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Abstract 

Studying the spermatogenesis of horse is beneficial for the horse industry by 

identifying the causes of chromosomal abnormalities, which cause embryonic loss, 

congenital abnormalities and infertility. Little is known about the spermatogenesis in 

horse. This is the first report that investigates the horse spermatogenesis in detail, 

particularly metaphase I (MI) and prophase I (PI) stages of the first meiotic division.  

Meiotic recombination is considered to be the major outcome of meiosis. It is 

essential for proper chromosome segregation and formation of normal haploid 

gametes. Analysis of recombination frequency and distribution are crucial for 

genomic and association studies. Any alteration of the recombination frequency and 

positioning can cause non-disjunction and generation of aneuploidy.  

The frequency and distribution of chiasmata were estimated at MI chromosomes from 

fourteen fertile stallions. The average frequency of autosomal chiasmata was 49.45 ± 

2.07, corresponding to a genetic length of 2,472.5 cM. All autosomal bivalents had at 

least one chiasma. The majority of chromosomes have one or two chiasmata, which 

are mostly distally localized. The frequency and the distribution as well as the genetic 

length of chiasmata were also estimated for the first time in eight different individual 

autosomes.     

Immunofluorescent localization was used to characterize the early stages of the first 

meiotic division as well as to examine the frequency and the distribution of DNA 

mismatch repair protein MutL Homologous Protein 1 (MLH1) foci on synaptonemal 

complexes (SCs) from sex fertile stallions. The mean frequency of autosomal 

recombination foci was 50.11±2.35. All autosomal bivalents had at least one 

recombination focus. In general, foci were located near the distal ends with some foci 

interstitially distributed. The distribution of MLH1 foci indicated positive 

interference; however, foci were very close to one another in rare instances. The 

average SCs relative length was highly correlated with the average number of MLH1 

foci. MLH1 have been proposed to mark crossover sites at PI since the frequency and 

distribuation of MLH1 foci closely correspond to the frequency and distribution of 

chiasmata on MI chromosomes. 
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Spermatozoa viability, which include spermatozoa head and tail membrane integrity, 

acrosomal integrity and mitochondrial function assessment are the main sperm 

analysis parameters considered in this thesis to evaluate the stallion fertility using 

epididymal collected semen samples. The mean percentage of spermatozoa with 

viable heads and tails, using Chicago sky blue stain, was 81.26 ± 5.06. FITC-Pisum 

sativum agglutinin (FITC-PSA) and MitoTracer green were used successfully to 

assess the spermatozoal acrosomal status as well as the mitochondrial function, 

respectively. The mean percentage of spermatozoa with integrated acrosome was 

93.85 ± 1.9, while for functional mitochondria was 95.63 ± 1.63. 

In conclusion, this finding is the cornerstone to understanding the genetic basis of 

normal horse spermatogenesis. Simultaneous assessment of different functional sperm 

parameters as well as investigating the synapsis and recombination frequency and 

distribution, at PI or MI, would assist with predictions of stallion fertility prior to 

breeding. In addition, this study will enable investigators to use linkage analysis in 

identifying and localising different genetic loci associated with specific traits. 
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Chapter 1 

Introduction 

1.1. Background 

The horse, as we know today, is the result of evolutionary changes over many years. 

The first evidence for the existence of the horse is found in North America from 

where it is believed to migrate to the rest of the world such as Europe, Asia and Africa 

(Morel, 1999). Horses were domesticated first in the areas of China and Mesapotamia 

(Morel, 1999) and belong to one species, Equus caballus (Evans, 1992) that has 

different breeds, a few of which are: Thoroughbred, Arabian, Andalusian, Akhal-teke, 

Quarterhorse, Icelandic Pony and Standardbred.  

The horse has played a key role in the history of man and civilizations by providing a 

means for transportation and service of utility (Russell, 2007). The first breeding, in 

the Near East about 3500 years ago, began when man discovered that he could 

influence the characteristics of any offspring by selecting appropriate stallions and 

mares; this led to development of animals suitable for different needs. Selective 

breeding of horses then became more widespread in various parts of the world. 

Selective breeding changed at the beginning of the last century from selecting for 

power and transport to focus on the selection of traits suitable for sport and leisure, 

such as hunting, racing and riding (Morel, 1999).  

Horse management from an early age is important to minimize any risk of injury and 

to protect its well being and reproductive potential. A stallion with a desirable trait 

can sire many foals in a single year and the demand is very high especially for a horse 

with a good performing record or conformation characteristics (Morel, 1999). Thus, 

early detection of horse fertility problems can allow management changes, such as 

managing the frequency of breeding and/or increasing the frequency of examinations 

of the mares so they are bred only once close to ovulation thereby prolonging the 

fertility of stallions (Samper, 2009). 

 



   2 | P a g e  

 

1.1.1. Basic Horse Genetics  

The standard domestic horse karyotype was agreed in 1989 at the Second 

International Conference for Standardization of Domestic Animal Karyotypes. The 

domestic horse has 31 autosomal chromosome pairs, in addition to sex chromosomes, 

X and Y. Among the 31 autosomal chromosome pairs, 13 are metacentric or 

submetacentric, and 18 are acrocentric. For the sex chromosomes, the X chromosome 

is the second largest metacentric while the Y chromosome is one of the smallest 

acrocentric chromosomes (Evans, 1992; Bowling et al., 1997) (Figure 1.1).
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Figure 1.1: Standard karyotype for the horse male as defined by the International System for 

Cytogenetic Nomenclature of the Domestic Horse (ISCNH 1997).  

 



   4 | P a g e  

 

1.2. Spermatozoa formation 

Spermatozoa formation occurs in the testis in the seminiferous epithelium. It begins at 

puberty, after a long preparatory period, and continues throughout life until old age, 

the products of which are the mature germ cells, namely spermatozoa (Holstein et al., 

2003). The ultimate purpose of this process is to generate a vehicle for the 

transmission of the paternal genome into the female gamete, the oocyte, at 

fertilization. Each species of animal has specific sperm morphology varying in the 

shape, size and density of the nucleus (de Jonge & Barratt, 2006).  

Spermatozoa formation starts with the mitotic division of spermatogonia during which 

DNA replicates and cell division results in a continuous source of cells for sperm 

production through meiosis. The subsequent meiotic divisions consist of two 

successive cell divisions of spermatocytes, following one round of DNA replication, 

giving rise to four haploid cells, spermatids (Bruce et al., 1994). 

Spermatozoa formation is a complex process that is regulated by many genes. Some 

of these genes are located on the Y chromosome while the rest are located on 

autosomes (Seshagiri, 2001). Three major stages of spermatozoa formation are: 

spermatogoniogenesis, spermatogenesis and spermiogenesis (Figure 1.2). 
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Figure 1.2: Section of stallion germinal epithelium in the seminferous tubule showing different stages 

of spermatozoa formation process. Spermatogonia, primary spermatocytes, secondary spermatocytes, 

and spermatids develop in the space between two or more Sertoli cells. Modified from (Holstein et al., 

2003). 
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1.2.1. Spermatogoniogenesis 

Spermatogonia are the germ cells that lead to the production of spermatozoa. The two 

distinct fates for a spermatogonium are either: a) it undergoes mitosis to duplicate 

itself (A0) to maintain a progenitor population that is capable of continuing the 

spermatogenic lineage, or b) it undergoes mitosis to produce daughter cells which are 

committed to give rise to primary spermatocytes that differentiate into spermatozoa 

(Samper, 2009; De Jonge & Barratt, 2006). Spermatogonia multiply continuously at 

regular intervals by mitosis, but the dividing cells are usually incomplete since the 

daughter cells remain interconnected by cytoplasmic bridges (Holstein et al., 2003). 

Uncommitted A1-spermatogonia divide to form either two new uncommitted A1-

spermatogonia or two cells that are joined by an intercellular bridge that continues to 

divide to form a chain of eight jointed cells. Most A1-spermatogonia divide to form 

differentiated A2-spermatogonia that are functionally different from A1-

spermatogonoa. A2-spermatogonia can divide to form further differentiated A3-

spermatogonia that divide to form B1-spermatogonia, which are morphologically 

different and can further divide to form B2-spermatogonia. These in turn divide to 

produce primary spermatocytes (Mckinnon & Voss, 1992). 

Sertoli cells serve a number of functions during spermatogenesis as they support the 

developing gametes by secreting different substances and hormones that control 

spermatogenesis, as well as phagocytose residual left overs from spermatogenesis. In 

the absence of spermatogonia, no spermatogenesis can take place and the germinal 

epithelium would only consist of Sertoli cells. Spermatogonia may be absent from 

birth, a condition called congenital Sertoli cell-only syndrome, or destroyed by 

different agents, such as x-radiation, which result in acquired Sertoli cell-only 

syndrome (Holstein et al., 2003).  

1.2.2. Spermatogenesis 

B2-spermatogonia divide by mitosis at regular intervals to produce primary 

spermatocytes, which are the largest germ cells of the germinal epithelium. Primary 

spematocytes, in turn, divide during the first division of meiosis to produce spherical 

secondary spermatocytes that will divide throughout the second meiotic division, 
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without DNA replication, to produce spermatids which have a characteristic elongated 

cellular shape and condensed nucleus (Samper, 2009; Holstein et al., 2003). 

1.2.3. Spermiogenesis 

Spermiogenesis refers to the process of dramatic differentiation and maturation of 

spermatids, which includes mainly cell morphology and size, into mature spermatozoa 

that are released from the seminiferous epithelium. Spermatids are non-motile and 

round specialized cells whereas spermatozoa are motile, elongated and have 

specialized components and surface molecules (Holstein et al., 2003).  

To achieve the motility that is needed for the primary function of fertilizing an oocyte, 

the spermatozoon must lose most of its organelles (such as endoplasmic reticulum and 

lysosomes which are unnecessary for the task of delivering the DNA to the egg) and 

most of its cytoplasmic volume (Bruce et al., 1994). Anatomically, stallion 

spermatozoa consist of 3 regions (Ramalho-Santos et al., 2007):  

 The head, which contains a condensed haploid nucleus and the acrosome 

which is the anterior part of the head that contains several enzymes necessary 

for penetrating into the zona pellucida of oocyte.  

 The mid-piece, which contains many mitochondria that can power the 

flagellum by providing the spermatozoon with the energy needed for its 

movement.  

 The tail (or flagellum), which is composed of an axoneme consisting of two 

central singlet microtubules surrounded by nine evenly spaced microtubule 

doublets that are responsible for sperm motility.  

Based on the biogenesis of individual sperm accessory structures and progression of 

sperm nuclear condensation, spermiogenesis can be divided into three different 

processes (De Jonge & Barratt, 2006): 

 Super condensation of the nuclear chromatin to about one tenth of the volume 

of an immature spermatid (Holstein et al., 2003). Nuclear hypercondensation 

and sperm head shaping are achieved by the removal of histones and their 

replacement with protamines (de Jonge & Barratt, 2006). Testis-specific 

histone and histone binding variants expressed specifically during meiosis 

participate in nucleosome formation and chromatin remodeling (Drabent et 
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al., 1991, 1993, 1996; Koppel et al., 1994; Wolfe & Grimes, 1999). It has 

been proposed that the high condensation of chromatin protects the paternal 

genome from environmental stress during transport in the male and female 

reproductive tract. It is confirmed, in men as well as in horses, that with 

reduced chromatin integrity normal fertilization is possible, but impaired 

embryo development follows (Samper J, 2009). 

 Formation of the enzyme filled acrosome cap by the Golgi apparatus 

(Holstein et al., 2003). 

 Development of flagellum structures which are in contact with the nucleus. 

The mature spermatids are delivered from the germinal epithelium to the lumen of the 

seminiferous tubule by a complex process, called spermiation, which is managed by 

the Sertoli cells (Holstein et al., 2003). The fully differentiated spermatozoa detach 

from each other and from the surface of seminiferous epithelium, become free cells, 

and travel through the lumen of the seminiferous tubule (de Jonge & Barratt, 2006). 

The different processes of spermatozoa maturation, such as surface and membrane 

differentiation, take place after they have been released (Holstein et al., 2003). The 

cytoplasmic lobe is shed in the form of the residual body, which is phagocytosed by 

Sertoli cells, leaving a minute remnant of a spermatid cytoplasm (de Jonge & Barratt, 

2006). Spermatozoa acquire their mobility during their transport throughout the 

epididymal ducts (Holstein et al., 2003). 

 

1.2.4. Efficiency of Spermatogenesis 

Continuous production of spermatozoa is maintained throughout the reproductive 

lifespan. Such massive proliferation and differentiation requires a certain degree of 

quality control that may be assured by programmed cell death or apoptosis (de Jonge 

& Barratt, 2006). For quality management, spermatogenesis is a process of little 

efficiency with a high number of germ cell being lost during spermatogenesis, mostly 

due to malformation. Many germinal cells die during the process of spermatogenesis 

and are rapidly phagocytosed by Sertoli cells (Mckinnon & Voss, 1992). In humans 

about 75% of the developed germ cells are lost by degeneration or apoptosis and more 

than half of the remaining are deformed, thus, only 12% of the product has 
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reproductive potential. However, spermatogenetic efficiency is lower in humans than 

in other animals (Holstein et al., 2003).  

The number of Sertoli cells in the testis is the best indicator of spermatogenic 

efficiency: the more Sertoli cells a testis contains, the more spermatozoa that testis 

can produce (Segatelli et al., 2004). In bulls, a direct relationship is found between the 

number of Sertoli cells in the testis and the daily spermatozoa production by that testis 

(Mckinnon & Voss, 1992). Each Sertoli cell can support a limited number of germ 

cells and the number of Sertoli cells per testis and the maximum numbers of germinal 

cells per Sertoli cell are species-specific (Mckinnon & Voss, 1992, Segatelli et al., 

2004). It was presumed that any alteration in spermatogenesis in post-pubertal 

animals would change the ratio of germ cells to Sertoli cells (Jones & Berndtson, 

1986). The mean spermatid-Sertoli cell ratio is 3-4 for human germinal epithelium, 

versus 12 in rats (Holstein et al., 2003).  

Spermatogenesis, as a whole, can be disturbed at every level. Different factors reduce 

or destroy the spermatogenesis activity, such as environmental factors, diseases, 

different nutritive substances, therapeutics, drugs, hormones and their metabolites 

toxic substances, X-radiation or simple increased temperature. If the germinal cells, 

spermatogonia, survive these factors then spermatogenesis may be resumed (Holstein 

et al., 2003). 

 

1.3. Meiosis 

Meiosis is a complex process, which takes place in virtually all sexually reproducing 

eukaryotes to generate haploid cells as well as generate genetic diversity, and 

therefore help the survival of species or generation of new species. It is conserved 

throughout evolution with marked differences between sexes and species. Genetic 

variation occurs through random fertilization, crossing over and random segregation 

and this variation is the basis for natural selection and evolution (Critchlow et al., 

2004; Maguire, 1992). 

Meiosis is more complex than mitosis and has a greater degree of genetic control. It 

consists of unique structures and events at each phase of the cell process (Chaganti et 

al., 1980; Uhlmann, 2001; Wolgemuth et al., 2002; Nasmyth, 2002; Critchlow et al., 
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2004). In mitosis, DNA replication and chromosome compaction are followed by 

segregation of sister chromatids, thus restoring the initial genetic makeup in each 

daughter cell; however, meiosis yields haploid cells (Kleckner, 1996). The fusion of 

two gametes to form a zygote restores the normal chromosome complement, rather 

than doubling it. In meiosis replication of the DNA takes place in interphase and is 

followed by two cycles of nuclear division, in the first division, called meiotic 

division I, homologous chromosomes separate and in the second division, meiotic 

division II, the sister chromatids separate (Bruce et al., 1994; Critchlow et al., 2004). 

Meiotic division II, which is also known as equational division, resembles mitosis in 

that sister chromatids segregate; however, in meiotic division I, which is also known 

as reductional division, sister chromatids remain associated with each other so one 

chromosome moves to one cell and its homologue moves to the other cell (Roeder, 

1997). 

As in mitosis these divisions are sub-divided into the Prophase, Metaphase, Anaphase 

and Telophase stages, thus a full meiotic process includes two of each of these stages. 

 

Meiotic Division I 

1.3.1. Prophase I (PI) 

Meiosis is dominated by prophase of the first meiotic division (PI), which can occupy 

90% or more of the total meiotic duration (Parvinen et al., 1991; Cobb & Handel, 

1998; Critchlow et al., 2004). Homologous chromosome pairing, synapsing and 

recombination are three different coordinated events that occur during prophase I 

(Jordan, 2006). 

Prophase I events are divided into substages based on changes in chromosome 

morphology and their pairing behaviour during synapsis (Roeder, 1997). It starts with 

the leptotene stage in the basal compartment of the germinal epithelium and thereafter 

the spermatocytes reach the adluminal compartment, meiosis I continues through the 

prophase stage, with zygotene, pachytene and diplotene (Holstein et al., 2003). 
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1.3.1.1. Homologous Pairing 

Chromosome pairing is a mechanism that brings homologous chromosomes together 

into tightly synapsed pairs. Such pairing is essential for successful meiosis; generally 

only paired homologs can recombine, crossover and form the required configuration 

for correct segregation into haploid sets (Cook, 1997). It is thought that any 

homologous chromosome segment should undergo pairing during the pairing phase 

and homologous chromosomes pair up precisely along their length, thus failure to 

carry out this step can result in chromosome mal-segregation, at later stages of 

meiosis, that could lead to meiotic arrest (Critchlow et al., 2004; Villagómez & 

Pinton, 2008).  

Meiotic chromosome pairing at PI involves three successive developmental stages: 1) 

homologue recognition, in which the chromosomes are pulled from their scattered 

locations towards each other, 2) presynaptic alignment, which is assumed to be the 

first physical connection between the homologous chromosomes and 3) intimate 

synapsis. Chromosomes search out their homologues during meiotic leptotene to 

establish a connection that sometimes results in gene conversion, this in turn promotes 

initiation of synapsis (von Wettstein et al., 1984; Kleckner, 1996). 

Co-localization of the homologous chromosomes is a crucial step in the even 

distribution of genetic material between daughter cells (Barlow & Hultèn, 1998). 

Several intensive studies explored different hypothesis or models of initiation of 

homologous chromosome pairing; however, no clear picture of this process has yet 

emerged. It is thought that there are several different pairing mechanisms and 

different organisms react differently with each mechanism, also pairing is a multi-step 

and usually a multi-path process (Roeder, 1997; Schwazacher, 2003).  

Earlier studies revealed that the nuclear envelope is involved in initiation of 

homologous pairing. In many organisms, such as man and mouse, the subtelomeric 

regions of chromosomes are observed at the leptotene stage to be attached to the inner 

nuclear membrane and form a cluster structure known as a bouquet that facilitates the 

first alignment and pairing of homologues at their connection point to the inner 

nuclear membrane (Comings & Okada, 1972; Scherthan et al., 1996). The telomeres 

first attach to the restricted site on the nuclear envelope and then move to a common 

clustered location along the envelope, which is next to the spindle pole body (SPB) in 
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yeast and the centrosome in mammals. This brings homologous chromosomes into 

close proximity, which results in numerous potential encounters among the 

homologues and thereby facilitates homology testing at different pairing sites.  

It is suggested that chromosome pairing occurs transiently during leptotene whilst the 

telomeres are moving towards each other and the telomere movement is thought to be 

mediated by microtubules (Scherthan et al., 1996; Schwazacher, 2003; Turner, 2007). 

Mutations in Ndj1p, telomeric-associated protein, that seems to be required for 

bouquet formation and telomere attachment, disrupt bouquet formation and 

homologous pairing in budding yeast (Trelles-Sticken et al., 2000; Turner, 2007). 

Other proteins, such as Taz1 from fission yeast, Bqt1 and Bqt2 from 

Schizosaccaromyces pombe, have been identified and characterized to mediate 

telomere clustering and association with SPB (Chikashige et al., 2006). Correct 

telomere positioning and bouquet formation facilitates alignment and pairing of 

homologues, this is a prerequisite for meiotic recombination. Bouquet dissolution 

seems to be dependent on completion of recombination (Sideraki and Tarsounas, 

2007).  

Other studies showed that pairing is initiated in several scattered sites (Moses, 1968); 

however, contrary to this observation, studies in yeast suggested that homologous 

pairing was initiated very early before condensation of chromosomes and most likely 

during the pre-meiotic interphase (Kleckner, 1996). Early meiotic pairing may involve 

the formation of reversible and unstable interactions between intact DNA duplexes 

which could be sufficient for homologous alignment since they are held together at 

multiple sites along their length (Kleckner & Weiner, 1993). In some organisms, such 

as S. Pombe, pre-meiotic pairing of homologues is observed near the centromere 

(Scherthan et al., 1994; Jordan, 2006). Pre-meiotic pairing is not conserved since it is 

not observed in mammals and other organisms such as Saccharomyces  cerevisiae 

(Weiner & Kleckner, 1994). 

Several genetic and cytogenetical studies indicate that pairing sites in many species 

are numerous and uniformly distributed along the chromosomes in meiotic prophase 

and most or all chromosomal segments are capable of pairing (Vincent & Jones, 1993; 

Roeder, 1997). However, there are certain organisms, such as Caenorhabditis elegans 

and Drosophila melanogaster, in which only particular sites on chromosomes, called 

pairing centres, can initiate homologous pairing. In C. elegans these sites are referred 
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to as a homologue recognition region (HRR) and are located at one end of the 

chromosome (Zetka & Rose 1995). The HRR initiates homologue pairing since it acts 

as a binding site for a protein complex that is involved in homology searching, as well 

as initiating and stabilizing pairing of homologous chromosomes (Roeder, 1997, 

Jordan, 2006). 

Two proteins, SNM (stromalin in meiosis) and MNM (modifier of mdg4 in meiosis), 

were reported to be localized to the XY pairing centre in D. melanogaster and are 

required for stabilizing initial pairing of homologous chromosomes. MNM is also 

localized on autosomes as multiple spots within the chromatin that disappeared by 

anaphase I (Thomas et al., 2005).  

Studies in S. cerevisiae suggested that initiation of homologous chromosome pairing 

prevents meiotic nuclear division until all chromosomes are fully paired. This triggers 

certain checkpoints such as the Tam1/ndj1 protein that is localised at the end of the 

meiotic chromosomes (Chua & Roeder, 1997; Roeder, 1997).  

In most organisms, synapsis between homologous chromosomes requires the presence 

of a meiosis-specific proteinaceous structure termed the synaptonemal complex (SC; 

Roeder, 1997). 

 

1.3.1.2. Synaptonemal Complex 

The synaptonemal complex (SC) is a protein lattice that resembles railroad tracks and 

connects paired maternal and paternal homologous chromosomes in most meiotic 

systems. The SC was named and discovered in the spermatocyte of crayfish by Moses 

(1956a). Subsequently, it has been found in the spermatocytes of a variety of animals 

including: cat, mouse and pigeon (Fawcett, 1956); grasshopper and salamander 

(Moses, 1956b); rat, fish and spider (Sotelo & Trujillo-Cenoz, 1958); and pulmonate 

snail (Roth, 1960). The SC has long been viewed as being essential for crossing over; 

however, recombination has now been shown to be initiated before the formation of 

the SC and there are some studies that have revealed the absence of SC in certain 

species (e.g. S. pombe and Aspergillus nidulans) even though normal crossing over 

occurs (Egel-Mitani et al., 1982; Bahler et al., 1993; Munz, 1994; Schwazacher, 

2003). It is considered that the SC may be important in maturation of crossovers into 
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chiasmata, chromatin cohesion and crossover interference (Moens, 1994; 

Schwazacher, 2003). 

The SC structure is composed of microfibrillae which are arranged to form two lateral 

elements (LEs) that are separated from each other by a uniform distance, which varies 

slightly between species but usually ranges between 100-300 nm, and one central 

element (CE; Schwazacher, 2003). The LE consists of an outer lamina and a thinner, 

less electron-dense inner lamina. The CE is apparently formed by the overlapping  

microfibrillar stretching from the inner laminae of the two LEs toward the centre of 

SC known as transverse filaments (TF). Many of these filaments transverse from one 

LE to the other, whereas others terminate at the CE (Figure 1.3; Roeder, 1997). 

However, new findings in mice suggesting that SC is a quadripartite structure and CE 

represents a distinct structure after isolating a novel protein within the central element 

(Hamer et al., 2006; Turner, 2007). 

 

 

Figure 1.3: Diagram of synaptonemal complex (SC). Lateral elements (LE) of homologous 

chromosomes align and synapse together via a meshwork of transverse filaments (TF). The overlapping 

of the TFs forms the central element (CE). The recombination nodules are constructed on the central 

element. Modified from (Roeder, 1997). 

 

SC assembly can be divided into three major stages which are used to classify the PI 

substages: 1) During the leptotene stage, the first stage of prophase I, the two sister 

chromatids of a single chromosome develop an axial element (AE) (Roeder, 1997). 2) 

During zygotene, TF start connecting the axial elements of the two homologs after its 
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polymerization at distinct loci. 3) During pachytene the SC is completely assembled, 

comprising two LE, which is referred previously to AE, and CE (Lynn et al., 2007). 

Moses (1968) pointed out a reduction of AEs and an increase of LEs as meiosis 

proceeds through zygotene (when synapsis starts for a very small stretch, usually at 

the telomeric regions, and the AEs are transformed to the LEs of the SC) to pachytene 

(when synapsis is completed and the SC consists of LEs and a CE). The SC then 

breaks down at diplotene stage of prophase I, preferentially at the centromerical 

terminal segments and the bivalents are obviously more relaxed and longer than those 

observed at the pachytene. The CE disappears first while the LEs remain briefly along 

the homologos before they disintegrate (Moses, 1968; Villagómez & Pinton, 2008). 

Genes that encode the TFs, such as ZIP1 gene in S. cerevisiae, the SCP1 gene in rats, 

SYCP1 in mice and Syn1 homologs of SCP1 in hamsters and humans, have been 

cloned (Roeder, 1997). These genes are expressed specifically in meiotic prophase 

cells and these proteins localized to synapsed chromosomes but not to AEs. The size 

of the proteins in these genes range from 875 to 997 amino acids, with 74% to 93% of 

mammalian protein identity (Sym et al., 1993; Dobson et al., 1994). Based on SYCP1 

sequences in mice and by using gold labelled antibodies against the C and N terminal 

coupled with electron microscopy, the C terminal region has been located to the edge 

of the LE, while the N terminal region localized to the CE. The N termini of SYCP1 

molecules can interact with each other (Costa and Cooke, 2007). Three new proteins, 

SYCE1, SYCE2 and TEX12 were identified as part of mouse CE components and 

they interact with the N terminus of SYCP1 and between themselves. These proteins 

are delocalized in the absence of SYCP1 (Costa et al., 2005; Hamer et al., 2006).  

