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“Nothing in life is to be feared, it is only to be understood. Now is the 

time to understand more, so that we may fear less.”  

Marie Curie 
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Abstract 

  

Gibbons, also called as the lesser apes, were the first to branch off from the other 

hominids at approximately 16–20 million years ago, thus providing a unique perspective to 

study the evolution of human. These lesser apes are an example of fast rate of karyotype change. 

Nomascus leucogenys was the first gibbon species to have its genome sequenced; however, the 

sequenced individual was a female. Thus, still missing is information about the genomic 

sequence and structure of the Y chromosome of this species. Genomic information on the Y 

chromosomes of multiple species will allow novel insights into the evolution of Y 

chromosomes and their fundamental biological functions. The Y chromosome generally is 

enriched in repetitive sequences in addition to single copy sequences. Also, a considerable part 

of the eukaryotic genomes are repetitive sequences, which lately have gained more attention 

due to the discovery of their functions – satellite III DNA, for example, is involved in the 

pathway of the cellular stress response. 

In this thesis, the aimed was to construct a comparative map for the Y chromosome of 

Nomascus leucogenys. Initially, human BAC clones were used as probes to perform the 

fluorescence in situ hybridization (FISH) on human and gibbon metaphase chromosomes and 

on extended chromatin fibres. Next, the satellite III DNA was isolated, characterized and 

mapped on gibbon and human chromosomes, through cloning, and FISH, as well as 

bioinformatic analysis was made to accomplish an in silico analysis of the isolated sequences. 

The gibbon Y chromosome appeared to be conserved in terms of sequence (gene) 

content or synteny, since it was possible to map 19 human probes that contain in total 15 genes. 

However, structurally, this chromosome seems to be entirely rearranged in relative to the human 

Y chromosome. In contrast, the satellite III DNA sequences seems to be conserved with respect 

to its location on the chromosome regions.  But at the DNA sequence level, the in silico analysis 

revealed a great variability, in both human and gibbon genomes.  

A deeper study of the Y chromosome is relevant, including its sequencing, since this 

chromosome comprised genes that play important roles in the masculinization, and in other 

tissues/functions throughout the body. 

 

Key Words: gibbon, Y chromosome, satellite III DNA, comparative mapping 
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Resumo 

 

 Os gibões, também conhecidos por primatas menores, foram os primeiros a divergir dos 

hominídeos, há aproximadamente 16–20 milhões de anos, o que dá uma perspetiva única para 

estudar a evolução dos humanos. Esta família sofreu uma elevada taxa de rearranjos 

cromossómicos ao longo da sua evolução. O Nomascus leucogenys foi o primeiro gibão a ter o 

seu genoma sequenciado, no entanto o espécimen escolhido foi uma fêmea, assim, não existe 

informação mais detalhada sobre a estrutura e a sequência do cromossoma Y desta espécie. A 

informação genómica do cromossoma Y de várias espécies, vai permitir uma melhor 

compreensão sobre a evolução deste cromossoma e sobre as funções biológicas que 

desempenha. Além das sequências de cópia única, o cromossoma Y é, normalmente, rico em 

sequências repetitivas. Também uma grande parte dos genomas dos eucariotas é composto por 

sequências repetitivas, que ultimamente têm ganho maior interesse devido à descoberta das suas 

funções – por exemplo, o satélite III está envolvido na resposta celular ao stress. 

 Neste trabalho, o objetivo foi construir um mapa comparativo do cromossoma Y do 

Nomascus leucogenys. Inicialmente, BAC clones humanos foram usados como sondas em 

hibridação in situ fluorescente (FISH), em cromossomas metafásicos e em fibras de DNA de 

gibão e humano. De seguida, o satélite III foi isolado e mapeado nos cromossomas de gibão e 

de humano. As sequencias de DNA satélite isoladas foram analisadas in silico recorrendo a 

diversas ferramentas bioinformáticas. 

 O cromossoma Y do gibão parece conservado em termos de sequência (genes), uma vez 

que foi possível mapear 19 sondas humanas, que incluem 15 genes. Contudo, estruturalmente, 

este cromossoma parece totalmente rearranjado em relação ao cromossoma Y humano. Pelo 

contrário, as sequências de satélite III parecem conservadas no que diz respeito à sua 

localização nos cromossomas, mas ao nível das sequências de DNA, as análises in silico 

revelaram uma grande variabilidade, no humano e no gibão. 

 Um estudo mais detalhado do cromossoma Y, ou até mesmo a sua sequenciação, é 

relevante, uma vez que este contém genes com importantes funções na masculinização, e em 

outros tecidos/funções por todo o organismo. 

 

Palavras Chave: gibão, cromossoma Y, DNA satélite III, mapas comparativos   
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I. Introduction  

 

 

I.1 Cytogenetics – historical and introductory aspects 

 

Cytogenetic is the genetic study of the cell, especially the structure, function and evolution 

of chromosomes and their role in heredity (Smeets, 2004; Speicher and Carter, 2005). Gregor 

Mendel and Charles Darwin were the first who began to explore the mechanisms of heredity in 

the middle of the nineteenth century (O’Connor and Miko, 2008). Mendel speculated that the 

cells contained some type of factor that carried “characters” from one generation to the next; 

while Darwin proposed that traits could be transmitted by what he termed as “gemmules”, 

which he believed were stored in the sexual organs from where they travelled to every body 

part (Benson, 2001). Although these theories were rejected at the time, they provided the 

foundation for the oncoming studies. Thanks to such scientists as Walther Fleming, Theodor 

Boveri, Walter Sutton and Thomas Hunt Morgan, who gave a boost to the interest about the 

chromosomes, it was possible to establish that chromosomes are the “bearers of the hereditary 

material” or the Chromosome Theory of Inheritance (Benson, 2001; Paweletz, 2001; 

O’Connor and Miko, 2008). The next great discovery in the field of cytogenetics was the precise 

count of the full complement of 46 human chromosomes by Tjio and Levan in 1956 (Tjio and 

Levan, 1956; Trask, 2002; Smeets, 2004; Gartler, 2006).  

The endeavour to improve chromosome analysis led to the development of chromosome 

banding techniques, named as classical cytogenetic tools (Caspersson et al., 1968; Caspersson, 

Zech and Johansson, 1970; Mendes-da-Silva, Adega and Chaves, 2016). These techniques 

allow the identification of individual chromosomes as well as chromosome breaks or 

alterations. The basic banding techniques are Q-banding, G-banding, and R-banding and they 

produce a consistent pattern of bands along the length of metaphase chromosomes (Schreck 

and Distèche, 2001). Banding techniques are still applied to standard karyotype analysis, for its 

simplicity and robustness; however, highly arranged karyotypes and subtle chromosomal 

aberrations are difficult to recognize (Mohr et al., 2000; Teixeira, 2002; Tönnies, 2002). The 

drive to overcome this limitation of classical cytogenetics, opened a new field in cytogenetics 

– molecular cytogenetics – the combination of molecular biology and cytogenetics, and is 

usually based on fluorescence in situ Hybridization (FISH) that will be discussed further 

(Speicher and Carter, 2005). During the past two decade, molecular cytogenetic techniques 
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have been continuously improved, and they are widely used in biomedical research, genetic 

diagnosis, gene mapping, chromosomal evolution, among others (Liehr et al., 2004; Riegel, 

2014). 

 

I.1.1 Fluorescence in situ Hybridization 

 

Fluorescence in situ hybridization is fundamental to the molecular cytogenetic 

analyses. In situ hybridization is based on the ability of the DNA double-strand to renature after 

a denaturation, in favourable conditions. Initially in situ hybridization (in situ: in place – on the 

chromosome), utilized radiolabelled probes and radiographic detection, but the disadvantages 

were too many, including the hazardous and unstable nature of the radioactive labels (Gall and 

Pardue, 1969; Levsky, 2003). In the late 1970s the introduction of fluorescent labelled 

antibodies, improved the specificity and sensitivity of the method (Rudkin and Stollar, 1977). 

Since then, most of the advances of this technique, has been focused on  the resolution increase 

(Speicher and Carter, 2005). 

 In fluorescence in situ hybridization (Figure I.1a), a labelled probe is hybridized onto 

a target that can be metaphase chromosomes, interphase nuclei, extended chromatin fibres or 

DNA microarrays. Generally, the first step in this methodology, after the probe is chosen, is the 

labelling. This is mostly done by either nick translation or PCR, where modified nucleotides 

are incorporated in the amplified strands. For indirect labelling, the modified nucleotides 

include a hapten (Figure I.1b – green panel), while for direct labelling the modified 

nucleotides include a fluorophore (Figure I.1b – orange panel). Next, both probe and target 

are denatured, the double strand hydrogen bonds are broken, through heat or chemical 

treatments (Figure I.1c). The probe and the target are mixed together, and the probe hybridizes 

to the target via reannealing with its complementary sequences on the target, under the 

favourable conditions of pH, temperature, salt and formamide concentrations (Figure I.1d). 

Direct labelled probes can be identified immediately using a fluorescent microscope. An extra 

enzymatic or immunological detection step is needed for indirectly labelled probes (Figure 

I.1e) (Trask, 1991; Price, 1993; Speicher and Carter, 2005; O’Connor, 2008). Although these 

are the principles of FISH, there are plenty of different techniques that vary in many aspects 

and the choice of one of them or a combination of more than one, by the investigators, depends 

on the intended resolution. With the advent of genome sequencing, there are many probes 
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available, and they can be easily selected in the bioinformatic platforms, at least for the human 

genome. FISH applied to metaphase spreads achieves a resolution of ~ 5 Mb, that is a powerful 

technique, widely used in molecular cytogenetics; however, for a higher resolution, interphase 

or fibre FISH can be chosen, with a discriminatory power of 50 kb - 2 Mb and 5 kb - 500 kb, 

respectively (reviewed by Speicher and Carter, 2005). 

 

I.1.2 Chromosomes and Comparative Mapping 

 

Throughout the development of cytogenetics, the chromosome number and morphology 

were studied in more detail, within and between species. The comparison of the chromosomes 

of species provide not only information about ancestral karyotype evolution and the 

mechanisms/rearrangements involved in the genome organization, but also evidence about the 

ancestral karyotype. Karyotype is the characteristic chromosome complement of each species 

that consists of pairs of chromosomes that can be arranged in order of size, centromere position 

and banding pattern (Yang et al., 2006; Ferguson-Smith and Trifonov, 2007).  

