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It is well known that male and female embryos show sexual dimorphic gene 

expression. To further explore this, the expression pattern and developmental effect of an 

autosomal gene, thyroid hormone receptor (THR) and a multicopy Y-chromosome linked 

gene, testis specific protein Y-encoded (TSPY), were examined.  

Bovine embryos of known sex produced by in vitro fertilization (IVF) with sexed 

semen and cultured to the blastocyst stage were examined for cleavage and blastocyst 

percentages. mRNA and protein levels were measured by digital droplet PCR (ddPCR) and 

immunocytochemistry at the 2-,4-.8- cell and blastocyst stages for both THR and TSPY. 

TSPY RNA was knocked down by microinjection with un-injected and sham injected 

zygotes as controls. Post-knockdown development was monitored as were mRNA and 

protein levels for THR and TSPY. Absolute TSPY copy number was determined by ddPCR 

in sperm used for IVF and in the resulting embryos. TSPY protein levels and localization, 

as well as TSPY mRNA levels were determined for sperm. 

The percentage of the fertilized oocyte that cleaved was significantly higher between 

the male and female groups while the percentage that reached blastocyst significantly 

higher between male and female groups and different among the male groups from different 



 

 

bulls. THR mRNA and protein levels were higher in male embryos than female ones. TSPY 

DNA, RNA and proteins were not present in female embryos or in X chromosome-bearing 

sperm. TSPY copy number, mRNA and protein varied among male embryos and the Y-

bearing sperm from different bulls. TSPY knockdown had no effect on female embryos. 

No significant effects were detected in male control embryos, however, TSPY knockdown 

male embryos had significantly lower levels of both TSPY and THR’s mRNA and protein. 

Development of TSPY knockdown males stopped before the blastocyst stage.  

The present study showed 1) sex dimorphism in the expression of the Y-linked 

gene TSPY and the autosomal gene THR in early bovine embryo development, and 2) 

TSPY knockdown had no effect on female embryo groups, but prevented male embryo 

development, 3) TSPY knockdown lowered THR expression in males. It was concluded 

that TSPY and THR are critical for early embryo development.
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INTRODUCTION 

 

Genetic, anatomical and physiological sexual dimorphism is a characteristic of 

mammalian species. The mechanisms governing this dimorphism are complex and our 

perception of triggers and timing of its initiation have altered dramatically over the past 

few decades. Until the late 1980’s it was thought that males and females were essentially 

identical until the formation of the primordial gonads and the secretion of hormones 

(Hughes 2001). It subsequently became known that the weight of male rat fetuses before 

the formation of the gonads is higher than that of female littermates (Norman and Bruce 

1979). At about the same time it was shown that male bovine embryos reach the blastocyst 

stage more rapidly than similar aged females embryos (Avery, Madison and Greve 1991, 

Yadav, King and Betteridge 1993). In experimental studies, environmental influences on 

embryo growth, development and survival have also been noted to affect male and female 

embryos differently. Examples of this include culture of embryos at elevated temperature 

in vitro (Edwards, Saunders and Shiota 2003), exposure of oocytes and embryos to 

endocrine disrupting chemicals such as BPA (Ferris, Favetta and King 2015, Ferris et al. 

2016) and BPS (Saleh and Favetta 2019), supplementation of in vitro culture medium with 

thyroid hormone (Ashkar et al. 2009) and use of in vitro embryo production methods 

(Bousquet et al. 1999). Genetic differences that result from different sex chromosome 

content in males and females are known as major contributors to the dimorphism. Not only 

do males and females have a different number of copies of the majority of genes located 

on the X chromosome, but also males have a number of genes on the Y chromosome that 
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females do not have. Interestingly, even the male-specific genes located on the Y 

chromosome exhibit individual differences in their number of copies. 

At the population level, sexual dimorphism is evident in the sex ratio (percentage 

of males) which is thought to be a measure of reproductive health. In cattle, the ratio of the 

Y chromosome or X chromosome bearing spermatozoa is 1:1 as is the ratio of male to 

female births (Amadesi et al. 2015). However, among calves produced by in vitro 

fertilization, the ratio was shown to be shifted in favor of males (King et al. 1991). The sex 

ratio among embryos produced and studied in vitro can be altered by exposure to 

experimental conditions such as temperature (Paula-Lopes et al. 2013), endocrine 

disrupting chemicals (Ferris et al. 2015, Ferris et al. 2016, Saleh and Favetta 2019), culture 

media (Ashkar et al. 2009, Ashkar et al. 2015) and culture substrate (Gutierrez-Adan et al. 

2001, Macaulay et al. 2012). Recent studies have shown that genes such as thyroid 

hormone receptors (Rho et al. 2018) that are affected by endocrine disruptors and that 

males specific genes such as SRY, TSPY and DDX3Y (Caudle 2013, Hamilton et al. 2012a, 

Hamilton et al. 2009, Hamilton et al. 2011) are expressed during early bovine embryo 

development. 

Understanding the impact of alteration of gene expression capabilities during 

early embryo development provides insight into the viability, developmental sensitive and 

responsive to changes of the embryo environment. The experiments reported in this thesis 

involve the study of two genes, thyroid hormone receptor (THR) and testis specific protein 

Y chromosome encoded (TSPY) that have previously been shown to be transcribed during 

early development and implicated in embryo development and bull fertility. 
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REVIEW OF THE LITERATURE 

 

Bovine in vitro embryo production (IVP) 

Bovine in vitro embryo production (IVP) has become an effective tool for cattle 

breeding particularly for more intense selection of superior breeding stock for more 

efficient dairy and beef production. In addition, it has provided researchers with 

tremendous low-cost opportunities for the study of fertilization and early embryo 

development (EED) under controlled environments. Due to the similarities between human 

and bovine embryo development, cattle embryos are widely used as a comparative 

experimental model (Jiang et al. 2014). Bovine IVP consists of three major steps, which 

include; i) in vitro maturation (IVM) of the oocyte followed by ii) in vitro fertilization (IVF) 

and iii) in vitro culture (IVC) of presumptive zygotes. Current protocols for bovine IVP 

have been established by many studies based on in vivo reproduction and empirical 

experimentation. 

Oocyte maturation and completion of meiosis result in both nuclear and 

cytoplasmic maturation (Yamada and Isaji 2011). Oocyte maturation involves protein and 

RNA synthesis and hormone regulation in the oocyte, cumulus and granulosa cells. LH and 

FSH contribute in oocyte maturation resuming the meiosis and mediating expansion of the 

cumulus oocyte complex in vitro (Kobayashi, Yamashita and Hoshi 1994). Media 

supplementation with bovine serum albumin has been shown to increase the oocyte 

competence and development (Wang et al. 1997). Moreover, energy substrates and amino 

acids such as asparagine, glutamine, glycine, histidine and lysine are known to be essential 
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amino acids that are required for oocyte maturation, particularly in oocyte cytoplasmic 

maturation and subsequent early embryo development (Rose-Hellekant, Libersky-

Williamson and Bavister 1998). In addition, the pH and temperature of the media, as well 

as O2 and CO2 levels in the environment are essential criteria. On the oocyte side, factors 

such as the size of the follicles, age, breed and health of the donor have been shown to be 

important factors (Nagai 2001, Yamamoto et al. 2010, Takeo et al. 2013). 

In general, in vitro fertilization (IVF) protocols require matured cumulus oocyte 

complex, motile sperm and media and culture environments that are capable of supporting 

fertilization. Motile semen separated by Percoll gradient or swim-up method is introduced 

to IVF media containing matured oocytes. In order to increase the sperm capacitation in 

vitro, the composition of the fertilization media includes Tyrode’s albumin lactate pyruvate 

(TALP) and synthetic oviductal fluid (SOF) (Gandhi et al. 2000). Additionally, sulfate 

glycosaminoglycan, heparin and non-sulfated glycosaminoglycan hyaluronic acid are 

present in the bovine oviductal fluid as well as steroidal content and estrous associated 

proteins (Hileman et al. 1998). Supplementation of these substances promotes capacitation 

of sperm (Kim et al. 2013), which is a necessary event before fertilization can happen. 

Supplementation with caffeine and heparin has been shown to have a synergetic effect that 

improves the penetration of the oocyte and acrosome reaction (Niwa and Ohgoda 1988). 

Calpain also regulates the capacitation and acrosomal reaction through the gap of spectrin 

cytoskeleton (Bastián et al. 2010). Sperm and oocytes are left to interact for 18 to 24 hours 

after which presumptive fertilized ova are transferred to culture media for in vitro culture 

(IVC) (Berland et al. 2011). 
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In vitro culture provides a “nursery” environment for embryos to develop to the 

blastocyst stage. IVP embryos from 4-cell to morula stage are more vulnerable to the 

environment, with slight changes in the culture conditions leading to changes in gene 

expression, DNA methylation, abnormal morphology, arrest at various cell stages and death 

(Gad et al. 2012, Girard et al. 2015). Presumptive zygotes are transferred to IVC medium 

and cultured at least 7 days to reach the blastocyst stage. During this time, it is important 

to provide appropriate nutrition, hormone, gas and temperature for proper development. It 

has been shown that the reduction in oxygen level to 5% had more positive outcomes of 

development compared to 20% of the atmospheric oxygen level. Contrary, embryos 

incubated at 20% oxygen level had increased embryonic arrest at the 2-4 cell stage (Favetta 

et al. 2007). The pH of the media is another factor that needs to be regulated during the 

culture media, which should be maintained between 7.2-7.4 (Swain et al. 2016). Studies 

have shown that embryos cultured in groups show a better developmental rate than the 

single cultures due to the secretion of embryonic paracrine and autocrine factors 

(Gopichandran and Leese 2006). 

Many studies have established a protocol for improving the present in vitro 

embryo production system by supplementing a variety of media components, which 

significantly improved developmental rates. The fundamental basis of embryo 

development needs to be further investigated. Parameters, such as causes of IVP embryo 

arrest, apoptotic rates and blastocyst showing higher chromosomal mosaicism rate need to 

be addressed (Popovic et al. 2018), as they contribute to both genetic and epigenetic causes 

of disruptive development. 
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Early embryo development 

The formation of the zygote is the culmination of spermatogenesis, oogenesis 

and the fertilization process. Early embryo development refers to development from the 

fertilized ovum, the zygote, to the blastocyst stage. Early embryo development consists of 

mitotic divisions referred to as cleavage, which are different from the somatic cell mitoses. 

Cleavage duplicates the chromosomes and exponentially increases the amount of DNA, 

while the volume of the cytoplasm is divided between daughter cells and does not change 

during pre-implantation development. The mitotic cell cycle is relatively short having no 

G1 or G2 phase and very short S phase (Prados et al. 2012). The timing of the cleavage is 

an important aspect that affects the embryo quality and development and is often used as a 

marker for developmental potential (Munne 2006, Lundin, Bergh and Hardarson 2001, 

Wang et al. 2009). It has been shown that overly fast or slow cleaving embryos are 

associated with aneuploidy (Iffanolida et al. 2018). Early stages of embryo development 

are mostly regulated by maternally inherited protein and mRNAs, which were stored during 

the oocyte maturation (Memili and First 1999). At a certain species-dependent point during 

development, the maternal to embryonic transition (MET) of transcription takes place with 

the consecutive degradation of maternal information, while embryonic genome activation 

(EGA) is initiated and the embryonic genome becomes progressively transcriptionally 

active (Vigneault et al. 2009). Paternal chromatin influences embryonic gene activation. 

Protamines within the sperm are replaced by maternal histones that enable the EGA. 

Moreover, studies have shown maternal proteins during the MET allow modification of 

histone that are associated with the timing of EGA and expressions (Vastenhouw et al. 2010, 
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Zhang et al. 2016a). EGA requires nuclear, cytoplasmic and transcription factors that are 

regulated by cell cycle-dependent mechanisms (Latham and Schultz 2001). EGA is a 

sequential process that shows minor and major transcription waves that are species-specific 

(Jeanblanc et al. 2008). In mouse, EGA occurs in two stages, minor and major de novo 

transcription, at the late zygote stage and 2-cell stage respectively (Jukam, Shariati and 

Skotheim 2017). Porcine MET occurs at the 4-cell stage (Cao et al. 2014). Human and 

bovine show two similar transcription waves, a minor and a major transcription wave, with 

the minor starting at the 2-cell stage and the major at the 6- to 8-cell stages respectively 

(Schramm, Paprocki and VandeVoort 2003, Graf et al. 2014).  

After several cleavage divisions, the embryos reach the 16-32 cell stage and 

undergoes compaction at what is known as the morula stage and characterized by formation 

of intercellular junction. The formation of morula is a critical step in the development to 

the blastocyst, with blastocoelic cavities consisting of trophectoderm (TE) cells and inner 

cell mass (ICM). As fluid accumulates and the blastocoel cavity enlarges, the embryo is 

referred to as a blastocyst (Iwata et al. 2014). Blastocyst further expands and hatches to 

prepare for the attachment to or implantation in the uterine lining. 

EED is regulated by genetic and epigenetic modifications that require various 

transcripts, proteins, hormone actions, metabolic activities and signal transductions. DNA 

methylation and histone modification are important processes during the EED. Expression 

of histone acetylase, histone acetyltransferase and histone H2A, that are involved in 

chromatin formation and modification, showed different patterns throughout the different 

bovine EED stages (McGraw et al. 2003). Embryokines are another important factor for 
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EED, which is secreted by female reproductive tracts (Hansen, Dobbs and Denicol 2014). 

In in vitro studies of EED, supplementation of various growth factors such as insulin-like 

growth factor-I (IGF-I), epidermal growth factor (EGF), fibroblast growth factor (FGF) 

and artemin have shown to improve the blastocyst development (Kawamura et al. 2012). 

Additionally, studies have characterized various genes that involve in EED potential and 

embryo survival such as genes governing for growth, hormone receptors, signal activation, 

protein coding and transcription. (Driver et al. 2009, Khatib et al. 2008a, Khatib et al. 

2008b, Ashry et al. 2018, Zhang et al. 2016b). Environmental stress is another factor that 

influences EED. Studies show embryo viability is correlated with high temperature which 

alters the protein synthesis and gene expression during the EED (Edwards and Hansen 

1997). Responsive to environmental stress, the heat shock protein family has been shown 

to play an important role in fertilization and EED (Matwee et al. 2001). Moreover, heat 

shock affects the earlier stages more than the later stage of EED (Sakatani, Kobayashi and 

Takahashi 2004). Heat shock also influences the intracellular oxidative state, which is 

involved in proliferation, differentiation and apoptosis, thus alteration in the oxidative state 

may negatively or positively affect EED (Dennery 2007). 

Although many studies have elucidated the genetic, epigenetic and molecular 

regulation and factors involved in EED using various animal models and in vitro embryo 

production (IVP) systems, further investigations are needed to fully understand the 

fundamentals of early development. 

Although IVP methods have greatly improved over the past few decades with 

fertilization rates ranging between 80-90%, the percentage of those fertilized eggs reaching 
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the blastocyst is only in the 20-30% range (Rizos et al. 2003). The majority of the embryos 

are arrested at the different cell stages of development, especially at the earlier stages 

before the 8-cell (Favetta et al. 2004) . These embryos either arrest in a cellular senescence 

like state (Betts and King 2001) or undergo apoptosis (Matwee, Betts and King 2000). 

Chromosomal abnormalities and DNA fragmentation are also found in arrested and 

degenerating IVP bovine embryos on day 5 post-insemination (Kawarsky et al. 1996, 

Gjørret et al. 2003). However, apoptotic morphology or biochemical markers have not been 

seen at the early stage of EED, presumably because the embryonic genome is not 

sufficiently active to support apoptotic pathways (Betts and Madan 2008). Studies have 

shown that embryo arrest is responsive to oxidative stress that may lead to alteration in 

DNA replication and telomere disruption, which involve the p53 DNA damage signaling 

pathway. Moreover, reactive oxygen species (ROS) formation lead to oxidative stress in 

cells and one of the oxidative stress related gene, p66shc, has been shown to be involved 

with embryo arrest (Betts and Madan 2008, Favetta et al. 2004). Although many studies 

investigated the cause of the embryo arrest and apoptosis, the exact cause is still unknown. 

Embryo sex has been shown to affect early embryo development. Generally, the 

sex ratio of male and female in bovine is 1:1. Controversial reports have compared the 

developmental competency such as cleavage, blastocyst and accumulation of cells in male 

and female early embryo development in species-specific manner. However, the majority 

of in vitro studies show male embryos have better developmental competency than the 

females (Oliveira et al. 2016, Xu et al. 1992, Kochhar, Peippo and King 2001). Sex 

chromosome content of the embryo, XX or XY results in dosage differences between males 



 

 

10 

 

and females affect the development (Schulz and Heard 2013). Embryo development occurs 

in a sex-specific manner. Genes such as SRY and TSPY are involved in the initiation of 

male development and testis formation and function (McClelland, Bowles and Koopman 

2012, Schnieders et al. 1996). In females, X inactivation normalizes the dosage difference 

between males and females, and it has been reported that the X inactivation process delays 

female embryo (Larson et al. 2001, Bermejo-Alvarez et al. 2010, Peippo et al. 2002). 

 

Gene expression in early embryo development 

Application of molecular technologies, such as genome sequencing, large-scale 

cDNA analysis and genome mapping, has enabled investigation of the genomic regulations, 

mechanisms and functions from oocyte maturation, fertilization and during the early 

embryo development. Although in vitro embryo production is improving year after year, 

the exact regulatory genetic mechanisms are yet unknown, as there are various stage and 

tissue specific genes and ubiquitous genes with unique and common mechanisms, further 

research is needed to elucidate the connection between the genes in the physiological 

pathways. 

Early embryo development is a complex and sequential process that requires 

maturation of oocyte and fertilization to form totipotent zygotes that undergo several 

embryonic divisions to blastocysts that differentiate into various cell types. Transcription 

is up and/or down regulated during the oocyte maturation and early embryo development 

to blastocyst formation. 
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Many studies determined the global mRNA transcript profile from the immature 

oocyte (GV) to mature oocyte (MI) and during the early embryo developmental stages in 

different species: human (Kocabas et al. 2006), mouse (Veselovska et al. 2015) and bovine 

(Misirlioglu et al. 2006). In bovine, RNA-Seq showed a total of 10,949 genes expressed 

during the oocyte maturation from GV to MI stage, of these 2,455 genes were differentially 

expressed and showed up regulation of 503 genes involved in cell cycle regulation, 

macromolecule catabolism and cytoskeleton organization, and down regulation of 1,952 

genes; involved in energy pathway, metabolism and intracellular transport activities (Reyes, 

Chitwood and Ross 2015). 

Nuclear reprogramming and initiation of various promoters by RNA polymerase 

II (RNAPII) occur and are immediately followed by fertilization. After fertilization and 

before embryonic genome activation, earlier stages of the embryo development are 

governed by the stored transcripts derived from the oocytes and taken over by de novo 

transcription as the embryonic genome is activated. The sequential process of maternal to 

embryonic transition and activation of the embryonic genome is a critical event that further 

determines the fate of the embryo and normal development. During the maternal to 

embryonic transition, the majority of maternally inherited transcripts are degraded by 

embryonic transcripts that regulate the polyadenylation of the untranslated mRNA region 

(3’UTR) (Thélie et al. 2007) along with phosphorylation of proteins by embryonic kinases 

and phosphates. Transcription during 1-2cell stages are RNAII-dependent and required for 

further division. Major de novo transcripts are involved in morphological changes that lead 

to blastocyst formation. 
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In human, ~150 to ~1800 genes were upregulated between 2-4 cell stages and 

over 2500 genes at 8-16 cell stages (Dobson et al. 2004, Yan et al. 2013). In bovine embryos, 

over 7,000 genes are activated(Graf et al. 2014). As embryonic genome activation takes 

place, minor and major de novo transcription occur at different cell stages in species-

specific manner. In bovine, minor and major embryonic genome activation occur at 1-2cell 

and 8-cell stages, respectively (Misirlioglu et al. 2006, Graf et al. 2014) 

During the minor EGA wave, genes that are expressed play an essential role in 

controlling and degrading the maternal transcripts. Significant degradation of RNA binding 

protein MSY2 were shown, during the EGA after the fertilization (Yu, Hecht and Schultz 

2001, Vigneault et al. 2004). Gene transcription factors also initiate the first phase of the 

EGA and activate the transcription. Nanog, Sox and Oct4 are important transcription 

activators that play a key role regulating and maintaining the embryonic stem cell 

pluripotency (Rodda et al. 2005). 