Different components of the LEs, such as Cor1 protein of hamsters and homologous 

SCP3 proteins of rats, have been characterized. Cor1 and SCP3 are phosphoproteins 

that extent of phosphorylation changes and their size is around 250 amino acids that 

localized to unsynapsed AEs as well as the mature LEs (Dobson et al., 1994; 

Lammers et al., 1994). Cor1 and SCP3 are thought to play a role in meiotic 

chromosome segregation due to their localization pattern. They remain associated 

with the cores of the chromosomes from diplotene to metaphase I and then 

accumulate near the centromeres by anaphase I and finally dissociate from the 

centromeres at anaphase II (Roeder, 1997). Red1 is another example of S. cerevisiae 
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meiosis-specific protein that is associated with AEs and mature SC LEs (Smith & 

Roeder, 1997). 

SC proteins in general show low conservation and sequence homology (Schwazacher, 

2003). In different studies, several SC protein components have been isolated and 

various important meiotic structures have been identified by the use of 

immunofluorescence. Antibodies against SC components, such as TEs (SCP1) or LEs 

(SCP3), serve as valuable tools in investigating the structure of SC since they can be 

used to visualize the SC under a fluorescent microscope (Sun et al., 2004). Antibodies 

against SC components of related species show limited cross reaction; however, no 

cross reactions have been reported between vertebrates, invertebrates, fungi and plants 

(Schwazacher, 2003). 

 

1.3.1.3. Factors influencing homologue recognition and initiation of 

pairing 

Different factors, such as chromosome morphology, chromatin condensation pattern, 

proteins bound to DNA and specific sequence distribution, in addition to DNA-DNA 

interaction, are involved directly or indirectly in homologue recognition and initiation 

of pairing (Sybenga, 1999; Schwazacher, 2003). 

 

1.3.1.3.1. Chromatin Organisation 

Genome size has a major effect on chromosome organization and chromatin 

packaging as well as on the distribution of genes and repeated sequences that 

influence homologous pairing and recombination (Schwazacher, 2003). Each pair of 

sister chromatids forms a single linear array of loops connected at their bases by an 

axial element (AE), which lies on the same side of this axis (Kleckner, 1996). The 

average size of the chromatin loops are species-specific and range from 0.5 µm in S. 

cerevisiae to 14 µm in grasshoppers (Moens & Pearlman, 1988). It has been 

postulated that there are specialized DNA sequences that associate with the meiotic 

chromosome core and regulate the loop size. In one study in rats, when the SC was 

treated with DNase, the DNA fragments were found to contain dinucleotide repeats 

with GT motif and retroelement-related repetitive sequences such as short 
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interspersed sequence elements (SINE) and long interspersed sequence elements 

(LINE) (Pearlman et al., 1992). The loop size near the telomeres was two to three 

times smaller than in the interstitial regions, which was attributed by the chromosomal 

position, not the DNA sequence, since inserting the telomeric sequence in the 

interstitial regions did not affect the packaging ratio (Heng et al., 1996). In humans, 

the telomeric region is seen tightly associated with the SCs compared with the 

centromertic region (Barlow & Hultèn, 1996). Each chromosome in a haploid set has 

a unique array of loops of transcription units and therefore, homologues share similar 

arrays (Cook, 1997). 

The rate of meiotic recombination is inversely correlated to the chromatin packaging 

density. For example the average recombination rate in yeast is 300 times more than 

in humans since the amount of DNA per unit length of SC in humans is 25 times more 

than yeast. However, if we introduce human DNA into yeast, it will adopt the same 

packaging and recombination rate of yeast (Loidl et al., 1995). 

 

1.3.1.3.2. Repeated DNA Sequences 

Repeated sequences might aid the first homologous recognition (Roeder, 1997). 

Telomeres and centromers are two examples of repeated sequences. 

Telomeres 

Telomeres are essential for genomic stability through protecting the chromosome ends 

from degradation. Their dysfunction, shortening or loss of telomeric capping, is 

associated with genetic instability and implicated in aging and cancer (Sideraki and 

Tarsounas, 2007). During early meiosis telomeres play an important role in 

homologous pairing since bouquet formation depends on telomere attachment and 

movement to the inner nuclear membrane and cluster surrounding the centrosome in 

mammals (Scherthan et al., 1996). Bouquet assembly occurs at the leptotene-zygotene 

transition, while telomeres remain attached to the nuclear membrane from leptotene to 

late pachytene (Sideraki and Tarsounas, 2007). There are short subtelomeric repeats 

that are chromosome-specific and their distribution could be important for 

homologous recognition. This repeat, (TTAGGG)
n
 in mammals, which varies in 

length from 10 kb in human to >40 kb in mouse, and (TTTAGGG)
n
 in most plants, is 

highly conserved and repeated hundreds of times at the telomeres (Fuchs et al., 1995; 
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Zakian, 1995; Kilian et al., 1995). The telomeres end with single-strand 150 

nucleotides called 3  overhang that acts as a substrate for telomerase, which has 

reverse transcriptase activity to extend the G-rich strand of the telomere. This can 

prevent gradual loss of DNA sequences from chromosome ends after replication 

(Sideraki and Tarsounas, 2007). Mice with telomerase deficiency have short 

telomeres which result in chromosomes end-to-end fusion and cell death as well as 

infertility problems (Herrera et al., 1999). Telomerase may act in the germ line since 

its activity was detected in testes and ovaries, but not in mature sperm or oocytes; 

however, the sperm telomeres are significantly longer than those of somatic cells 

(Wright et al., 1996 Sideraki and Tarsounas, 2007). Telomeres elongation may occur 

before and after meiosis since the telomerase activity peaks in pre-leptotene and 

spermatid cells of adult mouse testis using in situ TRAP assay (Sideraki and 

Tarsounas, 2007). It is thought that homologous recombination can protect the 

telomeres from damage during meiosis through remodelling the telomeric DNA into 

t-loop structure (Griffith et al., 1999).  

Centromeres 

Eukaryotic centromeres are responsible for sister chromatid cohesion, attachment to 

the spindle, and correct chromosomes alignment on the metaphase plate in order to 

allow proper segregation at the anaphase stage. The centromere of many species 

contains highly repetitive sequences which are known as tandem satellite repeats and 

retroelement-like components (Schwazacher, 2003). For example in humans, the 

tandem α-satellite repeats, which constitute about 0.3% of the human genome, play a 

major role in chromosome segregation and centromere function and show a 

chromosome-specific pattern of sequence variants (Willard, 1985). These variants, in 

addition to different DNA binding proteins such as histone H3 and CENP-A, are 

thought to be involved in homologous recognition (Schwazacher, 2003). Studies in S. 

cerevisiae and female D. melanogaster show that pairing at the centromeric region 

plays an important role in homologous pairing and are also required for correct 

segregation in the case of achiasmata chromosomes (Karpen et al., 1996; Kemp et al., 

2004). 
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1.3.1.4. Recombination 

Meiotic recombination is the molecular process by which new combinations of the 

genetic material are generated and is considered to be the major outcome of meiosis 

(Heyer & Kohli, 1994). Recombination is essential for meiotic chromosome 

segregation and the formation of normal haploid gametes (Hassold et al., 2000).  

Recombination frequency and distribution are useful for genomic and association 

studies (Heyer & Kohli, 1994) and it is also important in providing a pathway for the 

repair of damaged DNA. Recombination processes may lead to oncogene activation 

or loss of tumor suppressor genes, which are important steps in carcinogenesis (Heyer 

& Kohli, 1994). For example, mutation in BRCA2 gene, which is a tumor suppressor 

gene, causes predisposition to breast and ovarian cancer (Li & Heyer, 2008). In 

general, it is considered that the reduction of frequency and alterations in the 

positioning of recombination are risk factors for non-disjunction and generation of 

aneuploidy (Lamb et al., 1997). 

The process of chiasma formation, crossing over and recombination during meiosis is 

a dynamic one, and can vary even within the same species and race. Variation is seen 

between males and females, between individuals with normal and those with 

structurally rearranged karyotypes, and even between individuals with normal 

karyotypes (Hultèn, 1994). 

Two different approaches have been introduced to determine the genome-wide 

patterns of recombination: 1) Direct cytogenetic approach, in which recombination 

can be determined by analyzing the number of chiasmata and location on each 

chromosome in gametes. 2) Indirect conventional genetic linkage analysis of 

pedigrees. Genetic markers are used to produce recombination maps of chromosome 

segments, which can then be linked to estimate the recombination frequencies for 

specific chromosome (Sun et al., 2004; Hassold et al., 2004). The second approach 

has two limitations. First, it needs three well-characterized generation families. 

Second, only one-half of all recombinations can be detected since this approach relies 

on the analysis of haploid products rather than meiotic cells (Lynn et al., 2002).  

Meiotic recombination is initiated by the formation of double stand breakage (DSB), 

which is repaired during homologous chromosome recombination (Borde, 2007). 

Chromosome segregation requires two processes in most organisms. Firstly, the 
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chromosomes are
 
broken (at interphase stage) by DSBs, and rejoined with some of the 

breakage–reunion
 

events that occur between homologs leading to recombinant 

products (During Prophase I),
 

which can be visualized by light microscopy at 

Metaphase I stage as chiasmata. Secondly, synapsis and recombination between 

homologs are facilitated and formed by the SC (Figure 1.4) (Hassold et al., 2000).  

 

1.3.1.4.1. Double Strand Breaks (DSBs) 

It is thought that recombination is initiated by double-strand breaks (DSBs) as the 

frequency and the distributions of the DSBs are correlated consistent with the meiotic 

recombination (Roeder, 1997). In general, the double strand cleaves first followed by 

exonuclease digestion in which 5΄ strand termini are rapidly resected, while leaving 3΄ 

strand tails suitable to invade an uncut homologous duplex. This followed by branch 

migration forms double Holliday junctions, which connect the homologues at the 

DNA level, resulting in crossover or non-crossover products (Kleckner, 1996).  

There are many remarkably conserved features of meiosis between different 

organisms. Meiotic specific DSB differ from most DSB, which occur either after drug 

treatment, irradiation or during replication, in that it is repaired by homologous 

recombination (Borde, 2007). Repairing of these DSBs by recombination generates 

recombinant molecules that could be either crossover (reciprocal exchanges) or non-

crossover (gene conversion; Baudate and Massy, 2007). Meiotic specific DSBs have 

been demonstrated in yeast but there is evidence that the DSBs model can be applied 

to different species. With the use of insertional mutagenesis, whole genome 

sequencing, knock-out mutants and different screening methods, numerous yeast 

homologues genes have been identified in different multicellular organisms such as C. 

elegans, D. melanogaster, mouse and human (Roeder, 1997, Schwazacher, 2003). 

More than 200 genes specific for meiosis and gametogenesis have been identified 

(Schwazacher, 2003). Yeast artifact chromosomes carrying human DNA inserts 

exhibit characteristics of meiotic DSB patterns (Klein et al., 1996). DSB repair model 

has been demonstrated physically that can be divided into the following 4 different 

steps (Figure 1.4): 
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1) Initiation of DSBs by double-strand break formation: 

The Spo11 protein, which is purified from a DNA-protein complex and is widely 

conserved, has been shown to be required for the initiation of meiotic recombination 

in yeast and possibly in most, if not all, organisms such as mouse and man (Klapholz 

et al., 1985). Protein sequence analysis showed that Spo11 contains several motifs 

which are homologous to Top6A, the catalytic subunit of an archaebacterial type II 

topoisomerase that mediates a reversible DNA break, which is necessary in the 

absence of a suitable homologue (Roeder, 1997; Schwazacher, 2003). Once breaks are 

formed, Spo11 becomes linked covalently to the 5΄ end of the DSBs, forming a 

Spo11p-DNA intermediate, which is then removed before break resection and strand 

invasion can take place (Schwazacher, 2003; Turner, 2007). Spo11 is also required 

during leptotene for centromere pairing of homologous chromosomes (Tsubouchi & 

Roeder, 2005). It was observed that homologous chromosomes pairing is absent in S. 

cerevisiae Spo11 null mutants (Cha et al., 2000). Also different studies in different 

organisms indicated that DSBs are not only initiated before SC formation, but are 

required for homology searches and SC formations since the Spo11 mutants do not 

have SCs (Schwazacher, 2003). The S. pombe rec12 gene is a homologue of the S. 

cerevisiae Spo11 gene (Lin & Smith, 1994). 

2) Exonuclease resection to produce recombinogenic 3΄-OH tails: 

The two 5΄ ends of the break undergo resection to yield long 3΄-OH single stranded 

overhang tails, approximately 600 nucleotides in length, that can invade a 

homologous duplex. Different studies showed that three genes, RAD50, MRE11, and 

Xrs2, are required for the formation and processing of meiotic DSBs since they 

mediate resection in addition to cleavage through their exonuclease activity. 

Mutations in these genes lead to failure in resection of cleaved DNA molecule by 5΄-

to-3΄ exonuclease activity that leads to an absence of meiotic recombination in yeast 

(Borde, 2007; Alani et al., 1990; McKee & Kleckner, 1997; Lynn et al., 2007). 

RAD50 belongs to a family of chromosome condensation and segregation proteins 

that include Smc1 and Smc2. RAD50 can also bind the DNA and it contains an ATP-

binding motif and two coiled-coil domains that are separated by a spacer (Kleckner, 

1996); however, COM1/SAE2 is required specifically for resection. COM1/SAE2 

protein, after conjunction with the RAD50/MRE11/Xrs2 complex, could remove the 

5΄-attached Spo11 protein together with a short 15-30 bp DNA oligonucleotide, 
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through its nuclease activity, away from the break site to allow the resection to 

proceed (Keeney et al., 1997; Turner, 2007). In human hypomorphic mutations, 

which are partial loss of gene function, in MRE11 causes genetic instability disorder 

called ataxia like disorder (ATLD) including radiation sensitivity and chromosome 

instability (Borde, 2007). The S. pombe RAD32 gene is homologe to the S. cerevisiae 

MRE11 gene (Tavassoli et al., 1995) whereas the Escherichia coli SbcC and SbcD 

share similarity with RAD50 and MRE11 respectively (Sharples & Leach, 1995). 

Also RAD50 and MRE11 homologs have been found in humans as part of a larger 

protein complex with elevated levels of RAD50 transcript in testis (Dolganov et al., 

1996). EXO1 is another example, in budding yeast and mice, of an exonuclease 

enzyme that generates 3΄-ended-single-stranded DNA (Morin et al., 2008). 

3) Strand Invasion and Double Holliday Junctions Formation: 

Four different yeast enzymes, RAD51, RAD55, RAD57, and DMC1, are thought to 

be involved in the invasion of single strand tails into uncut DNA homologous duplex, 

and mutation of these genes can lead to failure in repairing the resected DSBs (Bishop 

et al., 1992; Shinohara et al.; 1992; Schwacha & Kleckner, 1997). RAD51 protein, 

was co-localized with LE in yeast, human and mouse from early leptotene to 

pachytene, and is stimulated by a heterodimer of RAD55 and RAD57 to promote 

strand exchange (Bishop, 1994; Barlow et al., 1997; Sung, 1997). The number of 

RAD51/DMC1 foci decreases from zygotene to early pachytene and disappears at the 

middle of pachytene in mouse and human spermatocytes and oocytes, which reflects 

the progression of the repair events (Moen et al., 2002, Baudat and Massy, 2007). 

RAD51 is also proposed to have a role in the homology search during chromosome 

pairing. RAD51 bring the broken DNA molecule into close proximity with its uncut 

homologous partner (Schwazacher, 2003; Turner, 2007). 

The consequences of strand invasion and DSB repair processes is the formation of 

two Holliday junctions, one on each side of the strand exchange region, which are 

visualized by their distinctive pattern of migration on two-dimensional gels after in-

vivo crosslinking (Smith, & Nicolas, 1998). The double Holliday junction can be 

resolved as either reciprocal recombination, known as crossover, or gene conversion, 

which is known as non-crossover (Gilberston and Stahl, 1996; Schwazacher, 2003). If 

the resolution of the junction occurred in opposite directions, crossover will result. 

Crossovers and non-crossovers are completed at the end of pachytene, immediately 
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before or concomitant with SC disappearance (Kleckner, 1996). However, studies in 

yeast show that crossover and non-crossover events may result from two different 

pathways. In human, the conversion tract size in crossover events, 500 bp, is longer 

than that for non-crossover events, 50 bp to 300 bp, in addition to the fact that MLH1 

and MLH3 were found to be required for crossover but not for non-crossover 

formation (Jeffreys and May, 2004). Crossovers, which are dependent on DMC1, are 

formed by resolution of the intermediates of Holiday junctions; however, non-

crossovers are resolved by a second mechanism known as synthesis dependent stand 

annealing (Hunter & Kleckner, 2001). Non-crossovers are poorly documented in 

mammalian genomes since they are difficult to estimate. Most of the data comes from 

molecular analysis that depends on the presence of polymorphic markers (Baudat and 

de Massy, 2007). Mammalian MSH4/5, unlike in S. cerevisiae, seem to be not 

exclusively involved in crossover formation and MLH1 and 3 are specifically 

required for crossover pathway, not for non-crossover events. Mice MSH4/5 might 

participate in non-crossover regulation (Baudat and de Massy, 2007). Mammalian 

non-crossover could be important in homologous chromosome pairing through 

contributing to bringing chromosome axes together (Baudat and de Massy, 2007).  

4) Mismatch Repair: 

DNA mismatch repair is one of the important systems that can recognize and repair 

DNA damage and errors, such as insertion, deletion and mis-incorporation of bases 

that can arise during DNA replication and recombination. Three bacterial MutS 

homologous proteins, MSH2, MSH3, and MSH6, and two MutL homologous 

proteins, PMS1 and MLH1, are shown to be required for mismatch repair in yeast. 

First, a heterodimer of MSH2 and either MSH3 or MSH6 recognizes the mismatch, 

followed by binding of another heterodimer of PMS1 and MLH1 (Marsischky et al., 

1996; Prolla et al., 1994). The MLH1 mutant cells arrest in pachytene and are 

deficient in chiasmata (Smith, & Nicolas, 1998). In studies of male
 
mice with a 

targeted disruption of the MLH1 gene, meiotic crossing
 
over was eliminated and most 

chromosomes
 
were present as univalents during meiosis I, causing the arrest

 
of 

spermatocytes at this stage (Hassold et al., 2000). 
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Figure 1.4: Molecular events of DSB repair model of meiotic recombination. Text near arrows 

describes the events. Green arrow heads point out positions of cuts at Holliday junctions. Modified 

from (Roeder, 1997). 
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1.3.1.4.2. Recombination Nodules 

Recombination
 
nodules (RN) are electron-dense spherical structures about 100 nm in 

diameter located at discrete
 
intervals along the SC. RN’s were first described by 

Carpenter (1975) in D. melanogaster oocytes as transient structures. They are the sites 

of meiotic recombination that associate with SC during zygotene and pachytene. The 

molecular basis for these structures is not fully characterized; however, they are 

thought to be protein complexes
 

acting at the sites of breakage/processing of 

recombinational
 
events (Critchlo et al., 2004). RNs are so small and they can be 

directly observed only by electron microscopy (EM) utilizing three-dimensional (3-D) 

reconstruction of serial-sectioned nuclei, which is technically difficult and labour 

intensive (Carpenter, 1975). Two types of nodule are thought to exist,
 
early and late 

nodules that can differ from one another in timing, shape, size, relative numbers, 

staining characteristics, and protein components.  

The early nodules (ENs), present during leptotene or zygotene, are numerous and 

present
 

on unsynapsed AE and briefly on the newly formed
 

SC with random 

distribution. ENs sometimes differ in shape and it is thought that these nodules may 

be involved in recognition and alignment of homologous chromosomes. They also 

mark the sites of all strand exchange reactions since they are often found at AE 

convergence sites. These sites are thought to represent homologous regions on 

synapsing chromosomes and the initial step in SC formation, as well as the sites of 

recombination related protein (Carpenter, 1975; Albini & Jones, 1987; Roeder, 1997; 

Anderson & Stack, 2002). For example, in mice, 200 to 400 DSBs are formed during 

leptotene; however, only around 23 of them proceed to form crossovers (Turner, 

2007). 

In yeast, two RecA-like proteins, DMC1 and RAD51, are thought to be the 

components of ENs that are present at the same time as DSBs and disappear as 

chromosomes synapse (Bishop, 1994; Roeder, 1997). In different organisms – such as 

mice, human and chicken, yeast – RAD51 homologous genes have been identified 

and localized on chromosomes during the zygotene stage by electron microscopy 

using antibodies tagged with gold. However, in some organisms, the RAD51 protein 

does not dissociate from synapsed chromosome (Ashley et al., 1995; Moens et al., 

1997; Roeder, 1997). 
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Late nodules (LNs) are fewer in number
 
and are distributed non-randomly on the fully 

synapsed SC. They are observed associated with the CE of the SC from early 

pachytene through to early diplotene. LNs are more regular in size and shape as well 

as tending to stain more darkly than ENs (Anderson et al., 1997). LNs presumably
 

represent the sites where crossing over forms since non-crossovers have no 

cytogenetical correlate after mid-pachytene, (Kleckner, 1996). There is an excellent 

correlation between the number and distribution of LNs and the number and 

distribution of crossovers or chiasmata in several species (Hassold et al., 2000). 

However, there are some exceptional cases in some plant species, such as Allium 

fistulosum, that show fewer RNs than the number of chiasmata, which  may be due to 

technical losses and/or the fact that RNs are transient structures (Jones & Albini, 

1988; Hassold et al., 2000). 

Due to
 
the difficulty in visualizing RNs in mammals,

 
relatively little effort has been 

made to characterize them.
 
However, with the development of immunolocalization 

methodologies,
 
it has become possible to determine whether the distribution

 
of any of 

the recombinogenic proteins is consistent with that
 
predicted for RNs (Hassold et al., 

2000). In yeast, different protein components of LNs have been identified such as 

MutS homologue MSH4, MSH5 and MLH1 that localize to discrete spots on 

chromosomes predominantly during the pachytene. Mutations of these proteins show 

reduced crossing over (Hollingsworth et al., 1995; Hunter & Borts, 1997; Roeder, 

1997). 

For example, different studies have demonstrated that application of anti-MLH1 to SC 

preparations at pachytene stage show a labelling pattern consisting of distinct foci that 

allow precise localization of the sites of crossovers in germ cells in both mouse 

(Baker et al., 1996) and human spermatocytes and oocytes (Barlow & Hultèn 1998; 

Lynn et al. 2002; Tease et al. 2002). The number and location of the MLH1 foci 

closely agrees with that expected of a molecule that marks the site of recombination 

and chiasmata (Hassold et al., 2000; Sun et al., 2004). Thus, it seems
 
likely that 

MLH1 foci mark the sites of the LNs and that MLH1 is an appropriate marker for 

chiasma formation. Therefore, it becomes possible to generate chromosome specific 

and genome-wide genetic maps by studying the localization of MLH1 (Hassold et al., 

2004). 
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Several intensive studies explore different hypothesis of the relationship between 

early and late RNs. One idea is that most of ENs are lost by mid pachytene stage and 

some of them become LNs since some recombination proteins other than RAD51 and 

DMC1, such as RAD50, MRE1, BLM, MSH4, and MSH5, are components of LNs 

and have been localized during early prophase I in yeast, mice and maize (Stack & 

Anderson, 1986; Bishop, 1994; Moens et al., 2002). It is thought that ENs in some 

organisms that associate first with the SC, usually in distal regions, have a higher 

likelihood to become LNs than later associate ones which are usually proximal 

(Anderson & Stack, 2005). Also, there is strong evidence that most of non-crossover 

breaks are resolved as gene conversion events (Turner, 2007). However, other 

researchers have proposed that early and late nodules are separate entities in which 

ENs are responsible for gene conversion, while LNs are responsible for crossovers 

(Carpenter, 2003; Anderson & Stack, 2005). In yeast, the ZMM protein family (ZIP1, 

ZIP2, ZIP3, ZIP4, MSH4, MSH5, MER3) plays an important role in crossovers 

formation and assembly of the SC central element. ZMM proteins have also identified 

in animals and plants. ZMM proteins are important for the formation of more than 

80% of yeast crossovers since mutations in any one result in losing most of crossovers 

without affecting non-crossovers events. However these proteins may be important 

for non-crossovers formation in other species like mice. Different studies suggested 

that ZMM proteins may be required early and possibly before the completion of stable 

strand exchange, may involve in strand invasion (Lynn et al., 2007). 

 

1.3.1.4.3. Recombination Frequency and Distribution 

Recombination frequency can vary from one region to another and is not uniformly 

distributed throughout the genome, or even within a single chromosome (Roeder, 

1997). Recombinations are not randomly distributed, but there are regions in which 

the frequency of recombination occurs more often than the average for the overall  

genome. These regions known as recombination hot spots, and correlate correspond to 

the sites of DSBs in yeast, and occur mostly in the regions that contain transcription 

promoters and the nuclease-hypersensitive sites such as DNase I and micrococcal 

nuclease (MNase); however, not all chromatin hypersensitive sites are DSB sites 

(White et al., 1992; Xu & Kleckner, 1995; Smith, & Nicolas, 1998). In general, 

recombination hot spots correspond to GC high and certain transcriptional regions 
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which may be due to lower chromatin condensation of these regions. Studying high 

resolution mapping reveals that hot spot regions do not occur at a specific sequence 

but instead are scattered (Xu & Kleckner, 1995). Recombination hotspots consist of 

regions that are 1 kb to 2 kb wide, where recombinations are clustered - the average 

spacing between them is 50 to 100 kb in human and mouse. An estimated 25,000 to 

50,000 hot spots are present in the human genome (Myers et al., 2005). Some hot 

spots however have been found in coding sequences or at the junctions of artificial 

inserts (Bullard et al., 1996). In S. cerevisiae, it is thought that hypersensitivity to 

MNase increases specifically at hot spots during early prophase and before DSBs 

form, this may be due to the assembly of a pre-initiating recombination complex at 

these sites which is necessary to provide a substrate to the DSB nuclease (Lichten & 

Goldman, 1995). Different studies show that most crossover hot spots are also non-

crossover hotspots, suggesting that the same genomic regions can lead to both 

crossover or non-crossover events (Jeffreys and May, 2004). The ratio of crossover 

and non-crossover differs from one hot spot to another (Holloway et al., 2006). 

Moreover, non-crossovers are usually clustered at the center of the crossover hot spots 

(Jefferys and May, 2004). Cold spots or the regions with low frequency of 

recombinations are found near centromeres and telomeres (Gerton et al., 2000). 