Chromosome homologies, at the beginning, were inferred based on chromosome 

banding patterns, mainly in mammals (Nash and O’Brien, 1982). With the advance and 

combination of molecular and cytogenetic techniques, as aforementioned, the resolution of the 

Figure I.1 | Principles of Fluorescence in situ Hybridization – The first panel (a) shows the key elements, 

the probe and the target. The probe can be indirect labelled (b, green panel) or direct labelled (b, orange panel). 

With the favourable conditions the probe hybridizes with target by complementarity (d). (adapted from 

Speicher and Carter 2005). 
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comparative maps increased remarkably, due to the use of DNA probes that allowed the 

comparison at a DNA level, even between distantly-related species or species with highly 

rearranged genomes (Graphodatsky, Trifonov and Stanyon, 2011).  For the construction of the 

comparative maps, comparative chromosome painting is the preferred technique. Also 

known as cross-species chromosome painting or Zoo-FISH, comparative chromosome painting 

allows a genome-wide comparison of all chromosomes of different species  (Rens et al., 2006). 

Basically, this approach use paint probes, obtained by flow cytometry or microdissection, of a 

whole chromosome, a chromosomal arm or a specific chromosomal region of a specie, and 

hybridize them to another species (Yang and Graphodatsky, 2009). This method allows the 

identification of homologous chromosome blocks between two different genomes. These 

blocks are named syntenic segments. A conserved order of at least two contiguous syntenic 

segments in different species is named as conserved syntenic association. As a result of these 

syntenic blocks being assembled in different combination, the karyotype of species differs in 

number and morphology. Such maps of conserved syntenic blocks disclose the level of genomic 

conservation, as well as the rearrangements, amongst species (Burt, 2001; Ferguson-Smith and 

Trifonov, 2007). Although this is a powerful technique, it has some limitations in the detection 

of intrachromosomal alterations, such as inversions or deletions (Ried, 1998). For high-

resolution mapping, BAC clones (Bacterial Artificial Chromosome) can be used as probes to 

reveal more detail rearrangements such intrachromosomal rearrangements, characterize 

chromosome breakpoints or fusions, and construct maps with the cytogenetic locations of genes 

(Chen and Korenberg, 2004; Chi et al., 2005; Meo et al., 2005; Davis et al., 2009). In fact, 

FISH using BAC clones as probes has been an useful technique in the assembling and 

annotation phase of The Human Genome Project, to identify the chromosomal location of 

genes and other human sequences (Cheung et al., 2001).  

  

 

I.2 Y chromosome evolution – general aspects  

 

Mammalian X and Y sex chromosomes are believed to have evolved from a pair of 

autosomes, approximately 200 million years ago (Bachtrog 2013; Hughes and Page 2015; Rice 

1996). The Y chromosome evolution is at different levels in distinct species (Rice, 1996; 

Bachtrog, 2013; Li et al., 2013). The first event of the human Y chromosomes evolution appears 

to have been the acquisition of a male-determining gene, forming the primordial Y chromosome 
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(Rice, 1996; Hughes and Page, 2015). Possibly the gene SRY differentiated from its homologue 

SOX3 in the X chromosome (Lahn, Pearson and Jegalian, 2001). After that, the accumulation 

of other beneficial genes by the Y chromosome, contributed to a reduced recombination 

between X and Y (Rice, 1996). The decreasing of recombination led to a genetic isolation, that 

led to a degeneration of the Y chromosome, suffering gene loss, deletions and inversions 

(Graves, 2004). However, the recombination did not stop at once in all the length of the Y 

chromosome, but instead it occurred in multiple steps. The regions stopped recombining at five 

different times, and they are called evolutionary strata: stratum 1 (the older) to stratum 5 (the 

youngest). There are plenty of theories to explain the Y chromosome degeneration, and the lack 

of recombination is common in all of them. For instance: Muller’s ratchet and Genetic 

Hitchhiking theories define that the degeneration of the chromosome is a consequence of an 

accumulation of deleterious mutations at ancestral genes, and the Ruby in the Rubbish theory 

considers that the degeneration of the chromosome is a consequence of a lower rate of 

adaptation on Y-linked genes relatively to the homologous X-linked genes (Bachtrog, 2013). 

 

I.2.1 Human Y chromosome 

 

The modern human Y chromosome can be divided in two different regions: two 

pseudoautosomal regions (PARs) at the terminal regions of both arms of the chromosome, 

where the crossing-over with the X chromosome still occur, and the male-specific region 

(MSY or non-recombining Y - NRY), the portion of Y that excludes the PARs. In humans, 

pseudoautosomal regions represents 3Mb of the ~60Mb of the Y chromosome (Jobling and 

Tyler-Smith, 2003). A large block of the MSY is heterochromatin. The euchromatic sequences 

of the MSY can be separated into three classes: X-transposed, X-degenerated and ampliconic 

(Figure I.2).  As its name implies, the X-transposed region resulted from a transposition X to 

Y, which occurred after divergence of human from chimpanzee. The X-transposed sequences 

are 99% similar with the Xq21, located in the middle of the long arm of the X chromosome, 

however, this sequences usually do not recombine (Schwartz et al., 1998; Skaletsky et al., 

2003). The X-degenerated region is composed by single-copy genes and pseudogenes, 

homologous to X-linked genes, which are residues of ancient autosomal genes from the sex 

chromosomes evolution (Goto, Peng and Makova, 2009). The ampliconic region is comprised 

with long blocks of duplicated sequences, organized in palindromes, with high similarity with 

other sequences of the MSY region. A variety of genomic sources and rearrangements gave 
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origin to this region. Some genes derived from a common ancestor of the sex chromosomes, 

others are the result of transpositions from the autosomes. Of the three MSY regions, the 

ampliconic shows the highest density in genes, compared with the X-transposed that contains 

only two genes (Skaletsky et al., 2003; Akhatova, Gaifullina and Khusnutdinova, 2013; Hughes 

et al., 2015). While the X-degenerated genes are expressed ubiquitously, the ampliconic genes 

are expressed mainly in the testis (Hughes and Page, 2015). Currently the human Y 

chromosome contains 27 genes, of which 17 are ancestral genes that survived the chromosome 

degeneration (Figure I.3) (Johansson, 2015). In terms of heterochromatin, the human Y 

chromosome comprises three distinct heterochromatic regions (Figure I.2) – in the 

centromeric region, in the proximal Yq (Yq11.22) and in the distal Yq. This regions consist 

mainly of tandem repeats as alphoid sequences and satellite III DNA; however, more efforts 

need to be made to better comprehend the Y chromosome heterochromatin (Skaletsky et al., 

2003; Miga et al., 2014). 

 

 

 

 

Figure I.2 | Human, chimpanzee and rhesus Y chromosomes – The euchromatic portion of the male-specific 

region in detail, with the gene content and the location of each class of sequences (adapted from Li et al. 2013). 
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I.2.2 Comparison with Y chromosomes of other primates 

 

To date only four primates have their Y chromosome sequenced – human, chimpanzee, 

rhesus macaque and gorilla (Figure I.2); however the gorilla Y chromosome still does not 

have a detailed map (Li et al., 2013; Tomaszkiewicz et al., 2016). The human and the 

chimpanzee Y chromosomes are separated by 6 million years of evolution, while the rhesus 

macaque diverged from human at 25 million years ago (Li et al., 2013).  

In contrast to the human Y, the chimpanzee and rhesus Y chromosome heterochromatin 

content is almost none, with the exception of the centromere. Of the three species, rhesus has 

the smallest Y chromosome, followed by the chimpanzee and the human has the largest Y. Both 

chimpanzee and rhesus have a single pseudoautosomal region, in the long arm, that corresponds 

to the short-arm PAR in human. As what happens with human, the euchromatic region of the 

MSY in chimpanzee and rhesus, is mostly composed by X-degenerated and ampliconic 

sequences (Hughes et al., 2012). As referred previously, the X-Y transposition occurred after 

the divergence of human from chimpanzee, and due to that, the rhesus and chimpanzee Y 

chromosomes do not possess the X-transposed region. The X-degenerated region seems to be 

well conserved between the three primates, on the other hand, the ampliconic region underwent 

a dramatic restructuring and renovation. While the ampliconic region of the chimpanzee is 

larger and more complex than that of the human, the rhesus MSY has almost no ampliconic 

region (Hughes and Rozen, 2012). Considering the gene content in the four species of primates: 

gorilla and human Y chromosomes are significantly similar, only one gene was lost in stratum 

4 the by gorilla. Between macaque and human, it is noted a conserved evolution, followed by a 

gene loss - in the older strata (i.e. 1-4), both have the same ancestral genes meaning no gene 

loss; however, in the stratum 5, which is the youngest, genes were lost in both rhesus and 

human. In contrast, chimpanzee Y chromosome lost some genes in all the five strata (Hughes 

et al., 2012; Wang, Jin and Li, 2014; Tomaszkiewicz et al., 2016). Despite the gene loss, the 

four species share nearly identical ancestral gene content (Bellott et al., 2014). Comparative 

genomic analysis of the Y chromosomes of multiple mammalian species will produce novel 

insights into the chromosome evolution and the fundamental biological functions (Hughes and 

Page, 2015). 
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I.3 Satellite DNA features  

 

Repetitive DNA sequences are a significant portion of many eukaryotic genomes, and are 

responsible for the variation of genome size (Charlesworth, Sniegowski and Stephan, 1994; 

Louzada et al., 2015). They can be divided into two main classes – interspersed DNA that 

comprises the transposable elements, and tandemly repeated DNA that comprises the satellite 

DNA (Slamovits and Rossi, 2002). The Satellite DNA (satDNA) can also be subdivided in 

microsatellite, minisatellite and satellite DNA. This division takes into account the length of 

the repeat unit, however, there is no complete consensus about the precise length limits 

(Richard, Kerrest and Dujon, 2008; Ruiz-Ruano et al., 2016). Satellite sequences are tandem 

repeats organized in head-to-tail and are highly abundant. Long arrays of satellite DNA are the 

main component of constitutive heterochromatin. Typically, satDNA are located not only in the 

heterochromatic regions of chromosomes, but also near centromeric and pericentromeric 

regions, and occasionally at subtelomeric or interstitial regions (Adega, Guedes-Pinto and 

Figure I.3 | MSY genes – Resume of the genes present in the human MSY region, with the name, number of 

copies, in which tissues are expressed and the X-homolog of each gene (adapted from Skaletsky et al. 2003). 
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Chaves, 2009; Paço et al., 2014; Louzada et al., 2015).  For a long period of time, the lack of a 

possible function and coding potential, led to the assumption of satellite DNA as “junk”, 

“selfish” or “parasitic” DNA. Currently, it is well accepted that satDNA plays an important role 

in the genomes with several functions (Plohl, Meštrović and Mravinac, 2014).  