Some transcripts during the early embryo development are observed in different 

species at similar developmental processes. For example, transforming growth factor 

(TGF-a) and platelet-derived growth factor (PDGF-A) are present throughout the early 

embryo developmental stages in mouse and bovine (Watson et al. 1992). 

At later stages of the early embryo development, embryos undergo compaction 

as the cellular distinction between the blastomeres disappears. During this period, genes 

involved in tight intercellular junctions and proteins involve in ion gradient such as Na/K-

ATPase, adherent junction, tight junctions (TJ) and aquaporins (AQP) further participate 

in the expansion of blastocyst. Studies have shown that the p38MAPK pathway regulates 
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these proteins at later stages of the embryo development and it is required at the 8-16 cell 

stage (Bell and Watson 2013). 

As there are many different genes associated with the development of the early 

embryo, it is important to understand the critical genes and their expression patterns 

regulating development. Genes transcribed from de novo embryonic genome associate 

with “housekeeping genes”, which regulate chromatin structures, transcription, RNA 

processing, maintenance of pluripotency and proteins that enable the specific transcription 

to occur at later developmental stages. Thyroid hormone receptors (THRs) transcripts have 

been shown to follow general EGA pattern as de novo transcripts arise at 2-cell stage and 

show the highest expression at 8-cell stage in early bovine embryo development. Previous 

studies have shown that THRs plays an essential role during early embryo development 

(Rho et al. 2018). Moreover, sexual dimorphism in transcription is also reported, with sex-

specific expression of several Y chromosome linked genes including TSPY is present 

during early embryo development (Caudle 2013). 

 

Thyroid hormones (THs) and thyroid hormone receptors (THRs) 

Thyroid hormones (THs) are produced from the thyroid of the hypothalamus axis 

and involve in development, growth and metabolism. Generally, the development of the 

reproductive organs are governed by the hypothalamus axis. In male development, 

hypothalamus-gonadotropin releasing hormone triggers the release of the male sex 

hormone, testosterone that transforms the bisexual gonads into male-specific reproductive 

organs, testis (Maruska and Fernald 2011). Alteration in any of the components of the 
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hypothalamus axis family will contribute to abnormal development of the testis or 

malfunction in the male reproduction. 

THs are produced from the thyroid which is one of the components of the 

hypothalamus axis family that affects male fertility and has been studied since the 1960s. 

There are two forms of THs, T3 and T4. T4 is a storage form and T3 is the active form that 

exerts biological effects (Refetoff 2015). THs biological action is by both genomic and 

non-genomic mechanism. Non-genomic mechanisms of THs are by bind to the plasma 

membrane, mitochondria and cytoplasm inducing cell proliferation. The genomic 

mechanism of THs is by binding to its nuclear receptor that is part of a ligand dependent 

transcription family, thyroid hormone receptors (THRs) (Sever and Glass 2013). There are 

two types of THRs, THR alpha (THRα) and THR beta (THRβ) which are different isoforms 

(Ortiga-Carvalho, Sidhaye and Wondisford 2014). THRs consist in three domains: carboxy 

terminal region, central region and amino terminal region which are the binding site of THs, 

thyroid hormone response element (TRE) on the specific DNA sequence and protein 

enhancers, respectively. There are two sites of TRE where THRs can bind as monomer, 

homodimer or heterodimer with retinoid X receptors. Before the ligand is present the 

ligands, thyroid hormone receptors are in the transcription repressor state. Upon the 

presence of ligands, such as THs, THRs undergo conformational changes that release the 

corepressor and replaced by a coactivator complex that initiates the transcription. Studies 

have shown that THRs interact with various of coactivator proteins that interact with other 

nuclear receptors as well as steroid receptors targeting androgen receptors (Moore and Guy 

2005). 
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Disruption of the THs balance or the malfunction of the THRs leads to alteration 

in the basal level metabolism in the biosystem, including the reproductive system. In rats, 

high level of T4 resulted in decreased serum gonadotropin levels, phospholipid in testis 

and synthesized increased amounts of testosterone (Krajewska-Kulak and Sengupta 2013). 

T3 has been shown to affect testis maturation and expression of THR was present in the 

rat’s testis (Wagner, Wajner and Maia 2008). The main target of T3 is thought to be the 

Sertoli cells because the proliferation of Sertoli cells correlates with T3 binding capacity 

in the testis (Wagner et al. 2008). Moreover, T3 is also involved in the differentiation of 

the seminiferous epithelium and maturation of the Leydig cells (Gao, Lee and Cheng 2014). 

T3 action is performed with LH, IGF-I to promote Leydig cell development (Maran 2003). 

In mouse, increase T4 level resulted in decreased testis weight and seminal vesicles 

(Krajewska-Kulak and Sengupta 2013). In human, hypothyroidism results in decrease in 

the sex hormone-binding globulin (SHBG), testosterone, LH and FSH levels (Livingston 

et al. 2017). Additionally, hypothyroidism also affects negatively in semen quality by 

reduction in semen volume and motility (Krajewska-Kulak and Sengupta 2013). Studies 

have shown that THR was also expressed in the various cell types in the testis, most 

remarkably in the Sertoli cells and the Leydig cells which are both involved in the 

spermatogenesis (Sharpe et al. 2003). Moreover, level of THRs have shown to regulate 

germ cell proliferation and differentiation into spermatids (Smith and Walker 2014). 

Disruption of the THs balance leads to alteration in the optimum standard of the function 

of the bio system that includes the reproductive system as well. 
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THs and THRs during the early embryo development 

Thyroid hormones (THs) play an important role in growth, differentiation and 

metabolism in mammalian physiology. Many studies have also shown an important role of 

THs in reproduction and early pregnancy (Medici et al. 2015). In female, TH level have 

been shown to directly associate with delayed puberty, anovulation, ovarian cyst, irregular 

menstrual cycle (Silva, Ocarino and Serakides 2018). Different THs concentrations were 

also observed and found to play an important role during the post implantation embryo 

development particularly trophoblast function and fetal neurogenesis (Ohara, Tsujino and 

Maruo 2004). Moreover, THs were determined in systemic circulation and ovarian 

follicular fluid of cows (Ashkar et al. 2010). As such, it is known that different THs levels 

are present in the female reproductive system and are involved in the regulation of 

reproductive physiology. However current IVP protocol does not necessarily include THs. 

Within the past 10 years, several studies have demonstrated the THs effect during 

the in vitro bovine early embryo development. Supplementation of THs during the in vitro 

culture media during early bovine embryo development has significantly improved the 

developmental rate, especially blastocyst and hatching rates, embryo quality and post 

cryopreservation competency as shown in my co-authored paper (Ashkar et al. 2015) 

(Figure 1). Additionally, THs’ treatment during the early embryo development has resulted 

in a sex ratio shift in favor of females (Table 1) (Ashkar 2013). Interestingly, THs 

supplementation resulted in differential gene expression compared to non-treated embryos. 

Specifically, from the determined differential gene expression profile, out of 1629 X-

chromosome linked gene probes, 1234 were commonly expressed, where only 52 were 
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differentially expressed in the blastocyst with THs supplementation (Figure 2) (Ashkar et 

al. 2016). Y-linked genes were not validated but 3 transcripts were identified in the 

expressed genes. However, further study of the Y-linked genes will provide a better 

understanding of the male and female embryo mechanisms of early development.  



 

 

18 

 

 
 
Figure 1. Effect of thyroid hormone supplementation on Bovine early embryo 
development.  
Figure (A) represents the mean ± SEM percentage of cleavage between the control and 
treatment of THs in the IVC medium. Figure (B) represents the mean ± SEM percentage 
of blastocyst formation between the control and treatment of THs in the IVC medium. 
Superscript above the column indicates significant differences (p<0.05).  
 

(Ashkar et al., 2009) 
 
  

(A) 

(B) 
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Table 1.Sex ratio in blastocyst with supplementation of THs.  

 
Sex ratio in blastocyst cultured in standard IVC medium (Control) and TH supplemented 
IVC medium (Treated). Asterisks above the number indicate significant differences in the 
percentage of the female blastocyst in the group treated with THs. (p<0.05) 
 

(Ashkar 2013) 
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Figure 2. Ven diagram of total and differentially expressed gene profiles of embryos 
in blastocyst stage treated with THs vs. control.  
Treated indicate thyroid hormone supplementation in IVC medium, and control indicate 
standard IVC medium. 

(Ashkar 2013) 
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Ashkar et al., (2009) have shown THs effect on the early bovine embryo mainly 

during embryo culture rather than during oocyte maturation, suggesting that THs genomic 

effects occur at the EGA and not during oocyte maturation. In a recent study, de novo THRs 

transcripts were observed during all the early bovine embryo developmental stages (Rho 

et al. 2018) (Figure 3). In that study, both THRs mRNA exhibited minor and major 

transcription at 2-cell and 8-cell stages respectively during embryo development, times that 

coincided with minor and major bovine embryonic genome activation (Figure 3). 

Additionally, de novo transcription was inhibited by α-amanitin and both THRα and THRβ 

transcripts were significantly reduced. Moreover, THRs knockdown experiments have 

shown a significant reduction in the embryo developmental rate and a significant decrease 

of THRs mRNA (Figure 4). Interestingly, knocking down both THRs together showed a 

significant reduction in the developmental rate and mRNA levels compared to individually 

knockdown THRs experimental groups. This shows that malfunction of either THRα 

and/or THRβ is crucial for development. Specifically, we showed that, although a lower 

than normal percentage of in vitro development was reached, some embryos were able to 

survive through the developmental stages with knockdown of only THRα or THRβ. 

However, knockdown of both THRα and THRβ together resulted in severe disruption in 

development. This clearly strengthens the critical role of THRs during early embryo 

development. In addition, a significant decrease of THRs mRNA after THRs siRNA 

injection confirms the efficiency of the knockdown procedures. 
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(A)  

(B)  
 
Figure 3. THRs mRNA in Bovine early embryo developmental stages. 
Figure (A) represents normalized THR α mRNA transcripts and figure (B) represents 
normalized THR β mRNA transcripts in in vitro matured oocytes and in vitro produced 
embryos at different cell stages from 2-, 4-, 8-, 16- cells and blastocyst. Data are mean ± 
SEM, biological replicates of 5 pools of 15 embryos and 3 technical replicates. Different 
superscript above the column indicates significant differences (p<0.05). 
 

(Rho et al., 2017) 
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Figure 4. THRs knockdown effect on Bovine early embryo development. 
Percentage of the blastocyst in each groups representing; Con: no-injected control groups, 
Sham: zygotes injected with non-coding scrambled siRNA, THR-α: zygotes injected with 
THR α siRNA, THR-β: zygotes injected with THR β siRNA, THR-αβ: zygotes injected 
with both THR α and THR β. Data is mean ± SEM, 15 biological replicates. Different 
superscript above the columns indicates significant difference within each group of Con, 
Sham, THR-α, THR-β and THR-αβ (p<0.05). 

(Rho et al., 2017) 
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Y chromosome 

The mammalian Y chromosome consists 2~3% of the haploid genome. However, 

since the Y chromosome evolved from an autosome approximately 180 million years ago, 

there is enormous genetic variation among different species in terms of gene content and 

structural complexity (Hughes and Page 2015). Up to now, 78 Y-linked protein coding 

genes have been identified in human, and 28 in bovine(Harris et al. 1986, Soh et al. 2014, 

Chang et al. 2013). The heterogeneity of the Y chromosome has unique features that are 

different from the X chromosome resulting in genetic variation. The structure of the Y 

chromosome includes pseudogenes and high proportion of repetitive elements (Ali and 

Hasnain 2002). Less than 5% of the Y chromosome can recombine with the homologous 

of the X chromosome, known as the pseudoautosomal regions (PAR 1 and PAR 2), which 

are located on both the short (Yp) and long (Yq) arms of the Y chromosome (Helena Mangs 

and Morris 2007). The remaining 95% of the Y chromosome is known as the male-specific 

region Y (MSY), which contains genes that are essential for male sex determination and 

reproduction (Dhanoa, Mukhopadhyay and Arora 2016). The pseudoautosomal region of 

the Y chromosome contains a series of genes that have homology with genes on the X-

chromosome. This allows partial synapsis and recombination between the Y and X 

chromosomes during meiosis. The remainder of the Y chromosome does not have X 

chromosome homologues and is known as the male-specific region of the Y chromosome 

(MSY) (Chang et al. 2013). Although recombination with the X chromosome does not 

occur in the MSY, genes located within this region are able to recombine by non-allelic 

homologous recombination (NAHC) with its own chromatids (Tilford et al. 2001). 
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Genetic alteration in MSY relates to male infertility, which often shows abnormal 

morphologies of the Y chromosome or mutation in the sex-determining genes or genes 

regulating the male reproduction, such as sex-determining region Y (SRY), DEAD-box 

helicase 3 Y-linked (DDX3Y), ubiquitin-specific protein 9 Y-linked (USP9Y), and testis-

specific protein Y-encoded (TSPY) (Ozdemir et al. 2007, Lardone et al. 2007, Lee et al. 

2003, Vodicka et al. 2007). 

 

Male-specific region of the Y chromosome (MSY) 

More than 95% of the Y chromosome is known as the male-specific region Y 

(MSY) with genes specific to male reproduction and development (Skaletsky et al. 2003). 

In the MSY there are many repetitive DNA sequences. In human species, there are 156 

transcription units, 78 protein coding genes encoding 27 proteins that are expressed in 

various organs and 20 genes show homologous to the X chromosome (Kopsida et al. 2009). 

In bovine species, there are at least 28 protein coding genes and more than half of them are 

bovine specific protein coding genes that include 16 multicopy protein coding genes(Chang 

et al. 2013). 

Genes located in the MSY can be categorized by the expression patterns; X-

transposed, X-degenerate and ampliconic regions (Skaletsky et al. 2003). The X-transposed 

region is built-up by X-Y transposition and shows 99% of similarity with the X 

chromosome (Hughes and Rozen 2012). X-degenerate regions are descendent from the 

autosome that consist of single copy genes or pseudogenes that are ubiquitously expressed 

except for sex-determining region Y (SRY) gene which is only expressed in the testis 
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(Chang et al. 2013). The ampliconic region takes up about 30% of the MSY with high 

sequence pairs, containing massive palindromes and is conserved by gene conversion. The 

ampliconic region is distributed along the Yp and Yq arms by 8 large palindromes. Except 

for SRY, which is located on the short Yp arm, important male-specific genes that relate to 

male gonadal development and spermatogenesis are located on the Yq arm of the Y 

chromosome (Liu 2012). Genes that are located on the ampliconic region of the MSY is 

predominantly expressed in the testis (Chang et al. 2013). Presence of different 

palindromes with several different gene families and show frequent gene conversion which 

supports the theory of progressive decay of Y chromosome over the period (Ali and 

Hasnain 2002, Kuroda-Kawaguchi et al. 2001, Rozen et al. 2003, Skaletsky et al. 2003). 

There is a specific gene complex located on the Yq arm that plays an important 

role in spermatogenesis, known as azoospermia factor (AZF) where microdeletion of this 

region results in spermatogenesis arrest and further affects male fertility (Ambulkar et al. 

2014). Most of the idiopathic male infertility is caused by the deletion of the AZF. AZF is 

divided into 3 regions AZFa, AZFb and AZFc and deletion of these regions are occurred 

de novo and most frequently on the AZFc region (Yu et al. 2015). The AZFa region consists 

of DDX3y, USP9Y, DEAD-box on the Y (DBY), ubiquitous TPR motif on the Y (UTY) 

and TB4Y (Colaco and Modi 2018). The majority of AZFa region genes are made of single 

copy genes and are involved with spermatogenesis with most of the deletion being partial 

and resulting in Sertoli cell only syndrome and azoospermia (Motovali-Bashi et al. 2015). 
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Testis specific protein Y encoded (TSPY) gene 

The majority of genes located on MSY are known to be involved in male 

reproduction and development such as spermatogenesis and male infertility. Testis specific 

protein Y-encoded (TSPY) is a highly conserved, multi-copy gene that has remarkable copy 

number variation among species, individuals and within family members. TSPY is located 

at the ampliconic region on Yp (DYZ5) near the centromere and few other copies on Yq 

arm. Some studies have found that the TSPY gene shows transcript heterogeneity which 

codes over 290 amino acids and a variety of polymorphic proteins by either structurally 

different genes within the cluster or by one or several structurally identical copies allowing 

alternative splice patterns (Schnieders et al. 1996, Vogel and Schmidtke 1998, Krick, 

Jakubiczka and Arnemann 2003) 

TSPY belongs to the protein family within the conserved SET/NAP domain, 

which includes SET oncoprotein, nucleosome assembly protein-1 (NAP-1), differentially 

expressed nucleolar transforming growth factor β1 (TGF-β1) target (DENTT), cell division 

autoantigen-1 (CDA-1) and TSPX (Ozbun et al. 2001, Ozbun et al. 2003, Delbridge et al. 

2004). 

The TSPY gene encodes a testis specific protein that interacts with type B cyclins 

and activates cyclin B-CDK complexes and the activated complex, in turn, impacts on 

biological machineries in spermatogonia cell renewal and in prophase I spermatocyte 

differentiation(Vogel and Schmidtke 1998, Kido et al. 2014). The expression of TSPY is 

shown specifically in fetal and adult testis. It is suggested that TSPY regulates the 

proliferation of testicular spermatogonia. Additionally, during spermatogenesis, there is 
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high expression of TSPY which suggests a definite role in male reproduction. The unique 

feature of this gene is the wide range of copy number variations among mammalian species. 

However, the exact role and the number of copies in association with male infertility is not 

fully described. TSPY expression was also shown in tumorigenic expression in 

gonadoblastoma, seminoma, prostate cancer and hepatocellular carcinoma (Kersemaekers 

et al. 2005, Lau, Lau and Kömüves 2003, Lau 1999, Vogel et al. 1998, Yin et al. 2005). 

This suggests that TSPY might be highly involved in the proliferation and differentiation 

of the cell, but further research is needed. 

 

Copy number variation (CNV) of the TSPY gene 

Copy number variations (CNVs) are caused by structural rearrangements, 

deletion, duplication, inversion and translocation that alter the number of copies of 1kb-

1Mbp DNA segments (Conrad et al. 2010). The exact CNV mechanism still needs to be 

elucidated but has been shown to mainly involve with genetic recombination through 

homologous recombination or non-homologous recombination at various stages of 

development (Hou et al. 2012). CNV resulted from homologous recombination have shown 

to occur by invasion with rad51 protein in eukaryotes with equivalent DNA sequences that 

enter the 3’ end of ssDNA and replace it with the equivalent strand. Also, CNV resulted 

from microhomology or no-homology sequences arise through non-homologous 

recombination by double Holliday junction from broken segments (Hastings et al. 2009). 

CNVs are associated with different phenotypes and characteristics in mammalian 

species, population and individuals. It is uncertain whether the molecular mechanism of 
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the CNV directly affects the transcription or translation, but correlates with the gene 

expression and encompass genes that are important for regulating the phenotype, disease 

and drug response either positive or negatively. 

Many de novo CNVs have been shown to associated with diseases. CNV can 

possibly alter the gene expression which leads to physiological differences. Genomic 

disorders caused by CNV in autosomal chromosome have shown to associate with 

Alzheimer, Parkinson, autism, and other abnormal neurological developments. (Cuccaro et 

al. 2017, Toft and Ross 2010, Kushima et al. 2018, Morrow 2010). CNV has been also 

implicated in a wide variety of tumorigenesis (Shlien and Malkin 2009). Studies of Y-

linked genes have found many CNV that relates to male fertility. However, it is difficult to 

elucidate the effect of Y linked gene CN due to species differences and the unavailability 

of the full Y chromosome sequences (Zimin et al. 2009). 

In various species, population and individuals TSPY show CNV. In mouse, there 

is an inactive copy, whereas rats have one functional copy (Mazeyrat and Mitchell 1998). 