Chromatin, chromosome and genome structure also play an important role in 

regulating recombination (Froenicke et al. 2002; Sun et al., 2004). Anderson and 

Stack (2002) have shown that in most organisms the number of recombinations 

correlates with total SC length at the pachytene stage and gene number, rather than 

total genome size. In general, recombination frequencies in euchromatin that contains 

genes are greater than in heterochromatin that contains a high proportion of repeated 

sequences (Schwazacher, 2003). Kong et al. (2002) reported that the intensity of G-

band staining is inversely related to the recombination frequency in humans. Thus, 

chromosomes with the highest proportions of G bands should have shorter SCs and 

decreased levels of recombination than would be expected from their mitotic 

chromosome length. In contrast, in other organisms, such as C. elegans, 

recombination occurs preferentially in gene poor regions (Barnes et al., 1995). In 

male humans and mice, recombination occurs at higher than average frequencies near 

telomeres (Ashley, 1994). Tapper et al. (2002) reported that CT/CA repeats that are 

associated with recombination are largely subtelomeric in human chromosome 21, 
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whereas in chromosome 22 they are widely distributed offering a greater chance for 

double recombination events. The pseudoautosomal region is a special recombination 

hot spot between X and Y chromosomes in male mammals (Rappold, 1993). 

Furthermore, if a single gene is inserted in an ectopic location of one yeast 

chromosome, it will strongly induce a recombination between that ectopic sequence 

and its normal chromosome counterpart. This is known as ectopic recombination 

(Lichten et al., 1987). 

In most organisms, small chromosomes recombine more per unit of physical distance 

than large chromosomes. If any chromosome is cut into two smaller chromosomes, 

the number of recombinations will increase (Kaback et al., 1992). In human, the 

largest chromosome differs 5-fold in length from the smallest one; however, both 

chromosomes require at least one crossover to segregate efficiently (Tease et al., 

2002; Lynn et al., 2007).  

The positions of recombinations are not random, and they rarely occur close to each 

other. It is hypothesized that the formation of one recombination in a given 

chromosome region reduces the possibility of additional crossovers through 

transmiting an inhibitory signal to nearby potential sites of recombination (Egel, 

1995; Sun et al., 2004). The mechanism controlling crossover interference is not 

understood; however, it is thought that SC plays an important role in signal 

transmission since mutation in yeast zip1, which is transverse filaments of SC, 

eliminates the recombination interference (Sym & Roeder, 1994). Also some 

organisms, such as S. pombe and A. nidulans, do not exhibit interference since they 

fail to make SC (Egel-Mitani et al., 1982; Bahler et al., 1993). Also, male sex 

chromosomes (XY) do not have a homologous region except short pseudoautosomal, 

which is likely to be  the place of XY DSB and meiotic recombination (Baudat and de 

Massy, 2007). 

 

1.3.1.5. Chromosome Synapsis 

Different analyses in yeast indicate that recombination and synapsis are concurrent 

events (Schwacha & Kleckner, 1994; Roeder, 1997). DSBs appear early in prophase 

and disappear in zygotene when synapsis initiates whereas mature recombinations are 
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produced at the end of pachytene. Formation and correction of the recombination 

intermediates are required to promote chromosome synapsis in all studied organisms 

except C. elegans and Drosophila (Borde, 2007). Defects in PMS2, MSH4 and MSH5 

mice genes participate in recombination, resulting in abnormal chromosome synapsis 

(Baker et al., 1995; Kneitz et al., 2000; Mahadevaiah et al., 2001).  

Synapsis initiate at a few sites along the chromosome in most organisms. There is 

general correspondence between pairing initiation patterns and chiasma distribution 

and the regions of chromosomes that synapse first. Usually sub-telomeric regions tend 

to be where most chiasmata are found (Jones, 1984). Different cytological studies 

have demonstrated that synapsis initiates at the sites of recombination. Homologous 

chromosomes are held together at multiple sites known as axial association before the 

formation of SC and it is hypothesized that these connections serves as sites for 

initiation of synapsis, since different studies indicated that ZIP2 protein, which 

localizes to axial associations, is required for the initiation of synapsis (Albini & 

Jones, 1987; Rockmill et al., 1995; Roeder, 1997). Synapsis initiates at discrete loci 

known as synaptic initiation complexes (SIC) which contains ZIP2, ZIP3, and ZIP4 

proteins and shows the same genetic distribution as crossovers (Tsubouchi et al., 

2006; Costa and Cooke, 2007). In many organisms, the frequency of the synapsis sites 

are more than the frequency of crossovers and in some organisms the synapsis is 

initiated predominantly near the chromosome end while crossovers are not distally 

localized (Roeder, 1997). Some of these observations could be due to some synapsis 

initiation that is accompanied by non-reciprocal recombination (Ashley, 1994; 

Roeder, 1997). Analysis of the distribution of synapsis initiation in humans suggests 

that they are located near the subtelomeric regions, which correlates with the 

crossover distribution (Brown et al., 2005). However, synapsis in some organisms 

such as Drosophila females, are not initiated at the recombination sites since 

mutations in two genes, W68 and mei-P22, eliminate the recombination, but do not 

have any effect on synapsis (McKim et al., 1998). C. elegans is another exceptional 

case in which chromosomes synapse normally in a Spo11 mutant and this organism 

have a set of proteins, HIM-8, ZIM-1, ZIM-2 and ZIM-3, which interact with a 

chromosome-specific pairing centres to mediate pairing of specific chromosomses 

(Phillips and Dernburg, 2006).  
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Synapsis and recombination of homologous chromosomes are accompanied by 

chromosome conformation changes (Kelly and Aramayo, 2007). The sex 

chromosomes (X and Y) pair only at pseudoautosomal region (PAR) and the unpaired 

regions of the X and Y undergo transcriptional inactivation (Holmes and Cohen, 

2007). Meiotic Sex Chromosome Inactivation (MSCI), which refers to the 

transcriptional silencing of the X chromosome in males in different species, forms a 

heterochromatic sex chromosomes during pachytene, and is an example of 

chromosome conformation changes (Kelly and Aramayo, 2007). Different 

phosphorylated proteins, such as H2AX, BRCA1 and MAELSTROM, have been 

isolated and localized around the X and Y chromosomes (Turner et al., 2004; Costa et 

al., 2006). Silencing also occurs for autosomes with no homologous partners which 

therefore fail to synapse. Thus, in general, chromosomes or regions without 

homologous partners are subjected to silencing during meiotic PI. Meiotic Silencing 

of Unsynapsed Chromatin (MSUC) is a conserved mechanism that silences any 

unsynapsed chromosome (Kelly and Aramayo, 2007). Recent studies show that MSCI 

accompanied with massive replacement of histone variant, H3.1 and H3.2, with H3.3, 

especially in XY (van de Heijden et al., 2007). The main functions of meiotic 

silencing are genome defence to preserve their integrity, evolution and speciation 

(Kelly and Aramayo, 2007). The genes that are required for spermatogenesis are 

poorly represented on the X chromosome in mammals and worms. In species 

exhibiting MSCI, it seems heavily biased towards moving genes required for 

spermatogenesis from the X chromosome to autosomes (Kelly and Aramayo, 2007). 

 

1.3.2. Metaphase I (MI) 

Metaphase I is much shorter in duration and complexity than PI. During Metaphase I, 

the nuclear envelope is completely disrupted and the homologus chromosomes are 

held together and aligned on the equatorial plate with the kinetochores being the point 

of attachment to the spindles. Each pair of sister chromatids are present as a unit with 

both sister kinetochores facing the same direction, mono-orientation, resulting in 

pulling both sister chromatids of a homologue to the same pole at anaphase I (Nicklas 

et al., 1997; Critchlow et al., 2004). 
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During prometaphase, homologues attached to spindle microtubules of the same or 

opposite pole. For stable homologue configuration, the attachment should occur from 

opposite poles; however, if the attachment occurs from the same pole, the homologs 

dissociate and try again. The chromosomes proper orientation depends on tension that 

results from pulling the homologs toward opposite poles and the resistance of this 

pulling by chiasmata (Roeder, 1997).  

 

1.3.2.1. Chiasmata 

Chiasma is the site of crossing over between two non-sister chromatids that can be 

visualized at MI by cytogenetic techniques. The chiasmata play an important role in 

holding homologous chromosomes together after relaxation of synapsis and 

dissolution of the SC that occurs at the transition from pachytene to deplotene, in such 

a way that allows proper orientation of the maternal and paternal chromosome 

bivalent on metaphase I and during the next phase, Anaphase I, when they get 

separated (Moens et al., 1987; Anderson & Stack, 2005; Barlow & Hultèn, 1998). It 

counteracts the spindle microtubules pulling forces to ensure a proper alignment of 

the bivalents in metaphase plate before their segregation (Turner, 2007). Chiasmata 

are cytological evidence of crossover events (Barlow & Hultèn, 1998). Failure of 

chiasma formation causes maternal and paternal homologous chromosomes to 

become disoriented leading to random segregation, and daughter cells may then 

receive maternal, paternal, both or none of these chromosomes (Hassold & Hunt, 

2001). 

Several studies explore different models of how chiasma holds homologous 

chromosomes together. One model hypothesis is that homologous chromosomes are 

held together at the chiasmata, since sister chromatids are glued together at distal 

region of chiasmata. Whereas another model suggests that homologs are held together 

by chiasma binding proteins (Roeder, 1997). However, studies in different organisms, 

such as humans, yeast and fruit flies, suggest that distal crossovers are less effective 

and less stable in proper disjunction than proximal ones, which supports the view that 

chiasma function depends on the sister chromatid cohesion (Koehler et al., 1996; 

Lamb et al., 1996; Ross et al., 1996). Cohesion protein is important in stabilizing 
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chiasmata, so chromosome attachment until anaphase I (Costa and Cooke, 2007). In 

Drosophila, ORD is an important gene for meiotic sister chromatid cohesion and 

defects in this gene lead to segregation of sister chromatids before MI (Bickel et al., 

1997). SMC1 and REC8 are examples of mice cohesion proteins. SMC1β knockout 

mice show increase in univalents and reduction in recombination (Costa and Cooke, 

2007). 

In different species, chiasmata have some tendency to sex-specific positioning along 

the chromosome. For example, chiasmata accumulated more often near the ends of 

chromosomes in human males than females, which occupy preferential positions 

slightly more interstitially (Hultèn et al., 2005). However, the chiasma frequency in 

the grasshopper (Eyprepocnemis plorans) is lower in females compared with males, 

and females also have fewer proximal but more interstitial and distal chiasmata (Cano 

et al., 1987). Chiasma formation is a dynamic process, varying somewhat between 

chromosomes and cells but there is surprisingly little variation in the pattern of 

chiasma frequency and their distribution along the lengths of individual chromosomes 

in normal fertile human males (Baker et al., 1976).  

 

1.3.3. Anaphase I (AI) and Telophase I (TI) 

Anaphase I (AI) is a very rapid process, as evidenced by the absence of any AI 

spermatocytes in preparations from human testicular biopsy samples (Kleckner, 

1996). At AI, the physical connections between homologs breaks down, while the 

sister chromatids connection at the centromere remains.  

A gametocyte passing through anaphase I (AI) and Telophase I (TI) is expected to 

give rise to two daughter cells, containing the haploid chromosome number (Alberts 

et al., 1994).  

Proper segregation of homologous chromosomes depends on crossing over to 

establish chiasmata and the placement of genetic exchanges along the chromosomes 

length. Mis-located or absence of exchanges increases the chance of meiotic non-

disjunction in most organisms (Hassold et al., 2004). In fertile males at least one 

chiasma per chromosome is required to secure proper segregation at AI (Anderson & 

Stack, 2005).  
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Some chromosomes in certain organisms, such as Drosophila chromosome 4, do not 

recombine. Different studies suggest that Nod protein, which is a plus-end directed 

microtubule motor, plays an important role in achiasmata chromosome segregation 

(Hawley & Theukauf, 1993; Roeder, 1997). Nod is a DNA binding protein that is 

found along the length of all chromosomes at prometaphase, which can direct 

movement toward the metaphase plate and away from spindle poles (Afshar et al., 

1995). Nod protein can compensate for the absence of chiasmata by pushing the 

achiasmata chromosomes toward each other and the microtubule motor activity of this 

protein can provide a force that counterbalances the poleward forces (Theukauf & 

Hawley, 1992).  

 

1.3.4. Meiotic Division II 

At metaphase II (MII), as in mitosis, the sister chromatids are bi-oriented and sister 

kinetochores face the opposite direction. This will allow segregation of one chromatid 

per daughter cell during anaphase II (AII). The chromatids of individual MII 

chromosomes of spermatocytes are slightly separated and loosely coiled and have a 

tendency to hook into each other, which makes the chromosome investigation at MII 

problematic (Hultèn et al., 2005). 

Chromosome segregation efficacy at AI can be estimated by chromosome analysis of 

cells at MII. In human males, the analysis of MII indicates that AI mal-segregation is 

rare. The anueploidy rate in human spermatocytes at MII is estimated to be less than 

0.5-1% and the chromosome analysis of the mature sperm shows that around 2-3% of 

them are anueploid with slightly increased rates in chromosomes 21, 22 and XY 

(Hultèn et al., 2005). However, oocyte MII chromosomes are more condensed and 

therefore female mal-segregation is very common. Different studies estimated that 

aneuploidy and mal-segregation rates in human oocytes are around 15-20%, and there 

is a direct correlation between advanced maternal age and increased aneuploidy 

frequency, with an increased rate in smaller chromosomes (in particular trisomy 21) 

than larger ones (Hultèn et al., 2005; Pellestor et al., 2005). Different studies 

demonstrated that chromosome non-disjunction is not only caused by low frequency 

of exchange but also by the site of exchange. For example in yeast, distal exchanges 
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are less effective since they are perhaps more susceptible to premature disassembly 

resulting from a loss of sister cohesion (Bascom-Slack, 1997)   

Meiotic sister chromatid cohesion is released first along the chromosome arms at AI; 

however, the cohesion near the centromeres is maintained until AII when individual 

chromatids segregate (Miyazaki & Orr-Weaver, 1994; Kleckner, 1996). In 

Drosophila, mei-S332 is an example of a protein that ensures the cohesion at the 

centromeric regions of chromosomes. This protein appears and associates with the 

centromeres during late prophase I and disappears at AII. Mutation of this gene leads 

to random segregation of the sister chromatids at AII (Kerrebrock et al., 1995). 

 

1.3.5. Meiotic Checkpoint 

All meiosis processes have to be carefully coordinated. If any one goes wrong, the 

cell generally will be eliminated to prevent the generation of abnormal daughter cells 

(Turner, 2007). In order to ensure success of meiosis division, two different 

checkpoints have been identified that control the division. Firstly, the recombination 

checkpoint that ensures that recombination intermediates have been resolved before 

the cells exit pachytene. Different checkpoint proteins, such as PI3-like checkpoint 

kinase family (ATM, ATR in yeast), have been isolated. They are chromosome-

associated signal transduction kinases that phosphorylate an array of recombination 

and repair proteins that serve to facilitate protein-proteins interactions (Matsuoka et 

al., 2007). Mutation of different genes that confer defects in recombination, such as 

ZIP1, DMC1, SAE3 genes in yeast, ATM gene in mice and mei-41 gene in 

Drosophila, leads to arrest of the cells at pachytene stage (Carpenter, 1979; Bishop et 

al., 1992; Sym et al., 1993; McKee & Kleckner, 1997; Xu et al., 1995). However, 

there is no checkpoint to ensure the initiation of recombination since mutations that 

affect DSB formation in yeast do not prevent meiotic cycle progression and result in 

massive chromosome mal-segregation (Klapholz et al., 1985; Alani et al., 1990; 

Smith, & Nicolas, 1998).  

The second checkpoint is the metaphase checkpoint that ensures all homologs have 

been properly oriented on the spindle before the cells exit metaphase I. The presence 

of unpaired chromosomes in male mice leads to arrest of the cell at metaphase I; 
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however, the female mice oocytes will complete the first meiotic division. This 

suggests that male and female meiosis have different cell cycle control such that 

females have less efficient mechanisms for monitoring meiotic chromosome 

behaviour (Hunt et al., 1995). In human females, this mal-segregation results in 

aneuploidy that could lead to a variety of birth defects and miscarriages (Hassold et 

al., 1996).  

   

1.4. Testicular Development and Spermatogenesis in Horse 

Normally the testes descend into a scrotum from last month of gestation to the first 10 

days postpartum; however, there is some cases in which the testes descend into the 

inguinal region for some time. Failure of the testes to descend leads to a condition 

called cryptorchidism which could be unilateral (most common in horses) or bilateral. 

This condition can be treated either by hormonal therapy, such as Luteinizing 

hormone (LH) or human chorionic gonadotropin (hCG) in which the timing of the 

therapy is important especially for unilateral condition, or surgical therapy (Samper, 

2009). Rotation of one or both testes, up to 180 degrees, is another condition that 

affects stallions and it is often transient and more common in certain breeds such as 

Welsh pony stallions (Samper, 2009). 

The seminiferous epithelium has a unique architecture that cares for different 

developmental stages of germ cells, namely spermatogonia, primary spermatocytes, 

secondary spermatocytes and spermatids, from basal membrane towards the lumen of 

the seminiferous tubule, respectively (Holstein et al., 2003). In newborn mammals, 

we can only find Sertoli cells, spermatogonia and preleptotene spermatocytes. 

However, in pre-puberty and adult testis, advanced leptotene, zygotene, pachytene 

and diplotene spermatocytes and spermatids appear (de Jonge & Barratt, 2006). 

At birth, stallion testis contains few functional leydig cells and only indifferent 

supporting cells and gonocytes (progenitors of spermatogonia and Sertoli cells). The 

stallion then enters the infertile stage of its life that continues through ≥ 6 months but 

after this, he enters the pre-pubertal stage when changes are initiated (Mckinnon & 

Voss, 1992). The timing of this stage differs among stallions and might be influenced 

by breed and season of birth.  
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Puberty starts when the stallion is capable of reproduction (production of first 

spermatozoa). The increased production of gonadotropic hormones induces a massive 

mitotic proliferation of A-type spermatogonia into B-type spermatogonia competent 

to enter meiosis (de Jonge & Barratt, 2006). With some stallions, puberty starts at 14 

months of age but it is two to four years after puberty that they achieve sexual 

maturity with maximum reproductive capacity. The population of equine Sertoli cells 

increases until 4-5 years of age and fluctuates with seasons; however, the adult equine 

testes have only a limited capacity to alter the ratio of Sertoli cells to germ cells 

(Jones & Berndtson, 1986). For most stallions, no change in daily sperm production 

occurs between 4 and 20 years of age, with adult stallions producings billions of 

spermatozoa daily. It is estimated that the two testes produce about 70,000 

spermatozoa each second during the breeding season (Mckinnon & Voss, 1992). 

Daily sperm production (DSP) in horses is affected by season. It declines during the 

non-breeding season and averages 50% in stallions between 6 to 20 years old (6.40 vs 

3.19 billion spermatozoa daily). This could be due to testicular weight decreasing in 

the non-breeding season, in addition to environmental factors such as day length or 

temperature, drugs or unknown factors can lead to increased degeneration of germ 

cells (Jonson, 1991; Mckinnon & Voss, 1992). The seasonal differences in number of 

spermatogonia are greater than seasonal differences in sperm production. There are 

also seasonal differences in the given spermatogonial subtypes that degenerate as 

there is a greater yield early and a reduced yield late in spermatogenesis during the 

breeding season (Jonson, 1991). Maximum DSP occurs in May and June and 

minimum production occurs in July and August (Mckinnon & Voss, 1992). Testicular 

size may differ greatly among stallions, depending on breed, season, age and 

reproductive status, and is correlated to spermatozoa production rate (Mckinnon & 

Voss, 1992; Samper, 2009). As in most species, testicular parenchymal weight 

correlates with DSP, which is a useful predictor of a stallion’s breeding potential, and 

can be measured in most stallions. The DSP in stallions is estimated to be around 18-

20 million sperm per gram of testicular parenchyma. The testicular size measurement 

can be assessed by either caliper or ultrasonographic measurement (Samper, 2009). 

The duration of spermatogenesis is about 57 days in stallions according to Amann 

(1981) and Johnson (1990), although others have been reported it to be 55 days 

(Swierstra et al., 1975) and it is not influenced by season. This process takes 72 days 
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for humans, 61 days for bulls and 60 days for rats (Mckinnon & Voss, 1992). The 

duration of spermatogenesis in stallion (57 days) represents three phases: 

spermatogoniogenesis (19.4 days), meiosis (19.4 days), and spermiogenesis (18.6 

days; Mckinnon & Voss, 1992). Swierstra et al. (1975) concluded that the duration of 

one cycle of seminiferous epithelium was 12.2 days, which means that at any given 

area within the seminiferous epithelium the same cellular stage is repeated every 12.2 

days. Because total duration of spermatogenesis is apparently 4.7 cycles of the 

seminiferous epithelium (12.2 days), spermatogenesis requires about 57 days in 

stallions. Using information on relative frequency for each stage and data for the 

duration of the cycle of the seminiferous epithelium, the life span of each stage has 

been calculated. The life spans of primary spermatocytes, secondary spermatocytes, 

and spermatids are reported as 18.7, 0.7, and 18.6 days, respectively. Knowledge of 

the time required to produce a spermatozoon is essential for understanding the 

recovery time after trauma to the testis or drug injection (Mckinnon & Voss, 1992; 

Holstein, 2003). 

The spermatogenic cycle progression is not synchronized along the length of the 

seminiferous tubule, but it is distributed in distinct waves in a loop. This leads to an 

even distribution of all spermatogenic stages throughout the epithelium, which 

enables a stable and an uninterrupted daily spermatozoa output (de Jonge & Barratt, 

2006). Spermiation, the process of releasing the spermatozoa into the seminiferous 

tubular lumen, occurs at approximately 12-day intervals, which is known as one cycle 

of seminiferous epithilium. Following spermiation, the sperm are transported into the 

rete testis, which are extrensively branched and fuses with efferent tubules that finally 

fuse with epididymal duct (Samper, 2009). As the sperm are transported, they 

undergo a number of physiologic and morphologic maturational changes such as 

capacity for motility, DNA stabilization, acrosomal membrane alteration and 

metabolic changes (Samper, 2009). 

 

1.5. Genetic Basis of Horse Infertility 

Cytogenetic errors during male meiosis can be responsible for the birth of a child with 

abnormal karyotype or spontaneous abortion and stillbirth. It is evident that the 

abnormal chromosomes behaviour during meiosis is the major underlying reason for 
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infertility (Menchini et al., 1981; Koulischer et al., 1982; Egozcue et al., 1983; 

Braekeleer et al., 1991). In humans an estimated 20% of male infertility problems can 

be explained by abnormalities in mitotic and/or meiotic chromosomes (Braekeleer et 

al., 1991). In cattle, an azoospermic bull carrier of a reciprocal translocation (rcp 

8;13) showed  meiotic arrest in 61.2% of cells.  Reciprocal translocations usually 

produce a lot of unbalanced sperm frequency, which depend on the structure of the 

translocation (Villagómez & Pinton, 2008). 

When meiosis goes wrong it can lead to severe fertility problems, most commonly 

through non-disjunction of chromosomes resulting in aneuploidy, which is the leading 

cause of pregnancy loss and mental retardation in humans (Critchlow et al., 2004). In 

addition, many defects in meiosis can cause apoptotic spermatocytes or 

megalospermatocytes (Holstein et al., 2003).  

Infertility could be either primary or secondary. Primary infertility is in the case of no 

pregnancy; however, secondary infertility is where there has been a pregnancy 

regardless of the outcome (Seshagiri, 2001). The causes of the infertility can be traced 

by either male or female factors in addition to idiopathic condition (Seshagiri, 2001).  

It is believed that most of the non-obstructive azoospermia can be explained on a 

genetic basis (Hargreave, 2000). It is hypothesized that many of idiopathic non-

obstructive cases are due to abnormalities in pairing/synapsis and/or recombination at 

meiosis I that subsequently can result in meiotic arrest or abnormalities in 

chromosome segregation or non-disjunction (Bascom-Slack et al., 1997). 

Chromosomal aberrations in horses can cause congenital abnormalities, embryonic 

loss and infertility (Lear & Bailey, 2008). Chromosomal abnormalities are well 

documented in mares but less known in stallions (Morel, 1999). Some abnormalities 

are associated with mares infertility such as Turners syndrome, a female with a single 

X chromosome (63XO), mosaic chromosomal configuration (63XO:64XX) and 

quarter/deletion (64XY; Morel, 1999). Bugno and colleagues (2000) found that 2% of 

500 randomly selected mares and stallions from different breeds had a chromosomal 

abnormality and 3.7% of the 272 mares had chromosomal abnormalities and mainly 

sex chromosomes including one mare with Turners syndrome monosomy (63XO) and 

seven with mosaicism (63XO:64XX; Lear and Bailey, 2008).  
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 Some reports describe the chromosomal abnormalities in stallions as different forms 

of sex chromosome mosaicism such as (63XO:64XY; 64XX:64XY; etc). Mäkinen 

and colleagues (2000) reported Klinefelter syndrome (65XXY) in French Trotter 

stallions with normal sexual behavior but azoospermia and small soft testes and small 

penis, in addition to a mosaic form (64XY:65XXY) in a standardbred trotter with 

azoospermia and normal testes (Lear and Bailey, 2008). The mosaic form of Y 

chromosome disomy (63X:65XYY) was reported in a few horses and the histological 

examination of the inguinal gonads showed seminal hypoplasia with no mature 

spermatogonia and hypertrophy of the Leydig cells (Paget et al., 2001). Other 

autosomal trisomy, such as trisomy 28 (colt with small stature and azospermia) or 

trisomy 23 (colt with multiple developmental defects), can be explained by 

abnormalities in meiosis particularly chromosomal non-disjunction (Lear and Bailey, 

2008). It is hypothesised that trisomy involving larger chromosomes may cause a 

sever disorder such as early embryonic loss (Lear and Bailey, 2008). 

Besides numerical abnormalities of sex chromosome in horses, structural 

abnormalities like sex-reversal syndromes (64XY or 64XX) that are due to mutations, 

deletions or duplications in genes especially in the SRY region on the Y chromosome 

and androgen receptor proteins (testicular feminization or androgen insensitivity 

syndrome) on the X chromosome (Xq), may also lead to phenotypic reproductive 

disorder. Horses with these abnormalities are phenotypic females but genotypic male 

(64XY) (Lear and Bailey, 2008). The XX-sex-reversal horses are suspected to be 

inherited as autosomal recessive disorder. Female horses with this abnormalities 

exhibit different male-like phenotypes such as small penis, testes  but azoospermia or 

some internal or external organs such as ovarian tissue (Buoen et al., 2000). 

