encontrado niveles bajos de 

metilación en CGE y CGP hembra en comparación con las células macho, aunque 

estas diferencias pueden deberse al efecto demetilante del anillo genital femenino 

(revisado en [34]). Sin embargo, se ha visto en células troncales embrionarias de 

ratón, que derivan directamente del blastocisto, que las líneas XX están hipometiladas 

con respecto a las lineas XY [35], y se ha propuesto que el cromosoma X puede 

codificar un locus modificador cuyo producto inhibe a las de novo ADN-

metiltransferasas [35]. Teniendo en cuenta que en el capítulo 5 se observó que en el 

estadio de blastocisto la inactivación del cromosoma X está lejos de su terminación, 

es probable que este locus se exprese a mayor nivel en hembras, que de este modo 

mostrarían bajos niveles de estas enzimas. El dimorfismo sexual a nivel epigenético 

también se ha descrito en ratones neonatos, con mayores niveles de acetilación y 

metilación de histonas en machos [36]. Llama la atención que el nivel de acetilación 

151



Discusión general 

de histonas pareció deberse a la exposición a testosterona, mientras que el mayor nivel 

de metilación de histonas no pudo conseguirse en hembras expuestas a testosterona 

[36]. Estas diferencias específicas de sexo en niveles de metilación pueden dar lugar a 

efectos a largo plazo, como se discutirá más adelante. 

 

Se observó que los telómeros son más cortos en los blastocistos macho 

(capítulo 4). El alargamiento telomérico durante el desarrollo temprano es 

especialmente importante, porque las reservas de telómeros en recién nacidos se 

establecen en la transición de mórula a blastocisto [37] y, por tanto, las diferencias en 

longitud telomérica en el estadio de blastocisto pueden tener consecuencias a largo 

plazo. En este sentido, se ha descrito que, en el momento del nacimiento, los 

telómeros del macho son más cortos en ratones y ratas [38, 39], y en el brazo Xq en 

humanos [40]. El establecimiento de una relación entre esta observación y la menor 

esperanza de vida del macho en distintas especies, incluída la humana [41] puede ser 

demasiado especulativa, ya que hay muchos factores que influyen sobre la mortalidad 

específica de sexo. El mecanismo molecular responsable de esta diferencia no ha sido 

dilucidado, aunque se ha identificado un locus ligado al cromosoma X que ejerce un 

gran efecto sobre la longitud telomérica [42] y las de novo ADN-metiltransferasas son 

reguladores negativos de la longitud telomérica [43]. 

 

Las mitocondrias son los orgánulos más abundantes en el ovocito y embrión 

temprano de los mamíferos [44] y se ha demostrado que tienen un papel crítico en el 

desarrollo preimplantacional [45-47], ya que son esenciales para la glucolisis 

oxidativa, cuya importancia aumenta en la transición de mórula a blastocisto (revisado 

en la introducción y en [48]). Durante el desarrollo preimplantacional, cada 

mitocondria contiene una única copia de ADN mitocondrial, permitiendo su 

cuantificación mediante qPCR [49]. Se ha observado que el ADN mitocondrial se 

replica durante el desarrollo preimplantacional en ratones y bovinos [50, 51], abriendo 

una vía a la existencia de diferencias entre sexos. Además, se ha indicado que el ADN 

mitocondrial puede estar implicado en el dimorfismo sexual [52]. En el capítulo 4, se 

observó un mayor contenido en ADN mitocondrial en embriones macho. En la misma 

tendencia, en el capítulo 5, el análisis de ontología génica mostró que entre los 

componentes celulares, las mitocondrias y sus membranas internas estaban 

sobrerrepresentados entre los genes sobreexpresados en machos. El dimorfismo 
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sexual en el contenido de ADN mitocondrial puede explicar las diferencias en 

metabolismo de glucosa y susceptibilidad a estrés oxidativo entre embriones macho y 

hembra [53]. 