In porcine, although TSPY is a multicopy gene having three copies that are located on the 

short arm of the Y chromosome, there are not copy number variants (Quach et al. 2015). 

Cattle are estimated to have between 50 to 200 copies of the TSPY gene with copy number 

variation both within and among breeds (Hamilton et al. 2009). The TSPY copy number 

on the human Y chromosome varies from 23 to 64 (Repping et al. 2006). In humans, it has 

been reported that a decrease in TSPY copy number is linked to prostate cancer and an 

increased number of copies have been linked to human male infertility (Vodicka et al. 2007). 
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Homologous with human TSPY, the bovine TSPY is estimated to be a 2.8kb gene 

unit comprising 924bp major prototypic coding sequence with 10% polymorphism (Manz 

et al. 1993, Schnieders et al. 1996, Vogel and Schmidtke 1998) However, it is reported that 

the differences in coding and promoter regions of functional TSPY members are less than 

1% (Vogel and Schmidtke 1998). An interesting feature of the TSPY gene is that it has 

relatively wide transcript heterogeneity. There are three different transcripts found where 

two functional transcript variants are produced by alternative splicing at the intron 4 site 

and two transcripts caused by cryptic splicing in donor/acceptor sites within exon 1(Vogel 

and Schmidtke 1998, Krick et al. 2003). 

Since TSPY has a role in male reproduction, identifying the TSPY copy number 

variation may be an indicator for diagnosing the male infertility problems. There is no 

doubt that the TSPY gene is involved in male reproduction, but its overexpression is 

contributed in human prostate carcinogenesis and showed signs of bone metastasis. 

Moreover, overexpression of TSPY affects 332 genes, which regulate cellular 

differentiation, apoptosis, cell cycle, detoxification and adhesion that are altered by 1.5 to 

90 folds (Oram et al. 2006). However, it is not clear whether its’ overexpression is related 

to the higher/lower copy numbers. Current knowledge of the mechanism of TSPY action 

is still not clear, but the expression in germ cell, during the spermatogenesis, various of 

germ cell tumors and from cancer from somatic origins suggests that it is highly involved 

with the proliferation and cell cycle regulation, particularly in the G2/M phase transition 

(Li et al. 2007). 

 



 

 

31 

 

TSPY and fertility 

The first research on TSPY in bovine was published in 1993, which showed 

bovine genomic TSPY was a homologue human TSPY gene (Jakubiczka, Schnieders and 

Schmidtke 1993). In the past 10 years, several studies have been conducted to determine 

the function and mechanism of TSPY as well as TSPY CNV in bulls. Particularly, TSPY 

CNV was observed in 14 different breeds of Bos Taurus bulls (Hamilton et al. 2009). 

Interestingly, within the 14 different breeds, the average range of TSPY CNV was almost 

of 100 copies. Furthermore, TSPY CNV was also observed in the individual bulls from the 

same breed, Holstein bulls (Hamilton et al. 2012b). The number of TSPY copies correlates 

with fertility. Specifically, higher TSPY CN was found in higher fertile bulls that were 

determined based on on-farm breeding records. 

There are many controversial studies of TSPY affecting the fertility or semen 

quality. Higher TSPY CN has been shown to correlate with bull’s fertility (Hamilton et al. 

2012b). Higher TSPY CN was shown in bulls that produce superior quality semen 

(Mukherjee et al. 2015). In contrast, TSPY CN or mRNA show no correlation with semen 

parameters (Hamilton et al. 2012b). It is certain that TSPY is involved in male reproduction 

and fertility, but as there are limited studies on TSPY, particularly in the bovine species, 

the underlying basis for the correlation of TSPY CN and male reproduction and fertility 

still needs to be further elucidated. Nonetheless, the copy number of TSPY may be an 

important determinant to predict fertility, thus facilitating a better selection of bulls for 

semen collection. 
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TSPY CN was determined in various somatic tissues from the Holstein bull, 

which showed extensive divergence and alteration of the TSPY CN in different tissues from 

the same bull (Oluwole et al. 2016). Also, TSPY CNV was observed in different tissues 

and among different bulls. Importantly, from the total TSPY CN, 57% was the result of de 

novo somatic events. This study has provided evidence that TSPY shows de novo synthesis 

also in somatic tissues. 

Generally, it is thought that sex-specific gene expression is influenced by sex 

hormones (Peterson et al. 2013, Gillies and McArthur 2010). However, it is known that 

before the hormonal influence, sex-specific genes are expressed as early as in pre-

implantation embryo development, which results in primary sex dimorphism. In a previous 

study, TSPY was shown to be expressed in in vitro bovine blastocysts (Caudle 2013). 

 

TSPY and THRs 

In the present study, we investigated the Y chromosome specific gene TSPY and 

the autosomal gene THRs as they have been shown to be involved in male fertility, function 

in testis and spermatogenesis. 

First, TSPY promotes cell proliferation and differentiation which links with 

spermatogenesis. TSPY is found in cyclin, proto-oncogenes and heat shock pathways. It is 

a member of the SET/NAP protein family that assembles chromatin during the cell division 

but also regulates transcription. Also, TSPY has been shown to interact with transcriptional 

coactivators and/or corepressors. Specifically, TSPY enhances the phosphorylation activity 

of cyclin B1-cyklin-dependent kinase 1 (CDK1) on histone H1 to accelerate the G2/M 
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phase transition. Also, TSPY interacts with eukaryotic translation elongation factor 1A 

(eEFA1A) that activates growth-related cellular function by acting as a coactivator to 

regulate the androgen receptor-target genes (Li et al. 2017, Panwar, Rawal and Ali 2015). 

TSPY binds to the androgen receptor or its variants on the conserved SET/NAP domain. 

Formation of TSPY-eEF1A1 complex results in germ cell development and 

spermatogenesis (Panwar et al. 2015). Furthermore, interaction of TSPY with TSPY-lik3 5 

(TSPYL5) enhances the competitive binding of ubiquitin-specific peptidase 7 (USP7) in 

conjunction with p53. This results in suppressing USP7 that lowers p53 levels, which 

inhibit cell arrest, re-promoting cell proliferation (Shen et al. 2018). 

Secondly, THRs are known to exert their role by binding to it ligand, thyroid 

hormone. Studies of thyroid and testis in the past decades have shown that different levels 

or status of thyroid hormones affect the testis. In testis, THs bind to THRs that are located 

in the nucleus of Sertoli and Leydig cells, both involved in spermatogenesis (Sharpe et al. 

2003). Formation of THs-THRs hormone-receptor complex activates gene transcription 

and protein synthesis. In absence of THs, THRs are heterodimers with retinoid X receptor 

(RXR) which exerts active repression through interactions with the corepressors that 

associate with histone deacetylase (HDACs) (Watson et al., 2012). Coactivator complexes 

contain proteins with enzymatic functions that include histone acetyltransferases that 

release the chromatin structure and facilitate the activation of the target genes. Moreover, 

THRs levels were shown to be altered during spermatids formation (Smith and Walker 

2014). Disruption of the THs balance leads to alteration in the optimum standard of the 

function of the biosystem that includes the reproductive system as well. THRs are found in 
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biologic pathways including cyclin and heat shock. The direct connection of TSPY and 

THRs is not clearly elucidated, but they both show similar actions involved in several 

biological pathways, such as p53 signaling pathway Further investigations are needed to 

clarify the relationship between TSPY and THRs. 

 

Genomic variation detection 

Genomic variation occurs from the smallest single nucleotide to whole 

chromosome. These genomic variations can be detected and validated by various 

genotyping methods. For chromosome numeric abnormalities such as aneuploidy, 

chromosome rearrangements and translocation, karyotype is widely used. Specifically, 

karyotyping involves G-banding, which is a method of characterizing the banding pattern 

of the chromosome, where the process requires arrest at the metaphase of the cell cycle and 

digestion of the chromatin of the chromosome to achieve characteristic banding of the 

chromosome (Howe, Umrigar and Tsien 2014). However, to detect smaller scale of genetic 

variations, polymerase chain reaction (PCR) based method is commonly and widely used 

in most laboratories. Real time PCR (RT-PCR) is a useful method to quantify the amount 

of DNA or RNA molecules by relative/absolute quantification (Huggett et al. 2005). 

However, in cases such as: 1) concentration of the sample is less than 1ng/ul, 2) limited 

target gene present in the sample and 3) non-specific interest targets, RT-PCR is inefficient 

to use due to limited detection sensitivity. These issues brought to recent enhancement in 

PCR technology, known as digital droplet PCR (ddPCR). A distinct feature of ddPCR is 

the ability to amplify PCR products randomly distributed into over 20,000 generated 
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microscopic droplets, increasing the sensitivity and the accuracy of the measurements 

(Maheshwari et al. 2017).  
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RATIONALE, HYPOTHESES and OBJECTIVES 

 

Rationale 

The testis specific Y-encoded protein (TSPY) and the Thyroid Hormone 

Receptor (THR) genes are known for their function in male reproduction. TSPY and THR 

are expressed in both fetal and adult testis cells and both are highly conserved and known 

to play roles in male reproduction. While TSPY is known to be a multi-copy gene with the 

number of copies correlated with fertility (Hamilton et al., 2012) and semen quality 

(Mukherjee et al. 2015, Hamilton et al. 2009), little is known concerning the impact on 

early embryo development which is a vital factor in fertility. Also, there is substantial 

evidence that copy number varies among brothers and changes with aging (Oluwole et al. 

2017), however, the situation in the early embryo has only been superficially examined 

(Hamilton et al., 2012, Caudal et al., 2013).Thyroid hormone receptors (THRα and THRβ) 

mediate the action of THs and play an important role in development by regulating growth 

and differentiation. Previous studies from our laboratory have shown that supplementation 

with THs during the in vitro culture resulted in differential expression of over thousands of 

genes involved in DNA repair, metabolism, differentiation and development and altered 

the sex ratio among IVP embryos (Ashkar et al. 2015). Moreover, de novo THRs 

transcription was detected as early as the 2-cell stage of embryo development and 

knockdown resulted in dramatic failure in development (Rho et al. 2018). 

In male, both TSPY and THRs have been shown to involve in male fertility and 

expressed during the bovine early embryo development. Unfortunately, no studies have 
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shown whether TSPY and THRs have common or similar genetic mechanisms or pathways. 

In addition, sex dimorphic gene expression and its role during the bovine early embryo 

development is not well known. Therefore, the aim of the work reported in this thesis was 

to evaluate the roles of TSPY and THR in bovine embryos to further our understanding of 

early embryo development, embryo survival and fertility. The overarching hypothesis for 

this thesis is that TSPY and THRs exhibit a sexually dimorphic expression in in vitro 

bovine embryos and are important for early embryo development. 

 

Hypotheses 

The specific hypotheses are as follows: 

1. TSPY copy number varies among brother embryos and correlates with 

expression level and development. 

2. TSPY expression is critical in male early embryo development. 

3. THRs are differentially expressed in a sex-dependent manner in bovine early 

embryos. 

4. THRs expression is critical in early embryo development. 

 

Objectives 

To test these hypotheses, the following objectives were addressed: 

1. Determine the developmental parameters of early embryos produced from 

sex sorted semen. 
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2. Investigate TSPY CN, mRNA and protein in early embryos produced from 

sex sorted semen. 

3. Investigate TSPY CN, mRNA and protein in sex sorted sperm. 

4. Investigate TSPY function in early embryos. 

5. Investigate differential expression of THRs in male and female early embryos. 

6. Determine whether TSPY mRNA knock down alters THRs mRNA in early 

embryo development.  
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MATERIALS AND METHODS 

 

Experimental design 

To investigate the sex related effects of THR and TSPY on early embryo 

development, sex sorted semen (X-bearing, Y-bearing) from 3 different bulls (bull 1, 2, 3) 

was used to produce embryos of predetermined sex (Table 2). Non-sexed sorted sperm was 

used as the control group for standard in vitro developmental parameters. Embryos were 

cultured in vitro, and development was assessed by the percentage of cleavage and 

formation of blastocyst. TSPY CN was analyzed, TSPY and THRs mRNA was quantified 

and knocked down. Finally, TSPY and THRs proteins were localized and quantified. 

 

Table 2. Groups of embryos produced from unsorted and sex sorted semen from 
different bulls semen. 

Groups Semen used Embryo sex 
Control Normal non-sexed semen Assorted male and female 

1X X-bearing bull 1 semen Female 
2X X-bearing bull 2 semen Female 
3X X-bearing bull 3 semen Female 
1Y Y-bearing bull 1 semen Male 
2Y Y-bearing bull 2 semen Male 
3Y Y-bearing bull 3 semen Male 
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In vitro embryo production 

 

Oocyte collection and in vitro maturation (IVM) 

Domestic cattle ovaries (Bos Taurus) were obtained from the local 

slaughterhouse (Cargill, Meat Solutions, Guelph, Ontario, Canada) and kept in 33-37°C 

phosphate buffered saline (PBS) solution during the collection and transport to the 

laboratory. Ovarian follicular fluid within 3 to 6 mm follicles that consisted of cumulus 

oocyte complexes was aspirated using an 18-gauge needle and collected into a 15ml suction 

pump attached vacutainer. Follicular fluid (FF) containing oocytes was poured into Petri 

dishes with the addition of collection medium (Hams F10) to search and collect the 

cumulus-oocyte complexes (COCs) under the 40X magnification using Leica inverted 

microscope. COCs that showed compact and non-atretic cumulus structures were selected 

for further in vitro maturation (IVM). First, COCs were washed twice in IVM media 

composed of TCM 199 with 25mM HEPES, 400 µl FBS, 1 µg/ml luteinizing hormone 

(LH), 0.5µg/ml Follicle-stimulating hormone (FSH) (Bioniche, Belleville, ON) and 

1µg/ml estradiol (E2) (Veterinary Chiron, Guelph, ON). COC’s were then transferred into 

80µl IVM media micro drops that are covered with mineral oil Oocytes were incubated at 

38.5°C with 5% CO2 for 20-24 hours for maturation. A total number of 4,567 oocytes were 

used to produced bovine early embryos that were further subjected to each corresponding 

experimental analysis. 
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In vitro fertilization (IVF) optimization 

In the present study, standard IVF protocol was not suitable for sex-sorted semen 

which did not meet the standard in vitro embryo developmental rates. Thus, the IVF 

protocol was modified to meet the standard in vitro embryo development criteria 

(Appendix 1). First, cryopreserved sperm was prepared by Percoll gradient (Machado et al. 

2009) and IVF media was modified with additional supplementation of heparin and 

caffeine which are described below (See media optimization, Appendix 1). 

 

Sperm preparation 

Before the in vitro fertilization (IVF), sex sorted cryopreserved sperm from 3 

different bulls (1X, 1Y, 2X, 2Y, 3X, 3Y) and un-sorted control sperm (Semex, Guelph, ON, 

Canada), underwent Percoll gradient separation to separate dead and live motile sperm. 

Briefly, using a 1.5ml Eppendorf tube 90% Percoll solution was placed on the bottom and 

45% Percoll solution on the top and left at room temperature to equilibrate for at least an 

hour. The cryopreserved sperm was thawed in 35-37°C water bath and layered on top of 

the Percoll gradient and centrifuged for 7 min at 800G. Supernatant was discarded and 

remaining precipitate that contained live motile sperm was transferred into fresh Sperm-

TALP (10 ml) medium and centrifuged under the low 800G for 7 min. The supernatant was 

removed and IVF TALP with sperm suspension was adjusted to concentration of 106 

sperm/ml. A hemocytometer was used to assess sperm concentration. For TSPY CN and 

mRNA transcripts analysis, 5 biological replicates of pools of 50 sperm from each group 

were washed in PBS/PVA 2X and snap-frozen in liquid nitrogen for further use. 
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In vitro fertilization (IVF) 

After 20-24 hours of maturation, COCs were washed twice in Sperm HEPES 

TALP containing bovine serum albumin (BSA) and twice in IVF TALP containing BSA. 

Washed mature oocytes were divided into two groups for IVF, in standard IVF medium or 

modified IVF medium (see media optimization, appendix 1). For standard IVF medium 

group, 15 oocytes were transferred into 50ul drops of IVF TALP medium. For the modified 

IVF medium group, 15 oocytes were transferred into 50ul of IVF TALP with 

supplementation of 1.94mg caffeine/ml and 10ug/ml heparin. Both groups were covered 

with mineral oil (Paisley Products, Scarborough, ON, Canada), prior to IVF. Sperm 

prepared by Percoll gradient was adjusted to 106 sperm/ml concentration and 10-15ul was 

spread into each standard or modified IVF micro drops and incubated at 38.5°C with 5% 

CO2 for 18hours. Total number of matured oocytes following IVF using un-sorted and sex 

sorted semen from different bulls were subjected to; un-sorted control (n=179), 1X (n=356), 

1Y (n=416), 2X (n=298), 2Y (n=460), 3X (n=314) and 3Y (n=534) with total of 5 

biological replicates.  

 

In vitro culture (IVC) 

After 18 hours of fertilization, presumptive zygotes were removed from the IVF 

drops and vortexed for 1 min to remove the cumulus cells, and then washed once in Sperm-

TALP and three times in in vitro culture (IVC) medium, prior to transferring the zygotes to 

the IVC micro drops. The IVC medium was composed of the following; 10ml synthetic 
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oviduct fluids (SOF) (BSS0460, Chemicon-Millipore, Billerica, MA), 50µl sodium 

pyruvate (P4562-5G, Invitrogen, Burlington, ON), 200µl non-essential amino acids 100x 

(11140050, Invitrogen), 100µl essential amino acids (11130051, Invitrogen), 5µl 

gentamycine (G-1397, Invitrogen), 560µl EFAF BSA 15% in SOF (A-88096-5G, Sigma-

Aldrich, Oakville, ON) and 200µl bovine steer serum (B15008, PAA Lab formerly Cansera, 

Rexdale, ON). Thirty denuded presumptive zygotes were placed in 30 µl of IVC media 

micro droplets under mineral oil for further development under 38.5°C in 5% CO2, 5% O2 

and 90% N2. Embryos were evaluated for cleavage and blastocyst rate at day 2 and day 8 

of post fertilization, respectively. During the embryo development, morphologically 

healthy-looking embryos within the standard embryo development time frame were 

collected at specific cell stages and snap-frozen in liquid nitrogen for further experimental 

use (Table 3). 

Embryo developmental parameters were assessed on day 2 post insemination 

(Table 3) by the number of cleaved embryos at 2-cell stage out of the total number of 

oocytes that underwent IVF. Percentage of blastocyst were assessed on day 8 post 

insemination (Table 3) by the number of developed blastocysts over the number of cleaved 

embryos that were counted on day 2 post insemination. 
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Table 3. Time frame of in vitro bovine embryo development. 
Embryonic cell stages Hours post insemination (hpi) 

2-cell 24-36 
4-cell 36-48 
8-cell 48-64 
16-cell 63-82 

Blastocyst 142~190 
 
 

Microinjection 

Microinjection was performed, as previously reported (Rho et al. 2017), between 

16-18 hours post insemination (hpi) at the zygote stage, before transferring the zygotes to 

in vitro culture (IVC) media drops. Zygotes were placed into 1.5ml of HEPES TALP for 

removing excess sperm and granulose cells by 90 sec vortex and washed twice in Sperm-

TALP. Embryos were divided into 3 groups depending on microinjection of target siRNAs: 

Non-injected control group (Con) and Invitrogen custom designed scrambled siRNA 

(Scram) and TSPY siRNA (TSPY KD) injection groups shown in table 4. Custom designed 

siRNAs are shown in table 5. The image of the microinjection procedure is shown in figure 

5. Briefly, 30~50 zygotes were placed in a straight-line droplet [20ul of HEPES TALP 

under mineral oil on 35 mm cell culture dish lid (Nunc; Roskilde Life Technologies)] for 

microinjection, which was performed on an inverted microscope (Leica DMIRE2) at 60x 

magnification using Nikon objective lenses. 