Moreover, some translocation, such as (64XY;t(1;30)), reduce the stallion fertility but 

revealed normal  phenotype (Long, 1996). 

Furthermore, other autosomal abnormalities, such as deletion in q arm of horse 

chromosome 13 (64XY;del(13)(qter)), can exhibit infertile stallions with abnormal 

spermatozoa and poor motility (Lear and Bailey, 2008). 

It is believed that most Y chromosome genes are involved in sexual differentiation. 

Thus any defect in these genes will lead to phenotypic abnormalities unless there are 

any autosomal homologous genes (Seshagiri, 2001). 
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1.6. Importance of the study 

Spermatogenesis abnormalities can cause significant economic loss for horse breeders 

due to production losses as well as the cost of care for the stallion, mare and foal. 

Thus, knowledge of testicular function and understanding the normal stallion 

spermatogenesis, particularly meiotic division, as well as developing an accurate 

method for assessing spermatogenesis are important for the industry. It will place the 

equine practitioners, who are involved with the care of breeding stallions, and the 

clinician in a better position to monitor the health and reproductive status of the 

stallions and avoid actions that may interfere with normal testicular function as well 

as recognize possible origins of any alterations in spermatozoa production. 

 

 

1.7. Project Aims 

Most of our understanding of detailed pathways of meiotic recombination
 
has come 

from studies of lower eukaryotes. However, over the
 
past few years meiosis has 

increasingly become the focus of genetic, molecular and biochemical studies. Genes 

encoding different structural components of meiotic chromosomes and recombination 

enzymes have been cloned and sequenced. Several components of the mammalian 

meiotic recombination
 

pathway have been identified and new molecular and 

cytological
 
approaches for analysis of mammalian meiosis have been developed; 

however, surprisingly little is known about meiotic processes in horses (Hassold et 

al., 2000). Areas such as homologous chromosomes pairing, crossing over, metaphase 

chromosome configuration and segregation have not been explored in detail in the 

horse. Consequently, little is known about the overall number and location of meiotic 

exchanges in individual germ cells. 

Therefore, the main aims of this project are to explore equine spermatogenesis with 

emphasis on meiosis, particularly Prophase I (PI) and Metaphase I (MI). This study 

can provide an insight into fertility problems in horses and will be invaluable for 

horse breeders. 
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Specific Aims: 

1. To study the meiotic homologous chromosome pairing, chiasmata distribution 

and frequency as well as chromosome configuration and segregation during 

meiosis I division.  

2. To investigate the homologous pairing during prophase I using FISH to 

identify different homologous chromosomes on surface spread nuclei and 

estimate the recombination frequency using immunocytochemistry to localize 

different meiotic recombination proteins to PI preparation. 

3. To determine the viability of stallion sperm by investigating its nuclei, 

mitochondria, flagella tail and acrosome integrity. 
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Chapter 2 

Metaphase I:  

Chromosome Configuration, 

Chiasmata Distribution and Frequency  

 

2.1. Introduction 

Meiosis I is the process during which genetic content of a diploid somatic precursor 

cell reduces to a haploid gametic content with the diploid genetic content restored 

after fusion of gametes (Barlow and Hultèn, 1998). It is a complex process during 

which homologous chromosomes pair and synapse enabling the exchange the genetic 

material during meiotic recombination (Judis et al., 2004). The physical location of 

meiotic crossing over can be visualized as chiasmata at metaphase I (Jones, 1984; 

Anderson et al., 1998). Crossovers are not evenly distributed among the chromosomes 

or their length. Ordinarily, each bivalent has at least one obligatory crossover and 

additional events are proportional to different factors, such as chromosome length and 

interference (Kaback et al., 1992; Anderson et al., 1998). Recombination occurs 

mainly in euchromatin, gene rich regions, and the occurrence of one exchange in one 

region reduces the likelihood of another nearby (Anderson et al., 1998).  

The cytogenetical or diakinesis approach is a classical method that based on recording 

the numbers and locations of chiasmata at either deplotene, in which the 

chromosomes are twisted and difficult to distinguish, or diakinesis/metaphase I (MI) 

stages, in which the chromosomes are contracted (Laurie and Hultèn, 1985; Barlow 

and Hultèn, 1998; Sun et al., 2006). These investigations provide an unique insight 

information on the chiasmata distribution and frequency as well as chromosomal 

configuration in different organisms providing a tool to estimate the genetic map 

interval. 
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Individual chromosome identification is more difficult at meiosis than mitosis since at 

meiosis the chromosome configurations are more complex and centromeres more 

difficult to visualize than during mitosis (Saadallah and Hultèn, 1983). Therefore, in 

order to utilize MI karyotyping, fluorescence in situ hybridisation (FISH), using 

chromosome specific fluorescently labelled probe, can be applied after a cytogenetic 

MI assay, to identify individual chromosomes, which permits the analysis of 

recombination frequencies and distributions for each specific pair of chromosomes. 

There have been few studies on these combined assays. Hultèn and colleagues have 

reported the chiasmata frequency in human individual chromosomes in seven infertile 

men and localized the chiasmata in one fertile and one infertile individual (Hultèn, 

1974; Laurie and Hultèn, 1985a,; Laurie and Hultèn, 1985b).  

In this chapter, Optimization of the air dry technique was carried out and used to 

investigate the chiasmata distribution and frequency as well as chromosomal 

configuration during metaphase I. Moreover, for the first time, recombination maps 

were constructed for eight different stallion autosomes at MI using the FISH 

technique.  
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2.2. Materials and Methods 

2.2.1. Materials 

2.1.1.1. Mouse material 

Two testicular samples were obtained from adult male mice from the animal house of 

the Central Veterinary Research Laboratory, Dubai, UAE. The animals were 

sacrificed by cervical dislocation, and the testes were immediately dissected and 

processed, as described below. These samples were used to practice the techniques. 

2.1.1.2. Equine material 

Twenty-four stallion testis samples were obtained from Dubai Equine Hospital, 

Dubai, and Sharjah Equine Hospital, Sharjah, UAE. Testicular materials were 

obtained after surgical castration under full or local anesthesia. 

 

2.2.2. Methods 

2.2.2.1. Testicular Gross Examination 

All castrated stallion testicular samples were examined before processing for normal 

size (80 mm to 140 mm in length by 50 mm to 80 mm in width) and weight 

(approximately150 g to 300 g) and appearance according to Amann R.P description. 

 

2.2.2.2. Meiotic Analysis Methods 

A small piece of tissue, around 1 cm
3
, was minced in Ham F10 media (Invitrogene, 

UK) within 30 min of collection. Cells were squeezed out using two sharp curved 

forceps and the cell suspension was divided into four parts for different purposes 

namely: direct microscopic examination, air dry technique (to study metaphase I, 

anaphase I, metaphase II and pre-meiotic metaphase), surface spreading technique (to 

study prophase I), and storage in 10% glycerol at -80 ºC for future use. 
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2.2.2.3. Direct Microscopic Examination 

Cells, from the cell suspension, were diluted 1:3 using normal saline (0.9% w/v NaCl) 

and one drop was placed on a clean slide. The slides were examined under light 

microscope for the presence and motility of the spermatozoa. 

 

2.2.2.4. Air Dry Technique (Metaphase I) 

Fresh material, within 30 min of castration, was used for this part of the study. One to 

two ml of cell suspension was transferred to a 15 ml falcon tube. Twelve ml of freshly 

prepared, pre-warmed (37 ºC) 1% tri sodium citrate (hypotonic solution) was added to 

the cell suspension drop by drop as the cell suspension was gently mixed.  

Optimization was carried out by incubating at different temperatures (37 ºC and room 

temperature) and timings (10, 15, 20, 25, 30, and 35 min). The best conditions to get 

good-quality of MI cells were either 37
 
ºC for 20 min or room temperature for 25 min. 

At the end of hypotonic treatment, 1 ml of cold fixative (3:1 v/v methanol:acetic acid) 

was added and the cell suspension was centrifuged at 400xg for 10 min after which 

the supernatant, which contained most of the spermatozoa, was discarded. The pellet 

was resuspended in fresh fixative and left on ice for 15 min. The fixative was changed 

three to four times at 15 min intervals and cells were resuspended in an appropriated 

volume (around 5 ml) of fixative. The slides were stained in Giemsa stain (Merck, 

Germany) (1:20 v/v Giemsa:phosphate buffer) at pH 6.8 for 2 min and examined 

under the light microscope for the presence of metaphase I and II cells as well as 

premeiotic mitotic spermatogonia metaphase.  

The number of configurations and chiasma at metaphase I were counted in 1,107 cells 

from fourteen stallions and the average number of different chiasma/ta per bivalent as 

well as the total chiasmata per cell was calculated. 

 

2.2.2.5. Meiotic Chromosomes Individual Identification 

Fluorescent In Situ Hybridization (FISH) technique was used to identify 8 different 

chromosomes (chromosomes 2, 6, 10, 13, 15, 24, 26 and 31). The metaphase I cells 

from 5 different horses were scored for chiasmata frequency and distribution and the 

coordinates noted for subsequent FISH analyses. For FISH, slides were Giemsa 
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destained by soaking in fixative (3:1 methanol:acetic acid) for 5 min followed by 

methanol for 5 min before air-dried. Slides were dehydrated with serial alcohol (70%, 

90% and 100% ethanol) 5 min each. A 15 µl of probe cocktail containing indirectly 

labeled DNA probes specific for chromosomes 2, 6, 10, 13, 15, 24, 26 and 31 (Table 

2.1) (a gift from Terje Raudsepp, Texas A & M University, Texas, USA) and 

hybridization buffer (Chrombios, Germany) was overlaid on the slides. A coverslip 

was placed on each slide, and sealed with rubber cement. Slides were placed on an 85 

ºC hot plate for 6 min and incubated overnight at 37 ºC in a humidified chamber. 

Slides were then washed 2 times in 2X SSC solution, containing 50% formamide (Q-

Biogene, USA), for 5 min at 45 ºC, soaked in 2X SSC for 5 min at 45 ºC followed by 

2 washes with 4X SSC  containing 0.1% Tween 20, for  5 min (first time at 45 ºC and 

second time at room temperature). After blocking by soaking in 4X SSC solution, 

containing 5% non-fat dry milk, at room temperature for 5 min, slides were incubated 

with 100 µl  streptavidin-FITC and anti-DIG TRITC cocktail and incubated at 37 ºC 

in humidified chamber for 30 min. The slides were washed 3 times with 4X SSC 

solution, containing 0.1% Tween 20, with constant agitation, at room temperature for 

10 min each time. After the slides were air-dried, antifade with DAPI (Vectashield, 

Germany) was applied to the slides. In order to analyse the slides, bivalents were 

relocated using the images generated for the previous chiasmata analysis; labeled 

bivalents were visualized using an Olympus BX61 fluorescence microscope 

(Olympus, Japan). Images were captured using Applied Imaging Cytovision 3.1 

software (Applied Imaging, UK). Chiasmata localization and frequencies for the 8 

chromosomes was carried out. 
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Table 2.1: Probes for different horse chromosome   

    
a
Horse chromosome  Gene/marker symbol Cytogenetic location Label/Color 

2 PNOC 2q13 DIG/TRITC 

6 NINJ2 6q12-q13 BIO/FITC 

10 PREP 10q17 BIO/FITC 

13 ATP8VOC 13q15-16 BIO/FITC 

15 LTBP1 15q24 DIG/TRITC 

24 CHGA 24q16.2-16.3 DIG/TRITC 

26 ROBO2 26q14 DIG/TRITC 

31 MAP3K4 31q13 BIO/FITC 

a 
DNA probes are a gift from Terje Raudsepp, Texas A & M University, Texas, USA 

 

2.2.2.6. Statistical Analysis 

The descriptive and inferential statistics were applied through SPSS (version 16) and 

using the statistical software in the Excel package (Version 2007, Microsoft 

Corporation, Redmond, WA, USA). The statistics used were F statistics (ANOVA) to 

test the viability and variability across horses. In all cases, significance level was set 

at P < 0.05. 
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2.3. Results 

2. 3.1. Mouse testicular samples 

Mouse samples were used to practise the techniques which resulted in good-quality 

meiotic preparations and chromosome configurations (Figure 2.1). Nineteen 

autosomal bivalents and XY bivalent were observed with different configurations 

such as rod, ring and cross shape and each bivalent has at least one chiasma. Eight MI 

cells from two mice were scored for the chiasmata frequency and the genome wide 

chiasmata distribution per cell ranged from 21 to 27.  

Different stages of meiosis were observed such as primary spermatocyte diakenesis in 

which the chromosomes repel each other (Figure 2.2) and premeiotic mitotic 

metaphase (spermatogonial metaphase) that have 40 chromosomes, in which the 

chromosomes are shorter than normal mitotic chromosomes (Figure 2.3).  
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Figure 2.1 Primary spermatocytes (MI) preparations from normal mice. (a & b) different MI from 2 

different mice with 19 autosomal bivalents and an XY bivalent. Bivalents forming different 

configurations such as: (1) Rod or cross shape bivalent with 1 chiasma. (2) Ring shape bivalent with 2 

chiasmata. (3) spermatozoa head (hook-shaped) and  XY bivalent is clear with 1 chiasma and rod 

shape. Giemsa stain. Scale bar―10 µm. 

 

 

 

 

Figure 2.2 Primary spermatocyte diakenesis preparation from normal mouse male. Twenty 

homologous chromosomes repel from each other. Giemsa stain. Scale bar―10 µm.
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Figure 2.3 Spermatogonial metaphase from normal mouse male preparation. Forty individual small 

chromosomes can be seen. Giemsa stain. Scale bar―10 µm. 
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2.3.2. Horse testicular samples 

2.3.2.1. Gross and Direct microscopic examination 

All stallion testicular samples show normal size and appearance (Table 2.2). Direct 

microscopic examination of the cell suspension revealed horse spermatogenesis with 

different cell stages and a good number of spermatozoa; however, most of them 

(> 90%) are immotile. 

 

Table 2.2: Descriptions of materials used in this study 

________________________________________________________________ 

S. No. 
Horse 

ID 

Date of 

castration 

Age at 

Castration 

Time  

Castration 

Procedure  

Fertility 

Status 

Testes Weight 

Right 

Testis 

Left 

testis 

1 H6 15-04-07 3.5 
Local 

Anaesthesia  
Fertile 190 195 

2 H11 18-11-07 3 
General 

Anaesthesia  
Fertile 200 210 

3 H12 20-11-07 6 
Local 

Anaesthesia  
Fertile 185 195 

4 H13 26-11-07 3 
General 

Anaesthesia  
Fertile 205 190 

5 H14 15-02-08 5 
Local 

Anaesthesia  
Fertile 210 220 

6 H15 30-10-08 3.5 
Local 

Anaesthesia  
Fertile 200 190 

7 H16 17-03-09 4 
Local 

Anaesthesia  
Fertile 215 230 

8 H17 25-05-09 3 
Local 

Anaesthesia  
Fertile 210 244 

9 H18 28-05-09 3 
Local 

Anaesthesia  
Fertile 362 310 

10 H19 09-06-09 6 
Local 

Anaesthesia  
Fertile 283 291 

11 H20 24-04-09 4.5 
General 

Anaesthesia  
Fertile 290 295 

12 H22 01-12-09 4 
General 

Anaesthesia  
Fertile 122 140 

13 H23 14-12-09 4 
General 

Anaesthesia  
Fertile 175 180 

14 H24 14-12-09 3.5 
General 

Anaesthesia  
Fertile 200 190 
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2.3.2.2. Air dry technique (MI) 

2.3.2.2.3. Spermatogenesis cell stages 

Different stages with a good-quality preparation of meiosis were observed such as: (1) 

Primary spermatocyte metaphase (MI), which has 31 autosomal bivalents and XY 

bivalent with different configurations such as rod, cross and ring shape that can be 

accurately counted in most of the preparation. However, sometimes the bivalents are 

twisted and overlapped and the centromer regions appear darker than the rest of the 

bivalents (Figure 2.4 and 2.5); (2) Primary spermatocyte diakenesis (Figure 2.6); (3) 

Meiotic metaphase II (MII), in which the chromatin of individual chromosomes are 

loosely coiled, fuzzy, twisted and slightly separated that make it difficult to count or 

identify them with the present technique (Figure 2.7); (4) Pre-meiotic mitotic 

metaphases (spermatogonial metaphases), which were relatively rare in air-dry 

preparations and have 64 chromosomes. The chromosomes appear shorter than 

normal mitotic chromosomes and it is difficult to identify individual chromosomes. 

The chromosomes showed different degree of contraction in different cells. For 

instance, some cells have clear long chromosomes with centromeres and separated 

chromatids (Figure 2.8 a and b); however, others have curved and short chromosomes 

with unclear centromeres (Figure 2.8 c and d). (5) Prophase I (PI), which is the 

predominant cell type in meiotic preparations and they were numerous in every 

stallion examined. The chromosomes and bivalents cannot be identified in the cells 

(Figure 2.9). Different substages of PI were observed such as zygotene and pachytene. 

(6) Many Sertoli cells were observed that are large in size and usually have 2 or 3 

nuclei (Figure 2.10). 

The slides were made in different ways such as dropping from a proximal distance 

(approximately 10 cm) or far distance (approximately 70 cm) and by treating in cold 

methanol or by blowing. No differences were observed between dropping the cell 

suspension on the slides from close or far distance; however, blowing on the slides 

produced a better spreading of metaphase chromosomes than treatment with cold 

methanol. 
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Figure 2.4. Different primary spermatocyte metaphase I (MI) preparations from different normal 

stallions (a-d). Thirty-one autosomal bivalents and XY bivalent with different configurations such as: 

(1) Rod or cross shape bivalent with 1 chiasma; (2) Ring shape bivalent with 2 chiasmata; (3)  Bivalent 

with 3 chiasmata. XY bivalent is clear with 1 chiasma and rod shape. Giemsa stain. Scale bar―10 µm. 
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Figure 2.5. Different primary spermatocyte metaphase preparations from normal stallions (a-d). 

Different configurations can be seen such as: (1) Rod  or cross shape bivalent with 1 chiasma; (2) Ring 

shape bivalent with 2 chiasmata; (3)  Bivalent with 3 chiasmata and; (4) bivalent with 4 chiasmata (a 

and b). (c) MI cell with high chiasmata frequency. (d) MI cell with low chiasmata frequency. Giemsa 

stain. Scale bar―10 µm. 
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Figure 2.6: Different primary spermatocyte diakenesis preparations from 4 different normal stallions 

(a-d). This Figures show 32 different bivalents with different configurations. The homologous 

chromosomes repel each other with different configurations such as: (1) Rod shape  bivalent with 1 

chiasma; (2) Bivalent with 2 chiasmata; (3)  Bivalent with 3 chiasmata and; (4) XY bivalent with 1 

chiasma and rod shape. Giemsa stain. Scale bar―10 µm.  
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Figure 2.7: Second meiotic metaphase (MII) preparations from 4 different normal stallions (a-d). 

Chromosomes are coiled, fuzzy and twisted. Giemsa stain. Scale bar―10 µm. 
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Figure 2.8: Pre-meiotic mitotic metaphase (spermatogonial metaphase) preparations from 4 different 

normal stallions (a-d). Sixty-four individual chromosomes smaller than mitotic one. Giemsa stain. 

Scale bar―10 µm. 
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Figure 2.9: Prophase I (PI) preparations from 4 different normal stallions (a-d). Giemsa stain. Scale 

bar―10 µm. 
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Figure 2.10 Sertoli cells with from 3 different stallions (a-c). This Figures show Sertoli cells that are 

large and usually have 2-3 nuclei. Giemsa stain. Scale bar―30 µm. 
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2.3.2.2.2. Chiasmata frequency and distribution 

A total of 1107 Giemsa stained cells from 14 stallions at MI stage were photographed 

and karyotyped. The number of bivalents per cell was 32 with different configurations 

– there were no univalent or multivalent observed. All the autosomal bivalents had at 

least one chiasma whereas, all the XY bivalents had just one chiasma, most of which 

were distally localized. Bivalents appeared as rod, cross and ring shaped bearing one 

or more chiasma (Figure 2.4 and 2.5). 

The number of chiasmata per bivalent ranged from one to four. The number of 

autosomal bivalents with one chiasma ranged from 9 to 20 (mean ± SD, 14.7 ± 1.81; 

Table 2.3a and Appendix 1). The bivalents with one chiasma were significantly 

different across the 14 stallions (p = 0.000; Table 2.3b). For the bivalents with 2 

chiasmata, the acverage ranged from 7 to 22 (mean ± SD, 14.21 ± 1.93; Table 2.4a 

and Appendix 2). The bivalents with 2 chiasmata were significantly different across 

the 14 stallions (p = 0.000; Table 2.4b). For the bivalents with 3 chiasmata, the 

average ranged from 0 to 5 (mean ± SD, 2.04 ± 0.84; Table 2.5a and Appendix 3). 

The bivalents with 3 chiasmata were significantly different (p = 0.000; Table 2.5b). 

For the bivalent with 4 chiasmata, the average ranged from 0 to 1 (mean = 0.05; Table 

2.6a and Appendix 4). The bivalents with 4 chiasmata were significantly different 

across the 14 stallions (p = 0.047; Table 2.6b). 

The total number of the autosomal chiasmata per cell for the 14 stallions ranged from 

43 to 56 (mean ± SD, 49.45 ± 2.07; Table 2.7a and Appendix 5). The total number of 

chiasmata across the 14 stallions were significantly different across the 14 stallions (p 

= 0.000; Table 2.7b). Thus, total number of chiasmata per cell, including XY bivalent, 

ranged from 44 to 57 (mean ± SD, 50.45 ± 2.07). The mean number of chiasmata per 

autosomal bivalent was 1.63. The summary for the frequency of autosomal bivalents 

with 1-4 chiasmata among 14 stallions are presented in Figure 2.11. 
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Table 2.3a: Autosomal bivalent frequency with one chiasma among 14 stallions 

(n=1107) 

          

Horse ID 
Number of 

Scored Cells  
Mean SD Range   

H6 60 13.93 1.65 10-18 

H11 72 13.36 1.49 11-16 

H12 73 15.34 1.48 11-18 

H13 77 14.90 1.89 10-19 

H14 63 14.67 1.75 11-19 

H15 63 14.79 1.55 11-18 

H16 114 15.91 1.39 12-20 

H17 80 14.65 1.91 9-18 

H18 106 15.30 1.80 10-18 

H19 94 14.15 1.87 10-17 

H20 83 15.11 1.61 11-18 

H22 79 14.16 1.62 11-17 

H23 69 14.28 1.97 10-18 

H24 74 14.27 1.67 10-18 

Total 1107 14.70 1.81 9-20 

 

 

 

 
Table 2.3b: ANOVA Table for autosomal bivalent frequency with one chiasma 

among 14 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between Groups 495.336 13 38.103 13.259 0.000 

Within Groups 3141.094 1093 2.874 
  

Total 3636.430 1106       
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Table 2.4a: Autosomal bivalent frequency with two chiasmata among 14 

stallions (n=1107) 

          

Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H6 60 15.12 1.85 10-20 

H11 72 15.61 1.60 12-18 

H12 73 13.66 1.46 11-18 

H13 77 14.05 1.90 10-19 

H14 63 14.03 2.04 9-19 

H15 63 13.62 1.64 10-18 

H16 114 12.82 1.42 7-16 

H17 80 14.60 2.16 11-22 

H18 106 13.69 2.02 10-20 

H19 94 14.55 1.71 11-18 

H20 83 13.57 1.71 10-18 

H22 79 15.06 1.68 11-19 

H23 69 14.70 2.00 11-18 

H24 74 14.85 1.75 11-19 

Total 1107 14.21 1.93 7-22 

 

 

 

 
Table 2.4b: ANOVA Table for autosomal bivalent frequency with two chiasmata 

among 14 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between Groups 648.366 13 49.874 15.624 0.000 

Within Groups 3489.013 1093 3.192 
  

Total 4137.379 1106       
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Table 2.5a: Autosomal bivalent frequency with three chiasmata among 14 

stallions (n=1107) 

          

Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H6 60 1.88 0.69 1-3 

H11 72 2.03 0.73 1-4 

H12 73 1.99 0.63 1-3 

H13 77 2.01 0.87 0-4 

H14 63 2.24 0.96 0-4 

H15 63 2.46 0.96 1-5 

H16 114 2.17 0.75 1-4 

H17 80 1.74 0.72 0-3 

H18 106 1.95 0.77 1-4 

H19 94 2.27 1.01 0-4 

H20 83 2.29 0.88 1-4 

H22 79 1.70 0.69 1-4 

H23 69 1.99 0.83 0-4 

H24 74 1.85 0.81 1-4 

Total 1107 2.04 0.84 0-5 

 

 

 

 
Table 2.5b: ANOVA Table for autosomal bivalent frequency with three 

chiasmata among 14 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between Groups 47.435 13 3.649 5.511 0.000 

Within Groups 723.736 1093 0.662 
  

Total 771.171 1106       
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Table 2.6a: Autosomal bivalent frequency with four chiasmata among 14 

stallions (n=1107) 

        

Horse ID 
Number of Scored 

Cells  
Mean Range 

H6 60 0.07 0-1 

H11 72 0.00 0 

H12 73 0.04 0-1 

H13 77 0.04 0-1 

H14 63 0.06 0-1 

H15 63 0.13 0-1 

H16 114 0.10 0-1 

H17 80 0.01 0-1 

H18 106 0.06 0-1 

H19 94 0.03 0-1 

H20 83 0.04 0-1 

H22 79 0.08 0-1 

H23 69 0.04 0-1 

H24 74 0.03 0-1 

Total 1107 0.05 0-1 

 

 

 

 

Table 2.6b: ANOVA Table for autosomal bivalent frequency with four 

chiasmata among 14 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between Groups 1.10 13 0.085 1.75 0.047 

Within Groups 52.97 1093 0.048 
  

Total 54.07 1106       

 

Table 2.7a: Chiasmata frequency in autosomal bivalents per cell among 14 stallions 

(n=1107) 
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Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H6 60 50.08 1.72 47-53 

H11 72 50.67 1.71 47-54 

H12 73 48.78 1.99 45-56 

H13 77 49.19 2.23 43-54 

H14 63 49.70 2.00 45-53 

H15 63 49.92 1.99 47-55 

H16 114 48.45 1.76 45-54 

H17 80 49.11 1.91 45-54 

H18 106 48.76 1.92 46-55 

H19 94 50.18 2.44 46-56 

H20 83 49.25 1.94 46-54 

H22 79 49.68 1.86 46-54 

H23 69 49.80 2.31 45-55 

H24 74 49.64 1.93 45-54 

Total 1107 49.45 2.07 43-56 

 

 

Table 2.7b: ANOVA Table for chiasmata frequency in autosomal bivalents per 

cell among 14 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between Groups 428.347 13 32.950 8.319 0.000 

Within Groups 4329.312 1093 3.961 
  

Total 4757.659 1106       
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2.3.2.3. Chiasmata Distribution on 8 Different Horse Chromosomes 

After chiasmata were scored, 8 individual autosomes (Chromosome number 2, 6, 10, 

13, 15, 24, 26 and 31) were easily and reliably identified by FISH technique. Thus, 

the number of chiasmata was established for these individual chromosomes. The 

subsequent FISH analysis for different cell types, such as: primary spermatocyte 

metaphase (MI), second meiotic metaphase (MII), prophase I (PI) and premeiotic 

mitotic (spermatogonial) metaphase using labeled probe againt these 8 chromosomes 

are clearly presented in Figures 2.12- 2.15. 