Regarding the satellite DNA basic repeat units or monomers, it is difficult to generalize 

the length of this sequence, because it can range from only few nucleotides to over one kilobase 

(kb). However, a monomer length of 150 – 180 bp and 300 – 360 bp is often considered 

evolutionary favourable and is the preferred DNA length to be wrapped around one or two 

nucleosomes (Plohl et al. 2008; 2012). Satellite DNA families are defined by a specific 

sequence composition and length, and they can vary greatly. The satellite sequence in focus in 

this thesis is the Human Satellite III DNA family (SatIII). 

 

I.3.1 Evolution and function of Satellite DNA 

 

 Satellite DNA evolution seems to be highly dynamic (Slamovits and Rossi, 2002). 

When compared, satDNA has more similarity within a species than between different species, 

which indicates a high homogeneity of the repetitive sequences, suggesting a non-independent 

evolution of the satDNA monomers (Liao, 1999). In other words, mutations do not take place 

only in one monomer of a satellite, but instead they spread to all the repetitive units, or are 

eliminated (Plohl, Meštrović and Mravinac, 2012). This evolutionary process is called 

concerted evolution, and it occurs at two levels – sequence homogenization and fixation (Plohl 

et al., 2008). The homogenization is accomplished by mechanisms of nonreciprocal DNA 

transfer within and between chromosomes (Mravinac and Plohl, 2010; Paço et al., 2014). 

Followed by the fixation that is a result of a random combination of the genetic material, 

through meiosis and chromosome segregation (Plohl et al., 2008; Plohl, Meštrović and 

Mravinac, 2012). An outcome of the concerted evolution, as referred before, is higher repeat 

homogeneity within lineages than between them (Plohl et al., 2008). Satellite DNA can be used 

as a phylogenetic marker, because the mutations accumulate and spread gradually, according 

to the concerted evolution (Plohl, Meštrović and Mravinac, 2012).  

 Initially, as mentioned previously, satellite DNA was once considered junk DNA, due 

to the lack of coding potential and function. The localization of the satDNA also facilitated this 

classification, because heterochromatin was considered transcriptionally silent (Enukashvily 

and Ponomartsev, 2013). Despite this concept, an important question arose – why such a large 
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portion of the genome has been maintained over time, if they do not bring any benefit? Based 

on this interrogation, the efforts to understand the satDNA role in the genomes increased (Plohl, 

Meštrović and Mravinac, 2012). One of the first functional role attributed to satellite DNA was 

the heterochromatin formation and maintenance contributing to the chromosome dynamics 

(Chaves et al., 2012). Due to their location, centromeric repetitive sequences were also early 

recognised as relevant to kinetochore formation and so, to chromosome segregation (Plohl, 

Meštrović and Mravinac, 2014). Currently, there are a lot of evidences regarding satDNA 

transcription in several organisms. The transcripts of the satDNA were also detected in different 

stages of the development, at embryogenesis, or in different types of cells (Ugarkovic, 2005). 

The expression levels of the satDNA can vary in response to cellular stress like heat shock, 

exposure to heavy metals, hazardous chemicals, and ultraviolet radiation, as well as 

hyperosmotic and oxidative conditions (Valgardsdottir et al., 2008; Biscotti et al., 2015; 

Saksouk, Simboeck and Déjardin, 2015). Also, Ferreira et al. (2015) described extensively, the 

associations between satDNA transcripts (non-coding RNAs – ncRNA) and cancer. However, 

the functions of the majority of satellite DNAs still remain unclear. 

 

I.3.2 Satellite III DNA – features, function and relevance  

 

In the human genome, the most abundant tandem repeat is the alpha satellite, followed 

by satellites II and III (Warburton et al., 2008). Satellite III DNA was isolated by Corneo et al. 

(1971) utilizing density gradient ultracentrifugation, as the other satellite DNAs isolated before. 

Satellite III DNA is composed by the pentameric sequence (5 base pair monomer) – 

GGAAT or GGAGT (Prosser et al., 1986; Bandyopadhyay et al., 2001; Warburton et al., 2008). 

Based on their sequence composition, Satellite III DNA subfamilies can be divided into two 

subgroups. Within the first group are the subfamilies whose percentage of the sequence motif 

GGAAT is predominant, and in the second group are the subfamilies with approximately an 

equal representation of the GGAAT and GGAGT sequence motifs (Bandyopadhyay et al., 

2001; Jarmuz et al., 2007). In human, SatIII DNA is located on the short arms of the acrocentric 

chromosomes 13 to 15, 21, and 22, and on the heterochromatin of the long arms of 

chromosomes 1, 9, and Y (Bandyopadhyay et al., 2001; Jarmuz et al., 2007). The location of 

satellite III DNA in the centromeric region of the acrocentric chromosomes suggests a relation 

between these repetitive sequences and the breakpoints involved in robertsonian translocations 
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(ROBs), increasing the karyotype dynamics (Choo et al., 1992; Gravholt et al., 1992; Chaves 

et al., 2003).  

Lately, satellite III DNA has attracted more attention due to the role of its transcripts in 

the response to cellular stress. In a situation of thermal stress, hypoxia, exposure to heavy 

metals or fluctuations of intracellular pH, a heat shock response (HSR) is triggered (Dayalan 

Naidu and Dinkova-Kostova, 2017). This pathway is initiated by the activation of the HSF1 

and HSF2 (heat shock factor 1 and 2), transcription factors found in the cytoplasm 

(Valgardsdottir et al., 2008). Then, these factors move to the nucleus to activate the expression 

of genes, which encode heat shock proteins (HSPs). Satellite III DNA from the pericentric 

heterochromatin at the 9q12 locus is also transcribed in ncRNAs, which remain associated to 

this locus, and assembled the nuclear stress body (nSB) (Morimoto and Boerkoel, 2013). The 

nuclear stress body consists of both protein and non-protein components that modulate gene 

expression via transcription and RNA splicing. Satellite III transcripts are required for the 

localization of proteins to the nuclear stress body. Nevertheless, the poor knowledge of the 

structure of SatIII encoding regions and related transcripts still represents a barrier for more 

specific information (Jolly et al., 2004; Valgardsdottir et al., 2008; Sengupta, Parihar and 

Ganesh, 2009; Biamonti and Vourc’h, 2010; Morimoto and Boerkoel, 2013; Dayalan Naidu 

and Dinkova-Kostova, 2017). 

 

 

I.4 Gibbons – general and evolutionary aspects 

 

Gibbons, or the lesser apes, belong to the family Hylobatidae; along with humans and 

the great apes, they form the superfamily Hominoidea. These small apes are native of the forest 

of Southeast, South and East Asia, and are critically endangered. Gibbons were the first to 

branch off from the other hominoids approximately 16–20 million years ago, which provide a 

unique perspective to study the evolution of humans (Kim et al., 2011; Carbone et al., 2014). 

It is globally considered that gibbons form a monophyletic clade, however there was no 

consensus about the evolutionary history, taxonomy and phylogeny within Hylobatidae 

(Müller, Hollatz and Wienberg, 2003; Carbone et al., 2009). Elliot (1913) described 

Hylobatidae as the fourth family, containing the Gibbons, with two genera, Symphalangus with 

one specie, and Hylobates with twelve species. Later, when the lesser apes were studied with 

more detail, it became clear that more division were needed, and the family was split in four 
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subgenera: Bunopithecus, Hylobates, Symphalangus, and Nomascus (Roos and Geissmann, 

2001; Müller, Hollatz and Wienberg, 2003; Thinh et al., 2010). Nowadays, Hylobatidae is 

divided into four genera, this division takes into account the fact that species within each of the 

four major clades share a number of characteristics, most importantly a distinctive diploid 

chromosome number: Hoolock (2n= 38), Hylobates (2n =44), Symphalangus (2n= 50) and 

Nomascus (2n= 52) (Carbone et al., 2009). As happened with the family taxonomy, there is no 

unanimity on the number of species and subspecies within each genera (Kim et al., 2011). 

According to The IUCN Red List, there are sixteen gibbon species (Table I.1). Different 

phylogenetic trees have been constructed, based on behaviour, morphology, and genetics; but 

with the rapid evolution of this family, it is difficult to reach a conclusive result (Geissmann, 

1995; Roos and Geissmann, 2001; Müller, Hollatz and Wienberg, 2003). 

Gibbons are an extreme example of fast rate of karyotype change, as referred before. 

Even with a relatively recent differentiation, 4-6 million years ago, the lesser ape lineage has 

experimented extensive chromosome rearrangements. Many efforts have been made to 

understand the rapid karyotype evolution of gibbons, with the construction of comparative 

maps, and genome sequencing. There are some possibilities to explain how this numerous 

rearrangements fixed in the karyotype so shortly; one of them is the combination of geographic 

isolation and post-mating reproductive barriers (Capozzi et al., 2012; Carbone et al., 2014). On 

the other hand, the genome plasticity of the lesser apes seems to be due to a gibbon-specific 

retrotransposon (LAVA - LINE-Alu-VNTR-Alu), which induce premature transcription 

termination of chromosome segregation genes (Carbone et al., 2014; Weise et al., 2015; 

Sangpakdee et al., 2016). 
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Table I.1 | The IUCN Red List of Threatened Species 

Genus Species and subspecies Common name 

Hoolok 
Hoolock hoolock Western Hoolock Gibbon 

Hoolock leuconedys Eastern Hoolock Gibbon 

Hylobates 

Hylobates agilis Agile Gibbon 

Hylobates albibarbis Bornean White-bearded Gibbon 

Hylobates klossii Kloss’s Gibbon 

Hylobates lar carpenteri Carpenter’s Lar White-handed Gibbon 

Hylobates lar entelloides Central Lar White-handed Gibbon 

Hylobates lar lar Malaysian Lar White-handed Gibbon 

Hylobates lar vestitus Sumatran Lar White-handed Gibbon 

Hylobates lar yunnanensis Yunnan Lar White-handed Gibbon 

Hylobates moloch Silvery Javan Gibbon, Moloch Gibbon, Javan Gibbon 

Hylobates muelleri abbotti Abbott’s Gray Gibbon 

Hylobates muelleri 

funereus 
Northern Gray Gibbon 

Hylobates muelleri 

muelleri 
Southern Gray Gibbon 

Hylobates pileatus Crowned Gibbon 

Nomascus 

Nomascus concolor 

concolor 
Tonkin Black Crested Gibbon 

Nomascus concolor 

furvogaster 
West Yunnan Black Crested Gibbon 

Nomascus concolor 

jingdongensis 
Central Yunnan Black Crested Gibbon 

Nomascus concolor lu Laotian Black Crested Gibbon 

Nomascus gabriellae Red-cheeked Gibbon, Yellow-cheeked Crested Gibbon 

Nomascus hainanus Hainan Black Crested Gibbon 

Nomascus leucogenys Northern White-cheeked Gibbon 

Nomascus nasutus Eastern Black Crested Gibbon 

Nomascus siki Southern White-cheeked Gibbon 

Symphalangus Symphalangus syndactylus Siamang 

  

(adapted from <www.iucnredlist.org>. Downloaded on 18 July 2016). 
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I.4.1 Nomascus leucogenys 

 

Northern white-cheeked gibbon, Nomascus leucogenys (NLE, 2n = 52), is sexually 

dimorphic, which means that males and females have different physical features – males body 

is covered with black hair, except for two white patches on both cheeks and they have a 

prominent tuft of hair in in the top of the head, while females lack of the tuft on the head, and 

their body is reddish tan. Both sexes have extraordinarily long arms and a lot of body strength. 