Micromanipulation was achieved by Eppendorf (Hamburg, Germany) 

manipulator, which was controlled by TransferMan NK2 for X, Y and Z axis movement 

for both holding and injection arms. Using Eppendorf micro-loader, 2ul of siRNA were 

loaded into Sterile injection capillary (Femtotip II; Eppendorf) and placed onto the 
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injecting arm of the manipulator that is connected to Femtojet which controls injection 

pressure. Zygotes were held in place by a holding pipette [Handmade by using Brosilicate 

Glass capillary tubes with outer diameter of (OD) 1.0 mm, inner diameter (ID) of 0.75mm 

with 15cm length, pulled by Sutter Micropipette puller P-97 (Sutter Instrument Co. Novato, 

California) with; P=50, 1/Heat=550, Pull=100, Vel=30, Del=10] that is controlled by a 

CellTram Air manual piston pump. The injection was performed at 150 hpa of injection 

pressure, 15hpa of compensation pressure, and 0.2 sec injection duration which calculates 

the volume of 15pl of siRNA injected into the zygotes (Choi et al. 2009, O’meara et al. 

2011). The injection was confirmed by visualization of fluorescence in the cytoplasm of 

the injected zygote. Injected zygotes were washed in 1X HEPES and 2X in IVC medium 

while selecting only the viable zygotes which were transferred into 30 µL IVC medium 

drops under the mineral oil for culture. 

For no-injection control group, percentage of cleavage was assessed on day 2 

post insemination (Table 3) by the number of cleaved embryos over the total number of 

oocytes that underwent IVF. For Microinjected groups, percentage of cleavage were 

calculated by cleaved embryos from the total number of survived embryos after 

microinjection procedures. Percentage of blastocyst were assessed on day 8 post 

insemination (Table 3) by the number of developed blastocysts from the number of cleaved 

embryos that were counted on day 2 post insemination. For each female embryo groups 

(1X, 2X, 3X), total number of each 150 oocytes were subjected to the no-injection control 

group (Con), scramble siRNA injection group (Scram) and TSPY siRNA injection group 

(TSPY KD) with 5 biological replicates. For each male embryo groups (1Y, 2Y, 3Y), a total 
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number of each 180, 450 and 750 oocytes were subjected to the Con, Scram and TSPY KD 

groups respectively with 5 biological replicates. 

 

Table 4. Knockdown groups in embryos produced from sex sorted semen from 
different bulls. 

Treatments Bulls semen Groups 

No injection 
(NI) 

Bull 1 
1(X) 
1(Y) 

Bull 2 
2(X) 
2(Y) 

Bull 3 
3(X) 
3(Y) 

Scramble siRNA 
injection 
(Scram) 

Bull 1 
1(X) 
1(Y) 

Bull 2 
2(X) 
2(Y) 

Bull 3 
3(X) 
3(Y) 

TSPY siRNA 
injection 

(TSPY KD) 

Bull 1 
1(X) 
1(Y) 

Bull 2 
2(X) 
2(Y) 

Bull 3 
3(X) 
3(Y) 
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Figure 5. Image of microinjection process. 
Microinjection procedure showing holding pipette on left and injection pipette on the right. 
Scale bar = 100 um. 

 

  

100 um 

100 um 
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Table 5. List of sequence specific siRNA used for microinjection. 

siRNA Sequence (5’-3’) 
Primer 
length 

5’ mod 3’ mod Genbank 

Scramble 
F-GGGCAUUUGGACUUCUCAU 
R-AUGAGAAGUCCAAAUGCCC 

21 
21 

Flu 
Flu 

- 
- 

NM_001244608.1 

TSPY 
F-GGGCUUACGUUCAGUUCAU 
R-AUGAACUGAACGUAAGCCC 

21 
21 

Flu 
Flu 

- 
- 

NM_001244608.1 
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Bovine fetal fibroblast cell culture 

Fetal fibroblasts were used to assess the specificity and efficacy of TSPY (Santa 

Cruz biotechnology) and α-tubulin (Abcam®) antibodies by Western blotting for further 

immunocytochemistry use. Primary fibroblast cells were obtained by using standard cell 

culture protocol. In all, 3 male and 1 female bovine fetus were obtained from the local 

slaughterhouse (Cargill, Guelph ON) that are approximately in the third month (60 to 90 

days) of gestation, with a crown-rump measurement of 14cm were used for fibroblast cell 

culture as shown in figure 6. Dissected fetus skin cells were cut into 0.1cm in diameter and 

washed in PBS/PVA and place in on the 35 Ø Nunc dish. Dissected fetus skin fibroblasts 

were cultured in the cell culture media composed with DMEM/F12 with penstrep and 10% 

bovine FBS under incubation at 38.5⁰ in 5% CO₂ for 3 days. After 3 days, or if showing 

70% confluency, cells were treated with trypsin for 5min to detach cells. Trypsin was 

deactivated by adding 1ml of DMEM/F12+10% bovine FBS. Then according to “Useful 

numbers for cell culture” guidelines (ThermalFisher Gibco-Cell culture basics), which 

shows the information on surface area and volumes of dissociation solutions for different 

size of the culture dishes or flasks, cells were counted using hematocytometer and seeded 

to new culture flask. At each passage, 50,000 cells/tube were collected into 1.5ml 

Eppendorf tube and snap-frozen in liquid nitrogen and stored in -80oC for further use. 
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Figure 6. Bovine fetus used for tissue dissection for cell culture. 
The fetus measured 14cm from crown to rump. 
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DNA extraction and digestion 

 

Embryo DNA extraction 

For TSPY CN analysis, DNA extraction of individually collected snap-frozen 

embryos at different cell stages was performed using ForensicGEM TM Universal (ZyGem 

NZ Ltd) DNA extraction kit, which uses thermophilic and mesophilic enzymes. 

Manufacturer’s guidelines were modified for the minute amount of sample from each 

embryo. Briefly, snap-frozen embryos were thawed in ice and forensicGEM universal 

mixture (1ul of 10X buffer, 0.1ul forensicGEM and 1ul of HISTOSOLV) was added and 

incubated in a thermal cycler at 52°C for 5 min (cell wall degradation), 75°C for 5 min 

(activation of proteinase for cell lyses) and 95°C for 3 min (deactivation of proteinase). 

Extracted DNA was stored in -20oC. A total of 30 biological replicates from each different 

developmental stages (2-, 4-, 8- cells and blastocyst) from female (1X, 2X, 3X) and male 

(1Y, 2Y, 3Y) embryo groups underwent DNA extraction. 

 

Sperm DNA extraction 

Similarly, semen DNA extraction was performed using forensicGEM TM 

Sexcrime (ZyGEM NZ Ltd) DNA extraction kit. Briefly, cryopreserved semen straw was 

thawed under 37°C water bath and subjected to Percol gradient to acquire live motile 

sperms and diluted to 50 sperm/ul using hematocytometer. In a PCR tube, 1ul of sperm 

dilution (approximately 50 sperm) was added to forensicGEM TM Sexcrime mixture (1ul 

buffer, 0.2ul forensicGEM, 1ul ACROSOLV and DNA-free water to 10ul) and incubated 
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using a thermal cycler programmed for 52°C for 5 min, 75°C for 3 min and 95°C for 3 min. 

Extracted DNA solution was stored in the -20°C until further use. Total of 5 biological 

replicates of pools of 50 sperm from each X- and Y- bearing sperm from different bulls 

(bull 1, 2 and 3) underwent DNA extraction. 

 

Somatic cell DNA extraction 

Testis, ovary and bovine fetal (female and male) fibroblast cells underwent DNA 

extraction procedure using ForensicGEM TM Universal (ZyGem NZ Ltd) DNA extraction 

kit as described in the embryo section. Manufacturer’s guidelines were followed. 

ForensicGEM universal mixture (79ul DNA-free water, 10ul of 10X buffer, 1ul 

forensicGEM and 10ul of HISTOSOLV) was added to 2 mm3 tissue or 50,000 cells and 

incubated in a thermal cycler at 52°C for 5 min (cell wall degradation), 75°C for 5 min 

(activation of proteinase for cell lyses) and 95°C for 3 min (deactivation of proteinase). 

Extracted DNA was stored at -20oC. Extracted DNA were examined for 260/280 ratio and 

value between 1.8 and 2.0 were only selected for further DNA analysis. Total of 5 

biological replicates from testis, ovary and different passages of bovine fetal (male and 

female) fibroblast cells underwent DNA extraction. 

 

DNA digestion 

Prior to analysis for TSPY using digital droplet PCR (ddPCR), genomic DNA 

was digested using restriction enzyme in order to cut out single TSPY repeats from a 

tandem repeat. As for the single repeat control, single allele, sex determining region (SRY) 
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was used. Based on the gene sequences of both TSPY and SRY, BsoBI DNA digestion 

enzyme (New England BioLabs ® inc.) was selected which does not digest TSPY and SRY 

sequences. DNA digestion using BsoBI was conducted according to manufacturer’s 

specifications. Briefly, in a total reaction volume of 50ul, 1ul of restriction enzyme was 

used on 1ug DNA and incubated at 37°C for 10 min and immediately added to either probe-

based multiplex or singleplex master mix in accordance to intended experiment for digital 

droplet PCR (ddPCR). Total number of 5 biological replicates of DNA samples from 

embryo, sperm and tissues underwent DNA digestions. 

 

RNA extraction and reverse transcription 

 

Embryo 

Individually collected snap-frozen sex-specific embryos at specific 

developmental stages (Table 2) underwent RNA extraction using RNeasy®Plus Micro Kit 

(Qiagen) following the manufacturer’s guidelines. Briefly, 350ul buffer RLT Plus was 

added, vortexed for 30 sec and transferred to the gDNA Eliminator spin column then 

centrifuge for 30s at 8000Xg. 70% ethanol was added to the flow-through and transferred 

to RNeasy MinElute spin column then centrifuged for 15 sec at 8000Xg. 80% ethanol was 

added to the RNeasy MinElute spin column, centrifuged for 2 min at 8000Xg. Finally, 17ul 

of RNase-free water was added to the RNeasy MinElute spin column with 1.5ml collection 

tube attached and centrifuged at full speed 1min to elute RNA. Isolated RNA was 

immediately reverse transcribed to cDNA by adding 4ul of qScript cDNA Supermix 
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(Quantabio biosciences TM) with thermal incubation at 25°C for 5min, 42°C for 30 min, 

85°C for 5 min and finally 4°C. Reverse transcribed cDNA samples were stored at -20°C 

until further analysis. Total of 10 biological replicates of individual embryos and 5 

biological replicates of pools of 10 embryos from different developmental stages (2-, 4-, 

8- cells and blastocyst) of embryos from female (1X, 2X, 3X) and male (1Y, 2Y, 3Y) groups 

underwent RNA extraction. 

 

Sperm 

Pools of 50 sperm from each sex-sorted semen group from different bull groups 

underwent RNA extraction as described in the embryo RNA extraction protocol above. 

However, before undergoing RNA extraction, sperm suspension was treated with TRIZOL 

at 37°C. Total of 5 pools of 50 sperm from sex sorted semen from different bulls underwent 

RNA extraction.  

 

Somatic cell 

Collected somatic cells at different passages underwent RNA extraction using 

RNeasy®Plus Micro Kit (Qiagen) as described above. Three biological replicates from 

testis, ovary and bovine fetal fibroblasts cells from different cell passages underwent RNA 

extraction. 
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Embryo sexing 

Embryos produced from un-sorted semen that underwent microinjection 

procedure was further analyzed to determine sex ratio. Embryo sexing were performed by 

following protocol described by Hamilton et al., (2012). Briefly, blastocysts were collected 

on day 8 (Table 2) and transferred into 0.2% pronase solution (Sigma-Aldrich, St. Louise, 

Missouri) for up to 2 min until zona pellucidae dissolves. This process removes the residual 

sperm. Then, washed 3 times in PBS/PVA and snap-frozen in liquid nitrogen to store at -

80°C until use. Each thawed blastocyst was supplemented with lysis solution containing 

proteinase K. Lysis protocol is followed by 1hr at 37°C, 15 min at 95°C and final holding 

at 4°C using a thermal cycler (MJ Research PTC-200; Bio-Rad Laboratories, Herculues, 

CA, USA). Half of the lysed product was used to amplify TSPY and the other half was 

used to amplify GAPDH as a DNA positive control, which is listed in table 6. Amplification 

of these target genes were performed by following qPCR protocol using Bio-Rad CFX 

Manager 3.1; denaturation (95°C for 10 sec), annealing (65°C for 10), elongation (72°C 

for 10 sec) and acquisition (72°C for 10 sec). Embryo sexing was performed on blastocyst 

produced from unsorted semen. Total number of 17, 16 and 11 blastocysts from no-

injection control (NI), scramble siRNA injection (Scram) and TSPY siRNA injection 

(TSPY KD) were evaluated respectively. 
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Table 6. Primer used for sexing analysis. 
Gene Sequences (5’-3’) bps Genbank References 

GAPDH 
F-TTCCTGGTACGACAATGAATTTG 
R-GGAGATGGGGCAGGACTC 

153 NM_001034034 Hamilton et al., 2012 

TSPY 
F-TGCTTCGAGGAAGACATCG 
R-CCTCCTCTGATGGTTCTTGC 

210 X74028.1 Hamilton et al., 2012 
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Digital droplet PCR (ddPCR) 

Digital droplet PCR (ddPCR) was used to determine TSPY copy number (CN). 

Briefly, ddPCR quantifies the target DNA and background DNA from the partition of the 

reaction mixes that are randomly distributed into over 20,000 aqueous droplets generated 

using QX200 droplet generator (Bio-Rad). For TSPY CN analysis, Multiplex ddPCR was 

performed using TSPY and SRY primers and corresponding TaqMan probes. Primers and 

probes with internal ZEN quencher were custom designed and verified from the IDT® 

(Integrated DNA Technologies, Coralville, IA), which are listed in table 6. Upon discussion 

with a technician from Bio-Rad and IDT, reaction mix and thermal cycle PCR protocol was 

modified. Briefly, a total of 22ul reaction mix underwent ddPCR, which was composed of: 

6ul of digested DNA sample, 10ul ddPCR supermix for probes (no dUTP), 1.8ul target F/R 

primer, 0.5ul target probe, 1.8ul reference F/R primer, 0.05ul reference probe and 1.85 H2O. 

Final concentration for each primers and probes were 900nM and 250nm respectively. 

Reaction mixture underwent droplet generation and followed by 2 step thermal cycle 

reaction: 95-10 min, 45 cycles of (94˚C-30 sec, 60˚C-60sec), 98˚C-10min and 4˚C using 

Bio-Rad C1000. Ramp rate was set to 2˚C at all steps. PCR plate was then transferred to 

QX100 Droplet Reader (Bio-Rad) to analyze the absolute TSPY CN. 

Gene expression analysis was performed using singleplex PCR for TSPY 

expression analysis using TSPY and YWHAZ as reference gene as listed in Table 8. In 22ul 

total reaction volume, 5ul cDNA samples, 11ul 2X Q200 ddPCR EvaGreen Supermix, 

1.1ul F/R primers (final concentration 250nm) and 4.9ul H2O were added to 96 well PCR 
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plate. Droplet generation, thermal cycle reaction protocol and droplet reading methods are 

the same as described above. 

TSPY CN was determined by absolute copies/ul with reference to SRY (single 

copy) gene. TSPY expression was determined by absolute copies/ul and reference gene 

YWHAZ was used as sample quality control. Total of 30 individual blastocyst DNA or 

cDNA samples from female (1X, 2X,3X) and male (1Y, 2Y, 3Y) were analyzed. For sperm, 

5 biological replicates of pools of 50 sperm DNA or cDNA samples from sex sorted semen 

from different bulls were evaluated. 

PCR reaction mix was partitioned into over 100000 of individual nano-droplets. 

These individually partitioned droplets undergo amplification using thermal-cycler and the 

end point of the reaction is inserted into digital droplet reader (Bio-Rad) to obtain the data. 

Due to independent readings of each nanodroplet, results are more precise for positive-

negative call detection of the molecules. 
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Table 7. List of primer and corresponding probe sequences for genomic DNA analysis. 
Gene Sequence (5’-3’) bps 5’ mod Int 3’ mod Genbank Reference 
TSPY 
Primer 

F-TGCTTCGAGGAAGACATCG 
R-CCTCCTCTGATGGTTCTTGC 

19 
20 

- 
- 

- 
- 

- 
- 

X74028.1 
Caudle 2012 

TSPY 
Probe 

ACGCAGGGC/ZEN/TTACGTTCAGTTCAT 24 
6-

FAMTM 
ZenTM 

Lowa 
Black® FQ 

X74028.1 

SRY 
Primer 

F-CCAATTAAGCCGGTCACAGT 
R-GCACAAAGTCCAGGCTC 

20 
20 

- 
- 

- 
- 

- 
- 

Z30327.1 
Caudle 2012 

SRY 
Probe 

TCGGCGGAC/ZEN/TTTCCCTGTAACAAA 24 HEXTM ZenTM 
Lowa 

Black® FQ 
Z30327.1 
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Real-time qPCR (RT-qPCR) 

The following genes were analyzed for expression in bovine embryos: TSPY, 

SRY, YWHAZ, PPIA, GAPDH, THRα and THRβ (Table 8). Control samples include testis 

and ovary, which negative expression of TSPY and SRY for the ovary indicates the Y-

linked primers were not amplifying the X-homologous genes. Based on GENorm analysis 

YWHAZ, PPIA and GAPDH were selected as reference genes (Supplementary data 2). 

The RT-qPCR was performed on BioRad CFX using SsoFastTM EvaGreen® 

Supermixes (Bio-Rad) with a total of 10 ul reaction volume; 2ul cDNA, 4ul 

SsoFastTMEvaGreen®Supermix, 2ul F/R primer and 2ul H2O, underwent following 

protocol; denaturation at 95° for 10 minutes, 50 cycles of denaturation at 95° for 10 seconds 

(20°C/sec), annealing at 66° for 10 seconds (20°C/sec) and elongation step at 72°C for 10 

seconds (2°C/sec). A melting curve analysis began at 72°C with measurements being taken 

every 0.1°C until 95°C. Reference genes quantification cycle (Cq) that are 35 or less were 

included in the study to ensure that relatively high level of RNA was isolated from the 

embryo. Five biological replicates of pools of 10 embryos from different developmental 

stages (2-, 4-, 8- cells and blastocyst) of embryos from female (1X, 2X, 3X) and male (1Y, 

2Y, 3Y) groups were evaluated. 

All RT-qPCR products were purified using PureLink PCR purification kit 

K3100-01 (Thermal Fisher Scientific) and sequenced to ensure primer specificity 

(University of Guelph Laboratory Services, Guelph, ON, Canada). 
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Table 8. Primer sequence for cDNA analysis. 
Gene Sequences (5’-3’) Product size (bp) Genbank accession No. References 

TSPY 
F-CCCAGAATCGAACAGGATTG 
R-TTGTCTCTCACGGACGAACC 

215 
 

NM_001244608.1 Hamilton et al., 2012 

SRY 
F-CCAATTAAGCCGGTCACAGT 
R-ACAAGAAAGTCCAGGCTC 

162 
NM_001014385.1 

 
Hamilton et al., 2012 

YWHAZ 
F- GCATCCCACAGACTATTTCC 
R-GCAAAGACAATGACAGACCA 

102 NM_174814.2 Sharma 2016 

PPIA 
F-TCTTGTCCATGGCAAATGCTG 
R-TTTCACCTTGCCAAAGTACCAC 

111 NM_178320.2 Sharma 2016 

GAPDH 
F-CAACGGCACAGTCAAGG 
R-ACATACTCAGCACCAGCATCAC 

119 NM 001034034 Rho et al., 2017 

THR-α 
F-GCAGTCCATAAACCCACATTTC  
R-CTGGCTGAACCTGTAAATATCG  

205 NM 001046329 Rho et al., 2017 

THR-β 
F-ATCTATGATCCTGCCAAACG  
R-TGACACAACACAGGGAAACTG  

200 XM 001255421 Rho et al., 2017 



 

 

62 

 

Immunohistochemistry 

 

Embryo 

TSPY protein was localized at different embryo stages. The procedure, as 

previously described (Rho et al. 2017) included embryo fixation, immunofluorescent 

staining (primary, secondary and Hoechst), mounting and imaging. Briefly, collected live 

embryos from IVC were washed three times in 0.3 % PBS/PVA and transferred to 4% 

Paraformaldehyde (PFA) for fixation at room temperature (RT) for 1hr than stored in 2% 

PFA at 4°C until fluorescent staining. Before immunofluorescent staining, embryos were 

blocked in the blocking solution (1XPBS + 0.01% Triton X100 + 5% NDS) for 1hr at RT 

than washed 3X in PBS/PVA and incubated with primary antibody (mouse anti-TSPY (H-

11); Santa Cruz, sc-137050) in antibody dilution buffer (1:200 = TSPY:1XPBS +0.005% 

Triton X100 + 0.05% NDS) overnight at 4°C sealed with parafilm in a wet chamber. 