 

 Como ya se ha revisado en la introducción, se han descrito diferencias entre 

sexos en la expresión de genes ligados a cromosomas sexuales y autosómicos. Sin 

embargo, salvo en el caso de un estudio de microarray llevado a cabo en el modelo 

murino [54], todas las observaciones se han basado en un número limitado de genes. 

En los capítulos 3 y 4, se describió que la expresión de ciertos genes (DNMT3A, 

DNMT3B, HMT1, ILF3, GSTM3 and PGRMC1) exhibía un dimorfismo sexual 

previamente desconocido. Los análisis a gran escala de las diferencias 

transcripcionales son necesario para la evaluación de la extensión del dimorfismo 

sexual preimplantacional en la expresión génica y para validar los resultados previos 

observados en estudios que analizaron un escaso número de genes. En el capítulo 5, se 

observó que en la ausencia de diferencias hormonales, los cromosomas sexuales 

imponen una extensa regulación transcripcional sobre los genes autosómicos, 

afectando a casi una tercera parte (2921) de los transcritos detectados. El array se 

llevó a cabo en embriones producidos in vitro con semen sexado, pero la validación se 

realizó sobre embriones producidos in vitro e in vivo con semen sin sexar. Estos 

resultados conllevan importantes repercusiones para los estudios de biología del 

desarrollo y regulación genómica. Los embriones preimplantacionales constituyen un 

modelo ideal para el estudio de la expresión génica dependiente del sexo sin 

influencias hormonales. Nuestros resultados concuerdan con los fenómenos de 

dimorfismo sexual en la expresión génica encontrados en células adultas (discutidos 

en el capítulo 5), y sugieren que gran parte de la expresión génica dependiente del 

sexo puede deberse directamente a los cromosomas sexuales en vez de a niveles 

hormonales. El extenso dimorfismo sexual preimplantacional al nivel transcripcional 

tiene repercusiones sobre la mortalidad embrionaria específica de sexo, la inactivación 

del cromosoma X y efectos a largo plazo, como será discutido posteriormente. La 

ontología génica estuvo de acuerdo con las observaciones previas, como las 

diferencias en el estatus epigenético y en el ADN mitocondrial. Además, los genes 

relacionados con el metabolismo proteico estuvieron sobrerrepresentados entre los 

genes sobreexpresados en machos, lo que puede tener un papel en el dimorfismo 

sexual en el recambio aminoacídico que se ha descrito recientemente en blastocistos 
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bovinos [55]. Otra repercusión importante de los resultados aquí descritos es que al 

realizar análisis en embriones individuales, los datos de los machos y las hembras 

deberían analizarse de forma separada, ya que las diferencias transcripcionales 

encontradas pueden deberse al dimorfismo sexual en vez de ser causadas por el 

tratamiento. Se puede decir lo mismo de la comparación de embriones producidos 

mediante transferencia nuclear de una línea celular, que son por tanto XX o XY, con 

un conjunto de embriones XX y XY producidos por FIV u obtenidos in vivo. 

 

La existencia de condiciones ambientales subóptimas durante el desarrollo 

preimplantacional puede dar lugar a efectos a largo plazo en la descendencia causadas 

por alteraciones en la reprogramación epigenética [25]. En muchos casos, se ha 

descrito que los efectos a largo plazo son específicos del sexo, en concordancia con 

las diferencias epigenéticas observadas en los capítulos 4 y 5. Probablemente, el 

efecto a largo plazo más estudiado es el síndrome del ternero gigante, causado por 

condiciones de cultivo in vitro subóptimas y caracterizado por un crecimiento 

desproporcionado del feto acompañado de una reducción en su viabilidad [56]. La 

presencia de suero en el medio de cultivo de los embriones de ratón produce unos 

efectos a largo plazo similares al síndrome del ternero gigante, que difieren entre 

embriones macho y hembra; en particular se encontró un aumento del peso corporal 

sólo en hembras y varias anomalías del comportamiento también dependieron del 

sexo [57]. En el mismo animal, pero usando otro modelo (presencia o ausencia de un 

factor de crecimiento en el medio de cultivo de los embriones), otro estudio asoció las 

condiciones subóptimas de cultivo in vitro con un aumento del peso corporal y un 

descenso del tamaño relativo del cerebro en machos, pero no en hembras [58]. En 

humanos, el síndrome de Beckwith-Wiedemann es un desorden epigenético con 

origen en el periodo preimplantacional que se considera equivalente al síndrome del 

ternero gigante, ya que se caracteriza por alteraciones similares y se ha relacionado 

con patrones de metilación de RMDs de genes implicados en la señalización de IGF2 