N. leucogenys is a rare and critically endangered species, mostly because of the habitat 

destruction and hunting. Nowadays, it is only found in northern Vietnam, Laos and perhaps in 

China (Mootnick and Fan, 2011; Harding, 2012).  

The karyotype of N. leucogenys is constituted by twenty-five pairs of autosomes and 

one pair of sex chromosomes. Of the autosomes, thirty-two are metacentric, twelve are 

submetacentric and six are acrocentric. The X chromosome is submetacentric and the Y 

chromosome is the smallest submetacentric. The fundamental number (FN) is 104, for both 

males and females (Tanomtong et al., 2009).  N. leucogenys was the first gibbon (female) to 

have their genome sequenced and assembled. The sequence analysis provided insights into the 

role of LAVA elements in the high rate of karyotype evolution, as referred before, and indicates 

segmental duplications and repetitive sequences as the best predictors of gibbon-humans 

breakpoints (Carbone et al., 2014). 

Many comparative karyotypic studies were performed with the white-cheeked 

gibbon. Hylobates hoolock (HHO), N. leucogenys and human chromosomes have been 

compared using cross-species chromosome painting, identifying the homologous segments 

between the three species. This comparison revealed that the complexity of the arrangements 

was almost the same when comparing human to HHO or HHO to NLE, confirming the high 

rate of chromosomal reshuffling even within gibbons (Nie et al., 2001). Carbone et al. (2006) 

constructed a high-resolution synteny map between NLE and human, disclosing syntenic 

breakpoints amongst these species. About 110 breakpoints were identified, of which 100 were 

gibbon-specific and related with segmental duplications (SDs) (Carbone et al., 2006). In a 

similar study, 107 synteny breaks were detected, of which 83 were gibbon-specific. When 

compared with other gibbons, 14 rearrangements were NLE-specific. It was also noticed that 

chromosomes 4, 6, 25 and X were the only NLE chromosomes with an uninterrupted human 

chromosomal segment (Figure I.4) (Roberto et al. 2007).  In 2009, Carbone et al. (2009), 

presented a chromosomal inversion unique to NLE, present in chromosome 7b, corresponding 
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to the human chromosomes 4 and 22. Due to it specificity, this arrangement can be used to 

distinguish Nomascus leucogenys from other gibbon species. As referred previously, NLE 

genome was the first to be sequenced. This analysis confirmed the reshuffled nature of the 

gibbon genome and when aligned with human chromosomes, 96 gibbon–human synteny 

breakpoints were identified (Carbone et al. 2014). These are examples of some important 

studies accomplished with Nomascus leucogenys, there are many others, but it wouldn’t be 

relevant for this thesis to review them all. 

 

I.4.1.1 Nomascus leucogenys Y chromosome 

 

 As referred before, the NLE Y chromosome is the smallest submetacentric chromosome 

of the complement. Previously this chromosome was described as acrocentric and telocentric 

(Tanomtong et al., 2009). There are very few studies on the Y chromosome of the gibbon, 

because female specimens are usually preferred. One of these studies was the characterization 

Figure I.4 | Nomascus leucogenys synteny block organization with respect to human (adapted from 

Roberto et al. 2007) (for details, see http://www.biologia.uniba.it/gibbon). 
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of the evolution of the DUXY gene (DUX4-related gene family) in Hominoids. This research 

demonstrated that the gibbon Y chromosome was the first, in the primate lineage, to acquire 

members of DUX gene family, located on the nucleolus organizer region (NOR) (Schmidt et 

al., 2009). Another study analysed the nucleotide diversity (π) of the Y chromosome between 

different individuals of the same genera of gibbons. Within the Nomascus the values of the 

nucleotide diversity were low, nevertheless, only one sample was of N. leucogenys (Chan et al., 

2012). The low number of studies about this chromosome makes this thesis even more pertinent. 

 

 

I.5 The biomedical relevance of comparative studies  

 

 Model systems such as the bacterium Escherichia coli, the yeast Saccharomyces 

cerevisiae, the nematode worm Caenorhabditis elegans, the fruit fly Drosophila melanogaster, 

among others, are widely used in biomedical studies, due to its simplicity, short life cycle and 

easy handling. This organisms were crucial to acknowledge some of the basic properties of the 

cells (Fields, 2005; Chan, 2013). For mammalian researches, rodent models are usually 

preferred. However, when it comes to humans, due to the physiological differences between 

rodents and higher primates, the Nonhuman Primates (NHPs) are considered one of the best 

animal models (Chan, 2013).  

There are two major reasons for a detailed research of the nonhuman primate genomes: 

(1) evolutionary analyses, to recreate the history behind the human genome, and the 

rearrangements beneath, and (2) the application of this information in the investigation of the 

human diseases, with NHP as models (Rogers and Gibbs, 2014). To increase the accuracy and 

efficiency of these scientific studies, it is required to assemble more genetic information, for 

both humans and non-human primates. For that it is necessary to sequencing the whole genome 

(WGS) of representative species. Comparisons of these data with results from annotated human 

genomes will substantially increase knowledge on gene functions and enable to reduce wrong 

or unnecessary genetic information in both human and NHP studies. Each new species 

sequenced adds new data for the generation of new models for the study of human genetic 

disorders, and adds new evolutionary perspective (Chan, 2013; Haus et al., 2014; Rogers and 

Gibbs, 2014). In addition, comparative studies involving the Y chromosome are fundamental 

for the study of Y-linked genes. The study of this chromosome has been focused on the role it 

plays in testis determination and spermatogenesis. However, recent insights about the Y 
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chromosome revealed functions beyond the reproductive tract. These findings raised new 

questions about the involvement this chromosome in human health and disease, opened doors 

to new research and increased the importance and relevance of the Y chromosome (Bellott et 

al., 2014; Hughes and Page, 2015; Kido and Lau, 2015).  
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II. Objectives 

 

 

In the present work, it was intended to construct a comparative map of the Y 

chromosome between the gibbon N. leucogenys and human, and to identify the rearrangements 

underlying its evolution, by fluorescence in situ hybridization with human BAC clones and 

satellite III DNA as probes. 

 In the first phase, the aim was to map human BAC clones on the N. leucogenys Y 

chromosome. These probes are selected from the non-recombining human Y chromosome – 

MSY region. In the second phase, the objective was to characterize satellite III DNA in gibbon, 

at the cytogenetic and molecular level and in doing so, to construct a cytogenetic map of the Y 

chromosome of the N. leucogenys comprised of single copy and repetitive sequences. 

 

The objectives of this work can be summarized as follows: 

 

I. To verify the presence of human BAC clones on the N. leucogenys Y chromosome; 

II. To determine the order and position of these human BAC clones on the N. leucogenys 

Y chromosome; 

III. To isolate and characterize molecularly the satellite III DNA family sequences in the 

gibbon and in the human. 

IV. To map the isolated satellite III DNA sequences, in human and gibbon. 
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III. Materials and Methods 

 

 

In this chapter, the methods used during this work will be described in detail.  

 

Part 1 – The following work was performed at the Cytogenetic Core Facility at the Wellcome 

Trust Sanger Institute. 

 

III.1 Cytogenetic mapping of human BAC clones in the gibbon genome 

 

III.1.1 Cell culture 

The process by which cells are grown outside of their natural environment and under 

controlled conditions is named cell culture. This method was developed in the early 1900’s, as 

a need to study the cell, free of variations of the organism. In the leading experiments, cultures 

were established from small fragments of tissue. Today, cells dissociated from tissues can be 

grown either in suspension or attached to a solid surface. Although, normal cells have a limited 

number of divisions when in culture, and eventually they stop proliferate due to a process named 

cellular senescence. To overcome this obstacle, and in order to obtain a large number of cells, 

cultures can be immortalized or transformed, which can occur spontaneously or can be 

chemically or virally-induced. After this transformation, the culture becomes a continuous cell 

line (Alberts et al., 2014). For this work, cell culture and cell lines were crucial, due to the need 

to harvest cells to obtain chromosome suspensions and DNA fibers or to extract DNA. 

In this work, two male lymphoblastoid cell lines (Epstein-Barr virus transformed) were 

used: a Nomascus leucogenys cell line (provided by Kunming Institute of Zoology, China) and 

a human cell line (from Coriell, ref: HG03006). For both cell lines the medium used was RPMI 

1640 TM (GibcoTM, ThemoFisher Sientific), supplemented with 10% Bovine Fetal Serum (BFS) 

(GibcoTM, ThemoFisher Sientific) and 1% of streptomycin/penicillin/L-glutamine (Sigma-

Aldrich®). All the cell culture procedures were performed in a microbiological safety cabinet. 
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Protocol 1. Thawing of cryopreserved cells 

 

1. The cells were removed from -80ºC and rapidly thaw using a 37ºC water bath. 

2. The cells were transferred to a 15 ml centrifuge tube and 10 ml of complete medium were 

added and mixed carefully. 