Embryos were washed 3X in PBS/PVA for 10 minutes intervals in RT. From this step and 

forward, lighting was reduced. Embryos were transferred to secondary antibody dilution 

buffer (1:200 = goat-anti-Mouse: 1XPBS + 0.005% Triton X100 + 0.05% NDS) for 2hrs 

in 37°C in a wet chamber, then washed 1X in PBS/PVA followed by 30 min nucleus 

staining (1:2000 =Hoechest:1XPBS + 0.005% Triton X100 + 0.05% NDS) in 37°C in wet 

chamber. Finally, embryos were washed 3X in PBS/PVA for 10 min each and single 

embryos were transferred to 1ul of vector shield drop on the slide, then covered with cover 

slip and sealed with nail polish. Slides were stored at 4°C in a dark container until 

examination was conducted using confocal microscope.  
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Sperm 

Sperm was prepared using Percol gradient as described in the IVF protocol 

section, but additional washing was included using PBS and centrifugation at 2000RPM 

for 7 mis. Sperm precipitates were fixed with 4%PFA for 15min in RT and centrifuged at 

2000RPM for 7 min. The supernatant was discarded, and sperm precipitates were treated 

with permeabilization treatment (0.5% Triton-X100 in 0.1% sodium citrate) for 5 mins on 

ice and transferred to the slides for immunofluorescent staining process, which is described 

above in the embryo section of the immunocytochemistry protocol. 

 

Somatic cell 

Cultured testis cell and fetal skin fibroblast cells were washed 3X in 0.3% 

PBS/PVA and underwent fixation using 4% PFA for 1hr in RT. Before immunofluorescent 

staining, cells were blocked in the blocking solution (1XPBS + 0.01% Triton X100 + 5% 

NDS) for 1hr at RT than washed 3X in PBS/PVA. Further immunofluorescent protocol is 

described above in the embryo section of the immunocytochemistry protocol.  

 

Confocal imaging and fluorescent quantification 

Immunofluorescent stained embryos and sperm were visualized under the 

Olympus Fluoview Laser Scanning Confocal System on IX81 inverted microscope and 

capture the image under 40X and 60X magnification. The two channels selected for nucleus 

and TSPY protein detection, were Hoechst 33846 and Texas Red respectively. The HV 

laser intensity were adjusted below the threshold of 275 and 650 for Hoechst 33846 and 
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Texas Red respectively. Laser adjustments were not changed throughout the imaging. 

Captured images were saved as TIFF format and relative quantification of TSPY protein 

were obtained using image J software. Briefly, each image taken underwent 10 replicate 

measurements of the intensity of the TSPY fluorescent and the background using image J 

measurement tools. Each technical replicate measurements were calculated using 

Corrected Total Cell Fluorescence (CTCF) equation which is CTCF = Integrated density – 

(Area of selected cell X Mean Fluorescence of background readings). The intensity of the 

image is the average of the CTCF of 10 technical measurements. 

For embryos, a total of 15 biological replicates with 5 technical replicates were 

analyzed from female (1X, 2X, 3X) and male (1Y, 2Y, 3Y) embryo groups at different 

developmental stages (2-, 4-, 8- cells and blastocyst). For sperm, total of 100 biological 

replicates with 5 technical replicates were analyzed from sex sorted semen from different 

bulls (bull 1, 2, 3). Individual sperm were assessed for TSPY protein localization in 

different sperm regions as shown in figure 7.  

 

Figure 7. Schematic image of sperm that are assessed for TSPY protein localization. 
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Western blot 

Male and female fetal fibroblasts, testis, and ovary cells underwent protein 

quantification using western blot protocol. Briefly, 12% acrylamide separating gel and 5% 

of stacking gel was made and kept at 4˚C until use. Protein was extracted from the samples 

by adding 20ul of the mixture of RIPA buffer and protease inhibitor cocktail from BioRad. 

Samples underwent 4 repeated processes of; pulse vortex for 5 seconds and immediately 

snap-frozen in liquid nitrogen and re-thawed on the ice. Samples then were transferred to 

the sonication water bath and sonicate for 30min. After the sonication, samples were 

centrifuge at 12000 rpm at 4˚C for 10min and supernatant was collected for protein assay 

quantification. In order to determine the concentration of the protein extracted, Bradford 

assay was performed prior to western blot. Western blot was performed by placing the gel 

into the novex apparatus filled with running buffer and load molecular marker and samples 

(20ug of protein per sample). Gels were run at 125V for 1.5hr. When the gel finished 

running, wet transfer was performed for 1.5hr at 25V. The membrane was retrieved and 

washed three times in 1X TBST and incubated at 4˚C overnight in 1st antibody diluted 

buffer. The membrane was washed three times in 1X TBST and treated with 2nd antibody 

for 1hr before imaging. Three biological replicates with 5 technical replicates from protein 

extracted from testis, ovary and different passages of male and female fetal fibroblasts 

underwent western blot assay. 
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Statistics 

Cleavage and blastocyst rates were analyzed by the differences in cleavage and 

blastocyst formation against the embryos that did not cleave or develop into blastocyst by 

using Wilcoxon rank test and Fisher exact test in the Statistical Analysis System (SAS) 

program. Tukey’s multiple comparison test was also performed to evaluate the differences 

between the sex sorted bull groups in cleavage and blastocyst rates. TSPY CNV analysis 

in brother blastocysts were interpreted using Prism GraphPad software. The difference in 

the TSPY CN were compared among samples using one-way ANOVA. Tukey’s multiple 

comparison test was performed to evaluate differences between specific cell stages of 

specific bull or differences between the bulls at specific cell stages. 

TSPY expression and protein levels of the transcripts or protein levels in different 

developmental stages and among the bulls were analyzed with One-way analysis of 

variance (ANOVA). Tukey’s multiple comparison tests were also performed to evaluate 

differences between specific cell stages of specific bulls or the difference among bulls at 

specific cell stages using graph pad prism. Differences in expression levels between the 

bull 1, 2 and 3 at each cell stages were analyzed using unpaired student’s t-test (graph pad 

prism). Significant differences were considered as p<0.05. 

Knock down results affecting the sex ratio were statistically analyzed by linear 

regression analysis and correlation between blastocyst rates and sex ratio were done using 

simple linear regression (Prism GraphPad). Additionally, odds ratio was performed to 

determine whether the sex ratio in each treatment group differ significantly from the 
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expected 1:1 ratio (MedCalc statistic software). Significant differences were considered as 

p-value < 0.05. 

All values were expressed in ±SEM and significant differences were considered 

as p value <0.05.  
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RESULTS 

 

Embryo developmental parameters from unsorted and sex sorted semen from 

different bulls. 

In vitro embryo development parameters of oocytes fertilized by sex sorted 

semen from 3 different bulls and unsorted semen (control) from one bull are shown in table 

9 and figure 8. The percentage of cleavage among oocytes fertilized with control semen 

and Y-chromosome bearing sperm were not significantly different (table 9 and figure 8). 

However, the percentage of cleavage in oocytes fertilized with X-chromosome bearing 

sperm were significantly lower than control and Y-chromosome bearing fertilized groups 

(p<0.05). There were no significant differences among the X-bearing (1X, 2X, 3X) groups 

or among the Y-bearing (1Y, 2Y, 3Y) groups. Specifically, the average percentage of 

cleavage in combined X-bearing sperm groups, Y-bearing sperm groups and unsorted 

group were 60.1%, 79.8% and 80.4% respectively (Figure 8). 

The overall percentage of blastocyst among the embryos derived from the Y-

bearing sperm was almost double that of the X-bearing sperm groups, 29.2% vs 16.4% 

(figure 8). The X- bearing groups were not significantly different from each other but all 

were significantly lower than the control group and the Y-bearing groups. Two groups 

derived from the Y-bearing sperm were significantly (p<0.05) lower than the control group 

and one of the Y-bearing group (3Y). Morphology and cell number of blastocysts were 

examined. Blastocysts in all groups showed normal morphology and cell numbers were 
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within the normal range of 110-130 (table 9). There were no significant differences among 

the groups. 
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Table 9. Developmental parameters and total cell number from embryos produced from unsorted and sex sorted (X-bearing and 
Y-bearing) semen from bulls 1, 2 and 3. 

Groups 
Oocytes Cleavage Blastocysts Blastocyst cell number 

No. No. Percentage (%) No. Percentage (%) No. Mean ± SEM 

1X 356 210 58.9 a 36 10.1 a 15 115 .4± 15.1 

2X 298 182 61.0 a 30 10.0 a 15 121.1 ± 12.4 

3X 314 210 66.9 a 34 10.8 a 15 124.7 ± 9.3 

1Y 416 316 75.9 b 84 20.1 b 15 120.7 ± 14.0 

2Y 460 362 78.6 b 90 19.5 b 15 116.1 ± 10.5 

3Y 534 430 80.5 b 146 27.3 c 15 119.6 ± 7.4 

Control 179 144 80.4 b 50 27.9 c 15 122.3 ± 8.6 

Values in the same column with different superscripts above the numbers indicate significant differences (p<0.05). 
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(D)  
 
Figure 8. Early embryo developmental parameters from embryos produced from 
unsorted and sex sorted (X-bearing and Y-bearing) semen bulls 1, 2 and 3. 
Figure (A) represents the percentage of cleavage in each female (1X, 2X, 3X), male (1Y, 
2Y, 3Y) and control groups. Figure (B) represents the average of the percentage of cleavage 
from female, male and control groups. Figure (C) represents the percentage of the 
blastocyst in each female (1X, 2X, 3X), male (1Y, 2Y, 3Y) and control groups. Figure (D) 
represents the average of the percentage of female, male and control groups. Experiments 
were conducted in 10 biological replicates. The data is shown as mean ± SEM, different 
superscript above the columns indicate significant differences within each group (p<0.05). 
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Embryo TSPY CN 

TSPY CN was determined in 30 individually collected brother blastocysts from 

the 6 groups (1X, 2X, 3X, 1Y, 2Y, 3Y). TSPY CN was not detected in any female blastocyst 

or female blastocyst group (1X, 2X, 3X) but was present in all the male groups (1Y, 2Y, 

3Y) as shown in figure 9. In male groups, TSPY copy number variation (CNV) was present 

within the brother blastocysts which ranged between 20-75, 20-65 and 20-150 for 1Y, 2Y 

and 3Y groups respectively. The average TSPY CN of combined brother blastocyst in 1Y, 

2Y and 3Y groups which were 30.2, 33.0 and 82.3 respectively. Interestingly, group 3Y had 

significantly (p<0.05) higher average of TSPY CN than the other two male groups (1Y and 

2Y). 

 

Embryo TSPY mRNA expression 

Absolute TSPY transcript expression was determined at different embryonic 

developmental stages from embryos produced from each sex-sorted semen group. In 

female groups (1X, 2X, 3X), TSPY mRNA was not detected throughout the early embryo 

developmental stages. TSPY mRNA in male groups (1Y, 2Y, 3Y) at developmental stages 

from 2-, 4-, 8- cells and blastocysts are shown in figure 10. The TSPY expression pattern 

in all male embryo groups resembled an inverse logarithmic pattern. Specifically, between 

the 2-cell and 4-cell stage, there were no significant differences in all male groups. 

However, over 30 folds increase of TSPY expression was shown in the 8-cell compared to 

4-cell stage. From 8-cell to blastocyst, an increase of at least 2 folds was shown. 
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Comparison of TSPY expression levels between the 3 bulls at specific embryo 

stages; 2-, 4-, 8- cells and blastocyst, are shown in figure 11. Overall, TSPY expression in 

different embryo developmental stages from the different bulls show significantly higher 

in embryos from bull 3 group at all the embryo developmental stages.  

 

Embryo TSPY protein 

TSPY protein was localized and expression was quantified in male (1Y, 2Y, 3Y) 

and female (1X, 2X, 3X) groups at different developmental stages (2-, 4-, 8- cells and 

blastocyst). The negative controls were oocytes. A total of 15 embryos were examined for 

each sperm group. TSPY protein was not detected in any of the female groups (Figure 12a). 

In the male group, TSPY was only detected in the blastocyst. Specifically, TSPY was 

localized exclusively in the inner cell mass of male blastocyst as shown in figure 12. The 

TSPY protein expression level did not show significant differences between the male 

groups shown in figure 12.  
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(D)  
 
Figure 9. TSPY CNV in male brother blastocysts. 
Figures (A), (B) and (C) represents TSPY CN in brother blastocysts from bull 1, 2 and 3 
respectively. Figure (D) represent the average of TSPY CN from brother blastocysts. 
Experiments were conducted in 30 biological replicates. The data is represented as mean ± 
SEM, different superscript above the bars in each graph indicate significant differences 
(p<0.05). 
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(A)  

(B)  
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(C)  

 
Figure 10. TSPY transcripts during the embryo development stages produced from 
Y-bearing semen from different bull groups. 
Figures A, B and C represents TSPY mRNA transcripts at 2-, 4- 8- cells and blastocyst in 
male embryos produced from Y-bearing semen from bull 1, 2 and 3 respectively. 
Experiments were conducted in 30 biological replicates for each cell stage. TSPY was 
quantified by normalizing against the YWHAZ copies. The data is shown as mean ± SEM, 
different superscript above the columns in each graph indicate significant differences 
between the cell stages (p<0.05). 
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Figure 11. TSPY transcripts shown by individual cell stages in embryos produced 
from Y-bearing semen from 3 different bulls. 
TSPY mRNA transcripts at 2-, 4- 8- cells and blastocyst in different male embryo groups 
produced from Y-bearing semen from bull 1, 2 and 3. Experiments were conducted in 30 
biological replicates for each cell stage. TSPY was quantified by normalizing against the 
YWHAZ copies. The data is shown as mean ± SEM, different superscript above the 
columns in each graph indicate significant differences between the cell stages and among 
the embryo groups (p<0.05). 
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(A)   

(B)  
 
Figure 12. TSPY protein localization and expression in the blastocyst. 
Figure (A) represents TSPY protein localization in the oocyte, female blastocyst and male 
blastocyst from. Hoechst represents the nucleus in blue and TSPY represents TSPY protein 
in red and merged represent a combined image of both nuclear and TSPY protein staining. 
Figure (B) represents TSPY protein quantification from oocyte, female blastocyst and male 
blastocyst. Experiments were conducted in 15 biological replicates and 5 technical 
replicates. The data is shown as mean ± SEM.  
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Sperm TSPY CN 

Absolute TSPY CN was determined in pools of 50 sperms from sex sorted semen 

groups (X-bearing: 1X, 2X, 3X, and Y-bearing: 1Y, 2Y, 3Y). Five biological replicates of 

pools of 50 sperm with 2 technical replicates were performed for each semen sperm groups. 

None of the X-bearing semen group showed TSPY copies (data not shown). However, as 

shown in figure 13, the Y-bearing semen group showed TSPY CNV among the bull groups. 

Y-bearing sperm from bull 1, bull 2 and bull 3 showed TSPY CN of 20.4, 23.1 and 44.7 

respectively. No significant differences between bull 1 and bull 2 semen groups were 

observed. However, TSPY CN was significantly (p<0.05) higher in bull 3 semen than in 

bull 1 and 2. 

 

Sperm TSPY mRNA 

Absolute quantification of TSPY mRNA expression was determined in pools of 

50 sperm from sex sorted semen (X-bearing: 1X, 2X, 3X and Y-bearing: 1Y, 2Y, 3Y). Five 

biological replicates of pools of 50 sperm with 2 technical replicates were performed for 

each semen groups. The results show no TSPY expression in all X-bearing semen groups. 

However, as shown in figure 14, TSPY mRNA was present in all Y-bearing semen groups. 

In Y-bearing semen groups, bull 1 and bull 2 did not show significant differences, however, 

bull 3 showed significant (p<0.05) higher levels of TSPY mRNA compared to bull 1 and 

bull 2.  
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Sperm TSPY protein 

A total of 100 individual sex-sorted sperm from the 3 bulls were examined under 

a confocal microscope to determine the presence and the localization of TSPY protein in 

different regions of the sperm (Figure 7). Under the confocal microscope, the X-bearing 

sperm groups showed less TSPY protein than the Y-bearing sperm groups (Figure 15). At 

60X magnification, TSPY was observed in different regions of sperm which is shown in 

table 10 and figure 16. All Y-bearing sperm groups showed TSPY protein expression on 

the acrosome of 66.7% of the 300 sperm analyzed, in the equatorial region of 70%, in the 

centriole 69.3% and in the mid-piece of 93.3% of the sperm. This was significantly higher 

than observed in the X-bearing sperm groups that showed an average of 5.3% for acrosome, 

12.6 % for the equatorial region, 14.6% for centriole and 70% for mid-piece. The 

differences of the average of TSPY protein content in each part of sperm between the X- 

and Y- bearing sperm were 61.4 % (acrosome), 57.4 % (equatorial segment), 54.7% 

(centriole) and 23.3% (mid-piece), respectively. 

Quantification of overall TSPY protein expression is shown in figure 17. Sex 

sorted sperm from the same bulls showed a significant difference between the X- and Y-

bearing sperm. Moreover, in between the X-bearing groups, bull 3 showed significantly 

higher TSPY protein than in bull 1 and 2. In Y-bearing sperm, quantification of TSPY 

protein was significantly higher in Y-bearing sperm in bull 3.  
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Figure 13. TSPY CN in Y-bearing semen from bull 1, 2 and 3. 
Absolute TSPY CN in 50 Y-bearing sperm from bull 1, 2 and 3. The experiment was 
conducted in 5 biological replicates of pools of 50 sperm and 2 technical replicates. The 
data is shown as mean ± SEM, asterisks above the column indicate significant differences 
p<0.05.  
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Figure 14. TSPY mRNA expression in Y-bearing semen from bull 1, 2 and 3. 
Normalized TSPY mRNA in 50 Y-bearing sperm from bull 1, 2 and 3. TSPY was quantified 
by normalized against YWHAZ copies. Experiment was conducted in 5 biological 
replicates of pools of 50 sperm and 2 technical replicates. The data is shown as mean ± 
SEM, asterisks above the column indicate significant differences p<0.05. 
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(A)  (B)  
 
Figure 15. TSPY protein expression in X- and Y-bearing sperm.  
Figure (A) represent TSPY protein localization of X- and Y- bearing semen, and figure (B) represents the merged image of enlarged Y-
bearing sperm. Hoechst represents the nucleus in blue, TSPY represents TSPY protein in red and merged represent a combined image 
of both nuclear and TSPY protein staining. 
 

10 um 
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Table 10. TSPY protein localization in sex sorted semen from bull 1, 2 and 3. 
Sperm Acrosome Equatorial Centriole Mid Tail 

Bull 1 
X 1 a 2 a 11 c 76 d 0 a 
Y 63 b 62 b 61 b 94 e 0 a 

Bull 2 
X 3 a 13 c 15 c 61 b 0 a 
Y 58 b 71 b 70 b 89 d 0 a 

Bull 3 
X 12 a 23 b 18 a 73 c 0 a 
Y 79 c 77 c 77 c 97 d 0 a 
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(A)  

(B)  



 

 

88 

 

(C)  
 
Figure 16. TSPY protein localization in sex sorted sperm. 
TSPY protein localization in sperm was determined in different regions of the sperm; A: 
Acrosome, E: Equatorial segment, C; Centriole, M: Mid-piece, T: Tail. A total of 100 
individual sperm was evaluated and TSPY protein that was localized was counted. Figure 
A, B and C represents TSPY protein localized at different regions of each 100 X- and Y- 
bearing sperm from bull 1, 2 and 3. 
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(C)  
 
Figure 17. TSPY protein expression in sex sorted sperm. 
Figures A, B and C represents TSPY protein quantified by fluorescent intensity of TSPY 
in X- and Y-bearing sperm from bull 1, 2 and 3. Experiment was conducted in 100 

biological replicates and 5 technical replicates. The data is shown as mean ± SEM, 
asterisks above the column indicate significant differences between X- and Y- bearing 
sperm (p<0.05).  
  