The number of chiasmata for chromosomes 2, 13, and 24 were different among scored 

cells; however, chromosomes 6, 10, 15, 26 and 31 were found to have a fixed number 

of chiasmata among cells. The number of chiasmata for chromosome 2 ranged from 2 

to 3 (mean ± SD, 2.67 ± 0.47; Table 2.8a and appendix 6). The number of chiasmata 

for chromosome 2 were not significantly different across the 5 stallions (p = 0.945; 

Table 2.8b). For chromosomes 13, the number of chiasmata ranged from 1 to 2 (mean 

± SD, 1.35 ± 0.48; Table 2.9a and appendix 7). The number of chiasmata for 

chromosome 13 were not significantly different across the 5 stallions (p = 0.541; 

Table 2.9b). For chromosome 24, the chiasmata ranged from 1 to 2 (mean = 1.08; 

Table 2.10a and appendix 8). The chiasmata number of chromosome 24 were not 

significantly different across the 5 stallions (p = 0.989; Table 2.10b). On the other 

hand, chromosome 6, 10 and 15 have 2 chiasmata in all scored cells, while 

chromosomes 26 and 31 were found to have 1 chiasma in all scored cells. Summary 

for chiasmata frequency in the 8 chromosomes among 5 stallions is presented in Table 

2.11 and Figure 2.16. 
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Figure 2.12: Subsequent FISH analysis for chromosome 10 and 31 shown in green (FITC) and 

chromosome 15 shown in red (TRITC). (a) Primary spermatocyte metaphase. (B) Prophase I. Scale 

bar―10 µm. 
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Figure 2.13: Subsequent FISH analysis for chromosome 6 shown in green (FITC) and chromosome 26 

shown in red (TRITC). (a) Primary spermatocyte metaphase. (B) Premeiotic mitotic metaphase 

(spermatogonial metaphase). Scale bar―10 µm. 
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Figure 2.14: Subsequent FISH analysis for chromosome 6 and 31 shown in green (FITC) and 

chromosome 15 and 26 shown in red (TRITC). (a and b) Primary spermatocyte metaphase. (c) Second 

meiotic metaphase. The signals of probes are clear in the interphase stage of spermatozoa head as well 

as primary and secondary spermatocyte cells. Scale bar―10µm. 
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Figure 2.15: Subsequent FISH analysis for chromosome 10 and 13 shown in green (FITC) and 

chromosome 2 and 14 shown in red (TRITC) for horse primary spermatocyte metaphase. The signals of 

probes are clear in the interphase stage of spermatocyte cells Scale bar―10 µm. 
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Table 2.8a: Chiasmata frequency in chromosome 2 among 5 stallions (n=73) 

     
Horse ID 

Number of 

Scored Cells  
Mean SD Range 

H16 20 2.65 0.49 2-3 

H17 9 2.67 0.50 2-3 

H18 18 2.61 0.50 2-3 

H19 12 2.75 0.45 2-3 

H20 14 2.71 0.47 2-3 

Total 73 2.67 0.47 2-3 

 

 

 

 

Table 2.8b: ANOVA Table for chiasmata frequency in chromosome 2 among 5 

stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
0.175 4.000 0.044 0.186 0.945 

Within 

Groups 
15.935 68.000 0.234     

Total 16.110 72.000       
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Table 2.9a: Chiasmata frequency in chromosome 13 among 5 stallions (n=63) 

          

Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H16 20 1.30 0.47 1-2 

H17 7 1.29 0.49 1-2 

H18 15 1.53 0.52 1-2 

H19 12 1.33 0.49 1-2 

H20 9 1.22 0.44 1-2 

Total 63 1.35 0.48 1-2 

 

 

 

 

Table 2.9b: ANOVA Table for chiasmata frequency in chromosome 13 among 5 

stallions 

  
          

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
0.733 4.000 0.183 0.783 0.541 

Within 

Groups 
13.584 58.000 0.234     

Total 14.317 62.000       
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Table 2.10a: Chiasmata frequency in chromosome 24 among 5 stallions (n=72) 

 

    
Horse ID 

Number of 

Scored Cells  
Mean SD Range 

H16 20 1.10 0.31 1-2 

H17 9 1.11 0.33 1-2 

H18 17 1.06 0.24 1-2 

H19 12 1.08 0.29 1-2 

H20 14 1.07 0.27 1-2 

Total 72 1.08 0.28 1-2 

 

 

 

 

Table 2.10b: ANOVA Table for chiasmata frequency in chromosome 24 among 5 

stallions 

            

Source 
Sum of 

Squares 

df Mean 

Square 

F Sig. 

Between 

Groups 
0.025 4.000 0.006 0.076 0.989 

Within 

Groups 
5.475 67.000 0.082 

    

Total 5.500 71.000 
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Table 2.11: Chiasmata frequency in 8 individual chromosomes (2, 6, 10, 13, 15, 24, 

26 and 31) among 5 stallions 

          

Chrosomsome number Total scored cells Bivalent 

  
Mean SD Range 

2 73 2.67 0.47 2-3 

6 87 2 0 2 

10 96 2 0 2 

13 63 1.35 0.48 1-2 

15 73 2 0 2 

24 72 1.08 0.28 1-2 

26 80 1 0 1 

31 74 1 0 1 

 

 

 

 

0

0.5

1

1.5

2

2.5

3

2 6 10 13 15 24 26 31

M
ea

n
 C

h
ia

sm
a

ta
 f

re
q

u
en

cy

Chromosome number

Figure 2.16: Chiasmata frequency in 8 chromosomes (2, 6, 10, 13, 15, 24, 26 and 

31) among 5 stallions
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2.4. Discussion 

Different cell stages, such as primary spermatocytes, secondary spermatocytes, 

spermatids, mature spermatozoa and other supporting cells like Sertoli cells, were 

detected in air dry preparations from all stallions. Moreover, different meiotic cells, 

such as premeiotic mitotic metaphase, primary spermatocyte metaphase I and 

secondary spermatocyte metaphase II, are visualised in all preparations. These 

findings indicate that stallions have normal spermatogenesis. The number of 

premeiotic mitotic metaphase was relatively rare in preparation from all stallions. This 

could be due to the natural presence of these cells close to basal epithelium 

compartment, thus most of these cells remain in the tubules during preparation of cell 

suspension. The number of secondary spermatocyte metaphase II (MII), which 

indicates that crossover has occurred and chromosomes segregated efficiently at AI, 

was low in the present study. This could be due to the short life span of MII stage. 

Prophase I (PI) predominated in the preparation and this is due to the time length of 

pairing, synapsis and crossing over that take place during PI.  

The domestic horse has 31 autosomes, 13 metacentric or submetacentric and 18 

acrocentric, in addition to sex chromosomes X, which is metacentric, and Y, which is 

acrocentric (Evans, 1992; Bowling et al., 1997). The number of chiasma was different 

between chromosomes, which mostly correlated with the chromosome length. Small 

chromosomes showed typically 1 chiasma while long chromosomes showed 2 or 

more chiasmata. Although the number of chiasma was different from chromosome to 

chromosome, at least one obligate chiasma is formed per chromosome pair 

irrespective of its length. This chiasma is important to ensure regular orientation of 

the maternal and paternal chromosome at MI and proper segregation at AI. The 

numbers of additional chiasmata over the obligate one are dependent on the length of 

the chromosome. The maximum number of chiasmata per chromosome was 4, which 

is mainly observed for chromosome 1. The chiasmata distribution showed 

interference since they are non-randomly distributed within a chromosome but 

separated by large chromosome segments. The occurrence of one chiasma would 

reduce the likelihood of another chiasma to form in close proximity (Hultèn, 1974).  

Most of metacentric or submetacentric autosomes showed two or more chiasmata. 

Some of these autosomes have three and rarely four chiasmata, which are mainly long 

chromosomes since there is a correlation between the length of the chromosome and 
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the number of exchanges (Sun et al., 2004). The X-Y bivalent at metaphase I, which 

has one chiasma, demonstrated that the Y chromosome paired with the X 

chromosmose. 

Failure of chiasma formation between maternal and paternal chromosomes can lead to 

formation of univalents and random segregation. Thus daughter cells could receive 

both maternal and paternal, one of them or none of these. Results from this study did 

not show any univalent. 

The present study has provided detailed information on chiasma formation in stallion. 

The average number of autosomal chiasmata per nucleus was 49.45 ± 2.07 among 14 

stallions with a total number of 1,107 primary spermatocyte metaphases. Significant 

heterogenesity for the individual mean of chiasmata frequency for autosomal 

chromosomes was observed among stallions (P = 0.000), inter-individual difference 

of 4.5% with a range of 48.45 ± 1.76 – 50.67 ± 1.71. Horse number H11 showed the 

highest average of chiasmata number (50.67), while the minimum average of 

chiasmata number was detected in horse number H16 (48.45). 

Around half of the chromosomes (47.4%) showed 1 chiasma, while 45.8% of the 

chromosomes showed 2 chiasmata. Chromosomes with 3 and 4 chiasmata were 6.6% 

and 0.2% respectively (Figure 2.11). The average number of chromosomes with 1, 2, 

3 and 4 chiasmata were significantly different among the 14 stallions (P = 0.000). 

The importance of studying the number of chiasmata, which holds the homologous 

chromosomes together during MI, is to construct genetic maps and to estimate the 

total length of the genome since it can be detected cytogenetically as a site of 

crossover. Chiasmata are the mature crossovers, thus their occurrences indicate that 

pairing, synapsis and crossover have been successful during PI. The genetic map 

distance is calculated as a half of the average number of chiasmata in the interval 

concerned, since each chiasma may give rise to half of the gametes (2 gametes) as 

recombinant and other half (2 gametes) as non-recombinant gametes. It means that 

genetic map distance can be obtained by multiply the average number of chiasmata by 

50. Thus an average of 49.45 horse male autosomal chiasmata corresponds to genetic 

map length of 2,472.5 centimorgans (cM). Taking into account that one chiasma 

always take place between XY bivalent, which equal to 50 cM, the total genome 

length of the horse male is 2,522.5 cM, which compares to 2772 cM from linkage data 

(Swinburne et al., 2006). This show a remarkable degree of correspondence, 

especially when one considers that in many organisms genetic mapping frequently 
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results in maps with lengths exceeding those based on chiasma frequency (Sybenga, 

1996). Moreover, genetic map length, presented here, is very similar to the human 

males 2,490 cM that based on chiasma count, which compares to 2729.7 cM from 

linkage data. (Dib et al., 1996; Sun et al., 2004). 

A comparison of the mean chiasma frequency in the horse and other species is 

presented in Table 2.12.   

The horse male mean frequency of chiasmata per nucleus reported in this study, 50.45 

± 2.07, is different from that obtained by Scott and Long (1980), 54.4±1.8 per cell. 

These discordant data could be related to different factors, such as stallion, and 

methodology. Similar discordant results for chiasmata frequency in human males 

were obtained from different studies (Table 2.13).   

The average size of the horse genome is very similar to that of mammals (~3 billion 

base pairs) especially humans (Chowdhary & Raudsepp, 2008). The total numbers of 

chiasmata in horse male are very close to the human male one, 50.61±3.87 per cell. 

Although horse have more chromosomes (31 autosomes) than humans (22 

autosomes), the horse has more acrocentic (18 acrocentric chromosomes) and short 

chromosomes compared with humans (5 acrocentric chromosomes; Kaback et al., 

1992).  

Horse male shows very close autosomal chiasmata frequency to  other domestic 

species such as  sheep (51.2±4.7) that have 26 autosomes, goats (49.7±4.0) that have 

29 autosomes and cows (49.5±4.1) that have 29 autosomes. This coordinate is due to 

the close genome size and similar chromosome number of these animals.  

After chiasmata were karyotyped in different air dry preparations, different autosomes 

were identified by FISH. Correct identification of autosome and facilitating the FISH 

signals depends on the quality of cells in the preparations as well as the condensation 

of the chromatin after fixation. In this work, 8 different autosomes were identified by 

FISH as well as the numbers and distributions of chiasmata were established for these 

individual autosomes. Therefore, abnormal processes in any of the 8 autosomes can 

be characterized. These 8 autosomes are not randomly selected but represent different 

group size and centrome position of horse autosomes. Autosomes 2, 6, 10 and 13 are 

metacentic, while autosomes number 15, 24, 26 and 31 are acrocentric with different 

sizes.  The mean number of chiasmata ranged from low of 1.00 ± 0, for the smallest 

chromosome (31) and chromosome 26, to 2.67 ± 0.47, for chromosome 2. 
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Chromosome 1, which mostly had 3 or 4 chiasmata, was not studied in this part of 

investigation.  Fixed numbers of chiasmata were identified in 5 autosomes, autosomes 

6, 10 and 15 that showed 2 chiasmata, while autosomes 26 and 31 received 1 chiasma 

in all scored cells, which is generally near the telomere. For autosomes 6 and 10, one 

chiasma was identified in each arm (p and q arm) and giving a ring shape 

chromosomal configuration. However, the distribution of the 2 chiasmata in autosome 

15, were commonly in medial and distal loci of q arm, showing ring with open end 

shape chromosomal configuration. 

Around 67% of the scored cells for autosome 2, 73 cells, showed 3 chiasmata. 

Autosome 2 is large submetacentric, in which p arm is smaller than q arm. The 

distribution of chiasma showed 1 chiasma in p arm and mostly (67%) 2 chiasmata in q 

arm. Autosome 13 showed 1 chiasma in around 65% of the scored cells, 63 cells. It is 

the smallest metacentric autosome. The distribution of chiasma showed 1 chiasma in 

q arm, which is larger than p arm that rarely showed 1 chiasma (35% of cases). For 

autosome 24, 1 chiasma was detected in most of cells, 91.7% of scored cells. The 

distribution of a single chiasma, and rarely 2 chiasmata, were showed on q arm, since 

autosome 24 is small and acrocentric. Since chromosome 1 is the largest horse 

chromosome and chromosome 2, which is close in size to chromosome 1, was 

identified by FISH technique, thus chromosome 1 can be easily identified. The 

chiasmata frequency for chromosome 1 was also estimated to range between 2 to 4 

(mean ± SD, 3.05 ± 0.24). 

The genetic length for the eight autosomes, from present study, is close to that 

obtained from linkage map (Table 2.14). Autosome 31, the smallest horse 

chromosome, and autosome 26 received a single chiasma that representing 50 cM. 

The genetic length of autosome 26, from linkage map (24.4 cM), is less than the one 

which reported here (50 cM). This is due to the fact that at least 1 chiasma is obligate 

per bivalent, for proper segregation, which equal to 50 cM. 
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Table 2.12: Average chiasmata frequency per cell for different species 

    
Species 

Average number of 

Chiasma (mean ± SD) 

Number of 

scored cells 
Reference 

Horse Male 50.45±2.07 1,107 present report  

Horse Male 54.4±1.8 221 
Scott and Long 

(1980) 

Human 

Male 
50.61±3.87 41 Hultèn (1974) 

Sheep Male 51.2±4.7 50 Logue (1977) 

Goat Male 49.7±4.0 325 Logue (1977) 

Cow Male 49.5±4.1 20 Logue (1977) 

 

 

Table 2.13: Mean chiasmata number in human males reported from different 

studies   

            

No. of 

individuals 

No. of 

cells 

Mean 

chiasmata 

No. 

Range  

Genetic 

length 

(cM) 

Reference  

21 516 53.7 43 - 62 2685 McDermott (1973) 

1 41 50.6 43 - 60 2530 Hultèn (1974) 

7 408 52.3 49.6 - 53.7 2566.5 
Laurie and Hultèn 

(1985) 

6 91 45.3 32 - 58 2566.5 
Fang and Jagiello 

(1988) 
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Table 2.14: Chiasmata frequency and the genetic length of 8 individual 

chromosomes (2, 6, 10, 13, 15, 24, 26 and 31) among 5 stallions 

          

Chrosomsome 

No. 

Total scored 

cells 

Mean 

chiasmata 

No. 

Genetic 

length (cM) 

Linkage map 

(cM)
a
 

2 73 2.67 133.5 128.8 

6 87 2 100 126.8 

10 96 2 100 105.8 

13 63 1.35 67.5 58 

15 73 2 100 96.7 

24 72 1.08 54 47.2 

26 80 1 50 24.4 

31 74 1 50 41.1 

 

a
Reference: Swinburne et al., (2006) 

 

 

 

2.5. Conclusion 

This is the first report of chiasma frequency maps for all autosomes in normal horse 

males as well as complete characterization of chiasmata distribution in 8 horse 

autosomes using FISH assay. Results prove that FISH is a feasible and reliable 

method for identification of horse meiotic chromosomes. Chiasmata maps 

demonstrate a preference for distal exchanges with repression of chiasma near the 

centromeres and chiasmata interference inferred for all bivalents. The autosomal 

length and the location of centromere predict the number and the distribution of 

chiasmata and, therefore, the genetic map length. There is a relationship between 

autosome length and average number of chiasmata per autosome. 
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Chapter 3 

Prophase I:  

Homologous Pairing and Recombination 

Frequency 

3.1. Introduction 

Prophase I is the longest stage in meiosis. During prophase I, for proper segregation 

of homologous chromosomes and formation of normal haploid gametes, homologous 

chromosomes pair, synapse and recombine. When homologous chromosomes pair and 

synapse, the synaptonemal complex (SC), a proteinaceous structure that hold the 

homologs in close proximity, forms along the axis of the chromosomes (Codina-

Pascual et al., 2004). SC consists of two lateral elements, to which the two sister 

chromatids of each chromosome are attached, and one central element (Judis et al., 

2004). Prophase I can be divided into four substages: leptotene, in which the 

chromosomes search their homologue; zygotene, in which the homologous 

chromosomes start to pair and synapse and SC start to form; pachetene, in which 

homologous chromosomes are fully synapsed and; diplotene, in which the 

homologous chromosomes start to desynapse and repel from each other and SC 

breaks down (Judis et al., 2004). 

Recombination encompasses a series of steps, mediated by a large number of proteins 

(Smith & Nicolas, 1998; Cohen & Pollard, 2001; Critchlow et al., 2004). Molecular 

components of some of these proteins have been identified in lower organisms as well 

as mammals. These discoveries have opened a new approach for research using 

immunofluorescence (IF) techniques, which are used by many researchers these days 

to visualise the SCs and recombination nodules (RNs), providing an alternative 

approach to silver nitrate staining (Hultèn et al., 1974; Codina-Pascual et al., 2004), 

and MI cytogenetic or diakinesis preparations that are laborious and slow to analyze 

(Sun et al., 2004). The major advantage of IF technique is that numerous cells at 

pachytene stage can be recovered, which is not the case in MI nuclei. It is particularly 
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of interest for females gametes where one can simultaneously analyse the homologous 

synapsis and meiotic recombination sites (Sun et al., 2004, Barlow and Hultèn, 1998; 

Sun et al., 2004). Antibodies against SC components, such as SCP2 and SCP3 for 

lateral element and SCP1 for the central element, are used to visualize the structure of 

SC as well as directly monitor the germ cell’s progression through prophase I 

substages to metaphase I (Anderson et al., 1998 & Judis et al., 2004). SC proteins 

show low conservation and sequence homology (Schwazacher, 2003). Calcinosis, 

Raynaud’s phenomenon, Esophegal dysfunction, Sclerodactyly, Telangiectasia 

(CREST) antisera also have been used to localize the centromere of all chromosomes 

(Sun et al., 2004). Moreover, MLH1 protein, a DNA mismatch repair protein, also 

involved in recombination since the localization of it on SCs at pachytene stage shows 

good correspondence with sites of chiasmata at MI, and mutation in MLH1 protein 

results in formation of many univalents at metaphase I, even when chromosomes are 

normally synapsed, suggesting that the defect is in crossover not in synapsis (Baker, 

1996; Anderson et al., 1998).  

Recombination mapping along the chromosomes is an important step for 

understanding the recombination regulation (Anderson et al., 1998). For this purpose, 

some physical maps based on chiasmata localization at diplotene have been produced 

(Henderson, 1963). Electron microscopy has also been used to map late RNs on SCs 

(Carpenter, 1975). In the last decade, combined techniques of immunofluorescence in 

spermatocytes followed by FISH, which is used by many researchers, can provide a 

recombination map for individual chromosomes.  The first identification of all SCs 

was achieved in mouse, in which two rounds of multicolor FISH chromosome 

specific were used (Froenicke et al., 2002; Codina-Pascual et al., 2004). Recently, 

multicolor FISH using specific centromeric probes (cenM-FISH) (Sun et al., 2004) or 

subtelomeric-specific probe (stM-FISH) (Codina-Pascual et al., 2004) were applied to 

characterized human male SCs recombination maps. 

Surprisingly, no study has so far described equine homologous pairing and 

recombination frequency using IF technology. Thus, this is the first study to used IF 

technique to characterize the meiotic recombination patterns in normal equine 

spermatogenesis by using antibodies against SCP3, to visualize SCs and to investigate 

the homologous pairing, and against MLH1, to identify meiotic recombination loci 

(Judis et al., 2004). The distribution of MLH1 in stallion spermatocytes was examined 
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as markers for identification of meiotic recombination loci frequency and distribution 

(Barlow and Hultèn, 1998).  

 

3.2. Materials and Methods 

3.2.1. Surface Spreading Technique (Prophase I) 

Slides used for this technique were cleaned with methanol and glow-discharged by 

exposing them to ultra-violet light in vacuum for two min at -1 Torr using EMITECH 

K100X (EMITCK, Kent, England) to make them hydrophilic. Two different protocols 

were used for spreading of equine meiotic chromosomes (see below). 

 

3.2.1.1. Lipsol spreading for equine meiotic chromosomes 

The specimens were processed for analysis using Barlow and Hultèn (1998) protocol 

with minor modification. A drop of phosphate free detergent (0.03% lipsol) was 

mixed with a drop of cell suspension (in Ham F10 media; Invitrogene, UK), on a 

clean microscopic slide that was pre-warmed on a hot plate in a fume hood. 

Optimization was carried out by incubating at different temperatures (from 22 °C to 

32 °C) and timings (from 4 min to 10 min). Ten drops of 2% formaldehyde fixative 

(Sigma, Germany), containing 0.02% sodium dodecyl sulfate (SDS) buffered to pH 

8.0 with sodium tetra borate, were added to the cell suspension on the slide and 

incubated for 10 min. The slide was then dapped on tissue paper and washed gently in 

distilled water before being left to air dry at room temperature. Subsequently some of 

the slides were stained with silver stain as describe below and the rest were either 

process for immunofluorescence immediately or stored at -80 °C for future needs. 

 

3.2.1.2. Sucrose spreading for equine meiotic chromosomes 

The tissue was gently cut into small and loose pieces of seminiferous tubules and 

transferred to freshly prepared hypotonic extraction buffer (30 mM Tris, pH 8.2; 50 

mM sucrose; 17 mM citric acid; 5 mM EDTA; 0.5 mM DTT; 0.1 mM PMSF, pH 8.2-

8.4) and incubated in ice for 45 min to 60 min (depending on the size of the tissue). 
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The tissue pieces were taken out of the buffer and macerated in 100 mM sucrose 

solution pH 8.2.  The cell suspension was diluted to appropriate amount with 100 mM 

sucrose solution. One drop was deposited on a slide that had been overlaid with 1% 

formaldehyde solution (Sigma, Germany) pH 9.2 containing 0.15% Triton X-100, 

incubated in a humidified sealed chamber for 2 h at room temperature and removed 

from the humidified chamber and air dried. Slides were immersed two times in 

Phosphate Buffer Saline (PBS) (Oxoid, UK) for 5 min each and one time in distilled 

water for 5 min. Finally each slide was air dried and either process for 

immunofluorescence immediately or store at -80 ºC for future needs.  

 

3.2.1.3. Electron Microscopy Spreading for Meiotic Chromosomes 

Slides used for this technique were cleaned with acid-alcohol and coated with Optilux 

(0.75% of plastic pieces from Petri dish dissolved in chlororform). Slides were glow-

discharged by exposing them to ultra-violet light in vacuum for two min at -1 Torr 

using EMITECH K100X (EMITCK, Kent, England) to make them hydrophilic. 

Meiotic cells were spreaded on the coated slides using both lipsol and sucrose 

spreading protocols (see above). After the slides were air-dried at room temperature, 

subsequently some slides were stained with silver nitrate as described below and 

examined under the light microscope to localize the PI cells. The interested area was 

cut out and the plastic film floated off on distilled water and picked up on a mesh grid. 

The grids were air dried at room temperature and examined under the electron 

microscope (CM10, Philips) for the appearance of SCs and recombination nodules.  

 

3.2.2. Silver Staining 

Two drops of 50% silver stain (50% silver nitrate solution in de-ionised distilled 

water) were placed on either end of each slide. Slides were covered with silver stain 

wet mesh and incubated at 60 °C for 1 h. Slides were washed under running tap water 

for 30 min after floating the mesh of in water. Air dried slides were examine under a 

light microscope and an electron microscope. 
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3.2.3. Immunostaining of Meiotic Spreads 

Air-dried slides were blocked by soaking them 3 times at room temperature in PBT 

(1XPBS, 0.15% bovine serum albumin (BSA) and 0.1% Tween 20) for 10 min each. 