(como la hipometilación de KvDMR1) [59]. Es remarcable el hecho de que el 

sindrome de Beckwith-Wiedemann es relativamente frecuente en gemelos 

monocigóticos, y en la mayoría de los casos, los gemelos afectados son hembra [60, 

61], en coincidencia con el mayor estatus de metilación encontrado en los embriones 

macho en los capítulos 4 y 5 y en [34]. Además, en oveja, la administración de una 

dieta materna deficiente en metilos durante el periodo periconcepcional da lugar a 
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efectos a largo plazo en la descendencia mediante la alteración de los niveles de 

metilación de ciertos loci de un modo específico del sexo: más de la mitad de los loci 

afectados fueron específicos de machos, correspondiéndose con una mayor relevancia 

clínica del efecto fenotípico en ese sexo [62]. Las diferencias en el metabolismo 

proteico sugeridas en el capítulo 5 y en [55], pueden dar lugar a efectos a largo plazo. 

En ratas, el empleo de una dieta materna baja en proteínas durante el periodo 

preimplantacional produjo efectos a largo plazo específicos de género, como un 

descenso en el peso al nacimiento en la descendencia hembra y un aumento de la 

presión sistólica y proporciones órgano/cuerpo anormales en la descendencia macho 

[63]. 

 

La inactivación del cromosoma X en blastocistos bovinos 

 

Para compensar la pérdida gradual de genes en el cromosoma Y a lo largo de 

la evolución, los mamíferos desarrollaron el mecanismo de inactivación del 

cromosoma X (ICX). En mamíferos euterios, la ICX tiene lugar en el cromosoma X 

paterno o materno de forma aleatoria durante la embriogénesis temprana. Algunos 

estudios consideran que la ICX está virtualmente completa en distintos tejidos 

adultos. El grado de realización de la ICX varía entre estudios en función del tejido 

[64], desde un 5,4 % de genes del cromosoma X con una mayor expresión en hembras 

en lineas celulares linfoblastoides humanas [65] a un 15-25 % en fibroblastos o 

células híbridas [66]. La ICX fue propuesta por primera vez en 1961 para explicar los 

fenotipos mosaico observados en ratonas heterocigotas a mutaciones ligadas al sexo 

en genes del color de la capa [67] y fue confirmada más tarde en mujeres 

heterocigotas a distintos genes del cromosoma X, como G6PD, HPRT y PGK [68-71]. 

En los embriones de ratón, el cromosoma X paterno está completamente activo tras la 

activación del genoma embrionario [72], después sufre una inactivación marcada 

parentalmente a partir de los estadios de división, y en las células de la masa celular 

interna del blastocisto expandido o eclosionado sucede una inversión del estado 

inactivo, con una pérdida de las marcas epigenéticas como la modificación de histonas 

o las proteínas polycomb, que dan lugar a la inactivación aleatoria del cromosoma X 

propia del embrión [73]. Sin embargo, se conoce poco de la ICX durante el periodo 

preimplantacional en otras especies, y puede haber grandes variaciones entre 

mamíferos [74]. En el capítulo 5, observamos que en el blastocisto bovino, la ICX 
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está lejos de su terminación. De acuerdo con la presencia de ambos cromosomas 

parcialmente activos, se vió que la mayoría de los transcritos ligados al cromosoma X 

presentes en el array (88,5 %) estaban sobreexpresados en las hembras, y la mayoría 

(70 %) mostró un nivel de cambio de expresión inferior a 1,66, sugiriendo una ICX 

parcial. Se ha observado que la distribución de los genes que escapan a la inactivación 

a lo largo del cromosoma no es aleatoria, sino agrupada y localizada principalmente 

en la porción distal del brazo corto (Xp) del cromosoma X [66, 75], lejos del gen XIST 

[76]. Sin embargo, no se pudo establecer una relación entre la distribución lineal a lo 

largo del cromosoma X y el nivel de cambio de expresión, posiblemente debido a la 

estructura tridimensional del cromosoma. 