✱
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THR mRNA in male and female embryos 

Male and female embryos produced according to table 3 were assessed for THRα 

and THRβ transcripts at different developmental stages. THRα transcripts in embryos 

produced from bull 1, bull 2 and bull 3 sex sorted semen are shown in figure 18. Overall 

THRα mRNA expression was lower in the female groups compared to male groups. 

Specifically, THRα transcripts in female embryo groups produced from the 

different bulls showed significantly lower levels at different stages; bull 1 at 8-cell and 16-

cell, bull 2 at 2-cell and 8-cell, and bull 3 at 2-cell and 8-cell. Also, male and female 

embryos exhibited different expression patterns of THRα expression. The male group 

shows high expression at 2-cell, decreasing at 4-cell, increasing at 8-cell and decreasing at 

16-cell and blastocyst. However, female embryos exhibited high THRα expression at 2-

cell stage. No significant increase or decrease is found between 4- to 16-cell stage and 

finally decreases at blastocyst stage. No dramatic increase of THRα was seen in female 

embryos from any of the bull groups. Moreover, THRα expression level was different 

among different bull groups. Both male and female embryos produced from bull 3 

exhibited at least 1-fold change or higher expression of THRα transcripts. 

Similarly, THRβ mRNA transcript levels were determined in the same groups of 

embryos produced from the different bull groups as shown in figure 19. THRβ expression 

was opposite to THRα expression pattern in male and female groups. THRβ mRNA 

expression pattern was showing a steady decrease from the 2-cell to blastocyst in male 

groups. Whereas female groups showed a high level of THRβ at the 2-cell stage, decrease 

at 4-cell, increase at the 8-cell stage and decrease at 16-cell and blastocyst stage. Overall 
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THRβ expression levels were higher in male groups at the 2-cell and 4-cell stages. However, 

in 8-cell, 16-cell and blastocyst stages female showed the same or significantly higher 

expression levels than the male groups. 
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(C)  

 
Figure 18. THRα mRNA expression between male and female embryos produced 
from sex sorted semen from same bulls. 
Figures (A), (B) and (C) represents THR α mRNA in male and female embryos produced 
from bull 1, 2 and 3 respectively. Experiments were conducted in 5 biological replicates 
and 3 technical replicates. The data is shown as mean ± SEM, different superscripts indicate 
significant differences (p<0.05). 
  

a

b,c

a

b,c

c

b

b,c b,c

c
c

0

0.5

1

1.5

2

2.5

3

3.5

2 4 8 16 blast

N
or

m
al

iz
ed

 q
ua

nt
if

ic
at

io
n

THR α mRNA (Bull 3)

male

female



 

 

95 

 

(A)  

(B)  

a

c c
b b

b
d

c

d d

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

2 4 8 16 blast

N
or

m
al

iz
ed

 q
ua

nt
if

ic
at

io
n

THR β mRNA (Bull 1)

male

female

a
c

b d db d
c

b,d b,d
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

2 4 8 16 blast

N
or

m
al

iz
ed

 q
u

an
ti

fi
ca

ti
on

THR β mRNA (Bull 2)

male

female



 

 

96 

 

(C)  
 
Figure 19. THRβ mRNA expression between male and female embryos produced 
from sex sorted semen from the same bulls. 
Figures (A), (B) and (C) represent THR β mRNA in male and female embryos produced 
from bull 1, 2 and 3 respectively. Experiments were conducted in 5 biological replicates 
and 3 technical replicates. The data is shown as mean ± SEM, different superscripts indicate 
significant differences (p<0.05).  
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TSPY knockdown 

 

Embryo produced from unsorted semen 

Validation of TSPY effects on embryos was performed by TSPY knockdown 

experiments. A total of 300 zygotes were used, with 90, 90 and 120 used for control (no-

injection control), scramble (scramble siRNA injection) and TSPY KD (TSPY siRNA 

injection) respectively. Embryo developmental rate is in table 11 and 12 for females and 

males respectively. The percentage of cleavage in TSPY KD groups was significantly lower 

than the control and scramble groups. Cleaved embryos that reach the blastocyst stage were 

significantly low in the TSPY KD group compared to control and scramble groups. 

Sex ratio of single blastocyst collected from the 3 groups are shown in figure 20. 

Specifically, the total number of embryos reaching the blastocyst stage in the control group 

was 17, where sexing results showed 8 males and 9 females, which bring male: female 

ratio = 1: 1.25 ratio. In the scramble group, out of 16 blastocysts, 7 were males and 8 were 

females, which results in a ratio male: female = 1: 1.4. In the TSPY KD group, out of 11 

blastocysts, 1 was male and 10 were female for a ratio of male: female = 1: 10. 

 

Embryos produced from X-bearing semen 

Female zygotes produced from the 3 bulls in the knockdown experiment (control, 

scramble siRNA and TSPY siRNA) were analyzed for developmental rates as shown in 

table 11 and figure 21. 
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Cleavage rates of embryos produced from different bulls and derived from the 

different injection groups are shown in figure 21. There were no significant differences in 

the cleavage rates in different knockdown groups (control, scramble, TSPY KD). Similarly, 

the blastocyst rate did not show significant differences in each bull group or in different 

knockdown groups as shown in figure 21. 

 

Embryos produced from Y-bearing semen 

The three different groups (control, scramble, TSPY KD) of male zygotes 

produced from Y-bearing semen of the 3 bulls were analyzed for the developmental rates, 

which are shown in table 12.  

Percentage of cleavage rate of TSPY KD groups was significantly decreased 

compared to the control and scramble group for all the three bulls as shown in figure 22. 

Specifically, percentage of cleavage in 1Y were: 77.3% (control), 77.3% (scramble) and 

39.6% (TSPY KD), bull 2(Y); 78.7% (control), 72.0% (scramble) and 41.4% (TSPY KD) 

and bull 3 (Y); 80.7% (control), 72.0% (scramble) and 38.1% (TSPY KD). These results 

showed that all TSPY KD groups for all the different bulls showed a significant decrease 

in cleavage rate compared to the control and scramble groups. Overall, only the TSPY KD 

group showed a significantly lower cleavage rate compare to the other injected groups.  

Blastocyst rates in the different knockdown groups from each bull groups are 

shown in figure 22. Specifically, blastocyst rates were as follows. 1Y; Control (31.9%), 

Scramble (30.2%), TSPY KD (3.2%), 2Y: Control (32.2%), Scramble (30.6%), TSPY KD 

(3.4%) and 3Y:, Control (40.5%), Scramble (38.9%), TSPY KD (3.8%), blastocyst rate 
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were significantly decreased in all TSPY KD groups. Moreover, among the bull groups, 

3Y control showed significantly higher TSPY transcript levels than control groups from 

1Y and 2Y.  

Further TSPY mRNA was determined in the 3 knockdown groups of blastocysts 

produced from Y-bearing semen from the 3 bulls. As shown in figure 23, within the no-

injection control groups, only 3Y showed significant differences with higher TSPY mRNA 

levels than 1Y and 2Y groups. Scramble injected group did not show any significant 

difference among 1Y, 2Y and 3Y. However, all scramble injected groups exhibited a 

significant decrease in TSPY transcript levels compared to all no-injection control groups. 

Lastly, all TSPY KD groups exhibited significant deletion of TSPY transcripts.  
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Figure 20. Sex ratio in different knockdown groups in embryos produced from 
unsorted semen. 
Groups represent; con: no-injection control group, scram; scramble siRNA injection group 
and KD: TSPY siRNA injection groups. The data is shown as mean ± SEM, 5 biological 
replicates, different superscripts indicate significant differences (p<0.05). 
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Table 11. Female embryo developmental parameters in TSPY knockdown groups. 
Groups Oocytes Cleavage Blastocyst 

Knockdown Bulls (X) No. No. % No. 
% from 

No. oocytes 
% from 

No. cleavage 

Control 
1(X) 150 94 63 19 13 20 
2(X) 150 100 67 25 17 25 
3(X) 150 94 63 25 17 27 

Scramble 
1(X) 150 85 57 18 12 21 
2(X) 150 82 55 15 10 18 
3(X) 150 87 58 18 12 21 

TSPY KD 
1(X) 150 80 53 15 10 19 
2(X) 150 80 53 15 10 19 
3(X) 150 83 55 18 12 22 
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(A)  

(B)  
 
Figure 21. Percentage of cleavage and blastocyst rate in female embryo groups. 
Figure (A) represent cleavage rate and figure (B) represent blastocyst formation in female 
embryos with no injection control (control), scramble siRNA injection (Scramble) and 
TSPY siRNA injection (TSPY KD). The data is shown as mean ± SEM, 5 biological 
replicates. There were no significant differences among female embryos groups. There 
were no significant differences among female embryos groups.  
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Table 12. Male embryo developmental parameters in TSPY knockdown groups. 
Groups Oocytes Cleavage Blastocyst 

Knockdown Bulls (Y) No. No. % No. 
% from 

No. oocyte 
% from 

No. cleavage 

Control 
1(Y) 150 116 77 a 37 24.7 31.9 a 

2(Y) 150 118 79 a 38 25.3 32.2 a 

3(Y) 150 121 81 a 49 32.7 40.5 c 

Scramble 
1(Y) 450 346 77 a 104 23.1 30.2 a 

2(Y) 450 324 72 a 99 22.0 30.6 a 

3(Y) 450 324 72 a 126 28.0 38.9 a,c 

TSPY KD 
1(Y) 750 300 40 b 7 0.9 2.3 b 

2(Y) 750 307 41 b 8 1.1 2.6 b 

3(Y) 750 285 38 b 7 0.9 2.5 
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(A)  

(B)  
 
Figure 22. Developmental parameters in male embryo groups.  
Figure (A) represents the percentage of cleavage and figure (B) represents the blastocyst 
formation in the male embryos with no injection control (control), scramble siRNA 
injection (Scramble) and TSPY siRNA injection (TSPY KD). The data is shown as mean ± 
SEM. 5, 15 and 25 biological replicates for control, scramble and TSPY KD respectively. 
Different superscript represents significant differences (p<0.05). 
  



 

 

105 

 

 

 
Figure 23. TSPY mRNA expression in knockdown groups from embryo produced 
from 3 different Y-bearing semen. 
TSPY mRNA in male embryo groups with no injection control (Control), scramble siRNA 
injection (Scram) and TSPY siRNA injection (TSPY KD). The data is shown as mean ± 
SEM, 5 biological replicates, different superscript indicates significant differences 
(p<0.05). 
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THRs mRNA 

Furthermore, we validated THRα and THRβ mRNA expression in these 

knockdown experimental groups in the male embryos at different developmental stages. 

Overall TSPY KD resulted in a significant decrease in both THRα and THRβ mRNA 

expression levels compared to control and scramble groups. 

Specifically, figure 24 demonstrates THRα mRNA expression level in male 

embryo groups produced from Y-bearing semen from bull 1, 2 and 3. In all groups 

examined, TSPY KD resulted in significant decrease of THRα at all stages. 

THRβ mRNA expression levels are shown in figure 25 which represent male 

embryo groups produced from Y-bearing semen from bull 1, 2 and 3. Overall, THRβ 

expression was lower than the THRα expression of approximately more than 2-fold 

changes. However, TSPY KD resulted in a significant decrease in the THRβ mRNA 

expression throughout the developmental stages. 

THRs protein was determined in the embryo developmental stages as shown in 

figure 26. Localization of THRs protein was within the cytoplasm of the blastomeres of the 

embryos. THRs protein were quantified after the knockdown treatments as shown in figure 

28. Interestingly, THRs protein was degraded from the center of the blastomere of the 2-

cell embryos and to the whole blastomeres in 4-cell and 8-cell stage embryos.  
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(C)  

Figure 24. THRα mRNA expression in TSPY KD in male embryos. 
Figures (A), (B) and (C) represent relative quantification of THRα mRNA in male embryo 
groups produced from bull 1, 2 and 3 at different embryo developmental stages from 2-, 4-, 
8-, 16- cells and blastocyst that were subjected to no injection (Control), scramble siRNA 
injection (Scram) and TSPY siRNA injection (TSPY KD). Experiments were conducted in 
3 biological replicates of pools of 10 embryos and 3 technical replicates. The data is shown 
as mean ± SEM, different superscripts indicate significant differences (p<0.05). 
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(C)  
 
Figure 25. THRβ mRNA expression in TSPY KD male embryos. 
Figures (A), (B) and (C) represent relative quantification of THR β mRNA in male embryo 
groups produced from bull 1, 2 and 3 at different embryo developmental stages from 2-, 4-, 
8-, 16- cells and blastocyst that were subjected to no injection (Control), scramble siRNA 
injection (Scram) and TSPY siRNA injection (TSPY KD). Experiments were conducted in 
3 biological replicates of pools of 10 embryos and 3 technical replicates. The data is shown 
as mean ± SEM, different superscripts indicate significant differences (p<0.05).  
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Figure 26. THRs protein expression. 
Hoechst represents nuclear staining in blue, THR represents THR protein staining in red 
and merged represent a combined image of both nuclear and THR protein staining. 
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Figure 27. THR protein localization and quantification in TSPY knockdown embryos. 
THR protein localization at 2-, 4- and 8- cell stages in no injection control and TSPY 
knockdown male embryos. Hoechst represents nuclear staining in blue, THR represents 
THR protein staining in red and merged represent a combined image of both nuclear and 
THR protein staining. 
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Figure 28. THR protein quantification in TSPY knockdown male embryos. 
THR protein quantification at different embryo developmental stages at 2-, 4- and 8- cells 
in no-injection control (control) and TSPY siRNA injection (TSPY KD) groups. Data is 
mean ± SEM, 10 biological replicates and 5 technical replicates. Different superscript 
above the column indicates significant differences (p<0.05). 
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DISCUSSION 

 

Dimorphism in the expression of genes is a feature of the early developing 

embryo. Numerous studies have shown that the genes located on autosomes and sex 

chromosomes are differentially expressed in a sex-specific manner. The aims of this study 

were to 1) explore sex dimorphism of differential expression in embryo development, and 

2) determine the importance of the sex chromosome linked TSPY and the autosome linked 

THRs genes during early bovine embryo development. The results have shown that: 1) 

THRs genes were differentially expressed in male and female embryos during early 

development, 2) TSPY is uniquely expressed in male embryos 3) TSPY CN and transcript 

levels were higher in embryos with higher developmental capacity, 4) knockdown of TSPY 

resulted in significant development failure during early embryo development. 

 

Optimization of IVF protocol for sex sorted semen 

The present study was performed using in vitro embryo production with sex 

sorted semen to facilitate the sex-specific development. However, before conducting the 

main experiments, a pilot study was performed to optimize the IVF protocol for using sex 

sorted semen. Previous studies have shown that embryos produced from sex sorted semen 

resulted in lower embryonic development, poor embryo quality and lower viability for 

transplantation (Mikkola and Taponen 2017, Trigal et al. 2012, Wilson et al. 2006). This 

was evident as standard IVP protocol with the sex sorted semen resulted in low 

developmental competence as shown in appendix 1. Particularly, compared to embryos 
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produced from unsorted semen, embryos produced from sex sorted semen showed a low 

percentage of cleavage and blastocyst formation. This may be due to the process of the sex 

sorting, as the procedure has been suggested to influence the sperm quality parameters such 

as integrity, morphology and ultrastructure (Johnson, Welch and Rens 1999), which results 

in different fertility ability between sex sorted and unsorted sperm (Seidel 2012, González-

Marín et al. 2018), particularly with the X-bearing spermatozoa. In vitro embryo 

developmental parameters derived from using sex sorted semen in the past were less than 

20%, but many recent studies have shown improvement in developmental percentages of 

over 30% by modifying IVF protocol, IVF media components and culture conditions 

(Zhang, Lu and Seidel 2003, Lu and Seidel 2004). In the present study, modification of 

standard IVF media by supplementing it with 0.1uM caffeine and 10ug/ml heparin based 

on previous studies in the literature (Lu and Seidel 2004, Park, Ohgoda and Niwa 1989, 

Coscioni et al. 2001, Barakat et al. 2015). Heparin and caffeine have been shown to provide 

a synergic effects by inducing capacitation, acrosome reaction, increasing oocyte 

penetration and stimulating fertilization (An et al. 2017). As shown in appendix 1, 

modification of IVF media has resulted in and an increase of over 20% in cleavage and up 

to 10% increase in blastocyst formation, both in female and male embryos. The 

developmental capability of the conventional group produced with unsorted semen was not 

altered by the modifications applied to the IVF media. Supplementation of heparin and 

caffeine has improved the motility of the sex sorted sperm after thawing. Thus, it appears 

that for in vitro embryo production using sex sorted semen, it is important to use proper 

IVF media to compensate for potential damages to spermatozoa during the sex sorting 
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procedures. Moreover, sperm undergo capacitation which is an important step before the 

fertilization. It has been shown that the membrane surface or the structure of the membrane 

surface protein have been affected in the sex sorted sperm compared to unsorted sperm 

(Umezu et al. 2017). It has also been shown that heparin and caffeine affect capacitation 

and acrosome reaction. 

While modifications of IVF media for sex sorted semen increased the embryo 

developmental capability, there were significant differences in developmental competency 

between the male and female embryos produced from sex sorted semen from the same bull. 

As shown in figure 8, the percentage of both cleavage and blastocyst formation was 

significantly higher in the embryos produced using Y-bearing and unsorted semen 

compared to the X-bearing semen. This is intriguing as there are controversial reports on 

developmental competency male and female embryos that are produced using unsorted, X-

bearing and Y-bearing semen. (Bermejo-Álvarez et al. 2010) have shown no significant 

differences in the developmental competency between embryos produced from X-bearing 

semen versus unsorted semen, while (Chowdhury et al. 2019) showed the embryos 

produced by Y-bearing semen exhibited poor developmental competency compared to 

those from X-bearing semen. (Xu et al. 1992) showed that during the first 8 days post 

fertilization, male embryos reach advanced developmental stages earlier than the female 

embryos. As such, conflicting reports concerning sex-dependent developmental 

competency, suggest that these phenomena may be multifactorial involving bulls, culture 

conditions, gene expression and environment conditions (Dobbs et al. 2014, Gutierrez-

Adan et al. 2001, Kochhar et al. 2001, Xu et al. 1992). In the present study, female embryos 
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exhibited lower developmental competence, but those females that reached the blastocyst 

stage showed normal morphology and cell numbers suggesting that female embryos 

development is delayed and therefore the different developmental parameters are sex 

dependent. 

Generally, spermatozoa in the ejaculate display a sex ratio of 1:1 and remains 1:1 

in the offspring produced by artificial insemination or natural breeding. However, the sex 

ratio of in vitro produced embryos shifts slightly in favor of males (Tarín et al. 2014, King 

et al. 1991). There are several studies suggesting factors that contribute to the shift in sex 

ratio in vitro. Different in vitro sperm preparation protocols used for IVF have been shown 

to favor X- or Y- bearing spermatozoa. Specifically, swim-up and Percoll gradient protocols 

resulted in more Y-bearing spermatozoa in humans and X-bearing spermatozoa in bovine 

(Wolf et al. 2018, Jiang et al. 2016). However, these studies also showed that although 

different sperm preparation process results in different proportion of Y- and X- bearing 

spermatozoa, this did not necessarily coincide with the sex ratio after the fertilization. 

Another observation is that the molecular composition of the zona pellucida of the oocytes 

makes it more susceptible to be fertilized by Y-bearing spermatozoa, but this also did not 

reflect in an altered sex ratio after the fertilization (Van Dyk, Mahony and Hodgen 2001). 

However, shorter interaction time of the two gametes, less than 6hrs of incubation, during 

fertilization has been shown to lower fertilization ability and decrease the percentage of 

female embryos, whereas over 6hrs incubation window has been shown to equalize sex 

ratio to 1:1 (Kochhar et al. 2003). 
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Several studies reported that different in vitro culture conditions have been 

shown to skew the sex ratio in different directions in different species (Torner et al. 2014, 

Tan et al. 2016, Iwata 2012). In bovine, supplementation of glucosamine resulted in sex 

ratio shift towards males (Kimura, Iwata and Thompson 2008). In contrast, 

supplementation of THs has shown to skew sex ratio toward females (Ashkar et al. 2009). 