3. The tubes were centrifuged at 1200 rpm for 10 min. The supernatant was removed. 

4. The cells were re-suspended with pre-warmed medium and transferred to a T25 or T75 

culture flask. 

5. The flask was placed in the incubator at 37ºC with 5% of CO2. 

 

Protocol 2. Maintenance of the suspension cell cultures  

 

1. The culture flask was shaken. 

2. Half of the total medium volume was removed of the culture flask. 

3. Fresh pre-warmed medium was added. 

4. The flask was placed in the incubator at 37ºC. 

5. This procedure was repeated as necessary, usually every two days. 

 

Protocol 3. Cell counting  

 

Several protocols require a specific number of cells.  For the cell counting a Neubauer 

Chamber (haemocytometer) was used. 

1. Equal volumes of cell culture and Trypan Blue (stain that only penetrates dead cells) were 

mixed. 

2. This mixture was placed in the Chamber, and the viable cells (unstained) were counted. 

3. The following formula was used to determine the cell concentration: Number of Cells/ml 

= (nº of viable cells/nº of counted squares) × Dilution Factor × 104. 
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Protocol 4. Cryopreserving cell cultures 

[Adapted from BAMBANKER™ Serum-free type cell freezing medium – LYMPHOTEC Inc.] 

 

1. The cells were observed under an inverted microscope to assess the cell density. To ensure 

that cultures were in the logarithmic growth phase the medium was refreshed daily. 

2. The cells were centrifuged at 1200 rpm for 5 min and the supernatant was discarded. 

3. The pelleted cells were re-suspended in 1 ml of the freezing medium (Bambanker), and 

placed in the cryotubes. 

4. The tubes were put at -80ºC without preliminary freezing.  

 

Protocol 5. Preparation of metaphase chromosomes from gibbon and human 

lymphoblastoid cell lines 

 

1. 10 ml of the cell culture were transferred to a new T25 flask (25 cm2) and 100 µl of BrdU 

(stock: 18 mg/ml) were added, mixing thoroughly.  

2. The culture was incubated for 16-18 h at 37ºC. 

3. The content of the culture flask was transferred to a 15 ml centrifuge tube and centrifuged 

at 1200 rpm for 10 min and the supernatant discarded.  

4. The cells were re-suspended in fresh culture medium, transferred to a new T25 flask and 

incubated for 3 hs and 45 min at 37ºC. 

5. 10 µl of ethidium bromide (stock: 10 mg/ml, ThermoFisher Scientific) were added to the 

culture. Colcemid (GibcoTM, ThermoFisher Scientific) was also added to a final 

concentration of 0.02 µg/ml (10 µl in 10 ml). The culture was incubated for 2 h at 37ºC. 

6. The content of the culture flask was transferred to a 15 ml centrifuge tube and centrifuged 

at 1200 rpm for 10 min. 

7. The supernatant was removed and the pellet was loosened by flicking the base of the tube. 

8. 10 ml of 0,4% KCl (in 10 mM Hepes) were pre-warmed at 37ºC and carefully added to the 

tube and the pellet was re-suspended by gentle swirling with a serological pipette. This 

mixture was incubate at 37ºC for 15 min. 

9. 1 ml of freshly prepared fixative was added, containing 6 parts of methanol to 1 part of 

acetic acid. The tube content was mixed by gently swirling.   

10. The mixture was centrifuged at 1200 rpm for 10 min. 

11. Supernatant was removed and the cell pellet was loosened by flicking the base of the tube. 
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12. 10 ml of fixative were added, mixed thoroughly by gentle swirling and centrifuged at 1200 

rpm for 10 min. 

13. Finally, the cells were re-suspended in a sufficient volume of fixative to achieve the desired 

cell density. 

14. The suspension was stored at -20ºC until required. 

 

 

III.1.2 Fluorescence in situ Hybridization (FISH)  

 

As described previously, FISH technique is used for chromosome mapping. This 

involves essential steps such as: probe and slide preparation, denaturation (only for double 

strand probes), hybridization, post-hybridization washes and antibody detection (for indirect 

labeled probes) and slide mounting. For this work, FISH was used to map human BAC clones, 

on the gibbon Y chromosome. 

 

Probe generation 

 

Forty BAC clones were selected based on their location on the human Y chromosome 

and their conservation on other primates (chimpanzee and rhesus), using the following 

bioinformatics databases: UCSC Genome Browser, NCBI Map Viewer and Ensembl 

(GRCh38). All the BAC clones used are from RPCI-11 Human Male BAC Library, and they 

were provided by the Clone Library Archive at the Wellcome Trust Sanger Institute. 

 

Protocol 6. Bacterial Culture 

 

1. 10 ml of LB medium were put in a 30 ml universal tubes and 8 µl of chloramphenicol 

(Stock: 12.5 mg/ml) were added to the tube and mixed.  

2. From each BAC clone plate, one individual colony was inoculated using a sterilized 

toothpick.  

3. The bacterial cultures were set to grow, overnight at 37ºC, with agitation (210 rpm). 
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Protocol 7. Plasmid DNA extraction 

[Adapted from “PhasePrep™ BAC DNA Kit”, Sigma-Aldrich®] 

 

1. 10 ml of an overnight bacterial culture was centrifuged at 3400 rpm for 10 min. The 

supernatant was discarded. 

2. 300 µl of Resuspension Solution were added to the tube. By pipetting up and down the 

pellet was completely re-suspended and transferred into a 2 ml round-bottom micro-

centrifuge tubes. 

3. 300 µl of Lysis Solution were added to the re-suspended cells. The tubes were inverted 4-6 

times and incubated at room temperature, not exceeding 5 min. 

4. 300 µl of pre-chilled Neutralization Solution were added to the lysate. The tubes were mixed 

immediately and thoroughly by gently inverting 6-8 times and incubated on ice for 5 min. 

Then the tubes were centrifuged at maximum speed (14000 rpm) for 5 min at 4ºC in order 

to pellet cell debris. The cleared lysate supernatant was carefully transferred to a clean 

micro-centrifuge tube (1.5 ml). 

5. 540 µl of isopropanol at room temperature were added to the cleared lysate. By gentle 

inversion, the tubes were mixed thoroughly and centrifuged at maximum speed (14000 rpm) 

for 20 min at 4ºC.  

6. The supernatant was removed, and the pellet was washed with 100 µl of 70% ethanol at 

room temperature.  

7. The tubes were centrifuged at maximum speed for 5 min at 4ºC. The supernatant was 

removed by pipetting, and briefly air-dried.  

8. The pellet was re-suspended by adding 500 µl of Elution Solution. The RNase Cocktail was 

diluted 10-fold with Elution Solution. To each tube, 1 µl of the diluted cocktail was added, 

mixing briefly, and incubated in a 60 °C water bath for 5 min.  

9. 40 µl of Sodium Acetate Buffer Solution were added to the tubes and mixed briefly. 

10. 100 µl of Endotoxin Removal Solution were added to the tube and mixed thoroughly by 

inversion. The tube was chilled on ice for at least 5 min. During the incubation it was mixed 

1-2 times. The solution became light blue and clear. 

11. The tube was warmed in a 37°C water bath for 5 min. The solution became cloudy. To 

separate the phases, the tube was centrifuged 13200 rpm for 3 min at room temperature. 

The clear upper phase contained the BAC DNA. The blue lower phase contained endotoxins 

and other impurities.  
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12. Carefully, the clear upper phase was transferred into a new 1.5ml microcentrifuge tube. The 

blue lower phase was discarded. 540 µl of room temperature DNA Precipitation Solution 

were added to the tube. It was mixed thoroughly by gentle inversion and centrifuged at 

maximum speed (14000 rpm) for 20 min at 2-8 °C. The supernatant was removed, and the 

pellet was washed with 150 µl of room temperature 70% ethanol. The tube was centrifuged 

again for 5 min and the supernatant pipetted off. This step was repeated with 50 µl of room 

temperature 70% ethanol. The supernatant was removed, and the pellet air-dried briefly (5 

min). The DNA was dissolved in 30 µl of TEO.1 (10mM Tris-HCl, pH 8.0, 0.1 mM EDTA).  

 

Protocol 8. NanoDrop Quantification  

 

A NanoDrop Spectrophotometer was used to check the concentration and purity of the 

BAC DNA after extraction. Briefly, 1-2 µl of each sample were loaded to the pedestal, and the 

DNA concentration (ng/µl) and purity were determined.  

 

Protocol 9. WGA Amplification  

[GenomePlex® Whole Genome Amplification (WGA2) Kit – Sigma-Aldrich®] 

 

1. 10 µl of DNA solution at 1 ng/µl were prepared in a 0.5 ml micro-centrifuge tube. 

2. 1 µl of 10× Fragmentation Buffer was added to the tube. 

3. The tube was placed in a thermocycler at 95 °C for exactly 4 min, given that the incubation 

is very time sensitive and any deviation might result in altered the results. 

4. Immediately the sample was cooled on ice, and then centrifuged briefly to consolidate the 

contents. 

5. To each sample 2 µl of 1× Library Preparation Buffer and 1 µl of Library Stabilization 

Solution were added. 

6. The samples were vortex thoroughly, centrifuged briefly, and placed in a thermocycler at 

95 °C for 2 min. 

7. The samples were cooled on ice, consolidated by centrifugation, and placed on ice. 

8. 1 µl of Library Preparation Enzyme was added to each sample followed by vortex and brief 

centrifugation. 

 

 



MATERIALS AND METHODS | 

  - 27 -  

 

9. The samples were placed in a thermocycler and incubated as follows: 

16 °C for 20 minutes 

24 °C for 20 minutes 

37 °C for 20 minutes 

75 °C for 5 minutes 

4 °C hold 

10. The samples were removed from the thermocycler and centrifuge briefly and they were 

amplified immediately. 