 

El mayor nivel de expresión de los genes del cromosoma X en hembras se 

suele explicar mediante la expresión de ambos alelos. Sin embargo, dado que los 

machos sólo contienen el cromosoma X heredado de la madre, una expresión 

preferente por parte del alelo paterno mediante un fenómeno de impronta genómica 

parental puede tener un papel en el dimorfismo sexual [54]. El fenómeno de la 

impronta genómica parental se descubrió por primera vez gracias a la observación de 

que los genomas paterno y materno eran necesarios para la embriogénesis del ratón 

[77]. La marca de esta impronta se establece durante la gametogénesis [78], y 

desemboca en que la expresión del gen marcado parentalmente sólo se produce por 

parte de uno de los dos cromosomas parentales [79], aunque se han descrito 

mecanismos de impronta genómica parental parciales, especialmente durante el 

desarrollo preimplantacional [80, 81]. Se han descrito pocos genes marcados 

parentalmente [54], probablemente debido a que la ICX implica la inactivación 

aleatoria de uno de los dos cromosomas X. Sin embargo, se ha propuesto que los 

mecanismos de impronta genómica parental han evolucionado a partir de mecanismos 

de defensa del genoma frente a elementos transponibles [82] y, en comparación con 

los cromosomas autosómicos, el cromosoma X ha generado un número 

desproporcionadamente alto de genes funcionales retrotranspuestos en los mamíferos 

[83]. En el capítulo 5, se determinaron los posibles mecanismos de impronta 

genómica parental analizando las diferencias en el nivel de expresión de ocho genes 

del cromosoma X entre embriones macho, hembra y partenotes. Cinco de los ocho 

genes del cromosoma X que mostraron un elevado dimorfismo sexual transcripcional, 

fueron expresados de forma preferente por el cromosoma X paterno. Los fenómenos 
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de impronta genómica parental del cromosoma X tienen implicaciones clínicas en 

síndromes humanos. Las hembras con síndrome de Turner (XO) difieren en sus 

fenotipos cognitivos y de comportamiendo según el origen parental de su único 

cromosoma X, mejorando la adaptación social en XpO comparado con XmO [84], 

aunque su memoria visual fue menor [85]. También se han descrito diferencias en la 

morfología del giro temporal superior [86]. De forma similar, las ratonas XpO son más 

competentes que las XmO [78]. Los síntomas del síndrome de Klinefelter (XXX) 

también dependen del origen del cromosoma X supernumerario [87]. Es destacable 

que la expresión de genes del cromosoma X es más alta en cerebro en comparación 

con otros tejidos [88]. En humanos, el porcentaje de genes expresados en el cerebro 

presentes en el cromosoma X es 5 veces superior a la de los cromosomas autosómicos 

[89] y el cromosoma X contiene un número desproporcionado de genes implicados en 

síndromes de retraso mental [89, 90]. Cuatro de los cinco genes expresados de forma 

preferente por el alelo paterno son expresados en el cerebro adulto. Los mecanismos 

de impronta genómica parental de los genes del cromosoma X pueden tener un papel 

en los síndromes de retraso mental ligados al cromosoma X, como se ha propuesto en 

el caso del autismo, que es cuatro veces más frecuente en machos que en hembras 

[91]. 

 

YZRSR2 

 

El nuevo transcrito ligado al cromosoma Y descubierto en el capítulo 5 

(YZRSR2) parece haber evolucionado de su gen homólogo en el cromosoma X ZRSR2. 