The slides were overlaid with around 100 µl primary antibodies cocktail [(Rabbit 

SCP3 (1:200) (SantaCruzBiotechnonogy, CA, USA), Mouse anti-Human MLH1 

(1:50) (BD Pharmingen, USA) and Human CREST antisera (from 1:50 to 1:500) 

(SantaCruzBioechnonogy, CA, USA) in 1X Antibody Dilution Buffer (ADB) 

(1XPBS, 0.13% sodium azide, 0.1%BSA, 0.1% Tween 20) and incubated in a 

humidified chamber overnight at room temperature. After 3 washes at room 

temperature with PBT, 10 min each, slides were incubated with 100 µl of secondary 

antibodies cocktail [(TRITC Donkey Anti-Rabbit (1:400), FITC Donkey Anti-Mouse 

(1:200) and AMCA Donkey Anti-Goat (from 1:200 to 1:1000) in 1X ABD] (Jackson 

ImmunoResearch, USA) in humidified chamber at 37 °C for 1 h. Slides were washed 

3 times at room temperature with PBT, for 10 min each, and air-dried in the dark at 

room temperature. Antifade without DAPI was applied on the slides and the covered 

immunostained slides were studies with Olympus BX61 microscope (Olympus, 

Japan), images were captured using Applied Imaging Cytovision 3.1 software 

(Applied Immaging, UK). 

 

3.2.4. Localization of MLH1 foci to synaptonemal complex  

Micromeasure 3.3, which is an image analysis application that allows collection of 

data for a wide variety of chromosome parameters from digitally captured images 

(available from the Micromeasure Website,  

http://colostate.edu/Depts/Biology/Micromeasure), was used to measure the SC length 

of total and individual chromosome as well as determine the positions of MLH1 foci. 

Twenty-four pachytene nuclei from 6 different horses (H18, H19, H20, H22, H23 and 

H24), average of four nuclei from each horse, were analysed. The average as well as 

minimum absolute and relative distance between foci was calculated.  

Since individual SC could not be identified, autosomal SCs from each nucleus were 

ranked in sequence of their relative length. The absolute as well as relative positions 

of each MLH1 focus on each SC were recorded using distance from telomere. 

Moreover, the chromosomes were categories into 4 different groups depending on 

http://colostate.edu/Depts/Biology/Micromeasure
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their number of MLH1 foci. The absolute and relative interference distance between 

two MLH1 foci in each group was determined. 

 

3.2.5. Statistical Analysis: 

The descriptive and inferential statistics were applied through SPSS (version 16) and 

using the statistical software in the Excel package (Version 2007, Microsoft 

Corporation, Redmond, WA, USA). The statistics used were F statistics (ANOVA) to 

test the viability and variability across horses. In all cases, significance level was set 

at P < 0.05. 

 

 

3.3. Results: 

3.3.1. Mouse prophase I sub-stages 

Mouse samples were used to practise the techniques and good-quality surface 

spreading preparations were obtained. Nineteen autosomal bivalents and XY bivalent 

were visualised. 

Different prophase I sub-stages were easily recognized by using anti-SCP3 antibody, 

such as: early zygotene, in which the lateral elements are partially paired (Figure 

3.1a), late zygotene, in which the lateral elements are not fully paired (Figure 3.1b), 

pachytene, which have clear 20 lateral elements that are fully paired (Figure 3.2).  

 

 

 

 

 

 

 



   88 | P a g e  

 

 

 

 

Figure 3.1: Surface spread mice spermatocytes labeled with anti-SCP3 (green) and anti-CREST (blue). 

(a) Early zygotene nucleus with partially synapsed lateral elements. (b) Late zygotene nucleus from 2 

different mice with incomplete synapse lateral elements (arrow). Scale bar―5 µm. 

 

 

 

 

 

 

Figure 3.2: Surface spread mouse spermatocytes labeled with anti-SCP3 (green). (a and b) Pachyetene 

nucleus from 2 mice with complete synapsed lateral elements. Scale bar―5 µm. 
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3.3.2. Horse prophase I sub-stages 

By applying anti-SCP3 antibody (to monitor the formation of the axial/lateral 

elements of the synaptonemal complex) to surface spread preparations from horse 

testicular samples, it became possible to determine the stage of spermatocytes and to 

monitor the progression of meiosis division through different sub-stages of prophase 

I. Different sub-stages with excellent-quality preparation of prophase I were observed 

such as: (1) Leptotene stage, in which multiple small SCP3 positive fragments, axial 

elements (Figure 3.3); (2) Zygotene stage, in which full-length SCP3 (axial element) 

were observed with either partially limited association or pairing especially in 

telomeric regions, early zygotene, or not fully association or unsynapsed segments of 

homologous chromosomes, late zygotene (Figure 3.4). (3) Pachtene stage, if the 64 

axial elements are fully paired to form 32 lateral elements that can divided into: early 

pachytene, in which the large region of XY bivalent are synapsed (Figure 3.5a), and 

late pachytene, in which the nuclei containing a shredded and anastomised XY 

bivalent (Figure 3.5b). In general, pachytene stage predominated in the preparations, 

since it is the longest stage of prophase I. 
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Figure 3.3: Surface spread of horse spermatocytes labelled with anti-SCP3 (red). (a and b) Leptotene 

nuclei, with short segments of axial elements are first visualised, from 2 stallions. Scale bar―10 µm. 
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Figure 3.4: Surface spread of horse spermatocytes labeled with anti-SCP3 (red). Zygotene stage nuclei 

in which the lateral elements are partially synapsed. (a) Early zygotene nucleus (arrow) with partially 

synapsed lateral elements. (b-d) Late zygotene nuclei with incomplete synapse of lateral elements. 

Arrows indicate unsynapsis segments in different homologous chromosomes. Scale bar―10 µm. 
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Figure 3.5: Surface spread of horse spermatocytes labelled with anti-SCP3 (red). Pachytene stage in 

which the two lateral are fully synpse. (a and b) Early pachytene nuclei. Arrow showing large region of 

XY bivalent are synapsed. (c and d) Late pachytene nuclei. Arrows indicate shredded and anastomised 

XY bivalent. Scale bar―10 µm. 
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3.3.3. Light and electron microscopy spreading for 

prophase I  

Different cells were analysed from some stallions silver stained surface spread 

preparations. Light microscopy revealed good preparations, mainly for pachytene 

stage which have 32 paired axial elements, with little background (Figure 3.6). 

Electron microscopic examinations for pachytene stages revealed clearly that 

synaptonemal complex is consist of two lateral elements with a constant distant 

between them. No central elements or recombination nodules were visualised in the 

preparations that could be due to preparation method. Different stages of PI were 

detected such as (1) Pachytene stage, in which the 64 elements are fully synapsed and 

forming 31 autosomal bivalents and one XY bivalent, sex vesicle (Figure 3.7 and 3.8). 

(2) Zygotene stage, in which the axial or lateral elements are partially synapse, early 

zygotene (Figure 3.9 a) or incomplete synapsed, late zygotene (Figure 3.9b and c). 
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Figure 3.6: Light microscopy for meiotic prophase I of silver-stained preparations of stallion 

spermatocytes. (a and b) Pachytene stage with 31 paired lateral elements and clear XY bivalent. Scale 

bar―10 µm.  
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Figure 3.7: An EM surface spread preparation of fully paired horse male pachytene nucleus showing 

normal 32 bivalents with two lateral elements and without central element. a) Full nucleus with 

spermatozoa and sex vesicle. Scale bar―10 µm. (b-d) Enlarged parts of nucleus in a. (b) Different 

autosomes at low magnification showing enlarged part of nucleus. Scale bar―5 µm. (c) Sex vesicle 

showing folding of XY-bivalents (arrow) and one autosome with looped terminal (dash arrow). Scale 

bar―1 µm. (d) Small acrocentric autosomes (arrow points to the centromer end) showing clear lateral 

elements but without central element. Scale bar―1 µm. 
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Figure 3.8: Another example of EM surface spread preparation of fully paired horse male pachytene 

nucleus showing normal bivalents with two lateral elements and without central element. (a) Full 

nucleus with 31 autosomal bivalents and sex vesicle. Scale bar―10 µm. (b-c) Enlarged parts of nucleus 

in a. (b) Different fully paired autosomes. Scale bar―5 µm. (c) Small autosome with clear two lateral 

elements and without central element or recombination nodules. Scale bar―1 µm. 
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Figure 3.9: An EM surface spread preparation of different stages of PI male horse. (a) 

Autosome at early zygotene stage with unsynapsed segments at both ends (arrow showing the 

pairing segment). Scale bar―1 µm. (b) Autosome at late zygotene stage where there are 

almost complete paired lateral elements. Scale bar―1 µm. (c) Enlarged segment with high 

magnification of autosome in b clearly showing two lateral elements but without central 

element or recombination nodules. Scale bar―1 µm. Scale bar―1 µm. 
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3.3.4. MLH1 Foci frequency and distribution 

A total of 523 fluorescently labelled pachytene nuclei were photographed and the 

frequency of MLH1 foci was calculated for each nucleus. However, 180 nuclei out of 

them were spread well in a way to be able to identify individual SC. The number of 

SCs per nucleus was 31 autosomal SCs, in addition to one XY SC. MLH1 foci were 

found regularly on pachytene SCs, but not on zygotene or diplotene SCs. All the 

autosomal SCs had at least one MLH1 focus. Most of the XY SC had just one focus 

which was distally localized. No XY SC had more than one focus (Figure 3.10).  The 

number of MLH1 foci per SC ranged from one to four, with an average of 1.62 foci 

per autosomal SC. Short SCs average at least one MLH1 focus. In rare cases, MLH1 

foci were very close (Figure 3.11). 

For the 180 nuclei, the number of autosomal SCs with one MLH1 focus ranged from 

10 to 18 (mean ± SD, 15.22 ± 1.81; Table 3.1a and Appendix 9). The number of SCs 

with one MLH focus was not significantly different across the 6 stallions (p = 0.060; 

Table 3.1b). For SCs with 2 MLH1 foci, the average number ranged from 10 to 19 

(mean ± SD, 13.59 ± 1.68; Table 3.2a and Appendix 10). The number SCs with 2 

MLH1 foci was significantly different across the 6 stallions (p = 0.000; Table 3.2b). 

For SCs with 3 MLH1 foci, the average number ranged from 1 to 4 (mean ± SD, 2.08 

± 0.89; Table 3.3a and Appendix 11). The number of SCs with 3 MLH1 foci was 

significantly different across the 6 stallions (p = 0.002; Table 3.3b). For SCs with 4 

MLH1 foci, the average number ranged from 0 to 1 (mean = 0.12; Table 3.4a and 

Appendix 12). The number of SCs with 4 MLH1 foci was not significantly different 

(p = 0.683; Table 3.4b). The total number of MLH1 foci per autosomal chromosomes 

ranged from 46 to 57 (mean ± SD, 50.11 ± 2.35; Table 3.5 and Appendix 13). The 

total number of MLH1 foci per autosomal chromosomes was not significantly 

different across the 6 stallions (p = 0.482; Table 3.5b). Thus, total number of MLH1 

foci per cell, including XY bivalent, ranged from 47 to 58 (mean ± SD, 51.11 ± 2.35). 

The mean number of MLH1 foci per autosomal SC was 1.62.  

For all scored nuclei (523), which include the 180 well spreaded nuclei, the total 

number of the autosomal MLH1 foci per nucleus among the 6 stallions ranged from 

46 to 58 (mean ± SD, 49.62 ± 2.26; Table 3.6a and Appendix 14). The total number of 

autosomal MLH1 foci, for the 523 nuclei, was not significantly different across the 6 
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stallions (p = 0.071; Table 3.6b). The mean number of MLH1 foci per autosomal SC 

was 1.60. 

The summary for the frequency of autosomal bivalents with 1-4 MLH1 foci among 6 

stallions are presented in Figure 3.12. 
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Figure 3.10: SC spreading of horse spermatocytes at pachytene stage labelled with anti-SCP3 antibody 

(red) and anti-MLH1 antibody (green). XY indicates sex bivalent (a and b). There are 31 autosomal SC 

and one Sex SC. The longest SC is for chromosome 1 with three MLH1 foci. Scale bar―10 µm. 
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Figure 3.11: SC spreading from horse spermatocytes at pachytene stage labelled with anti-SCP3 

antibody (red) and anti-MLH1 antibody (green). XY indicates sex bivalent. There are 31 autosomal SC 

and one Sex SC. (a) Showing one long chromosome with close MLH1 foci. (b) Showing The 

chromosome 1 with four MLH1 foci. Scale bar―10 µm. 
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Table 3.1a: Autosomal SCs frequency with one MLH1 focus among 6 stallions 

(n=180) 

     

Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H18 19 14.95 1.68 12-19 

H19 34 15.24 1.79 13-19 

H20 20 15.60 1.64 14-18 

H22 28 15.36 1.97 12-19 

H23 32 15.88 1.83 12-19 

H24 47 14.64 1.72 11-19 

Total 180 14.22 1.81 11-19 

 

 

 

Table 3.1b: ANOVA Table for autosomal Scs frequency with one MLH1 focus 

among 6 stallions 

            

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F Sig. 

Between 

Groups 
34.466 5 6.893 2.170 0.060 

Within 

Groups 
552.645 174 3.176 

  

Total 587.111 179       
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Table 3.2a: Autosomal SCs frequency with two MLH1 foci among 6 stallions 

(n=180) 

     

Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H18 19 13.74 1.37 12-18 

H19 34 13.44 1.64 11-16 

H20 20 12.95 1.61 10-16 

H22 28 13.04 1.48 11-16 

H23 32 13.06 1.72 11-19 

H24 47 14.60 1.53 11-18 

Total 180 13.59 1.68 10-19 

 

 

 

Table 3.2b: ANOVA Table for autosomal Scs frequency with two MLH1 foci 

among 6 stallions 

            

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F Sig. 

Between 

Groups 
74.40 5 14.88 6.03 0.000 

Within 

Groups 
429.17 174 2.47 

  

Total 503.58 179       
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Table 3.3a: Autosomal SCs frequency with three MLH1 foci among 6 stallions 

(n=180) 

          

Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H18 19 2.21 0.98 1-4 

H19 34 2.26 0.99 1-4 

H20 20 2.25 0.72 1-3 

H22 28 2.50 0.88 1-4 

H23 32 1.91 0.82 1-4 

H24 47 1.70 0.75 1-4 

Total 180 2.08 0.89 1-4 

 

 

 

 

Table 3.3b: ANOVA Table for autosomal Scs frequency with three MLH1 foci 

among 6 stallions 

            

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F Sig. 

Between 

Groups 
14.68 5 2.94 4.02 0.002 

Within 

Groups 
127.07 174 0.73 

  

Total 141.75 179       
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Table 3.4a: Autosomal SCs frequency with four MLH1 foci among 6 stallions 

(n=180) 

        

Horse ID 
Number of 

Scored Cells  
Mean Minimum   

H18 19 0.11 0-1 

H19 34 0.12 0-1 

H20 20 0.20 0-1 

H22 28 0.11 0-1 

H23 32 0.16 0-1 

H24 47 0.06 0-1 

Total 180 0.12 0-1 

 

 

 

 

Table 3.4b: ANOVA Table for autosomal Scs frequency with four MLH1 foci 

among 6 stallions 

            

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F Sig. 

Between 

Groups 
0.33 5 0.07 0.62 0.683 

Within 

Groups 
18.22 174 0.10 

  

Total 18.55 179       
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Table 3.5a: MLH1 focus frequency in autosomal SCs per cell among 6 stallions 

(n=180) 

          

Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H18 19 50.47 2.44 46-55 

H19 34 50.32 2.43 46-55 

H20 20 50.05 2.01 47-53 

H22 28 50.36 2.64 46-56 

H23 32 49.34 2.36 46-55 

H24 47 50.19 2.20 46-57 

Total 180 50.11 2.35 46-57 

 

 

 

 

Table 3.5b: ANOVA Table for MLH1 focus frequency in autosomal SCs per cell 

among 6 stallions 

            

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F Sig. 

Between 

Groups 
24.94 5 4.99 0.90 0.482 

Within 

Groups 
964.05 174 5.54 

  

Total 988.99 179       
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Table 3.6a: MLH1 focus frequency in autosomal SCs per cell among 6 stallions 

(n=523) 

          

Horse ID 
Number of 

Scored Cells  
Mean SD Range 

H18 81 49.41 2.45 46-58 

H19 85 50.08 2.19 46-55 

H20 82 49.23 2.06 46-55 

H22 95 49.72 2.50 46-56 

H23 78 49.28 2.12 46-55 

H24 102 49.89 2.09 46-57 

Total 523 49.62 2.26 46-58 

 

 

 

 

Table 3.6b: ANOVA Table for MLH1 focus frequency in autosomal SCs per cell 

among 6 stallions 

            

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F Sig. 

Between 

Groups 
51.53 5 10.31 2.05 0.071 

Within 

Groups 
2603.51 517 5.04 

  

Total 2655.04 522       
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Figure 3.12: Autosomal bivalents frequency with 1-4 MLH1 foci among 6 

stallions (n=180 cells)
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3.3.5. Localization of MLH1 foci to synaptonemal complex 

The total lengths of SCs as well as the absolute and relative length of individual SC 

were measured for 24 different nuclei from sex stallions. Since centromeric regions 

could not be identified for SCs, telomeric regions were used to measure the SCs 

length as well as the position of MLH1 foci. Individual SC was difficult to identify 

with confidence. Thus, as alternative autosomal SCs were ranked in sequence 

according to their relative length (Table 3.7). The total length of all autosomal SCs 

ranged from around 230 µm to 282 µm (mean ± SD, 254.55 ± 3.68). 

The distributions of a single MLH1 focus are different among the SC with the same 

length. SCs with one MLH1 focus showed different position of the focus among 

nuclei. Most of them were skewed toward the telomeres, very distally localized on 

SC, while others were interstitially. Two foci were rarely found on short SCs. 

Occasionally, one tended to lie nearer to the distal telomere and the other in the 

interstitial. In general, MLH1 foci were distally localised in most of SC. 

The positions of MLH1 foci in each SC were measured and the distance between foci 

was calculated. The average of absolute distance varied among SC; however, the 

relative distance was not significantly different. The minimum absolute and relative 

distance between any MLH1 foci in the same SC was calculated among SCs with 4, 3 

and 2 foci (Table 3.8). The average SCs relative length and the average number of 

MLH1 foci are highly correlated and the correlation is positive (P = 0.000; R = 0.961; 

Figure 3.13). 
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Table 3.7: Average absolute and relative lengths of stallion autosomal SCs (n=24 SC 

sets) 

SC 

rank 

Absolute lengths of SCs 
 

Relative lengths of SCs 

Average SC 

length ± SD 

(µm) 

Range of SC 

length (µm) 
  

Average SC 

length ± SD 

(%) 

Range of SC 

length (%) 

1 18.99 ± 2.73 10.93 - 24.63 
 

7.5 ± 1.12 5.58 - 10 

2 14.48 ± 2.2 9.05 - 18.8 
 

5.69 ± 0.7 4.62 - 7.88 

3 13.27 ± 2.17 8.77 - 17.29 
 

5.21 ± 0.6 4.48 - 7.49 

4 12.27 ± 1.62 8.62 - 15.59 
 

4.81 ± 0.25 4.4 - 5.47 

5 11.76 ± 1.64 8.43 - 15.55 
 

4.61 ± 0.23 4.23 - 5.1 

6 11.12 ± 1.54 8.05 - 13.57 
 

4.36 ± 0.21 3.89 - 4.76 

7 10.73 ± 1.35 7.97 - 13.36 
 

4.21 ± 0.14 3.87 - 4.45 

8 10.42 ± 1.31 7.96 - 12.79 
 

4.09 ± 0.16 3.84 - 4.42 

9 10.13 ± 1.26 7.88 - 12.65 
 

3.98 ± 0.15 3.68 - 4.31 

10 9.77 ± 1.16 7.72 - 12 
 

3.84 ± 0.13 3.52 - 4.06 

11 9.48 ± 1.14 7.13 - 11.56 
 

3.72 ± 0.14 3.37 - 4.03 

12 9.19 ± 1.13 6.99 - 11.36 
 

3.61 ± 0.17 3.23 - 3.98 

13 8.77 ± 1.11 6.7 - 11.22 
 

3.44 ± 0.14 3.11 - 3.73 

14 8.5 ± 1.08 6.47 - 11.19 
 

3.34 ± 0.15 2.99 - 3.72 

15 8.15 ± 1.11 5.74 - 10.99 
 

3.2 ± 0.16 2.76 - 3.65 

16 7.8 ± 1.07 5.7 - 10.33 
 

3.06 ± 0.15 2.74 - 3.43 

17 7.46 ± 0.97 5.65 - 9.25 
 

2.93 ± 0.15 2.47 - 3.23 

18 7.14 ± 0.87 5.53 - 8.36 
 

2.8 ± 0.16 2.45 - 3.14 

19 6.86 ± 0.89 5.23 - 8.19 
 

2.69 ± 0.18 2.38 - 3.05 

20 6.57 ± 0.83 5.21 - 7.92 
 

2.58 ± 0.16 2.37 - 3.02 

21 6.23 ± 0.66 5.18 - 7.4 
 

2.45 ± 0.15 2.21 - 2.97 

22 6.02 ± 0.67 5.02 - 7.38 
 

2.37 ± 0.12 2.11 - 2.62 

23 5.77 ± 0.66 4.82 - 7.02 
 

2.27 ± 0.12 2.09 - 2.62 

24 5.52 ± 0.64 4.2 - 6.55 
 

2.17 ± 0.1 1.98 - 2.4 

25 5.17 ± 0.76 3.67 - 6.2 
 

2.03 ± 0.18 1.54 - 2.3 

26 4.84 ± 0.72 3.47 - 5.89 
 

1.9 ± 0.2 1.46 - 2.27 

27 4.17 ± 0.49 3.39 - 4.99 
 

1.64 ± 0.15 1.45 - 2.2 

28 3.89 ± 0.44 3.1 - 4.83 
 

1.53 ± 0.12 1.3 - 1.8 

29 3.65 ± 0.35 3.06 - 4.45 
 

1.44 ± 0.11 1.26 - 1.71 

30 3.45 ± 0.39 2.51 - 4.17 
 

1.36 ± 0.12 1.05 - 1.6 

31 2.99 ± 0.55 1.64 - 3.9   1.18 ± 0.22 0.64 - 1.56 
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Table 3.8: The minimum absolute and relative distances between any two MLH1 foci 

among SCs with 4, 3 and 2 foci. 

SC and No. of foci 
Minimum absolute 

interfocal distance (µm) 

Minimum relative 

interfocal distance (%) 

SC with 4 MLH1 foci 3.6 16.09 

SC with 3 MLH1 foci 1.23 9.89 

SC with 2 MLH1 foci 1.14 12.66 

 

 

 

 

Figure 3.13: Correlation between the average SCs relative length and the average number of MLH1 

foci. 
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3.4. Discussion 

Fertility is a trait of main interest in domestic animals especially horse due to 

economic breeding value. Spermatogenesis abnormalities are major problem facing 

horse breeders due to a significant economic loss especially for valuable stallions. 

Meiosis I, which is a genetically controlled process, is the most important division in 

spermatogenesis. It is believed that most idiopathic non-obstructive azoospermia have 

genetic basis that could have complete or partial block at meiosis (Hargreave, 2000). 

Many of these cases are due to abnormalities in pairing, synapsis and/or 

recombination at prophase I of the first meiotic division (Bascom-Slack et al., 1997). 

Surprisingly, little is known about spermatogenesis and meiotic processes in the 

horse. Thus, the purpose of this chapter was to study pairing, synapses and 

recombination process during PI in normal fertile stallions. This can help in future 

assessing the spermatogenesis in infertile and subfertile stallions. Moreover, 

implementing these findings in clinical practice will help equine clinicians in finding 

out the origins of any alterations in spermatozoa production as well as in taking a 

decision in subsequent therapeutic approaches.    

In PI, homologous chromosomes undergo coordinated processes of recognition and 

pairing that followed by recombination. Any chromosome segment should undergo 

pairing with its homologous counterpart during synaptic phase. Lack or insufficient 

pairing between homologous chromosomal segments could result in abnormal 

chromosome pairing behavior. This could lead to a meiotic arrest of the cell since it 

has been believed that crossing over, which is essential for normal chromosome 

segregation, depends on efficient pairing of homologous chromosomes (Chandley, 

1986). Clear association has been found between failure of chromosome pairing and 

reduced fertility in humans (Speed, 1988). Moreover, unpaired chromosome or 

partially paired chromosome segments can undergo anomalous synapsis and pair with 

non-homologous chromosomes that can interpreted as chromosomal translocation. 

This is often associated with sex chromosomes. For instance, X-autosome 

translocations, which well known in human and different domestic animals, can lead 

to cell arrest at meiosis (Villagómez and Pinton, 2008).  

The homologous chromosomes recognition and pairing facilitate their synapsis, which 

results in the formation of SC. The SC, the protein structure which holds the 
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homologous chromosomes together, consists of two lateral elements and one central 

element that join the lateral elements together. This will follow by crossing over, 

which are crucial for stabilization of homologues and proper segregation at anaphase I 

(Barlow and Hultèn, 1998). Chiasmata counts were used previously as a direct 

indicators of crossing over. However, this method is a time consuming and restricted 

approach due to the low number of MI cells recovered and inaccurate to some degree 

in determining the chiasma location. Electron microscopy was another method to 

visualise the crossing over through using silver nitrate staining to recognise the 

recombination nodules. This method is also tedious and time consuming. On the other 

hand, through recognition of different recombination proteins and the development of 

antibodies against these proteins, an immunofluorecent approach has been developed, 

which improved the meiotic process analysis (Barlow and Hultèn, 1998).  

The synaptonemal complex protein 3 (SCP3), is a main component of the axial/lateral 

elements of the SC. Using antibody against SCP3 protein permits visualisation of 

different PI substages from early leptotene till pachytene stages (Villagómez and 

Pinton, 2008). Results here indicate that using anti-SCP3 enabled the efficient 

identification and characterization of leptotene, zygotene and pachytene of the first 

meiotic prophase stages in horse males of proven fertility. This would allow 

assessment if there is any disturbance in the recombination pathway which is 

associated with chromosome pairing and synapsis during PI that could affect the 

chromosome segregation at AI. These are associated mainly with meiotic arrest as 

well as with chromosomal segregation abnormalities and non-disjunction (Judis et al. 

2004). Meiotic arrest can be defined by the inability of the germ line to cross a 

distinct stage of development (de Boer et al., 2004). Lange et al. (1997) found that 

17.5% of human male infertile patients showed abnormalities in SC. 