It has been proposed that differential gene transcription are present between male and 

female. Skew in the sex ratio after the supplementation of these substances are thought to 

be related to the regulation of the particular substance’s receptors or complexes that 

activates the transcription in sex dependent manner. It has been shown that the action of 

THs, which is essential for reproduction, is mediated by THRs that is one of the first genes 

to be transcribed from the embryonic genome (Rho et al., 2017). There are several other 

studies showing sex shift due to different culture conditions, substances or environmental 

toxicants, allowing to pinpoint the effect to or subsequent to the embryonic genome 

activation (Gutierrez-Adan et al. 2001, Rizos et al. 2003). 

 

THRs influence on sex ratio 

It is known that at the genomic level, THs bind to THRs to exert its action. In 

previous studies, supplementation with exogenous TH has been shown to skew sex ratio 

toward females. Additionally, THs supplementation during IVC increased the percentage 

of blastocyst formation (Ashkar et al. 2009), which is not surprising as in vivo, different 

THs concentrations are present in pregnant cows (Steinhoff et al. 2019) and THRs are 

observed in the uterus during the preimplantation period (Sayem et al. 2017). Also, de novo 
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transcription of THRs was observed in different stages of early embryo development 

starting at the 2-cell stage before the wave of major embryonic genome activation (Rho et 

al. 2017). Specifically, both THRα and THRβ mRNA during the embryonic developmental 

stages in unsexed embryos followed typical transcription patterns: increase at 2-cell, 

decrease at 4-cell, increase at 8-cell and decrease at 16-cell and blastocyst stages (Rho et 

al., 2017). 

These studies suggest that effect of THs resulting in higher developmental 

competency are related to de novo THRs transcription that regulates metabolism, growth 

and development during the early embryo development, since THRs knockdown in the 

presumptive zygote has been shown to significantly decrease the percentage of 

developmental competency, THRs mRNA and protein levels. Moreover, THs 

supplementation in the culture medium after THRs knockdown did not recover THRs 

mRNA levels nor increased the developmental competency, suggesting that during the 

early embryo development, THs exerts its action through genomic mechanism rather than 

non-genomic mechanism. 

It was unknown whether THRs mRNA expression is sex-specific, as previous 

studies were performed in random non-sexed pooled embryos that had been exposed to 

exogenous TH during in vitro development. Thus, the present study further investigated 

THRs transcripts in male and female embryos at different developmental stages using 

digital droplet PCR for more precise quantification of mRNA and, to prevent bias in the 

development of female embryos, in the absences of TH supplementation. 



 

 

120 

 

Interestingly as shown in the results (Figures 24 and 25), both THRα and THRβ 

showed differential expression between male and female embryos throughout the 

embryonic developmental stages. This was consistent with a previous study that reported 

that over 1/3 of autosomal gene expression in bovine blastocysts is sex dependent 

(Bermejo-Alvarez et al. 2010). 

It was observed that the overall expression of THRs was higher in the male 

embryos than females, which suggests that perhaps the level of THRs correlates with higher 

developmental competency during the early embryo development. This leads to question, 

why female embryos express lower THRs transcripts than males. Studies have shown that 

after fertilization, female embryos undergo X-inactivation process for dosage 

compensation between the female (XX) and male (XY). It is speculated that as female 

embryos undergo inactivation of the X chromosome, it is possible that the transcription 

involved during this period is more focused on inactivation of the random X chromosome. 

It has been shown that X inactivation is not fully accomplished during the early embryo 

development (Min et al. 2017), and this may delay the development of female embryos 

compared to the males. In mouse, X inactivation occurs from the cleavage stages up to the 

blastocyst stage. In bovine, over 90% of the X-linked genes are upregulated in the female 

embryos and X inactivation is not fully accomplished at the blastocyst stage (Min et al. 

2017). Unequal transcription of X-linked genes in different sexes may influence the 

transcriptional regulation on the autosomal genes. 

Supplementation of THs in in vitro culture has shown to shift sex ratio towards 

the female (Ashkar et al., 2009), which resulted in differential expression of 52 X-linked 
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genes. This suggests that perhaps, 1) THRs might be one of the upregulated genes in female 

embryos and 2) THs rescues or induces activation of THRs in the female embryos prior to 

or during the X-inactivation, promoting female embryo development. In human, higher 

frequency of skew in X-inactivation was present in individuals with thyroid diseases, 

including hyperthyroidism or hypothyroidism, which results in fertility defects (Yin et al. 

2007). 

The present study combined with previous findings suggest that the sex ratio 

after fertilization is not reflected in the ratio of X-bearing and Y-bearing spermatozoa. 

Instead, different factors or toxicants along with diverse genomic regulation affected by 

sex-specific or autosomal genes are thought to be the fundamental causes of the sex ratio 

shift during the early embryo development. This ultimately results in the sex dimorphic 

gene expression reflected in the phenotype. 

 

TSPY 

Interest in CNV has increased as the correlation of CN and diseases have been 

reported in various human studies. Fertility has also been shown to correlate with CN of 

some Y-linked genes (Krausz, Giachini and Forti 2010). In cattle, CNV appears to correlate 

with fertility and semen parameters such as sperm concentration, quantity, motility and 

adjusted non-return rate. Of those multi-copy Y-linked genes, TSPY is known to show the 

largest CNV in bovine. TSPY CN has correlated with the fertility of bulls and semen 

parameters. TSPY has been studied in different bulls, and TSPY CNV has been detected in 
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aging bulls and in the blastocysts. The present study investigates TSPY in spermatozoa and 

during the early embryo development.  

 

TSPY in sperm 

Spermatozoa are complex and are crucial for fertilization and initial embryo 

development. In the present study, we have identified the TSPY CNV in 50 pooled sperms, 

however the assay that were used for the present study are not sensitive enough to analyze 

individual spermatozoa. A recent study has conducted a genome array analysis on single 

sperm and has shown that sperm undergo genome-wide DNA recombination (Hinch et al. 

2019). Thus, it is suggested that the TSPY CNV is the result of recombination or crossover 

events during spermatogenesis. Since the present study was only able to determine the 

TSPY CN and mRNA in pools of 50 sperm, it is unknown how frequent the recombination 

of TSPY occurs during the early embryo developmental stages. However, with a combined 

result of TSPY CN in sperm and in embryos, it is speculated that the de novo TSPY 

recombination occurs at or after the fertilization as it has been shown in the somatic cells 

in the aging bulls(Oluwole et al. 2017). 

Furthermore, we observed the TSPY transcripts in pools of 50 Y-bearing 

spermatozoa. It was previously believed that sperm transcription is gradually terminated as 

spermatogenesis proceeds with no transcription in matured sperm. However, recent studies 

have demonstrated that over 3000 different mRNA were present in ejaculated spermatozoa, 

including TSPY in human (Bansal et al. 2015). 
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Moreover, TSPY protein was detected in the sperm. TSPY protein was localized 

in both X- and Y-bearing spermatozoa. This is thought to be due to intracellular transfer 

during spermatogenesis. As it is known that intracellular bridges are a conserved feature 

during the gametogenesis (Greenbaum et al. 2011), as TSPY has been shown to involve in 

spermatogenesis. Supplementary data 4 shows bull testis sections, which display TSPY 

protein expression that supports the intracellular transfer.  

This might suggest that, although TSPY protein is shared by intracellular bridges 

during spermatogenesis, the amount of TSPY protein localized in the X-bearing sperm in 

the acrosome, equatorial segment and centriole was significantly lower than the Y-bearing 

sperm. Compared to the X-bearing spermatozoa, significantly higher amount of TSPY 

protein was localized in the Y-bearing spermatozoa in the different regions of the sperm 

head (acrosome, equatorial segment and centriole) and in the midpiece. Proteins that are 

localized in the acrosome, head and midpiece are known to be involved in capacitation and 

acrosomal reaction, spermatozoa-zona interaction and energy production and metabolism 

respectively (Avidor-Reiss et al. 2019). As a member of SET/NAP domain, TSPY protein 

interacts with the Cyclin B-binding domain involved in meiotic divisions by regulating cell 

cycle and differentiation (Schnieders et al. 1996)Lau, Li and Kido 2011; Vogel et al., 1996). 

A study has shown cyclin localized in the sperm head (Naz, Ahmad and Kaplan 1993), 

suggesting TSPY transcription along with cyclin B transcription is present during the sperm 

maturation process. Moreover, comparison studies between spermatid and sperm 

transcription have shown that important biological information is acquired during this 

period (Kimura and Yanagimachi 1995, Kishigami et al. 2004). Previous studies have 
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shown that oocyte injected with un-matured spermatid resulted in less frequent 

development to adulthood (Goswami, Singh and Devi 2015). This clearly shows that 

during the sperm maturation, important molecular and structural changes or signaling 

pathways are involved for sperm fertilization capability, since the state of un-matured 

spermatids show meiosis completion and have the same DNA content as matured sperm. 

Studies have shown that most of the histone modification related genes are involved with 

sperm maturation. Similarly, during early embryo development, many genes are involved 

in histone modification at various levels, depending on the embryo developmental stages 

(Hammoud et al. 2009, Brykczynska et al. 2010, Duan et al. 2019). Studies have shown 

that TSPY is capable of interacting with histones and further participate in chromatin 

modification and regulation during spermatogenesis (Krausz et al. 2010). Thus, TSPY 

protein localization in the sperm head suggests that TSPY transcription during sperm 

maturation may play an important part in chromatin modifications. 

Interestingly, observation from the present study show that after fertilization 

TSPY protein decreased and then was re-expressed at the blastocyst stage only in the 

embryos fertilized with Y-bearing sperm. This phenomenon is commonly shown in de novo 

transcription during EGA. Significance of the present study was validated in pools of 50 

sperm and individual early embryos for TSPY CN, mRNA and protein for which further 

experiments validating individual sperm and at earlier stages of the embryo are needed to 

establish the role of TSPY and effect of TSPY CNV. Therefore, investigation on TSPY in 

single sperm and the early embryo will bring more insight into the recombination events 

that result in different copies and the effect. 
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TSPY’s X-homolog, TSPX is located on the X chromosome is also a member of 

the SET/NAP domain. It has been shown that it is highly expressed in the XY-sex revered 

individual. TSPY interacts with cyclin B-CDK1 complex and stimulates its kinase 

activities and accelerates the G2/M transition. Also, it binds with the translation elongation 

factor eEF1A and promotes cellular protein synthesis. In contracts, X-linked TSPX shows 

an opposite function by activating p53 and inhibiting cyclin B-CDK1 activity. Over-

expression of TSPX retards cell cycle progression and promotes cell death. 

Although TSPY and TSPX originated from the same ancestor gene, they play 

opposite roles in the regulation of cell proliferation and tumorigenesis. Such contrasting 

properties of a pair of sex chromosome homologues raise the possibility that they might 

play important roles in sexual dimorphisms during development. Further, elucidating the 

TSPY and TSPX during early embryo development will increase our understanding of 

sexual dimorphic development. As TSPY and TSPX have been shown to compete in 

binding to androgen receptors (Krausz et al. 2010), it is possible that it is involved in sex 

dimorphic differences in transcription during early embryo development. 

 

TSPY in early embryo development 

The second main goal of the present study was to determine the TSPY copy 

number in individual embryos and its effect during early embryo development. The current 

study is the first to examine TSPY (CN, transcripts, protein) in relation to embryo 

development. While TSPY has been shown to be involved in male reproduction, 
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specifically in spermatogenesis and fertility, the impact, if any, on early embryo 

development is still unknown. 

At the genomic level, TSPY has been shown to have CNV among species, 

population, individuals and related individuals. Here we have observed TSPY CN in 

individual male blastocysts. Moreover, TSPY CNV is detectable in brother blastocysts 

from the same ejaculates and among the different populations of brother blastocysts 

produced by different sires. As expected, there was no TSPY detection in the female 

blastocyst. 

Specifically, TSPY CN ranged from 20-75, 20-65 and 20-150 copies from 

brother blastocysts produced from bull 1, 2 and 3 respectively. Our result showed not only 

TSPY CNV among the brother embryos but also among the sperm donor bulls used. 

Average of TSPY CN in brother blastocysts from bull 1, bull 2 and bull 3 were 30.2 33.0 

and 82.3 respectively. According to the previous study in determining TSPY CNV in bulls, 

the differences from the highest TSPY CN to the lowest were approximately 100 (Hamilton 

et al., 2009). In male blastocysts, the highest TSPY CN to the lowest bull was 52.1 copies 

difference. This shows approximately 2 times more TSPY number of copies in the adult 

compared to the early embryo stages. Although this is the average of CN variation, 

comparing preimplantation male embryos to adult bulls suggests that possible 

recombination events are occurring after the implantation. De novo recombination has been 

observed in other studies. Oluwole et al., (2016) have shown de novo TSPY CN differences 

in somatic tissues as well as changes of TSPY CN of approximately 1~1.5 folds in 26% of 
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the aging bulls. These changes in TSPY CN correspond with the average of TSPY CN in 

male blastocyst (52.1 copy variation) to bulls (100 copies variation). 

Furthermore, the purpose of the present study was to determine the possible 

TSPY CN changes from zygote to blastocyst. Although ddPCR allows better detection 

sensitivity and enables direct comparison between the target genes when dealing with small 

DNA samples, it was not sensitive enough to determine copy number in the individual 

earlier stages (zygote, 2-, 4-, 8-, 16- cells), possibly due to the amount of DNA extracted 

from individual embryos. Because TSPY is a Y-linked gene the chances of detecting the 

gene copies within the Y chromosome is reduced by half if compared to an autosome or X-

linked genes. 

In the present study, the TSPY mRNA level was determined throughout the early 

embryo developmental stages from individual 2-cell to blastocyst. In female embryos, there 

was no TSPY mRNA expression at any developmental stage. However, it should be noted 

that Li et al., (2016) have suggested that there is a sequence on bovine autosomes with 

homology to the TSPY that can be detected in females. This has not been verified in this 

or other studies (Simon et al. 1994). In male groups, TSPY was expressed as early as in 2-

cell and at the 8-cell and blastocyst stages with expression patterns following the common 

EGA profile, similar to an inverted logarithmic pattern. Specifically, a significant increase 

of TSPY transcripts at 8-cell stage was detected. A similar expression pattern was 

determined in the Y-linked gene transcription, which is suggested as a result of Y 

chromosome transcription activation. It has been shown that Y chromosome linked sex-

determinant gene, SRY, has been shown to be expressed as early as in 4-cell stage in bovine 
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(Gutierrez-Adan et al. 1997) during the first wave of embryonic transcription, which was 

similar to TSPY and THRs expression during the minor genomic activation. Genes 

expressed during this period are mainly housekeeping genes important for growth, 

development, metabolism and differentiation that results in later stages of development. 

The present study and previous results from Caudle 2013, show that sex-specific genes on 

the Y-chromosome are among the first to be transcribed from the embryonic genome. 

Similarly, (De La Fuente et al. 1999) have shown that the female specific XIST gene which 

initiates X-inactivation is transcribed during the first wave of transcription. This suggests 

that sex-specific gene transcription is an important event for early embryonic development. 

Further the present study shows higher TSPY CN and transcription appear to be 

associated with male embryo developmental competency. Embryos produced from the Y-

bearing semen from bull 3 showed higher percentage of blastocyst formation along with 

higher TSPY mRNA transcripts and higher TSPY CN. This suggests; 1) the number of 

TSPY copy correlate with male embryo developmental rate and 2) the number of TSPY 

copies possibly enable more transcription to occur. 

There are conflicting reports on whether TSPY CN correlates with transcription 

level. Hamilton et al., (2009) has shown no correlation of TSPY CN to transcription level 

in adult bulls. However, in this study, we found that embryos with the highest TSPY CN 

had more mRNA transcripts. In contrast, studies have shown that female embryos that 

express X-inactivation related genes have shown to relate with female embryo 

development (Sandhu et al. 2016). As such sex-specific genes are suggested to involve in 

the developmental competency. 
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In the autosomal genome, there are many genes that show differential expression 

in male and female embryos. Similarly, the present study determined different THRs 

expression profiles in male and female embryos, which overall THRs level was 

significantly higher in the male embryos compared to female embryos. It has been shown 

that differential autosomal gene expression was present in different environmental 

conditions (Hansen et al. 2016). Hence, it is possible that different environmental 

conditions alter the programming of the embryo that results in differential expression in 

order to survive and develop accordingly. Therefore, THRs involve in developmental 

competency as male embryos tend to show fast-growing phenomena. As such, sex 

dimorphic gene expression during the early embryo are suggested to involve in the 

developmental competency during the early embryo development between male and 

female. 

Further, TSPY protein was also present only in the blastocyst stage in males as 

shown in figure 12. TSPY protein were not detectable in the earlier cell stages or the female 

blastocysts. Also, TSPY is known to be involved in cell proliferation, which is an important 

process during the early embryo development. TSPY protein importance during the 

blastocyst is speculated as TSPY transcription increases at 8-cell and 16-cell for further 

proliferation of the cells to morula and blastocyst stages. The turnover and use of TSPY 

protein during the time points may explain why it was not detected in any amount until the 

blastocyst stage. 

The aim of the present study was to determine whether TSPY CN changes as 

embryonic development progress. Unfortunately, individual embryo analysis in TSPY CN 
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was only possible at the blastocyst stage. In the present study, we used the ddPCR method 

to compensate for small amounts of DNA in single early stage embryos. In ddPCR, 

reference genes are required for some specific cases such as; low number of repeats, low 

fold changes in gene expression, series data comparisons such as time course experiments 

which large sample variation greatly affects the overall gene expression profile and 

biological interpretation of the data (Zmienko et al. 2015). We included SRY as a reference 

gene for TSPY CN detection. Sex-determining region Y (SRY) gene is known as testis 

determining factor (TDF) that is crucial for the development and regulation of the bi-

potential gonad into testis (Harley, Clarkson and Argentaro 2003). In human and bovine 

embryos, SRY transcripts are expressed as early as the 2-cell stage embryos and during the 

embryogenesis up regulation of SRY is present at the germinal ridge (Ao et al. 1994, 

Gutiérrez‐Adán et al. 1997). SRY is used as a reference gene in the male study due to its 

single copy gene. In presnt study, SRY quantification was uniform throughout all the 

experiments showing the single copy. Although ddPCR provides more sensitive detection 

even in the smallest quantity of the sample, in our case we were not able to detect genomic 

TSPY in single embryos from zygote to 16-cell stages as well as in single spermatozoa. It 

still needs to be improved for detecting genomic DNA in smaller quantity of samples. 

 

TSPY knock down effects in early embryo development 

Since TSPY is a known contributor to male fertility as evidenced by increased 

fertilization and/or embryo survival among bulls with the higher number of copies of TSPY 

(Hamilton et al. 2012b) ), a primary goal of this doctoral research was to determine whether 
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TSPY is essential for early embryo development. As discussed above TSPY CNV during 

the early embryo development seemed to be related to male embryo developmental 

competency. Moreover, TSPY transcripts were present during the early embryo 

development, with transcription pattern similar to EGA, showing minor activation at 2-cell 

and major activation at 8-cell stages (Figure 10). To investigate the functionality of TSPY, 

micro-injected pre-cleavage zygotes with small interfering RNA (siRNA) were monitored 

for developmental parameters, as well as transcription and translation of TSPY. 

As shown in figure 22, there was a significant decrease in the male embryo 

development after the TSPY knockdown. Male embryo groups that were subjected to 

TSPY knockdown showed significant decrease in the percentage of cleavage and blastocyst 

formation, which were more than 50% of decrease and over 90% decrease compared to the 

control groups respectively. It is possible that knockdown procedure might affect embryo 

viability, thus we included a knockdown of non-significant target scramble siRNA, as the 

control group for knockdown procedure. Result showed there were no differences in the 

scramble knockdown groups compared to the no injection control group. 

This showed that TSPY knockdown is specifically targeting the TSPY mRNA. 