Para esta pareja de genes, la expresión del homólogo del cromosoma X (ZRSR2) no es 

capaz de compensar el sesgo en la expresion de YZRSR2 en machos. YZRSR2 se 

localiza en la región no recombinante del cromosoma Y, que sólo contiene genes con 

grandes efectos adaptativos como aquellos que determinan el sexo o son necesarios 

para la función del macho [92]. Su función es desconocida, pero puede estar 

implicado en el ensamblado de transcritos, como ZRSR2 [93]. ZRSR2 tiene un 

homólogo autosómico en ratones (ZRSR1), que es un gen marcado parentalmente de 

expresión paterna que se silencia durante la ovogénesis [94]. De este modo, se puede 

especular con la posibilidad de que YZRSR2 tenga un papel en la determinación 

sexual, la diferenciación sexual y/o el dimorfismo sexual mediante acciones a nivel 

posttranscripcional. El ensamblado alternativo de transcritos puede dar lugar a un 
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dimorfismo sexual transcripcional, como se ha descrito en hígado de ratón [95]. 

Algunos de los factores implicados en la determinación del sexo y en la diferenciación 

sexual tienen múltiples transcritos originados por el ensamblado alternativo, como 

Dmrt1, que se ha propuesto como candidato para el control de la diferenciación sexual 

en ratones [96]. Dmrt1 es el único regulador del desarrollo del macho conservado en 

todo el filo vertebrado y la diferenciación sexual en Drosophila está gobernada por un 

mecanismo de ensamblado alternativo de transcritos de ddx, el gen homólogo a Dmrt1 

[97]. En algunos peces, aves, anfibios y monotremas, Dmrt1 está ligado a 

cromosomas sexuales [98], pero en mamíferos euterios sólo se ha descrito un gen de 

determinación del sexo ligado a cromosomas sexuales –Sry-, que no está presente en 

monotremas y algunos roedores [99]. El descubrimiento de este factor de ensamblado 

de transcritos ligado al cromosoma Y en bovinos, homólogo a un gen autosómico 

expresado por el alelo paterno y silenciado durante la ovogénesis en ratones [94], 

junto con el ensamblado alternativo de transcritos de Dmrt1 encontrado en el 

desarrollo de la gónada de los ratones [96], puede indicar un papel de los mecanismos 

basados en el ensamblado de transcritos en la diferenciación sexual de los 

vertebrados. 
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Conclusions 

CONCLUSIONS

 

1) Timing of gamete interaction and maturity of the oocyte at the time of the 

interaction can affect the kinetics of early cleavage divisions but has no effect on 

the sex ratio of the embryos produced. 

 

2) In vitro matured oocytes are not able to preferentially select sperm of one sex 

over another. 

 

3) The use of sex-sorted semen produces a reduction in fertility following IVF, 

which is caused by the sperm damage caused by the sorting procedure. This 

reduction in fertility is associated with a delay in the timing of the first cleavage, 

which differs between bulls. However, no effect on the timing of blastocysts 

appearance and on gene expression at the blastocyst stage is observed. 

 

4) There are no significant differences in the kinetics of the first cleavage and 

blastocysts appearance and in the survival in culture conditions between male and 

female embryos produced with sorted or unsorted semen. 

 

5) Increased sex ratios are obtained following IVF with sorted or unsorted semen 

from different bulls, which suggests a slightly higher fertilization ability for Y-

bearing spermatozoa. 

 

6) There is a higher transcriptional level for the epigenetic-related enzymes 

DNMT3A, DNMT3B, HMT1 and ILF3, and a higher methylation level for the 

sequence VNTR in male embryos compared with females, suggesting a higher 

transcriptional level in female embryos. 

 

7) Male embryos content higher mtDNA copy number and shorter telomere length 

than females. 

 

8) Sex determines the expression level of one third of the actively expressed genes 

in bovine blastocysts. Gene ontology analysis of the sexually dimorphic 

transcripts suggests a higher transcriptional level for female blastocysts and a 
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more active protein metabolism and an increased mitochondrial activity for 

males. 

 

9) Most X-linked expressed transcripts (88.5 %) are upregulated in females, but 

most of them (70 %) exhibited fold changes lower than 1.6 suggesting that X-

chromosome inactivation is partially achieved at the blastocyst stage. Five X-

linked genes (BEX, CAPN6, BEX2, SRPX2 and UBE2A) are preferentially 

expressed by the paternal X-chromosome. Imprinting mechanisms may increase 

the transcriptional skew caused by double X-chromosome dosage. 