DNA mismatch repair protein, MLH1, is component of late recombination nodules 

(Roeder, 1997). Using a combination of antibodies against SCP3 and MLH1 proteins 

allowed examining the important parts of meiosis, which include, initiation and 

processing of meiotic recombination, establishment of SC and maintenance of sister 

chromatide cohesion as well as chiasmata formation and production of gametes (Judis 

et al., 2004). Two criteria were applied during analysis to select pachytene nuclei for 

analysis: 1) SC should be complete and not broken; 2) The number of MLH1 per 

nucleus should be 31 or more per autosomal SCs, which is the lowest threshold of 
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MLH1 on autosomal SCs. Anti-MLH1 antibody has produced labeling of discrete foci 

on the SCs, which mark the sites of crossing over at PI that would be resolved as 

chiasmata by MI. Different size of MLH1 foci were detected in the same nucleus, 

which could be due to differential access of MLH1 antibodies as a result of the 

spreading procedure or the pachetene sub-stages of the nucleous that may affect the 

gain or loss of MLH1 proteins (Anderson et al., 1999). MLH1 results demonstrate 

positive interference. However, MLH1 foci were very close, in rare instance (< 5% of 

cells; Figure 3.11a), showing that it is physically possible to get close neighboring 

exchange. Sun and colleagues (2004) reported similar results (~3%-4% of cells) in 

human male. 

Around 80% of the SC of XY was found to have MLH1 foci. Failure of XY from 

receiving MLH1 focus could be due to sub-stage of particular pachytene nucleus, 

since MLH1 on XY SC may not appear or disappear in the same time as autosomal 

ones, or an indication of presence of numbers of spermatocytes destined for 

spermatogenic arrest (Barlow and Hultèn, 1998). This observation is higher than 

human male (58.8%), in which the MLH1 focus can persist long after desynapsing the 

majority of synaptic region (Barlow and Hultèn, 1998). However, in mouse 

spermatocyte, MLH1 focus was consistently observed on the SC of XY in early stages 

but not in later stages (Baker et al., 1996). Thus, this indicates that MLH1 is transient 

and appears on XY at a different time than autosomes. 

The present study has provided a detail about the average number of autosomal 

MLH1 per pachytene nucleus. The average, which ranged from 49.34 to 50.47 

autosomal foci for horses number H23 and H18 respectively, was calculated (Mean ± 

SD; 50.11 ± 2.35) among 6 stallions with a total number of 180 nuclei. No significant 

difference was detected among individuals (P = 0.482). Around half of the SCs 

(49.1%) showed 1 MLH1 focus with no significant differences among stallions (P = 

0.060). However, SCs with 4 foci, which usually visualised in chromosome 1, were 

rarely detected, 0.4% of the SCs. This mainly correlated to the size of the 

chromosomes and the location of the centromere as well as the position of the first 

foci. Most of the horse chromosomes are small and acrocentric (18 chromosomes). 

This agreed with the results obtained from measuring the SCs length that showed a 

high correlation between the average SC relative length and the average number of 

MLH1 foci. For instance, the average relative length of the longest SC (7.5%), 
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chromosome 1, is six times more than the smallest SC (1.18%). However, the longest 

SC showed a maximum of 4 foci compared to the smallest SC, which showed 1 focus 

all the time. This could be due to the presence of the centromere, which is metacentic 

for chromosome 1 while acrocentric for the smallest chromosomes, that exert 

crossover interferences. Moreover, at least 1 crossover is required for each 

homologous chromosome regardless of its length. 

The number of MLH1 foci was varied from cell to cell, which could be due to stage of 

the cell at which the MLH1 was estimated or MLH1 interferences since again the 

position of the first crossover usually determine the number of extra foci on the same 

chromosome. Fluctuation in the MLH1 foci was reported with an initial increase by 

mid pachytene followed by a gradual decrease and the disappearance of anti-MLH1 

antibody in mouse and human spermatocytes by late pachytene (Baker et al., 1996; 

Barlow and Hultèn, 1998).  

The present study showed an average of 50.11 MLH1 foci for horse autosomes, 

reciprocal recombination events, that corresponds to a genetic map length in horse 

male autosomes of 2,505.5 cM, considering that each focus corresponding to one 

crossing over and each crossing over is equal to 50 cM. However, one crossing over, 

which always takes place in the pseudoautosomal region of the XY bivalent (50 cM), 

should be added and the total genome length of the horse male is 2,555.5 cM, which 

compares to 2772 cM from linkage data (Swinburne et al., 2006). Similar differences 

were observed in different mammalian, such as human, in which the genetic map 

from linkage analysis more than those from chiasma or MLH1 counts. For instance, 

Barlow and Hultèn (1998) reported 50.9 MLH1 foci in fertile human male that makes 

the genetic length 2545 cM, which compare to 2729 cM obtained from linkage 

analysis. 

Although mammals have different numbers of chromosomes, the average of their 

genome size are close. As for other mammals, the average size of horse genome (~ 3 

billion base pair) is very similar to human genome size (Chowdhary & Raudsepp, 

2008). Thus, frequency of autosomal MLH1 in horse males reported here, 50.11 ± 

2.35, is very close to the human male autosomal MLH1, 49.8 ± 4.3. Comparing to the 

human, which have 22 autosomes (17 metacentric and 5 acrocentric), horse have 31 

autosomes but most of them are short and acrocentric, 13 metacentric and 

submetacentric as well as 18 acrocentric (Kaback et al., 1992). Horse male showed 

different autosomal MLH1 foci frequency from  other domestic species such as  bull 
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(42.0±4.0) that have 29 autosomes, dog male (40.0±1.4) that have 38 autosomes and 

cat male (42.5±0.8) that have 18 autosomes. These discordant data could be related to 

different research groups and animals (Table 3.9). 

Although this study did not identify individual chromosome or centromere, results 

obtained from measuring the SCs absolute and relative length enable us to rank the 

SCs in sequence depending on their relative length. This ranking, which depend on 

SCs relative length, does not necessary to correspond to the mitotic chromosomes 

ranking, which usually identified by their GF-banding. Different reports showed 

discorrelate of both ranking in other species. For example, the average relative length 

of human chromosome 22 (2.01%) is longer than that of chromosome 21 (1.44%; Sun 

et al., 2004). The average physical length of horse male autosomal SCs (254.55 µm) 

is smaller than human one (297.85 µm; Sun et al., 2004). The minimum absolute 

interfocal distance between any two MLH1 foci varied among SCs with 4, 3, and 2 

foci; however, their relative interfocal distance are close except the short SC that 

rarely shows two foci. This could be related mainly to the length of SC and the 

position of the centromere, which exerts crossover interferences. Thus, in case of 

meta- or submetacentric chromosomes, the distance between any two foci located in 

both sides of centromere expected to be longer than the ones without centromere 

interferences. Moreover, the absolute distance between any two foci on the same SC 

is different from nucleus to nucleus which could be due to the position of the first 

obligatory focus on the SC. 
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Table 3.9: Average MLH1 frequency per spermatocyte for different species 

        

Species 

Average number of 

MLH1 foci (mean ± 

SD) 

Number of 

scored cells 
Reference 

Horse Male 50.11±2.35 180 present report 
a
 

Human Male 49.8± 4.3 100 Sun et al. (2004) 
a
 

Bull 42.0±4.0 5,285 Hart et al. (2008) 

Dog Male 40.0±1.4 124 
Basheva et al. 

(2008) 

Cat Male 42.5±0.8 61 
Borodin et al. 

(2007) 
a
 Data for autosomes only (MLH1 focus from XY bivalent not included). 

 

 

3.5. Conclusion 

This is the first report presented immunocytological recombination maps for all horse 

male chromosomes. Based on the results obtained it is concluded that the analysis of 

prophase of the first meiotic division in horse using immunofluorescence approach, is 

efficient and reliable for identifying and characterization of different stages of PI as 

well as for localization of crossing over events. This will help in assessment the 

recombination pathway and the gametes formation. Crossover interference seems to 

affect the placement of pairs of MLH1 foci and the SC length predicts the number of 

crossovers and, therefore, the genetic length. 
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Chapter 4 

Viability of Stallion Spermatozoa 

 

4.1. Introduction 

The previous chapters dealt with meiotic process while this chapter investigated the 

final stage of spermatozoa development and formation. Spermatozoon is a vehicle that 

delivers the paternal haploid genome into the oocyte during fertilization. Equine 

Spermatozoon, like other mammalian spermatozoa, consists of a head (which 

comprises the nucleus and the acrosome), mid-piece (which include the mitochondria) 

and tail (Ramalho-Santos et al., 2007; Samper, 2009). 

Spermatogenesis is the process of spermatozoa production by the seminiferous 

epithelium of the testis. In this process, spermatogonial stem cells generate primary 

spermatocytes, through mitotic division, which later undergo the two meiotic 

divisions to generate spermatids.  The resulting spermatids undergo morphological 

differentiation to generate mature spermatozoa. This differentiation includes: 

elongation of cellular shape, super condensation of chromatin, formation of the 

digestive enzymes (including hyaluronidase and acrosin) that fill the acrosome, and 

assembly of the axoneme for motility that include mitochondria and tail formation 

(Samper, 2009). Spermatozoa detach from the surface of seminiferous epithelium and 

travel through the lumen of the seminiferous tubule to the epididymal ducts that can 

be ejaculated later on (de Jonge & Barratt, 2006). Different spermatozoa maturation 

processes, such as surface and membrane differentiation, take place after they have 

been released (Holstein et al., 2003).  

Different laboratory assays have been developed to evaluate the fertilizing potential of 

the semen sample (Ramalho-Santos et al., 2007). Conventional evaluations are either 

quantitative, such as volume and count, or qualitative, such as percentage of motile 

spermatozoa and spermatozoa morphology (Samper, 2009).This information provides 

the first evaluation about the success of spermatogenesis and remains the most 
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common evaluation. In addition to this, several functional tests have been developed 

to improve the prediction of stallion fertility (Samper, 2009). Different classical stains 

such as eosin, trypan blue (TB) and chicago sky blue (CSB) as well as different 

fluorescent stains, such as diamidino-phenylindole (DAPI) and SYBR-14, have been 

used to evaluate spermatozoa viability. Viable spermatozoa do not permit the 

penetration of the stains into the cell whereas non-viable spermatozoa stain 

(Kútvölgyi et al., 2006; Ramalho-Santos et al., 2007).  

The formation and development of spermatozoa are affected by  meiotic irregularity 

and chromatin imbalance as well as  other malformations that occur in a large number 

of spermatids, mainly: 1) nucleus, in which chromatin condensation may be disturbed; 

2) acrosomes, malformation  or absence of which severely affects the fertility; 3) 

flagellum, malformation or absence of which will hinder the mobility of the 

spermatozoa ; 4) and finally a combination of the above malformations (Holstein et 

al., 2003). Spermatozoa may be considered infertile if they are immotile, have a 

damaged acrosome or any nuclear aberrations; however, for fertilization, only a 

minority of cells are required to be functional. Fertile stallions can have abnormal 

semen profiles with a very heterogeneous spermatozoa population, while subfertile or 

infertile stallions can present normal ones (Gamboa & Ramalho-Santos, 2005). 

The main function of the acrosome is to help in spermatozoa penetration of the zona 

pellucida and fusion with the oolemma (Casey et al., 1993). Spermatozoa receptor on 

zona pellucida, which is species-specific, stimulates fusion between the oocyte plasma 

membrane and outer acrosomal membrane. This fusion leads to the acrosome leaking 

the acrosomal enzymes, which allow the spermatozoa to passes through the zona 

pellucida to deliver the paternal genome. Stallion spermatozoa that lose their 

acrosome can not bind to the zona pellucida and are therefore not capable of 

fertilization (Samper, 2009). Transmission electron microscopy is the most accurate 

method to evaluate the acrosomal status, but it is tedious and expensive. Light 

microscopic unstained acrosomal evaluation was used for species with large 

acrosomes, such as cattle and hamsters; however, it is not possible with other species, 

such as human, mouse and horse, since the acrosome is too small to be visualized 

(Casey et al., 1993). Most methods available to assess the spermatozoa acrosomal 

integrity are based on using dyes or fluorescent markers. Fluorescein-conjugated 

lectins, such as Pisum sativium Agglutinin (FITC-PSA), can determine the acrosome 
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integrity, presence or absence of the acrosome, in different mammalian spermatozoa 

by binding the glycoconjugates in the spermatozoa acrosomal matrix (Ramalho-

Santos et al., 2007). Farlin et al. (1992) used the FITC-PSA lectin to evaluate the 

spermatozoa acrosomal integrity of fresh and cryodamaged horse semen. 

Horse fertility has also been associated with spermatozoa motility. Spermatozoa 

mitochondria provide the energy for motility. Thus evaluation of spermatozoa 

mitochondrial function is important since any changes in it may reflect in 

spermatozoa motility (Gravance et al., 1999). Different fluorescent vital dyes, such as 

MitoTracer Green, have been used to assess the spermatozoa mitochondrial function 

in many species (Ramalho-Santos et al., 2007). The mitochondria labeling is 

combined with supravital stain, Hoechst 33342, to stain the chromatin. 

The fertility of an individual stallion is evaluated by clarifying if quantitative and 

qualitative spermatological parameters are in compliance with the minimum 

requirements for stallion semen (Samper, 2009). Light microscopic evaluation of the 

ejaculate helps in the assessment of cellular components such as volume (50-150 ml), 

count (250-500 million per ml), shape (> 65% normal), pH (around 7.5), colour 

(milky) and motility patterns of spermatozoa (≥ 60% progressive motile).  The 

spermatozoa count depends mainly on the seasonal influences and ejaculation 

frequency. There are always some abnormal sized and shaped (immature 

spermatozoa, abnormal cells with curved tails and deformed heads etc) but if 

defective spermatozoa numbers exceed 30-40%, the stallion may have fertility 

problems (Thomas, 2001). Differentiation between viable and nonviable spermatozoa 

is important not only to assess the fertility, but also for applied studies since it will 

help in selecting the optimal incubation and storage techniques (Casey et al., 1993). 

However, if all this information is not enough, biopsies of the testes may be necessary 

to obtain valid information about the quality of spermatogenesis (Holstein et al., 

2003). 

Herein, different methods and microscopic techniques were used to assess different 

spermatozoa structure such as viability of head and tail, acrosome integrity and 

spermatozoa mitochondrial function.  
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4.2. Materials and Methods 

 

Seminal fluid was collected from the epididymal ducts of 13 stallions to check for 

normal spermatozoa morphology and appearance, in addition to studying the 

spermatozoa viability as well as acrosome integrity and mitochondrial function. 

 

4.2.1. Spermatozoa Viability Test 

Semen samples were diluted 1:40 in phosphate buffer saline (PBS), containing 0.06% 

K2HPO4 and 0.825% NaCl. A drop (~20 µl) of 0.16% Chicago sky blue (CSB; 

Sigma-Aldrich, Germany) was mixed with a drop (~20 µl) of diluted semen on clean 

microscopic slides. Smears were made using a second slide. Air-dried slides were 

fixed at room temperature in fixative (86 ml of 1 N HCl plus 14 ml of 37% 

formaldehyde solution and 0.2 g neutral red, stable for 1 year) for 4 min. After 

washing with tap water the slides were rinsed with distilled water. Slides were stained 

in 7.5% Geimsa stain at room temperature for 2 h after which the excess stain was 

washed with tap water before being rinsed in distilled water. Air-dried slides were 

examined under the light microscope for the percentage of live and dead (head and 

tail) of spermatozoa. 

 

 

4.2.2. Assessment of Spermatozoa: Acrosome Integrity 

Semen samples from eight stallions were diluted 1:40 in phosphate buffer saline 

(PBS), containing 0.06% K2HPO4 and 0.825% NaCl. Diluted semen (100 µl) was 

incubated at 35 ºC for 10 min with 2% paraformaldehyde. After spinning for 3 min at 

600xg and discarding the supernatant, 200 µl of 95% ethanol (190 µl absolute ehanol 

with 10 µl Hanks Hepes (HH) containing 1% BSA) was added and incubated at 4 ºC 

for 30 min to permeabilize the spermatozoa plasma membrane. The spermatozoa were 

washed with 100 µl HH after spinning for 3 min at 600xg and discarding the 

supernatant. The spermatozoa sample was incubated at 4
 
ºC for 15 min with 50 µl of 1 

mg/ml FITC-PSA (Sigma, Germany). Finally, a drop (5 µl) of the sample was placed 
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on microscopic slide and 500 spermatozoa were examined to evaluate the acrosome 

integrity using Olympus BX61 fluorescence microscope (Olympus, Japan). 

 

4.2.3. Assessment of Spermatozoa: Mitochondrial Function 

Semen samples from eight stallions were diluted 1:40 in phosphate buffer saline 

(PBS) containing 0.06% K2HPO4 and 0.825% NaCl. Diluted semen (20 µl) was 

incubated with 50 µl of 200 nM MitoTracer Green (Molecular Probes, USA) at 37 ºC 

for 30 min. To stain spermatozoa DNA, 7 µl of diluted Hoeschst 33342 (1:100) was 

added and incubated at 37 ºC for another 10 min. Finally, a drop (5 µl) of the sample 

was placed on microscopic slide and 500 spermatozoa were examined to evaluate the 

spermatozoa mitochondrial function using Olympus BX61 fluorescence microscope 

(Olympus, Japan).   

 

4.2.4. Statistical Analysis 

The descriptive and inferential statistics were applied through SPSS (version 16) and 

using the statistical software in the Excel package (Version 2007, Microsoft 

Corporation, Redmond, WA, USA). The statistics used were F statistics (ANOVA) to 

test the viability and variability across horses. In all cases, significance level was set 

at P < 0.05. 
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4.3. Results 

 

4.3.1. Sperm viability 

Chicago sky blue stained slides revealed good sperm staining with acceptable 

background that resulted in good differentiation between live and dead spermatozoa, 

heads and tails and sufficient acrosome staining. Sperm with live heads were white, 

and those with the dead heads were dark grayish-blue. Whereas tails of live sperm 

were light pink and dead tails were black. The intact acrosome was purple and the 

damaged one was lavender while sperm with no acrosome were pale gray (Figure 

4.1). Different spermatozoa morphological abnormalities were visualised for the 

heads and tails, particularly for the head (such as spermatozoa with double heads, 

microheads, pointed heads etc) (Figure 4.2).  

The average numbers of spermatozoa with live heads and tails were calculated for 13 

stallions by scoring 6500 spermatozoa, 500 spermatozoa for each stallion. The 

average spermatozoa with live heads and tails ranged from 77% to 93% (mean ± SD, 

81.26 ± 5.06; Table 4.1a and Appendix 15). The spermatozoa with live heads and tails 

were significantly different across the 13 stallions (p = 0.000; Table 4.1b). The 

average spermatozoa with dead heads and tails ranged from 2% to 15% (mean ± SD, 

10.46 ± 2.84; Table 4.2a and Appendix 16).The spermatozoa with dead heads and 

tails were significantly different across the 13 horses (p = 0.000; Table 4,2b). The 

average spermatozoa with dead heads but live tails ranged from 1% to 8% (mean ± 

SD, 3.92 ± 1.81; Table 4.3a and Appendix 17). The spermatozoa with dead heads but 

live tails were significantly different across the 13 stallions (p = 0.000; Table 4.3b). 

The average of spermatozoa with dead tails but live heads ranged from 1% to 9% 

(mean ± SD, 4.38 ± 2.42; Table 4.4a and Appendix 18).).  The spermatozoa with dead 

tails but live heads were significantly different across the 13 stallions (p = 0.000; 

Table 4.4b).  
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Figure 4.1: Stallion spermatozoa stained with Chicago sky blue staining. a) Spermatozoon with intact 

head, tail and acrosome membrane. b) Spermatozoon with damaged head, tail and acrosome 

membrane. c) Spermatozoon with intact head and damaged tail membrane. d) spermatozoon with 

damaged head and intact tail membrane. Scale bar―10 µm. 
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Figure 4.2: Stallion spermatozoa stained with Chicago sky blue staining to visualise morphological 

abnormalities; (a) microhead; (b) small head (arrow); (c) small head; (d) small head with proximal 

cytoplasmic droplet (arrow); (e) double head (arrow) and (f) normal spermatozoa. Scale bar―10 µm. 
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Table 4.1a: Viability test of spermatozoa with live heads and tails among 13 

stallions (n=6500) 

          

Horse ID 

Number of 

Scored 

Spermatozoa 

Mean SD Range 

H11 500 78.8 1.10 77-80 

H12 500 79.6 2.97 75-83 

H13 500 78.6 3.36 75-83 

H14 500 80.2 2.59 77-83 

H15 500 75.8 3.42 72-81 

H16 500 76.8 1.92 74-79 

H17 500 84.6 1.14 83-86 

H18 500 86.8 1.79 85-89 

H19 500 91.8 0.84 91-93 

H20 500 87.4 1.34 86-89 

H22 500 78 1.58 76-80 

H23 500 78.2 1.79 76-80 

H24 500 79.8 1.92 77-82 

Total 6500 81.26 5.06 72-93 

 

 

 

 
Table 4.1b: ANOVATable for viability test of spermatozoa with live heads and 

tails among 13 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
1397.354 12.000 116.446 25.314 0.000 

Within 

Groups 
239.200 52.000 4.600     

Total 1636.554 64.000       
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Table 4.2a: Viability test of spermatozoa with dead heads and tails among 13 

stallions (n=6500) 

          

Horse ID 

Number of 

Scored 

Spermatozoa 

Mean SD Range 

H11 500 10.8 1.30 9-12 

H12 500 11.2 2.28 9-15 

H13 500 11.6 2.41 9-15 

H14 500 10.6 1.52 9-13 

H15 500 12.8 2.59 10-15 

H16 500 14 1.73 11-15 

H17 500 9 1.22 8-11 

H18 500 9.6 1.82 8-12 

H19 500 4 1.22 2-5 

H20 500 9.2 1.30 8-11 

H22 500 12.8 1.30 11-14 

H23 500 10.8 1.64 9-13 

H24 500 9.6 1.14 8-11 

Total 6500 10.46 2.84 2-15 

 

 

 

 
Table 4.2b: ANOVA table for viability test of spermatozoa with dead heads and 

tails among 13 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
362.554 12.000 30.213 10.228 0.000 

Within 

Groups 
153.600 52.000 2.954 

  

Total 516.154 64.000       
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Table 4.3a: Viability test of spermatozoa with dead heads and live tails among 13 

stallions (n=6500) 

          

Horse ID 

Number of 

Scored 

Spermatozoa 

Mean SD Range 

H11 
500 2.8 0.45 2-3 

H12 
500 4 1.22 3-6 

H13 500 4.4 1.14 3-6 

H14 
500 3.6 0.55 3-4 

H15 
500 5 1.00 4-6 

H16 
500 2.4 0.55 2-3 

H17 500 4.2 1.64 2-6 

H18 
500 2.4 0.55 2-3 

H19 
500 2.8 1.30 1-4 

H20 
500 2.2 0.45 2-3 

H22 500 3 0.71 2-4 

H23 
500 7.6 0.55 7-8 

H24 
500 6.6 0.55 6-7 

Total 
6500 3.92 1.81 1-8 

 

 

 

 
Table 4.3b: ANOVA Table for viability test of spermatozoa with dead heads and 

live tails among 13 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
166.215 12.000 13.851 16.987 0.000 

Within 

Groups 
42.400 52.000 0.815 

  

Total 208.615 64.000       
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Table 4.4a: Viability test of spermatozoa with dead tails and live heads among 13 

stallions (n=6500) 

          

Horse ID 

Number of 

Scored 

Spermatozoa 

Mean SD Range 

H11 
500 7.6 1.14 6-9 

H12 
500 5.2 1.10 4-7 

H13 
500 5.4 1.14 4-7 

H14 
500 5.6 2.19 3-9 

H15 
500 6.4 1.67 5-9 

H16 
500 6.8 2.17 4-9 

H17 
500 2.2 0.45 2-3 

H18 
500 1.6 0.55 1-2 

H19 
500 1.4 0.55 1-2 

H20 
500 1.2 0.45 1-2 

H22 
500 6.2 0.45 6-7 

H23 
500 3.4 0.89 2-4 

H24 
500 4 1.22 3-6 

Total 
6500 4.38 2.42 1-9 

 

 

 

 
Table 4.4b: ANOVA Table for viability test of spermatozoa with dead tails and 

live heads among 13 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
296.985 12.000 24.749 16.415 0.000 

Within 

Groups 
78.400 52.000 1.508 

  

Total 375.385 64.000       
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4.3.2. Spermatozoa Acrosome Integrity 

Excellent results were obtained for staining sperm acrosome from different stallion 

semen samples using FITC-PSA. Two patterns of spermatozoa can be clearly 

differentiated: spermatozoa with intact acrosome (intense completely green 

fluorescent), and spermatozoa with reacted acrosome (only fluorescent band at the 

spermatozoa equational segment) (Figure 4.3). 

Stallion spermatozoa with different morphological abnormalities were visualized, 

such as abnormal head (small head, round head, pointed head and double head) or 

mid-piece or tail, such as short or coiled tail (figure 4.4).   

The percentage of spermatozoa with intact acrosome was calculated for eight 

stallions: by scoring 4000 spermatozoa, 500 spermatozoa for each stallion. The over 

all average spermatozoa with intact acrosome ranged from 89% to 97% (mean ± SD, 

93.85 ± 1.9; Table 4.5a and Appendix 19). The spermatozoa with intact acrosomes 

were significantly different across the eight stallions (p = 0.000; Table 4.5b).   
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Figure 4.3: Fluorescence microscopy method. Stallion spermatozoa labelled with acrosomal stain 

(FITC-PSA). (a) Spermatozoon with intact acrosome (intense green fluorescence). (b) Spermatozoon 

with reacted acrosome. Scale bar―10 µm.  
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Figure 4.4: Fluorescent microscopy method: Morphological abnormalities; (a) micro head with 

abnormal tail; (b) small and round head; (c) small head with abnormal mid-piece; (d) abnormal head 

and tail; (e) abnormal pointed head and tail; (f) double head and (g) normal spermatozoa. Scale 

bar―10 µm. 
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Table 4.5a: Acrosome integrity test of spermatozoa with intact acrosome among 8 

stallions (n=4000) 

          

Horse ID 

Number of 

Scored 

Spermatozoa 

Mean (%) SD Range 

H16 500 90.4 1.14 89-92 

H17 500 94.8 1.30 93-96 

H18 500 95.6 0.55 95-96 

H19 500 95 1.00 94-96 

H20 500 95.4 1.14 94-97 

H22 500 92.6 1.14 91-94 

H23 500 93.2 0.84 92-94 

H24 500 93.8 0.84 93-95 

Total 4000 93.85 1.90 89-97 

 

 

 

 
Table 4.5b: ANOVA Table for acrosome integrity test of spermatozoa with intact 

acrosome among 8 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
107.900 7.000 15.414 14.857 0.000 

Within 

Groups 
33.200 32.000 1.038     

Total 141.100 39.000       
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4.3.3. Spermatozoa Mitochondrial Function 

Stallion mitochondrial spermatozoa were clearly visualized and assessed using 

MitoTracer green. The mid-piece of spermatozoa with functional mitochondria 

present as green fluorescence, while the one with non-functional mitochondria remain 

non-fluorescence (Figure 4.5).  