Over 50% decrease in the percentage of cleavage in the TSPY knockdown embryo suggests 

a possible inhibition of the de novo transcripts or the inhibition of the preserved transcripts 

from the sperm. TSPY mRNA or protein was not detected in all the female embryo groups, 

which was expected as TSPY is a Y-linked gene. Also, TSPY knockdown did not show any 

effect in the female embryo groups. Interestingly, TSPY protein was observed in the X-

bearing sperm. This is thought to be due to preserved TSPY transcripts or proteins during 
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the spermatogenesis within the testis that are bound on the sperm. However, right after the 

fertilization, TSPY protein or mRNA was not detected in the female embryo groups. It is 

thought that initial TSPY protein in the sperm degrades after the fertilization because if it 

was preserved after the fertilization, there should have been TSPY protein detection in the 

female embryos. This suggests that TSPY protein present in the ejaculated sperm are 

possibly thought to be involved in energy metabolism such as ATP during the capacitation, 

acrosome reaction as well as fertilization. It has been shown that TSPY interacts with cyclin 

B-CDK1 complex, which is energy dependent that involves ATP (Lau, Li and Kido 2011). 

The present results show TSPY protein localization in X-bearing sperm particularly in the 

mid-piece, which is the region that contains the highest concentration of ATP in sperm 

(Bennison et al. 2016). Although, some X-bearing sperm did not show TSPY protein 

localization in the mid-piece of the sperm which might explain why male embryos show 

higher fertilization competency than females, possibly due to accumulation of ATP by 

TSPY during the acrosome reaction or for fertilization. Since ATP modulates the Ca2+ 

signaling pathways that are required during the fertilization and embryo development (Jin 

and Yang 2017). It has been shown that increase in the ATP level accelerates Ca2+ that 

activates further embryo development (Wakai, Vanderheyden and Fissore 2011). Therefore, 

it is suggested another role of TSPY might be in the regulation of the energy pathway 

however, further studies are needed to elucidate the affinity of TSPY to the ATP. 

Additionally, detection of TSPY transcripts in the male embryos suggests that de 

novo transcripts are activated during EGA, since the critical effect of TSPY knockdown in 



 

 

133 

 

the male embryo is thought to be largely related to inhibition of the embryonic TSPY 

transcripts. This again supports TSPY de novo transcription that arises as EGA takes place. 

Gene transcription during or immediately following the EGA is important for 

initiation and in maintaining early embryo development. Particularly, during the minor 

genomic activation, genes are involved in repression of cell cycle and mitosis, development 

of tight junctions and compaction, and pluripotent stem cell maintenance and development. 

Genes activated during the EGA are shown to be involved in translation, ATP metabolic 

processes and RNA processing and differentiation. Particularly at the major genomic 

activation, genes involved in proliferation and differentiation were upregulated (Jiang et al. 

2014). This coincides with present results, where TSPY transcripts were significantly 

increased at the 8-cell stage embryos. TSPY is known to be involved in proliferation and 

cell cycle in spermatogenesis. In the early embryo, the significant increase of TSPY at the 

8-cell stage also suggests its possible role in proliferation, because development after the 

8-cell stags becomes more rapid and embryos start to differentiate into different cell 

lineages (Graf et al. 2014). 

Interestingly, spermatogenesis and early embryo development share some 

similarities with the rapid cellular division without cytoplasmic growth, governed by 

various proliferation genes. Moreover, during the early embryo development, TSPY 

expression was present from 2-cell throughout the developmental stages up to the 

blastocyst stage. High levels of TSPY at 8-cell and afterward suggest that TSPY plays an 

important role in mitotic cell proliferation as well. In addition, other Y-linked genes such 

as DDX3Y, USP9Y, and ZRSR2Y have been shown to be expressed in the male bovine 
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blastocyst (Caudle 2013) before the gonadal development. In addition to the present results 

showing TSPY transcripts and proteins during the male bovine early embryo development, 

it suggests that Y-linked genes expression is not limited to male reproduction or 

development but is also important for early embryo development. In arrested male embryos, 

there was no expression of USP9Y and ZFY (Caudle. 2013), which highly supports the 

contribution of the Y-linked genes in early embryo developmental potential. 

Sex differences before the embryonic genome activation might be linked to two 

possible reasons, 1) oocyte interaction with X- or Y- bearing sperm is different and 2) 

differential gene expression in X- and Y- bearing sperm. In the present study, it is uncertain 

whether TSPY transcripts in the earlier stages of the embryo development, such as 2-cell 

and 4-cell stages, are from the transcripts carried to the zygote by the sperm, or are the 

product from the embryonic genome activation, as global Y-linked transcription studies in 

sperm and embryos to compare these differences was nor performed. However, with the 

TSPY transcript profile during early embryo development, it is suggested that the de novo 

transcription of TSPY is present from the 8-cell stage (Figures 10), but more investigation 

is needed to elucidate the source of TSPY transcription. 

Nonetheless, TSPY knockdown had a critical effect on male embryo survival. A 

previous study with a knockdown of one of the Y-linked genes, USP9Y showed a reduction 

in the percentage of cleavage, but embryos that did cleave were able to develop into 

blastocysts (Caudle 2013). This was a contrasting result to the present study where one of 

the Y-linked genes, TSPY knockdown resulted in almost no development of the blastocyst. 

As both genes are involved in spermatogenesis, it is clear that knockdown results show the 
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critical role of TSPY during the early embryo development along with different 

developmental pathways that may be present. 

 

Male embryos require TSPY expression, but females do not 

The results of this study have shown that TSPY is required for the development 

of male embryos, but not female embryos. It is not clear why or how this happens, and the 

present experiments were not designed to examine this aspect of embryo development. 

Nonetheless, it is possible to speculate on some reasons for this. For example, 1) Y-linked 

genes evolved to be involved in male survival and inheritance, and 2) TSPY might share 

similar molecular functions that are present in the autosomal genes. 

Many theories show that the Y chromosome has evolved from the ancestral 

autosomal gene, which resulted in smaller in size and gene content compared to the X 

chromosome. This has resulted in multi-copy genes of the Y-linked genes. Studies have 

investigated the role of the Y-linked genes in male reproduction and development. At the 

molecular level, Y-linked genes have shown to involve in many regulatory cell pathways 

which expression of the Y-linked genes are not limited to the male reproductive system but 

also in different types of cells. Similarly, TSPY has been shown to share similar functional 

properties with autosomal genes that involve in proliferation and cell cycle regulation 

(Oram et al. 2006). It has been shown that male embryos tend to show increased expression 

of the proliferation related gene which results in faster development and higher mitotic 

indices (Xu et al., 1992). 
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Thus, inhibition of TSPY has resulted in the arrest of the early embryo at 8-cell 

stages that further development was not possible. Also, inhibition of TSPY is not affected 

in the female embryo because they do not have TSPY. 

If TSPY is crucial during the male early embryo development, how do female 

embryos survive without TSPY? It is speculated that female embryos possessing two X 

chromosomes undergo random inactivation of maternally or paternally driven X 

chromosomes to equalize the dosage to male embryos that have one X chromosome. It has 

been shown that the transcription is activated from either side of the non-inactivated X 

chromosome (Tan et al. 2016). Since X inactivation is both random and selective process, 

it is thought that important genes for early embryo development are rescued from the X-

inactivation process. Thereby, genes that show similar function as TSPY is present in the 

X chromosome that results in female embryos to survive without TSPY. 

Studies have shown that there are several paralogs of the TSPY including SET, 

SETSIP and NAP1L1, which are located on the chromosome 9, 1 and 14 respectively. SET 

gene has been shown to be involved in inhibition of acetylation of nucleosomes (Tsujio et 

al. 2005). SETSIP has functional role as a transcriptional activator during cell 

reprogramming and promoting differentiation (Lu et al. 2017). NAP1L1 plays an important 

role in DNA replication, chromatin modification and regulates cell proliferation (Simon et 

al. 1994). As such it is suggested that various genes that are important as TSPY, are also 

present in different X chromosomes that compensate the molecular role, thereby although 

females do not have TSPY gene, they have similar paralogous that contribute to the 

development. 
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THRs and TSPY 

Different actions of THs and THRs have been shown between males and females. 

Particularly in reproduction, different concentrations of THs are present in the female 

during pregnancy wherein males THRs are important for spermatogenesis, which is evident 

that this autosomal gene, THRs is important for reproduction. Regarding its role in 

spermatogenesis, TSPY is known to play an important role in spermatogenesis as well. 

Moreover, expression of TSPY and THRs are present during the early embryo development 

and disruption of either of these genes results in significant decrease in embryo 

development. The present study shows that the two distinct genes, TSPY and THRs have 

been shown to play a crucial role during the early embryo development. Further, TSPY 

knockdown not only decreased the TSPY mRNA but also in THRs mRNA and protein. 

Target TSPY siRNA did not show any similarity with THRs mRNA, which is clear that 

knockdown of TSPY results in transcription alteration of the autosomal gene. While there 

is no clear connection of TSPY and THRs mechanism of action, but show common 

involvement in cell proliferation and exhibit sex based differential expression. 

As the present study shows, both THRs transcripts were differentially expressed 

in male and female embryos with different transcription patterns from 2-cell to blastocyst. 

Overall THRs transcription level was slightly higher in males than the female counterparts 

in embryos produced from standard in vitro culture system, which possibly relate to the 

different developmental competency in male and female embryos. It is thought that THRs 

mRNA level showing higher in male embryos might possibly results in sex ratio toward 

males in standard IVF protocols. Supplementation of THs in the culture media increased 
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the THRs mRNA level in female embryos compared to embryos produced from standard 

IVC, suggesting THs involvement in the X-inactivation process. Also suggesting that 

although the supplementation of the THs are exposed to both male and female embryos, it 

is significant that, depending on the sex, a different mechanism is present. 

Further, TSPY knockdown leading to significant decrease in the THRs in male 

early embryos suggests a possible correlation of TSPY and THRs during embryo 

development. Other than general knowledge of both TSPY and THRs genes involved in 

spermatogenesis and expressed in the testes, there is possible speculation regarding to cell 

cycle regulation. As TSPY is known to regulate cell cycle, particularly the transition of 

G2/M. It is speculated that as TSPY is involved in cell cycle regulation, knockdown of 

TSPY shuts down or blocks the mitosis, which is cleavages in early embryos that result in 

alteration of genomic transition that are supposed to happen during the development. As 

THRs are one of the de novo transcribed genes during the early embryo development, 

TSPY knockdown affects the THRs transcription. 

Moreover, alteration in the Y-linked genes during spermatogenesis has been 

shown to skew the sex ratio or male development. Even with the presence of the Y 

chromosome, inappropriate expression of Y-linked genes, such as SRY, has been shown to 

result in the failure of testis development. Similarly, significant sex ratio shift to female 

embryos were shown when TSPY mRNA was knockdown in presumptive zygotes that 

were produced from un-sorted semen. The sex ratio skew to the female were male: female 

=1:9 compared to the controls which were 1: 1.4. This shows that TSPY knock-down 

significantly affects the male embryo development. This corresponds with other studies 
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where knockdown of Y-linked genes resulted in infertility, sex alteration, delayed or 

abnormal development (Kato et al. 2013). However, Y-linked gene transcription inhibition 

was not altered in female embryos. Therefore, sex-related transcriptional differences in 

genes related to sex determination. 

Studies have shown that many autosomal gene transcriptions are dependent upon 

sex-specific transcription. Similarly, figure 24 and 25 show significant THRs mRNA 

decrease that closely relates to TSPY transcript inhibition. Also, the differential expression 

of THRs in the male and female embryo is suggested as sex-dependent transcription. 

However, direct connection of THRs and TSPY is unknown but to speculate, it 

is evident that it shows an important role during several pathways and metabolism. Further 

research is needed to elucidate the connection between THRs and TSPY. 
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FUTURE DIRECTIONS 

 

In the present study, TSPY CN, mRNA and protein were determined in the 

bovine early embryo development and in pools of 50 sperms. Original goal was to 

determine the possible recombination event of TSPY during early embryo development, 

but due to technical limitations, it was not able to determine TSPY CN in the embryo 

developmental stages from zygote to 16-cell stages. Previous studies have shown that there 

is de novo recombination event in aging bulls (Oluwole et al. 2017). Thus, determining the 

TSPY CN in earlier stages of embryo development will provide more evidence to Y-linked 

gene recombination during the mitotic cell divisions of the early embryo development. 

In the present study, exact correlation with the biological pathways of the Y-

linked gene and autosomal genes were not determined. Many studies have determined that 

autosomal gene expression is dependent upon sex-related genes. There is evidence showing 

THRs involved in male and female reproduction and development. In the present study, 

sex dimorphic differential expression of THRs transcripts in male and female embryos 

were determined. Differential expression of THRs in in vitro male and female embryos 

were determined, particularly male embryos with higher THRs transcripts than female 

embryos. Contrary, Y-linked gene, TSPY has been shown to express during male early 

embryo development. The present study has shown that knockdown of TSPY mRNA 

during the early embryo development resulted in almost no male survival. Additionally, 

following the knockdown of TSPY mRNA during the male early embryo development, a 

significant decrease in the THRs were observed, which shows that Y-linked gene is closely 
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related with the transcription activity of the autosomal gene, THRs. However, as the current 

study did not conduct validation of various of autosomal gene expression after inhibition 

of the Y-linked genes, further study investigating the differential expression of the 

autosomal genes during the early embryo development would provide a better 

understanding in the differential expression due to sex-relation. 
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SUMMARY and CONCLUSIONS 

 

TSPY is known to be expressed in the male reproductive system (Vogel and 

Schmidtke 1998). Recent studies showed TSPY expression in male blastocyst can be used 

as a biomarker for sexing embryos (Hamilton et al. 2012a). The present study is first to 

correlate Y-linked gene with early embryo developmental competency. 

First, TSPY DAN, mRNA and protein were only in the male early embryo 

development. Specifically, TSPY CN correlated with mRNA transcripts. Additionally, 

higher TSPY CN and mRNA transcripts related to higher developmental parameters. 

Second, the effect of TSPY effect was limited to only male embryos during early 

embryo development. As TSPY knockdown experiments showed complete deletion of 

TSPY mRNA in male embryos resulting no further development after the 8-cell stages. 

Contrary TSPY knockdown was not affected in the female embryos. Since TSPY mRNA 

knockdown results in almost no survival of male embryos, it is suggested that TSPY plays 

a critical role during the male early embryo development. Developmental dynamics related 

to sex dimorphism is not fully characterized and understood. It is known that the expression 

of some sex dimorphic genes in early embryo development coincides with embryonic 

genome activation. The present study examined the differential expression of THRs in 

bovine male and female embryo are shown as early as in cleavage and throughout the 

embryo developmental stages that are highly dynamic which coincided with the mouse 

embryo studies (Lowe et al. 2015). Moreover, it has been shown that inhibition of the sex-

linked genes results in differential expression. For example, SRY knockdown experiment 
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resulted in differential autosomal gene expression between males and females (Ronen and 

Benvenisty 2014). 

The current study revealed that THRs mRNA transcripts were differentially 

expressed in male and female embryos. Especially male embryos showed higher THRs 

transcripts level than the female embryos. Additionally, significantly higher THRs 

transcripts were observed in the 8-cells which correspond with the major EGA. 

Moreover, alteration of THRs mRNA transcript in the TSPY knockdown embryo 

were observed. Specifically, TSPY knockdown embryos showed deletion of TSPY 

transcripts and a significant decrease in THRs transcripts in male embryos. 

The present studies show that not only TSPY is important for male fertility or 

development, but it is also evident that TSPY plays a crucial role during the early embryo 

development that correlates with sexual dimorphic expression of THRs. 
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APPENDIX 

 

Appendix 1. Embryo developmental competency using standard IVF medium and 
modified IVF medium for sex sorted semen.  
 

 

 

The percentage of cleavage and blastocyst formation was significantly increase in the 
modified IVF medium compared to the standard IVF medium. 5 biological replicates were 
conducted for analysis. Data is mean ± SEM, different superscript above the column 
indicate significant differences (p<0.05). 
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Developmental parameters in embryos produced from sex sorted semen of 3 

different bulls and conventional unsorted semen was fertilized in standard IVF medium 

and modified IVF medium. The percentage of cleavage from the standard IVF medium 

was 42% in female groups (X), 61% in male groups (Y) and 81% in control group. 

However, in modified IVF medium, cleavage rate increased almost up to 20% in both 

female and male groups which were 63% and 79% respectively. Control group did not 

show any differences.  

The percentage of blastocyst from the standard IVF medium was 5% in the 

female groups (X), 10% in the male groups (Y) and 31% in control group. Modified IVF 

medium resulted an increase almost up to 50% in both female and male blastocyst rate, 

which were 11% in female groups (X) and 24% in male groups (Y). Control group did not 

show differences using modified IVF medium.  

*Using sex sorted semen for IVF show decrease in the developmental 

competency, thus modification of IVF media has shown to increase the male developmental 

competency similar as the control group. Therefore, modified IVF medium was used in the 

present study. 
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Appendix 2. Reference genes selected using geNorm (YWHAZ, PPIA and GAPDH). 
 

 

The stability of expression across the different embryo developmental stages is represented 
on the graph as the stability value (M) of candidate genes. The three most stable genes were 
selected; GAPDH, YWHAZ and PPIA. 
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Appendix 3. TSPY protein expression in the testis. 
 

 

Hoechst represents nuclear staining in blue, TSPY represents TSPY protein in red and 
merged represent a combined image of both nuclear and TSPY protein in section of the 
bovine testis. 
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Appendix 4. Pilot study of determining TSPY CN, mRNA and protein in the testis 
cells. 
 

 

 

Relative quantification of TSPY CN and mRNA and protein quantification in different 
passages of testis cells. Experiments were conducted in 3 biological replicates and 3 
technical replicates. Data is mean ± SEM, different superscripts and asterisks indicate 
significant differences (p<0.05). 
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TSPY CN in different passages of the testis cell (T1, T5, T10, T15, T17). TSPY 

CN did not show significant differences from T1 to T15 passages. However, a significant 

increase of TSPY CN was determined at T17. Further from the same testis cells examined 

for TSPY CN, TSPY mRNA transcription was validated. TSPY mRNA expression level 

was significantly higher in T1 and T10 compared to other cell passages. However, T1 and 

T10 did not show significant differences. Lastly, TSPY protein was determined and showed 

no significant differences in all passages.  
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Appendix 5. TSPY CN, mRNA and protein in bovine fetal fibroblast cells. 
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Relative quantification of TSPY CN and mRNA and protein localization and quantification in different passages of bovine fetal fibroblast 
cells. TSPY protein was quantified by the western blot image. Experiments were conducted in 3 biological replicates and 3 technical 
replicates. Data is mean ± SEM, different superscripts indicate significant differences (p<0.05). 
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Male and female fetal fibroblast cells collected at different passages (1, 3, 6, 9, 

12, 15, 17, 18) underwent TSPY CN, TSPY mRNA expression and TSPY protein 

expression analysis.  

Female fetal fibroblasts showed no TSPY CN, mRNA expression and protein 

detection. However, male fetal fibroblast cells showed TSPY CNV in different passages.  

Specifically, TSPY CN shows significant increase from 1, 3, 6, 9 passages where passage 

9 showed the highest TSPY CN. After the 9th passage, TSPY CN was significantly 

decreased and showed no significant differences at further passages compared to passage 

6.  

TSPY mRNA expression was determined. Specifically, TSPY mRNA expression 

showed a significant increase at all passages compared to the initial 1st passage 1. Gradual 

increase of TSPY mRNA peaks at passage 15 and undergo decrease afterwards.  

Further, TSPY protein localization and quantification was performed. TSPY 

protein was localization in the male fetal fibroblasts. It shows that TSPY protein is not 

determined in the female fetal fibroblast cells. TSPY protein was quantified by western 

blot. Specifically, TSPY protein showed different expression levels at significant passages. 

Significant differences were shown between the passages; (1 and 9), (1 and 18), (3and 18) 

and (15 and 18).  

TSPY mRNA expression and protein level show a gradual increase at the first 

passages to passage 9. After the 9th passage, TSPY mRNA and protein show the opposite 

level. Specifically, from passage 9, TSPY mRNA decreases to final passages, whereas 

TSPY protein increases to final passages. 