11. A master mix was prepared by adding the following reagents to each 15 µl reaction from 

Step 10: 

7.5 µl of 10× Amplification Master Mix 

47.5 µl of Water, Molecular Biology Reagent 

5 µl of WGA DNA Polymerase 

12. The mixtures were vortexed thoroughly, centrifuged briefly and placed on the thermocycler, 

with the following program: 

Temperature Time Phase 

95 °C 3 minutes Initial Denaturation 

94 °C 15 seconds 
14 cycles 

Denaturation 

65 °C 5 minutes Annealing/extension 

 

13. To check for amplification product, the samples were run a 1% agarose gel.  

14. The reactions were stored at –20 °C until being used. 

 

Protocol 10. Probe Labelling 

[modified protocol from GenomePlex® WGA Reamplification Kit – Sigma-Aldrich®] 

 

 The probes were labeled indirectly with biotin-16-dUTP (Jena Bioscience), 

digoxigenin-16-dCTP (Jena Bioscience) and Dinitropenol-11-dUTP (Jena Bioscience). For 

each hapten, a different recipe of dNTPs was used, in order to improve labeling efficiency.  
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1. The following labelling mixture was prepared, on ice: 

Reagent Quantities (µl) 

Digoxigenin (Dig) Biotion (Bio) DNP Dig and Bio DNP 

10x dNTPs (2 mM) 

with 50% dCTP 

10x dNTPs (2 mM) 

With 70% dTTP 

10x dNTPs (2 mM) With 

80% dTTP 
2.5 2.5 

1 mM digoxigenin-16-

dCTP 

1mM biotin-16-

dUTP 
1mM Dinitropenol-11-dUTP 1.5 1 

ddH2O 15.7 16.2 

10x WGA3 Amplification Master Mix (without dNTPs) 2.5 2.5 

MgCl2 (50 mM) 0.5 0.5 

SigmaTAQTM DNA Polymerase 1.8 1.8 

WGA amplified DNA 0.5 0.5 

Total volume 25 25 

 

2. The solutions were mixed and briefly centrifuged.  

3. The tubes were placed in the thermocycler, with the following labeling program: 

Temperature Time 

94ºC 3 minutes 

94ºC 
14 cycles 

15 seconds 

65ºC 5 minutes 

4ºC Pause 

 

4. The presence of product was checked by electrophoresing 2 µl of each sample, in a 1% 

agarose gel. 

 

Protocol 11. Optimization of probe size by DNase I cut 

 

The probe size is very important to achieve an effective hybridization and should range 

between 200 and 500 bp. DNase I was used to cut the probes after labeling them. The amount 

of enzyme, and the time of incubation depended of the initial size of each probe. 

1. DNase I (Roche) was diluted in a proportion of 1:15 in DNAse 10× buffer (Roche).  

2. To each sample, 2-4 µl of the diluted DNase I were added. 

3. The tubes were mixed briefly and incubated at 15ºC for approximately 15-25 min. 

4. The probe size was checked in a 1% agarose gel. 
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5. To stop the enzymatic reaction, 1 µl of 0.5 M EDTA was added to each sample and heated 

to 65ºC for 10 min. 

6. The probes were stored at -20ºC until required. 

 

Slide preparation 

 

Protocol 12. Slide preparation for metaphase/interphase FISH 

 

1. Slides were removed from ethanol and lightly polished dry with lint free tissue.  

2. The chromosome suspension was mixed by gently flicking the tube or, if necessary, using 

a pipette. 10 µl of metaphase suspension were pipetted and dropped onto a slide. For a better 

spread, a drop of 3:1 fixative was added, immediately after the drop. 

3. The slide was placed on a tray, and transferred to a 50ºC waterbath for about 1 min in order 

to dry. 

4. Slides were analyzed under a phase contrast microscope in order to evaluate chromosomal 

spread and cell concentration. Optimal chromosomal spread was achieved by adjusting the 

time between the cell suspension drop and the fixative drop.  

 

Protocol 13. Slide preparation for Fiber-FISH 

 

1. Using a disposable pipette, 2-3 ml of cell suspension were taken from a healthy culture and 

centrifuged at 1200 rpm for 5 min. 

2. The supernatant was tipped off and the cells were re-suspended in 10 ml of 1×PBS 

(GibcoTM, ThermoFisher Scientific) and centrifuged at 1200 rpm for 5 min. This step was 

repeated once more. 

3. The cells were re-suspended in 1 ml of  1× PBS. 

4. An aliquot of cells was counted using the hemocytometer, as described above. The cells 

were then diluted or concentrated, using 1× PBS, to a final concentration of 2×106 cell/ml. 

5. 15 µl of cell suspension was spread over a 1 cm area on the upper part of a clean polysine 

microscope slide.  

6. The slides were allowed to air dry in a 37ºC incubator for 15 min. 

7. A slide was fitted and fixed into a “home-made” cadenza coverplate. 
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8. 150 µl of freshly-made lysis solution (5 parts of 70 mM NaOH:2 parts of absolute ethanol) 

were applied to the top of the cadenza/slide gap. 

9. As the level dropped below the frosted edge of the slide, 150 µl of 100% ethanol were 

added. 

10. The slide was allowed to drain until the meniscus stopped falling (±15 sec). 

11. The top of the slide was pulled back from the cadenza, allowing the meniscus to move 

slowly down the slide. 

12. The slides were allowed to air dry and observed under a phase-contrast microscope to assess 

the fiber quality. 

13. The slides were fixed in acetone for 10 min in a fume hood. 

14. The slides were stored in a box at room temperature for short periods of time or at -20ºC 

for longer periods of time. 

 

 

Protocol 14. Slide pre-treatment for metaphase/interphase FISH 

 

1. After the metaphase spreads were prepared as described in Protocol 12 the slides were 

dehydrated, in coplin jars, through ethanol series (70%, 70%, 90%, 90%, and 100%) for 2 

min each. 

2. Pepsin treatment: in a coplin jar, 50 ml ddH2O, 500 µl 1M HCl and 250 µl 1% pepsin 

solution were added. The slides were treated with Pepsin at room temperature for 5 min. 

3. The slides were washed twice for 5 min in 2×SSC (100 ml of 20×SSC in 900 ml of H2O). 

4. Again, the slides were dehydrated through ethanol series and allowed to dry up right. 

5. The slides were baked for 1 h at 65ºC (At this stage, the water bath was set up for 

denaturing). 
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Denaturation and hybridization  

 

Protocol 15. Probe mixture, denaturation and hybridization for metaphase/interphase-

and fibre-FISH 

 

6. The probes mixtures were prepared as follows:  

Reagents 
Quantities (µl) 

NLE HSA 

Hybridization buffer 9 12 

Human cot 1µg/µl (Roche) (in hybridization buffer) 2 4 

Probe 1 (digoxigenin) 1 1 

Probe 2 (biotin) 1 1 

Probe 3 (DNP) 1 1 

Total volume 14 20 

For the human slides, the probe mix had a final stringency of 50%, while for the gibbon slides, 

the final stringency used was 47%.  

7. The probe mix was denatured at 65ºC for 10 min and then transferred to a thermoblock at 

37ºC, until required. 

8. The slides were denatured in 70% formamide/2×SSC (70 ml of formamide plus 10 ml of 

20×SSC plus 20 ml of H2O). Different denaturation times and temperatures were used to 

achieve the ideal chromosome denaturation. The temperature ranged from 57º-65ºC, while 

the time varied between 30-90 s.  

9. After denaturation, the slides were quickly quenched in cold 70% ethanol for 2 min, and 

then dehydrated through ethanol series (70%, 70%, 90%, 90%, and 100%). 

10. Once the slides were fully dry, the probe mixture was vortexed and centrifuged, and then 

12 µl of the mixture were added to each slide. The slides were covered with a 22×22 mm 

coverslip and the edges sealed with fixogum. 

11. The slides were incubated overnight, at 37ºC.  

 

Protocol 16. Alkaline denaturation and hybridization for metaphase/interphase-FISH 

 

For metaphase/interphase slides an Alkaline Denaturation was also done, resulting in no 

relevant improvements. 

1. The metaphase spreads were prepared as described in the Protocol 12. 
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2. The slides were treated with acetone at room temperature for 10 min, and then dehydrated, 

in coplin jars, through ethanol series (70%, 70%, 90%, 90%, and 100%) for 2 min each. 

3. The slides were denatured in 50 ml of an Alkaline Solution (Denaturation Solution for 

Neutral Southern Transfer - Sigma-Aldrich®), for 5 min at room temperature. 

4. After denaturation, the slides were quickly quenched in Tris-HCl 1M at pH 7.4, for 4 min 

at room temperature. 

5.  The slides were then washed in 1× PBS for 4 min at room temperature, and dehydrated, 

through ethanol series. 

6. When the slides were fully dry, the probe mixture (prepared as in the Protocol 15) was 

vortexed and centrifuged, and then 12 µl of the mixture were added to each slide. The slides 

were covered with a 22×22 mm coverslip and the edges sealed with fixogum. 

7. The slides were incubated overnight, at 37ºC.  

 

Post-hybridization washes and mounting 

 

Protocol 17. Post-hybridization washes and mounting for metaphase/interphase- and 

fiber-FISH 

  

1. The waterbath was set to 41ºC, with two coplin jars containing 50% formamide/2×SSC 

(prepared by mixing 50 ml of formamide with 50 ml of 2×SSC) and two coplin jars 

containing 2×SSC.  

2. The fixogum was removed and the slides were soaked in 2×SSC at RT, for 5 to 10 min, to 

allow the coverslips to fall off carefully. 

3. The slides were then washed in the following order: 50% formamide/2×SSC, 50% 

formamide/2×SSC, 2×SSC and 2×SSC, for 5 min each. 

4. For detection, the antibodies were diluted in 4×ST (4×SSC with 0.05% Tween 20), as 

described below:  

 

For metaphases: 

Dig 1:1000 Alexa Fluor® 594 (Jackson Immune Research) 

Bio 1:500 strepavidin Cy3 (Sigma-Aldrich) 

DNP 1:500 Dinitrophenyl-KLH Polyclonal Antibody, Alexa Fluor 488 (ThermoFisher Scientific) 
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For fibers: 

 First layer Second layer 

Dig 
1:500 Mouse anti-Digoxin (Sigma-

Aldrich) 

1:200 Goat anti-mouse Texas Red® 

(ThermoFisher Scientific) 

Bio 1:500 streptavidin Cy3 (Sigma-Aldrich) 1:200 Anti-streptavidin CF™543 

DNP 1:500 Rabbit anti-DNP (Vector Labs) 
1:200 Donkey anti-rabbit Alexa Fluor®488 

(ThermoFisher Scientific) 

 

4. The detection solution was centrifuged at maximum speed for 1 min. 100 µl of detection 

solution were added to each slide and then covered with parafilm. The slides were incubated 

at 37ºC for 20 min. 

5. After the incubation, the parafilm was carefully removed and the slides were washed in 

4×ST at 41ºC for 5 min. The wash was repeated twice. 