 

10) A novel gene (YZRSR2), homologue to an X-linked gene involved in network 

interactions during spliceosome assembly, was discovered in the bovine Y-

chromosome. 
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CONCLUSIONES

 

1) El tiempo de interacción entre gametos y el grado de maduración del ovocito 

en el momento de la interacción puede afectar a la cinética de las divisiones 

tempranas, pero no altera la proporción de sexos de los embriones generados. 

 

2) Los ovocitos madurados in vitro no son capaces de seleccionar al 

espermatozoide portador de un sexo determinado. 

 

3) El uso de semen sexado da lugar a una reducción de la fertilidad tras la FIV, 

debida al daño espermático producido por el procedimiento de separación 

espermática. Esta reducción de la fertilidad está asociada a un retraso en el 

tiempo de la primera división, que varía en función del toro. Sin embargo, la 

cinética de desarrollo a blastocisto y la expresión génica en el estadio de 

blastocisto no se ven afectados. 

 

4) No hay diferencias significativas entre embriones macho y hembra producidos 

con semen sexado o sin sexar en la cinética de la primera división, en el 

desarrollo a blastocisto y en la supervivencia en condiciones de cultivo. 

 

5) La proporción de sexos obtenida tras la FIV con semen sexado o sin sexar de 

diferentes toros es superior a 1:1, lo que sugiere una capacidad fecundante 

superior en los espermatozoides Y. 

 

6) Los embriones macho presentan un mayor nivel de transcripción de las 

enzimas relacionadas con la epigenética DNMT3A, DNMT3B, HMT1 e ILF3, y 

un mayor nivel de metilación en la secuencia VNTR en comparación con las 

hembras, lo que sugiere un mayor nivel transcripcional en embriones hembra. 

 

7) Los embriones macho contienen más copias de ADN mitocondrial y telómeros 

más cortos que los embriones hembra. 

 

8) El sexo determina el nivel de expresión de una tercera parte de los genes 

expresados en los blastocistos bovinos. El análisis de ontología génica de los 
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transcritos que muestran dimorfismo sexual sugiere un nivel de transcripción 

más alto en los blastocistos hembras y un mayor metabolismo proteico y 

actividad mitocondrial en los machos. 

 

9) La mayoría de los transcritos expresados ligados al cromosoma X (88,5 %) 

están sobreexpresados en hembras, pero la mayoría (70 %) muestran cambios 

de expresión inferiores a 1,6 sugiriendo una inactivación parcial del 

cromosoma X en el estadio de blastocisto. Cinco genes ligados al cromosoma 

X (BEX, CAPN6, BEX2, SRPX2 and UBE2A) se expresan preferencialmente 

mediante el cromosoma X paterno. Los mecanismos de impronta genómica 

parental pueden incrementar el sesgo transcripcional causado por la doble 

dosis de cromosoma X. 

 

10) Se ha descubierto un nuevo gen (YZRSR2) presente en el cromosoma Y 

bovino, homólogo a un gen ligado al cromosoma X e implicado en la red de 

interacciones del ensamblado del espliceosoma. 
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ABBREVIATIONS 
 