The percentage of spermatozoa with functional mitochondria was calculated for eight 

stallions by scoring 4000 spermatozoa, 500 spermatozoa for each stallion. The over 

all spermatozoa with functional mitochondria ranged from 91% to 98% (mean ± SD, 

95.63 ± 1.63; Table 4.6a and Appendix 20). The spermatozoa with functional 

mitochondria were significantly different across the eight stallions (p = 0.000; Table 

4.6b).   
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Figure 4.5: Fluorescence microscopy method to analyze stallion spermatozoa labelled with 

mitochondria stain (MitoTracer Green) and DNA stain (Hoechst 33342). (a) Spermatozoa with 

functional mitochondria (b) Spermatozoa without functional mitochondria. Scale bar―10 µm. 
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Table 4.6a: Mitochondrial function test of spermatozoa with functional 

mitochondria among 8 stallions (n=4000) 

          

Horse 

ID 

Number of 

Scored 

Spermatozoa 

Mean (%) SD Range 

H16 500 92.8 1.30 91-94 

H17 500 94.4 1.14 93-96 

H18 500 95.8 1.30 94-97 

H19 500 95.6 1.14 94-97 

H20 500 97 0.71 96-98 

H22 500 96.6 0.89 96-98 

H23 500 96.8 0.84 96-98 

H24 500 96 0.71 95-97 

Total 4000 95.63 1.63 91-98 

 

 

 

 
Table 4.6a: ANOVA Table for mitochondrial function test of spermatozoa with 

functional mitochondria among 8 stallions 

            

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
69.375 7.000 9.911 9.328 0.000 

Within 

Groups 
34.000 32.000 1.063     

Total 103.375 39.000       
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4.4. Discussion 

Fertility is a complex status and many things should be considered and tested before a 

meaningful understanding of the reproductive abilities of a given stallion is 

accomplished. Male fertility does not depend only on the absolute assay and 

traditional semen analysis that does not give much information. In fact, semen 

samples should be subjected to multi-parametric analysis (Phetudomsinsuk et al., 

2008). The purpose of the assay and the available resources can determine the 

methods of choice (Ramahho-Santos et al., 2007). The assays described in this thesis 

have been used for the evaluation of epidydimally collected stallion semen for the 

first time.  

Viable spermatozoa are the cells that possess intact plasma membrane (Alessandra et 

al., 2010). Differentiation of intact and damaged spermatozoa plasma membrane of 

heads and tails are very important for evaluating semen quality. Different viability 

assays were used to assess the integrity of plasma membrane. Dyes, such as Chicago 

sky blue (CSB), have the capacity and strong affinity to bind to proteins of the 

spermatozoa. CSB staining method is simply used to evaluate stallion spermatozoa 

heads and tails membrane integrity and morphology. This staining method showed a 

good repeatability and staining uniformity, thereby providing more reliable and 

satisfactory evaluation for stallion spermatozoa.  

The average number of the live heads and tails that were fertile for the 13 stallions 

was 81.26% while the average of the dead ones was 18.74%. This includes 10.46% 

with dead heads and tails, 3.92% with dead heads but live tails and 4.38% with dead 

tails but live heads (immotile). The percentage of each type of spermatozoa viability 

was significantly varied across the 13 stallion (P = 0.000). This result is close to, with 

little discordance, to the one (mean = 75 ± 6) which was reported by Casey and 

colleagues (1993) using H258 fluorescent dye and ejaculated semen samples. This 

slightly discordant data could be related to different factors, such as different stallions, 

nature of the sample (ejaculated or collected from epidydimal ducts), season, and stain 

methodology. Present results may not give a clear picture of stallion fertility since the 

samples were collected from the epidydimal ducts, where some of the spermatozoa 

may be immature, rather than fresh ejaculated semen samples. Some of abnormal cells 

could be destroyed by apoptotic pathway during the final stages of spermatozoa 

maturation. Also, different factors should be kept in mind that could affect the 
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spermatozoa viability, such as: the date of sample collection and age of the stallion at 

the time of collection. It is documented that the highest spermatozoa production 

occurs between May and June while the minimum production occurs in July and 

August (Mckinnon & Voss, 1992). The highest viability results were obtained for 

stallion’s number H17, H18, H19 and H20, which are collected during the breeding 

season, from the end of April till the middle of June. Moreover, stallion number H19 

was the oldest one (6 yrs), which achieve the highest viability result. 

The acrosome is a large secretory vesicle overlaying the nucleus, which contains 

hydrolytic enzymes to aid in penetration of spermatozoa through the oocyte zona 

pellucida. Thus, sperm with intact acrosome will be able to fertilize an oocyte and 

lacking the acrosome in any circumstance signals that the spermatozoa will likely not 

be fully functional (Casey et al., 1993). Assessment of spermatozoa acrosomal status 

is important since male infertility may be caused by a lack of spermatozoa with intact 

acrosome (Cheng et al., 1996). Phase-contrast microscope was used to assess the 

acrosomal status of spermatozoa for pig, which have large acrosome, but not for 

stallion, due to limited size acrosomal spermatozoa (Gadella et al., 1991). 

In this report, FITC-PSA was successfully used to assess the acrosome status of 

stallion spermatozoa. The FITC-PSA has been successfully and widely used as 

spermatozoa acrosome staining to identify the presence or absence of acrosomal 

contents in mammalian such as in humans, pigs, goats and stallion ejaculated 

spermatozoa (Cross and Meizel, 1989; Casey et al., 1993) and has now been applied 

to epididymal collected semen. Using fluorescence microscopy, it appeared that the 

FITC-PSA binding was mainly limited to the acrosomal cap, which makes it reliably 

used as probe for evaluation of acrosomal status of stallion spermatozoa. This method 

is rapid, inexpensive, and easy to perform and scores the acrosomal status of viable 

and dead spermatozoa. Also, more informative classifications of spermatozoa among 

the intact cells, such as intact spermatozoa with no morphological abnormalities and 

those with different morphologic aberrations (proximal or distal cytoplasmic droplets, 

tail or mid-piece defect etc), can be made. 

The average number of spermatozoa with intact acrosome was 93.84% which is 

significantly different across the eight stallions (P = 0.000). The highest percentages 

of spermatozoa with intact acrosome were obtained from the stallion samples which 

are collected during the breeding season (stallion number H17, H18, H19 and H20). 
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This result is higher than the one which reported by Cheng and colleagues (1996; 

63.2%) from freshly ejaculated stallion semen samples using FITC-Peanut agglutinin 

(FITC-PNA) as spermatozoa acrosome staining (Cheng et al., 1996). The result here 

is also higher than the one obtained for bovine (67.17%) frozen ejaculated semen 

using double staining with FITC-PSA and Hoechst (Jankovičová J et al., 2008). This 

difference could be related mainly to different samples since samples used in this 

study are collected from epidydimal ducts that could have some immature 

spermatozoa rather than fresh or frozen ejaculated semen samples used by other 

researchers. Some spermatozoa are lost during centrifugation and washing, which 

may preferentially affect certain spermatozoa subpopulations (Casey et al., 1993). 

Some spermatozoa can be stressed and lose their intact acrosomes due to repeated 

centrifugation (Sukardi et al., 1997). The present study benefits from gentle mixing 

and centrifugation which appear satisfactory and do not stress the cell membrane or 

distorting the distribution of staining patterns of the stallion’s spermatozoa.  

Spermatozoa mitochondria are important organelles in spermatozoa through providing 

energy for the spermatozoa movement through oxidative phosphorylation (Ramahho-

Santos et al., 2007). Spermatozoa motility is a very important parameter for semen 

quality evaluation (Alessandra et al., 2010). The combined application of MitoTracer 

green and Hoechst 33342 identified the mitochondria of functional stallion 

spermatozoa, thus permitting a distinction between spermatozoa with functional and 

non-functional mitochondria.  

In the current investigation, this study has found that the mitochondrial function is not 

related to the motility test in accordance with data reported by Alessandra and 

colleagues, which could be explained by the involvement of many factors in 

spermatozoa motility (Alessandra et al., 2010). This indicates that some cells, called 

viable non-motile spermatozoa, have active mitochondria and are indeed alive and 

capable of excluding supravital dye. This group of spermatozoa can be used by 

artificially placing them in contact with the oolemma using subzonal insemination. 

The average number of spermatozoa with functional mitochondria was 95.63% which 

is significantly different across the 8 stallions (P = 0.000).The highest percentage of 

spermatozoa with functional mitochondria were found in stallions number H20, H21 

and H22. This result is little higher than results reported by Gravance and colleagues 
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(2000) (92.5%) for freshly ejaculated stallion semen samples using fluorescent 

carbocyanine probe, JC-1, and assessed by flow cytometry. 

Stallion number H16 scored as the lowest spermatozoa with both acrosomal integrity 

(90.4%) and mitochondria function (92.8%), which could be due to stallion age (3 

yrs) and the season of sample collection (non-breeding season).  

 

4.5. Conclusion 

Simultaneous evaluation of the viability, acrosome integrity and mitochondrial 

function of spermatozoa, which represent the whole sample population, permit an 

accurate evaluation of semen quality and stallion fertility status. A rapid and reliable 

assessment of viable heads and tails, acrosomal and mitochondrial status of stallion 

spermatozoa collected from epididymal ducts were demonstrated in this study. The 

data presented here may not represent the actual ejaculated spermatozoa, but they 

provide a good understanding about the spermatogenesis status for particular stallion. 

This finding will enable spermatozoa biologist to make further progress by critically 

investigating the spermatozoa physiology in the horse to pinpoint stallion fertility 

problems in order to improve stallion’s fertility. 

 

 

 



  141 | P a g e  

 

Chapter 5 

General Discussion 

The horse has played an important role in human civilizations. The horse is 

commercially an important animal in UAE. Horse breeding, maintenance and training 

contribute greatly to UAE economy and way of life. A variety of horse activities takes 

place in UAE throughout the year. Today the richest race in the world, the Dubai 

World Cup, is held annually in Dubai, with a purse of six million dollars. UAE also 

has a multi-million racecourse called Meydan, which reported to be the world’s 

largest race track.  

The horse was agreed to be described cytogenetically in 1989 at the Second 

International Conference for Standardization of Domestic Animal Karyotypes. Horse 

has 31 autosomal chromosome pairs, 13 are metacentric and submetacentric, and 18 

are acrocentric, and one pair of sex chromosomes, X, which is the second largest 

chromosome, and Y, which is the smallest acrocentric chromosome (Evans, 1992; 

Bowling et al., 1997). Moreover, the genetic linkage map of horse with 742 markers 

spans 2772 cM (Swinburne et al., 2006). 

Horse fertility is an important aspect facing horse breeder particularly for valuable 

horses which have high economic impact. Pregnancy and foaling rates are the index 

of horse fertility, which is influenced by different factors such as stallion’s and mare’s 

reproductive capacity as well as breeding management (Alessandra et al., 2010). 

Stallion reproductive performance depends mainly on 3 factors: stallion fertility, 

which includes semen quality, libido and mating ability; fertility of inseminated 

mares; and breeding management (Amann, 2005; Neild et al., 2005). Fertility 

problems in mares can result in a low conception or foaling rate of any normal stallion 

(Pycock, 2010). Poor management of the stallion, such as lack or excess of discipline, 

frequency of ejaculation, times of the day, housing and nutrition, may adversely affect 

his ability to perform his natural sexual function. Compared with other farm animals, 

stallion fertility is lower and more variable. This is probably due to selection of 

stallion for breeding is not based on fertility but mainly on pedigree, performance and 

looks. Fertility examinations are seldom performed unless fertility is clearly low 
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(Cheng et al., 1996). During a typical breeding season, the average stallion can breed 

with 40–50 mares naturally and 120–140 mares using artificial insemination (Varner 

et al., 1991; Neild et al., 2005). Valuable stallions are restricted for three to four 

matings a day and can breed around 80–100 mares per breeding season. Fertility 

problems, which are not uncommon in stallions, are considered as a major problem 

facing horse breeders (Thomas, 2001; Pycock, 2010). There have been few well 

documented stallion infertility reports. However, fertility statistics of different 

stallions are difficult to compare due to the influence of different breeds as well as 

system of stud management (Pycock, 2010).  

Field data is impractical, expensive and time-consuming, and there is a need for 

laboratory tests that will increase the accuracy of stallion fertility prediction prior to 

breeding. In addition, most of the stallion’s current fertility tests concentrate on the 

semen quality and hormonal levels. This is in part due to the lack of data available 

describing the spermatogenesis, particularly meiosis division, in detail. Genetic 

inadequacies should be considered if infertile or subfertile stallions show no trauma or 

infectious disease (Pycock, 2010). Therefore, there is a critical need, from diagnostic 

and therapeutic approaches in horse reproductive medicine, to keep pace with rapidly 

developing genetic knowledge of horse reproduction and to implement this 

knowledge in clinical practice to be addressed meaningfully (Seshagiri, 2001). Early 

detection of horse infertility problems can help in taking appropriate measures before 

losing the breeding season, which is relatively short (Thomas, 2001).  

It is believed that a lot of cases of males with unexplained azoospermia could have a 

block, completely or partially, at meiosis I, which may be associated with failure of 

pairing/synapsis or segregation of homologous chromosomes (Judis et al., 2004). This 

would result in either complete meiotic arrest, as in infertility cases, or meiosis 

impairment but with some sperm production, as in sub-fertility cases. Thus, the 

cytologic approach through studying testicular samples used in this study may be 

useful in explaining a portion of idiopathic stallion infertility cases. This would have 

clinical significance in subsequent therapeutic approaches in reproductive medicine, 

such as in vito fertilization (IVF) or intra-cytoplasmic sperm injection (ICSI) or round 

spermatid nuclear injection (RSNI or ROSNI) approaches.  

Spermatogenesis is a complex process of spermatozoa production by the seminiferous 

epithelium of the testis. It starts with one mitotic division followed by two meiotic 

divisions and gives rise of four haploid cells, spermatids, which can differentiated to 
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form mature spermatozoa (Bruce et al., 1994). Meiotic division I is the most 

important division in spermatogenesis, in which the genetic content is reduced from 

diploid precursor cells to haploid gametic cells (Barlow and Hultèn, 1998). It is a long 

and complex process, during which homologous chromosomes pair, synapse and 

recombine at prophase I (PI) in order to exchange the genetic material. This can be 

visualised as chiasmata at metaphase I (MI). Little is known about horse 

spermatogenesis especially meiotic devision. Therefore, the present study is the first 

study that explores more in-depth horse spermatogenesis, in particular meiotic 

prophase I and metaphase I in fertile horses.  

Recombination analysis is the cornerstone of genetic researches (Lynn et al., 2002). 

Previously, two different methods have been used to map the recombination events: 

1) Electron microscopy approach, in which recombination can be visualised through 

mapping the late recombination nodules on synaptonemal complexes (SCs) using 

silver nitrate staining (Carpenter, 1975). This method is time-consuming and tedious. 

2) Chiasmata counting and localisation used as direct indicators of crossing over at 

MI. This method is inaccurate to a certain degree in determining the crossover 

location as well as time consuming due to the low number of MI cells recovered. On 

the other hand, immunofluorescent techniques for SC analysis coupled with markers 

of crossover have opened a new avenue for studying the synapsis and crossover 

events (Barlow and Hultèn, 1998). It has improved meiotic process analysis through 

allowing the study of causative association between abnormal chromosome synapsis 

during meiosis and germ cell death (Villagómez and Pinton, 2008).  

The present study has a major advantage over previous work as it combines the 

fluorescent microscopic study of chromosome pairing and recombination, MLH1 foci, 

at PI with air dry preparation study of chiasmata and chromosome configuration at 

MI. This gave a more complete view of meiotic chromosome behaviour in horse. 

Another advantage of this study over previous work is that different spermatozoa 

functions were investigated. 

Three techniques were used with different objectives. Electron microscopy was used 

to visualise the SC with high magnification. Chiasmata count was used as a reference 

to investigate the crossovers frequency and distribution at MI, since chiasmata is the 

mature crossover at MI. While immunofluorescent technique was used to monitor the 

pairing process, using antibodies against SCP3, as well as counting and localising the 

crossovers event, using antibodies against MLH1, that is believed to be a component 
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of late recombination nodules. In addition, the possibility of using MLH1 count as 

alternative to chiasmata counting in horse was assessed.         

Light microscopic investigation using silver staining indicates that the horse has 31 

autosomal SCs with different length and one XY SC with different configuration. 

While electron microscopic images reveal that these SCs, like most of species, consist 

of two lateral elements but without a central element or recombination nodules, which 

could be due to technical difficulties. Thus, the present study has confirmed SC 

formation at PI that connects the homologous chromosomes of horse spermatocyte in 

order to synapse and recombine. 

Air dry preparation is a reliable method for chiasmata counting and localisation. 

Different cell stages, from the spermatogonial cell stage until mature spermatozoa, 

were evaluated. Moreover, three different metaphases, premeiotic mitoticmetaphase, 

primary spermatocyte metaphase and secondary spermatocyte metaphase, were 

evaluated in the preparation, which indicated normal divisions. Chiasmata results 

reveal a minimum of one chiasma per chromosome, obligatory for normal 

spermatogenesis. Extra chiasmata on long chromosomes could exert interference. 

Different factors are thought to affect the number of chiasmata on particular 

chromosomes: 1) Chromosome length. The number of chiasmata is correlated with 

the chromosome length. 2) Position of chiasmata. The position of the first chiasma 

exerts interference preventing additional chiasmata forming nearby. 3) The location of 

the centromere. It has been proposed that the presence of the centromere inhibits the 

crossover formation in close proximity (Anderson et al., 1999). However, there is 

evidence of crossing over events occurring very close to the centromere in human 

acrocentric chromosomes e.g. human chromosome 15 (Saadallah and Hultèn, 1983). 

Different number of chiasmata were detect for the same chromosome in different 

nuclei, which could be due to the position of the first crossover on the chromosome 

and from the centromere. Different configurations of chromosomes were visualised, 

which were due to the number of the chiasmata and their locations. For example, rod 

shape indicating the presence of one chiasma in the chromosome distal part, cross 

shape reveal the presence of one chiasma in the chromosome interstitial part, while 

ring shape indicating the presence of two chiasmata in the metacentric chromosome 

arms.   
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The production of normal spermatozoa depends on proper meiosis-specific 

modifications to chromosome behaviour (Judis et al., 2004). Studying the testicular 

samples, with different antibodies that recognize and localize different meiotic protein 

components at different stages, is important to examine the initiation and processing 

the intermediates of recombination, SCs formation and maintenance, chiasmata 

formation and gamete production (Judis et al., 2004). Through using antibodies 

against recombination components, such as anti-SCP3, it became possible to directly 

monitor progression of germ cells during PI. Different stages of PI are identified and 

characterised. Thus, this indicates that the analysis of PI stages in horse primary 

spermatocytes by immunofluorescent using anti-SCP3 is reliable. In this respect, this 

finding is important in future assessFing idiopathic azoospermic cases. For instance, 

de Boer and colleagues (2004) reported that the succession of PI substages is not 

entirely normal in non-obstructive azospermic human males. 

The overall mean of autosomal crossover events of 50.11 (mean 1.6 crossover per 

bivalent) detected in normal fertile male horse in present study is not substantially 

different from that noted for males of other mammals. There is a remarkable 

difference in crossover frequency within and among individuals which is linked to the 

difference in the length of the SC. So the physical structure of SC reflects the genetic 

distance not physical distance (Lynn et al., 2002). 

Comparison of the mean number and general locations of autosomal MLH1 foci 

measured in surface spread nuclei (50.11 ± 2.35) with the mean number and locations 

of autosomal chiasmata measured in air-dried nuclei (49.45 ± 2.07) reveals that the 

means show a remarkable coincidence. Thus, this provides strong evidence that 

MLH1 marks the sites of meiotic recombination in equine pachytene spermatocytes. 

No significant difference was observed between the two techniques for the average of 

the total count for the same individual. However, some individuals showed significant 

different for one or two crossovers. This little variation could be due to the technical 

bias or to the presence of very close neighboring crossovers that can mark and easily 

detected by anti-MLH1 but not as chiasma. Moreover, the autosomal genetic map 

length of horse males obtained from MLH1 foci analysis (2,505.5 cM) is close to the 

one obtained from chiasmata analysis (2,472.5 cM). Thus, MLH1 provides an easy 

and straight forward alternative to chiasma analysis for crossover events. 

Traditional semen analysis, which is either quantitative such as volume and count or 

qualitative such as percentage of motility and abnormality of spermatozoa, is not 
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enough to evaluate the horse male fertility (Samper, 2009). Thus, multi-parametric 

functional analysis, including sperm viability testes, could gave much clue by 

improving the prediction of stallion fertility (Phetudomsinsuk et al., 2008). The 

viability evaluation can be done in combination with assessment of morphology. 

Thus, more informative classification of spermatozoa can be made. However, if this 

information is not enough, biopsies of the testes may be necessary to obtain further 

insight into the quality of spermatogenesis. 

In this report, the main functional spermatozoa regions, the head, the midpiece and the 

tail, were assessed to evaluate the fertility of the stallions. Spermatozoa membrane 

permeability is important factor for the spermatozoal heads and tails stability and 

viability. Chicago sky blue (CSB) stain method, which can bind to the spermatozoa 

proteins, was simply used and gave a reliable result through differentiating between 

live and dead of spermatozoa heads and tails. It showed results reproducibility and 

staining uniformity. FITC-Pisum sativum agglutinin (FITC-PSA) and MitoTracer 

green were used successfully to assess the spermatozoal acrosomal status as well as 

the mitochondrial function, respectively.       

This is the first study to evaluate the average number of viable spermatozoa heads and 

tails (81.26%) as well as spermatozoal acrosome integrity (93.84%) status and 

mitochondria function (95.63%) for the stallion epididymal collected semen samples. 

Different factors should be taken in consideration during interpreting the viability 

results: 1) Nature of the sample: Present results, through using epididymal collected 

semen, could not give a clear idea about the fertility status of the stallion. Some 

spermatozoa may be immature as well as some abnormal cells could be destroyed 

during spermatozoa maturation and before ejaculation. 2) Date of sample collection: 

results here showed higher viability results from the samples collected during the 

breeding season, between May and June (Mckinnon & Voss, 1992). In addition, a 

significant difference was observed between the samples which collected during 

breeding season and the rest. 3) Age of the stallion at the collection date: The age of 

achieving sexual maturation, maximum reproductive capacity, is different from 

stallion to stallion, which might be influenced by breed and season of birth. For most 

stallions, puberty, production of first spermatozoa, starts at 14 months. Two to four 

years after that, they achieve their sexual maturation (Jones & Berndtson, 1986).   
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In this study, testicular sample were used from castrated horses; however, in future, 

testicular biopsy from infertile or subfertile horse is enough to assess the 

spermatogenesis process particularly meiosis abnormalities.  

 

Conclusion and Future work 

This is the first report to study the horse spermatogenesis in details from the first 

division of the germ cells until the releasing of mature spermatozoa. The knowledge 

of the molecular genetics of horse fertility is expanding. The genome-wide chiasmata 

and MLH1 foci frequency and distribution as well as detail chiasmata mapping in 

eight different autosomes, using combined air dry preparation with FISH techniques, 

were reported for the first time.   

This result, from using fertile stallions and documentation of the normal range of 

recombination, could be the cornerstone in understanding the genetic basis of normal 

spermatogenesis. This could offer an excellent opportunity to increase the knowledge 

in this area. This could be the first step in understanding the meiotic disturbances 

observed in infertile stallions due to structural chromosome abnormalities, which 

could be undetected by mitotic chromosomal analysis. It is an essential prerequisite 

for the understanding of changes that are observed in abnormal situations such as 

chromosomal non-disjunction or rearrangement as well as its value in mapping and 

identifying diseases. This will provide important information that will enable equine 

practitioners and horse breeders to make the most informed decisions about the health 

and breeding of horses and possibly even reverse cases of idiopathic infertility in 

horses. 

Further studies need to be carried out in order to establish a recombination map for all 

horse chromosomes as well as studying the recombination frequency in infertile cases. 

Both unusual numbers and an unusual distribution are expected to be observed in 

infertile horse males and translocation carriers. Also more studies are required to 

elucidate the frequency of recombination as well as their physical distribution in horse 

females. Many more recombination events are expected since the linkage analysis 

reveal that the genetic length of human females is approximately 60% longer than that 

of males (Dib et al., 1996; Tease and Hultèn, 2004). 
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Appendix 1: Mean autosoma bivalents with 1 chiasma among 14 

stallions
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Appendix 2: Mean autosoma bivalents with 2 chiasmata among 

14 stallions
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Appendix 3: Mean autosoma bivalents with 3 chiasmata among 

14 stallions
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Appendix 4: Mean autosoma bivalents with 4 chiasma among 14 

stallions
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Appendix 5: Chiasmata Frequency in autosomal bivalents per cell 

among 14 Stallions
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Appendix 6: Mean chiasmata frequency in chromosome 2 among 

5 stallions (H16-H20) 
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Appendix 7: Mean chiasmata frequency in chromosome 13

among 5 stallions (H16-H20) 
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Appendix 8: Mean chiasmata frequency in chromosome 24 

among 5 stallions (H16-H20) 
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Appendix 9: Mean autosomal SCs with 1 MLH focus among 6 

stallions (n=180)
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Appendix10: Mean autosomal SCs with 2 MLH foci among 6 

stallions (n=180)
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Appendix 11: Mean autosomal SCs with 3 MLH foci among 6 

stallions (n=180)
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Appendix 12: Mean autosomal SCs with 4 MLH foci among 6 

stallions (n=180)
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Appendix 13: MLH1 foci frequency in autosomal SCs per cell 

among 6 stallions (n=180)
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Appendix 14: MLH1 foci frequency in autosomal SCs per cell 

among 6 stallions (n=523)
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Appendix  15: Mean of spermatozoa with live heads and tails 

among 13 stallions (n=6500)
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Appendix 16: Mean of Spermatozoa with dead heads and tails 

among 13 stallions (n=6500)
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Appendix 17: Mean of spermatozoa with dead heads and live 

tails among 13 stallions (n=6500)
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Appendix 18: Mean of spermatozoa with dead tails and live 

heads among 13 stallions (n=6500)
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Appendix 19: Mean of spermatozoa with intact acrosome among 

8 stallions (n=4000)
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Appendix 20: Mean of spermatozoa with functional 

mitochondria among 8 stallions (n=4000)