6. For the second layer, only for DNA fibers, steps 4 and 5 were repeated. 

7. After the final wash in 4×ST, the slides were mounted using mounting medium with DAPI 

(4',6-diamidino-2-phenylindole) (VECTASHIELD®), and sealed with nail varnish.  

8. The slides were stored at 4ºC. 

 

 

Microscopy and Image analysis  

 

 FISH images were visualised on a Leica DM 5000B fluorescence microscope equipped 

with narrow band-pass filters for DAPI, FITC, Cy3 and Texas Red and an ORCA-03G digital 

camera (Hamamatsu). Digital images were captured and processed using the SmartCapture 

software (Digital Scientific UK). 

 

 

III.1.3 DNA extraction 

 In order to characterize the satellite III DNA in Nomascus leucogenys, genomic DNA was 

extracted from the NLE cell suspension.  
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Protocol 18. DNA extraction from Nomascus leucogenys cell culture.  

[Adapted from Blood and Cell Culture DNA Midi kit - Qiagen]. 

 

1.  All the solutions and buffers were prepared following the kit instructions and the cells were 

harvested according to the kit manufacturer’s recommendations. 

2. For 2 ml of cell suspension (1×107 cells/ml), 2 ml of ice-cold Buffer C1 and 6 ml of ice-

cold distilled water were added in a 15 ml centrifuge tube. The tube was mixed by inversion 

and incubated on ice for 10 min. 

3. The lysed cells were centrifuged at 4°C for 15 min at 1300 × g, and the supernatant 

discarded. 

4. 1 ml of ice-cold Buffer C1 and 3 ml of ice-cold distilled water were added to the pellet. The 

pelleted nuclei were then re-suspended by vortexing. The tube was then centrifuged again 

at 4°C for 15 min at 1300 × g and the supernatant discarded. 

5. 5 ml of Buffer G2 were added to the pellet, and the nuclei completely re-suspended by 

vortexing for 10–30 sec at maximum speed. 

6. 95 μl of QIAGEN Proteinase K stock solution were added, and the tube was incubated at 

50°C for 30–60 min. 

7. A QIAGEN Genomic-tip 100/G was equilibrated with 4 ml of Buffer QBT, and allowed to 

empty by gravity flow. 

8. The sample from step 6 was vortexed for 10 s and applied to the equilibrated QIAGEN 

Genomic-tip, entering the resin by gravity flow. 

9. The QIAGEN Genomic-tip was washed twice with 7.5 ml of Buffer QC. 

10. A clean 10 ml collection tube was placed under the QIAGEN Genomic-tip and the genomic 

DNA was eluted in 5 ml of Buffer QF. 

11. The DNA was precipitated by adding 3.5 ml of room temperature isopropanol to the eluted 

DNA and centrifuging immediately at >5000 × g for at least 15 min at 4°C. The supernatant 

was carefully removed. 

12. The centrifuged DNA pellet was washed with 2 ml of cold 70% ethanol, vortexed briefly 

and centrifuged at >5000 × g for 10 min at 4°C. The supernatant was carefully removed 

without disturbing the pellet. The DNA was allowed to air-dry for 5–10 min, and re-

suspended in 1 ml of TE, pH 8.0. The DNA was dissolved at 55°C for 1–2 h. 
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Part 2 – The following work performed at the Laboratory of Cytogenomics and Animal 

Genomics at University of Trás-os-Montes and Alto Douro. 

 

III.2 Characterization of the satellite III DNA on Nomascus leucogenys 

 

III.2.1 Isolation of satellite III sequences 

 

The PCR technique was applied to isolate satellite III DNA sequences from Nomascus 

leucogenys and from human. For this purpose, a set of two primers (forward and reverse) was 

designed based on the human satellite III DNA sequence (GenBank: X54108.1), using 

bioinformatic tools such as PrimerDigital, Blast® NCBI, and Primer3Plus, and then ordered: 

(1)”primer SatIII forward” (20 bp): 5’- ATCGGAGTGCAGTGGAAAGG -3’ 

(2)”primer SatIII reverse” (20 bp): 5’- CACTCGATTCCCACTGCACT -3’ 

 

Protocol 19. PCR for the isolation of SatIII DNA sequences 

 

1. The PCR mixture was prepared as following: 

Reagents Quantities (µl) 

NLE or HSA genomic DNA 5 

PCR Buffer 10x [with (NH4)2SO4] (MBI Fermentas, Thermo Scientific) 5 

dNTP´s (2.5 mM) (Invitrogen, Life Technologies) 4 

MgCl2 (25 mM) (MBI Fermentas, Thermo Scientific) 3 

“primer SatIII forward”(1) (1 μg/mL) (Invitrogen, Life Technologies) 1 

“primer SatIII reverse”(2) (1 μg/mL) (Invitrogen, Life Technologies) 1 

H2O (Gibco, Invitrogen, Life Technologies) 30 

DNA Taq Polimerase (MBI Fermentas, Thermo Scientific) 1 

Total volume 50 
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2.  After preparing the previously described mix, the tube was placed in the thermocycler with 

the following programme: 

Temperature Time Step 

94ºC 5 minutes Initial denaturation 

94ºC 1 minute 

29 cycles 

Denaturation 

57ºC 45 seconds Annealing 

72ºC 45 seconds Extension 

72ºC 10 minutes Final extension 

4ºC Pause  

 

3. The PCR product was run using a 1.5% agarose gel and the bands with the intended 

molecular weight (approximately 100 bp) excised from the gel using a sterile scalpel. 

 

 

Protocol 20. Isolation and Purification of NLE and HSA satellite III DNA sequences 

[Adapted from QIAquick PCR Purification kit (Qiagen)] 

 

1. The bands excised from the gel were immediately placed in DNA gel extraction columns 

(GRiSP, Research solutions). 

2. The columns were centrifuged at 13000 for 10 min. 

3. For purification, for each volume of sample, 5 volumes PBI buffer were added. The tubes 

were mixed thoroughly. 

4. This mixture was transferred to clean columns placed on 2 ml micro-centrifuge tubes.  

5. The tubes were centrifuged at 13000 rpm for 1 min, in order to bond the DNA to the column 

membrane. The supernatant was discarded. 

6. To wash the DNA 750 µl of buffer PE were added to the column and it was left for 5 min. 

The tubes were then centrifuged at 13000 rpm for 1 min. 

7. The columns were placed in 1,5 ml micro-centrifuge tubes and 50 µl of elution buffer EB 

were added. It was left for at least 30 min, before centrifuging at 13000 rpm for 1 min. 

8. The purified DNA was electrophoresed in a 1% agarose gel in order to assess the intensity 

of the bands, to proceed with the cloning protocol. 
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III.2.2 Cloning  

 

 Gene cloning was developed in the early 70’s, and revolutionized genetics. DNA 

sequencing became more efficient and rapid, allowing the study of individual genes structures, 

and enabling the achievement of massive genome sequencing projects, as the Human Genome 

Project. In this technique, a DNA fragment containing the gene/sequence to be cloned, is 

inserted into a vector, then the recombinant DNA (vector plus gene/sequence of interest), is 

hosted by a cell, usually bacteria. The vector multiplies within the host cell, and when the host 

cell divides, copies of the vector are passed to the offspring. After multiples divisions, a colony 

of identical host cells – clones, is formed. Each cell carries plenty of copies of the recombinant 

DNA molecule. Cloning combined with PCR are the most used techniques to isolate 

genes/sequences (Brown, 2010). 

In the present work, the PCR products (from HSA and NLE), amplified with human 

satellite III primers were cloned in the plasmid pUCDNA19/SmaI using competent Escherichia 

coli as host (strain DH50α). 

 

 

Protocol 21. Cloning of the PCR products using pUCDNA19/SmaI 

 

Solid medium preparation: 

1. The solid medium was prepared with a concentration of 25 g/l of LB and 15 g/l of agar. 

2. The mixture was slowly, homogenized and placed in an autoclave at 121ºC for 15 min. 

3. To gradually cool down, the mixture was transferred to a 50ºC waterbath. 

4. In the safety cabinet, 100 μg/ml of ampicillin, 0.5 mM of IPTG and 80 μg/ml of X-GAL 

were added to the medium. The mixture was carefully agitated. 

5. The medium was distributed in petri dishes, and left to air-dry. 

6. After solidification the dishes were sealed, and stored at 4ºC until required. 

 

Liquid medium preparation: 

7. The liquid medium was prepared with 25 g/l of LB.  

8. The mixture was homogenized and placed in the autoclave at 121ºC for 15 min. 

9. After cooling down at room temperature, 100 μg/ml of ampicillin were added, in the safety 

cabinet. 
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10. The medium was stored at 4ºC until required. 

 

Fast DNA End Repair [Fast DNA End Repair kit Thermo ScientificTM] 

 

The vector pUC19DNA/SmaI only integrates sequences with blunt ends, for that reason, it was 

necessary to treat the PCR product in order to make their extremities blunt. 

11.  The following mixture was prepared on ice: 

Reagents Quantities (µl) 

Purified DNA (from Protocol 18) 40 

10× End Repair Buffer 5 

End Repair Enzyme Mix 2.5 

H2O (Gibco) 2.5 

Total volume 50 

 

12. The tube with the mixture was placed in the thermocycler at 20ºC for 12 min. 

13. Then, the tube was placed on ice, and the sample was transferred to a 1.5 ml micro-

centrifuge tube. 

14. The sample was purified as in Protocol 18. 

 

Ligation of the blunt-end PCR products to the vector [T4 DNA Ligase (Fermentas, Thermo 

Scientific)] 

15. The mixture for the ligation reaction was prepared as follows: 

Reagents Quantities (µl) 

PCR product 14 

H2O (Gibco, Invitrogen, Life Technologies) - 

Vector pUC19 (Fermentas, Thermo Scientific) 1 

10× T4 DNA ligase Buffer 2 

50% PEG 4000 Solution 2 

T4 DNA ligase 1 

Total volume 20 

 

16. The mixture was mixed by pipetting up and down, and the tube was placed in the 

thermocycler at 22ºC for 1 h. 

17. Then, the tube was left at room temperature. 
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Transformation of the competent bacteria with the vector/PCR product 

18. The petri dishes with solid LB medium, previously prepared, were placed at room 

temperature. 

19. The bacterial suspensions were withdrawn from -80ºC storage and placed on ice for 5 min. 

20. 3 µl of the ligation reaction prepared as described above were added to the bacterial 

suspension, mixing carefully. The tube was left on ice for 30 min. 