ACTH: Adrenocorticotropic hormone. 
AI: Artificial insemination. 
AMV: Avian myeloblastosis virus. 
ANOVA: Analysis of variance. 
ATLR: Average telomere lenght ratio. 
B.C.: Before Christ. 
bp: Base pairs. 
BSA: Bovine serum albumin. 
BWS: Beckwith-Wiedemann syndrome. 
CA: California. 
cDNA: Complementary deoxyribonucleic acid. 
Chr: Chromosome. 
COC: Cumulus oocyte complex. 
CT: Cycle threshold. 
DMAP: Dimethylaminopurine. 
DMR: Differentially methylated region. 
DNA: Deoxyribonucleic acid. 
Dnmts: DNA methyltransferases. 
dNTP: Deoxyribonucleotide tri-phosphate. 
E: Embryonic day. 
EDTA: Ethylenediaminetetraacetic acid. 
e.g.: Exempli gratia (For example). 
EGCs: Embryonic germ cells. 
EGA: Embryonic genome activation. 
ES: Embryonic stem (cells). 
F: Female. 
FCS: Fetal calf serum. 
FDR: False discovery rate. 
FF: Follicular fluid. 
GlcNAc: N-Acetylglucosamine. 
h.: Hours. 
hpi: Hours post-insemination. 
Hya: Histocompatibility Y antigen. 
ICSI: Intracytoplasmic sperm injection. 
ICM: Inner cell mass. 
ID: Identification (number). 
i.e: Id est (that is). 
IU: International unit. 
IVF: In vitro fertilization. 
IVM: In vitro maturation. 
Kb: Kilobases. 
LH: Luteinizing hormone. 
LOS: Large offspring syndrome. 
M: Male. 
Mb: Megabases. 
MES: 2-(N-morpholino)ethanesulfonic acid. 
Min: Minutes. 
MMLV: Moloney murine leukemia virus. 
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mRNA: Messenger ribonucleic acid. 
mtDNA: Mitochondrial deoxyribonucleic acid 
NADPH: Nicotinamide adenine dinucleotide phosphate. 
OR: Oregon. 
OSR: Operational sex ratio. 
PBS: Phosphate buffered saline. 
PCR: Polymerase chain reaction. 
PGCs: Primordial germ cells. 
PPP: Pentose phosphate pathway. 
PUFA: Polyunsaturated fatty acids. 
qPCR, qRT-PCR or RT-PCR: Quantitative (real time) polymerase chain reaction. 
RMA: Robust multi-array. 
RNA: Ribonucleic acid. 
rRNA: Ribosomal ribonucleic acid. 
RT: Retrotranscription. 
s or sec: Seconds. 
s.e.m or SE: Standard error of the mean. 
SI: Supporting information. 
SINE: Short interspersed nuclear element. 
SOF: Synthetic oviduct fluid. 
SSPs: Sex-specific proteins. 
TCM-199: Tissue culture medium 199. 
TEST (buffer): Buffer made up of TRIS, EDTA and NaCl.  
TRIS: Tris(hydroxymethyl)aminomethane. 
UK: United Kingdom. 
USA: United States of America. 
US$: United States of America dollars. 
UV: Ultraviolet. 
v. or vs.: Versus. 
VNTR: Variable number of tandem repeats. 
WI: Wisconsin. 
XCI: X-chromosome inactivation. 
 

Physical units (volume, weight, voltage, gravity…) are abbreviated following 
the International System of Units. Chemical substances are named following the 
IUPAC (International Union of Pure and Applied Chemistry) nomenclature. 
 

Genes and proteins are named by their symbols following the nomenclature of 
the National Center for Biotechnology Information´s 
(http://www.ncbi.nlm.nih.gov/sites/entrez).
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ABREVIATURAS 
 
A.C.: Antes de Cristo. 
ACTH: Hormona adrenocorticotropa. 
ADN: Ácido desoxirribonucleico. 
ARNm: Ácido ribonucleico mensajero. 
CGE: Células geminales embrionarias. 
CGP: Células germinales primordiales. 
hpi: Horas postinseminación. 
IA: Inseminación artificial. 
ICSI: Inyección intracitoplasmática de un espermatozoide. 
ICX: Inactivación del cromosoma X. 
FIV: Fecundación in vitro. 
LH: Hormona luteinizante. 
NADPH: Nicotinamida adenina dinucleótido fosfato. 
qPCR: Reacción en cadena de la polimerasa cuantitativa (a tiempo real). 
RMD: Región metilada de forma diferencial. 
 
 Los genes y las proteinas han sido nombrados por sus símbolos siguiendo la 
nomenclatura del NCBI (Centro nacional de informaciones biotecnológicas) 
(http://www.ncbi.nlm.nih.gov/sites/entrez). 
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