21. In order to induce a thermal shock, the tube was placed in a waterbath at 42ºC for, exactly, 

20 sec. 

22. Immediately, the tube was placed on ice for 2 min. 

23. 950 µl of SOC medium at room temperature were added to the tube containing the now 

transformed cells. The tube was then incubated at 37ºC for 1 h, with agitation (225 rpm). 

24. In each petri dish 200 µl of transformed cells were smeared, and left to dry for 30 min. 

25. The dishes were properly labelled, and then incubated at 37ºC overnight. 

26. The next day, 10 ml of the liquid medium previously prepared, were distributed to 

centrifuge tubes. 

27. The dishes were analysed and the positive clones (white colonies, well isolated) picked with 

a sterile pipette tip. Each pipette tip was immediately placed in a centrifuge tube with 

medium.  

28. The tubes were incubated at 37ºC overnight, with agitation (225 rpm). 
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Screening of the recombinant clones 

The screening was performed by PCR, using M13 primers that bind to the vector, near the 

insert. This allowed the confirmation of the presence of the plasmid containing the insert, based 

on the molecular weight of the bands. 

 

29. The mixture was prepared on ice, as follows: 

Reagents Quantities (µl) 

Bacterial suspension 1.6 

PCR Buffer 10× [with (NH4)2SO4] (MBI Fermentas, Thermo Scientific) 2 

dNTP´s (2.5 mM) (Invitrogen, Life Technologies) 1 

MgCl2 (25 mM) (MBI Fermentas, Thermo Scientific) 1.2 

“primer M13forward” (1 μg/mL)(1) (Invitrogen, Life Technologies) 0.2 

“primer M13 reverse” (1 μg/mL)(2) (Invitrogen, Life Technologies) 0.2 

H2O (Gibco, Invitrogen, Life Technologies) 13.4 

Taq DNA Polimerase (MBI Fermentas, Thermo Scientific) 0.4 

Total volume 20 

(1) “primer M13 forward” (18 bp): 5´- TGTAAAACGACGGCCAGT-3´ 

(2) “primer M13 reverse” (18 bp): 5´- CAGGAAACAGCTATGACC-3´ 

 

30. The mixture was carefully mixed, and placed in the thermocycler with the following 

programme: 

Temperature Time Phase 

94ºC 5 minutes Initial denaturation 

94ºC 30 seconds 

29 Cycles 

Denaturation 

54ºC 30 seconds Annealing 

72ºC 90 seconds Extension 

72ºC 10 minutes Final extension 

4ºC pause Pause 

 

31. The PCR products were electrophoresed in a 1% agarose gel. The intended band was 

identified (approximately 200 bp).  

32. The positive clones (with the intended band), were stored in glycerol stocks, at -80ºC. 
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III.2.3 Plasmid DNA extraction 

 

Protocol 22. Extraction and purification of plasmid DNA 

[Using GeneJET Plasmid Miniprep Kit (Thermo Scientific)] 

 

1. 100 µl of bacterial suspension were added to 10 ml of LB medium containing ampicilin, 

and incubated at 37ºC overnight, with agitation (225 rpm). 

2. The next day, the tubes were centrifuged at 13000 rpm for 5 min. The supernatant was 

discarded. 

3. The pellet was ressuspended by adding 250 µl of Ressuspension Solution, and vortexing. 

4. The content of the tubes was transferred to a 2 ml tube, adding 250 µl of Lysis Solution. 

The tubes were inverted several times, and incubated for no longer than 5 min. 

5. 350 µl of Neutralization Solution were added, and the tubes were inverted several times. 

6. The tubes were centrifuged at 13000 rpm for 5 min. The supernatant was, carefully, 

transferred to a column/collection tube. 

7. The columns were centrifuged at 13000 rpm for 1 min. The supernatant was discarded. 

8. 500 µl of Wash Solution were added to the columns, which were centrifuged at 13000 rpm 

for 1 min. The supernatant was discarded. The columns were centrifuged again, at 13000 

rpm for 1 min. 

9. The columns were transferred to a clean 1.5 ml tube, adding 50 µl of 70ºC pre-warmed H2O. 

10. The tubes were left at room temperature for at least 15 min, and then were centrifuged 13000 

for 2 min.  

11. The tubes, with the plasmid DNA, were stored at -20ºC until required. 

 

 

III.2.4 Sequencing 

 

 The plasmid DNA obtained from several clones was analysed by sequencing. The 

sequencing was performed by “StabVida”.  The raw data from the results was processed in 

order to identify the intended sequence. This was accomplished by the recognition of the 

binding sites of the primer M13. 
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 Finally, the sequences were studied using several bioinformatics tools, as BLAST from 

NCBI, Repeat Masking from GIRI (Genetic Information Research Institute) and Blast from 

Ensembl genome browser. The sequences were also aligned with Clustal Omega (European 

Bioinformatic Institute). 

 

 

III.2.5 Fluorescence in situ Hybridization (FISH) 

 

 At this point of the work, FISH was used to physically map the isolated repetitive 

sequences (gibbon and human satellite III). The amplified products from the screening protocol, 

and the extracted plasmid DNA were used as probes. 

 

Protocol 23. Fluorescence in situ Hybridization with repetitive probes 

 

Probe generation and labelling 

1. The labelling mixture was prepared as follows: 

Reagents Quantities (µl) 

Plasmid DNA 1 

PCR buffer 10× [with (NH4)2SO4] (MBI Fermentas, Thermo Scientific) 5 

dNTP´s (labelling) (2.5 mM) (Invitrogen, Life Technologies) 5 

MgCl2 (25 mM) (MBI Fermentas, Thermo Scientific) 3 

“primer M13forward” (1 μg/mL) (Invitrogen, Life Technologies) 1 

“primer M13 reverse” (1 μg/mL) (Invitrogen, Life Technologies) 1 

H2O (Gibco, Invitrogen, Life Technologies) 31.5 

Digoxigenin (Roche) 1.5 

Taq DNA Polimerase (MBI Fermentas, Thermo Scientific) 1 

Total volume 50 
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2. The tubes were placed in the thermocycler with the following programme: 

Temperature Time Phase  

94ºC 5 minutes Initial denaturation 

94ºC 30 seconds 

29 cycles 

Denaturation 

54ºC 30 seconds annealing 

72ºC 90 seconds extension 

72ºC 10 minutes Final extension 

4ºC pause pause 

 

3. To 4 µl of each probe, 11 µl of hybridization buffer were added. The tubes were incubated 

at 37ºC with agitation, until required. 

 

Preparation of metaphase chromosomes 

The gibbon and human metaphase chromosomes, were obtained at the Sanger Institute, as 

described in Protocol 5. 

4. The metaphase suspension was dropped onto a slide, which was left to age overnight at 

65ºC. 

5. The next day the slides were left at room temperature, to cool down. 

 

Chromosome dehydration 

6. The chromosomes were dehydrated in chilled 100% ethanol, for 10 min. 

7. The slides were left to air-dry. 

 

 Chromosome denaturation and dehydration 

8. The slides were denaturated in 70% formamide/2×SSC at 65ºC for 90 sec. 

9. Immediately, the slides were placed in chilled 70% ethanol for 5 min. 

10. Then, the slides were dehydrated through a chilled ethanol series (90% and 100%), for 5 

min each. 

11. The slides were left to air-dry. 

 

Probe denaturation 

12. The probes were placed in the thermocycler at 85ºC for 15 min. 

13. Immediately, the tubes were placed in ice, to prevent renaturation. The probes were left on 

ice until required. 
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In situ Hybridization  

14. To each chromosome spread 15 µl of probe mix were added. A coverslip was placed in each 

drop to spread the probe mix.  

15. The slides were left to incubate overnight at a 37ºC humid chamber. 

 

Post hybridization washes 

16. The coverslips were, carefully removed, and the slides were immersed in 2×SSC at 37ºC 

for 5 min. The slides were transferred to 50% formamide/2×SSC at 37ºC for 5 min, then to 

another 50% formamide/2×SSC at 37ºC for 5 min.  

17. The slides were transferred to 2×SSC at 37ºC for another 5 min. 

18. Finally, the slides were transferred to 4×ST at room temperature. 

 

Blocking and detection 

19. The slides were removed from the 4×ST and the excess drained. 

20. 100 µl of BSA 3% (Bovine serum albumin) were added to each slide, and a 24×50 mm 

coverslip placed on top. It was left at room temperature for 10 min. 

21. The detection mix was prepared by diluting a solution of anti-dig-rhodamine in 4×SSC at a 

1:200 (V/V) proportion. The mix was centrifuged at 13000 rpm for 2 min. 

22. The slides were immersed in a new solution of 4×T at room temperature, for 2 min, in order 

to remove the excess of the blocking solution. 

23. The slides were removed from the 4×ST, draining the excess. 100 µl of detection mix were 

added to each slide / chromosome spread.  

24. The slides were covered with a 24×50 mm, and were incubated in the dark, at 37ºC for 1 h. 

25. Then, the slides were washed in 4×ST at room temperature for 5 min. This wash was 

repeated twice more, carefully protecting them from the light. 

 

Mounting 

26. The slides were mounted with DAPI (Vector Laboratories) using 24×50 mm coverslips.  

27. The slides were stored at 4ºC, in the dark, until required. 

 

 

 



MATERIALS AND METHODS | 

  - 45 -  

 

Microscopy and image analyses 

 

 The slides were analysed in an epifluorescence microscope – Zeiss Axio II Imager Z2 

with a 100W mercury lamp (HBO) (X-Cite, EXFO), and a high-resolution digital camera – 

JAI® CV – M47C2, progressive scan. The images were captured with CytoVision (Leica 

Biosystems – Genus 4.5.2) software. Digitised photos were prepared for printing in Adobe 

Photoshop (version 7.0); image optimization included contrast and colour adjustments that 

affected the whole image equally.  
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IV. Results 

 

 

IV.1 Cytogenetic mapping of human BAC clones on the N. leucogenys Y chromosome. 

 

IV.1.1 Quality control check of the presence/absence of the Human BAC clones on the 

gibbon Y chromosome. 

 

 In the first stage of this work, the aim was to test if the ordered BAC clones were located 

in the N. leucogenys Y chromosome by hybridizing them onto human and gibbon metaphase 

chromosomes. The BAC clones whose hybridization signal were not present on the NLE Y 

chromosome, or that were present on the NLE X chromosome or autosomes were not used in 

further experiments (Figure IV.1 and IV.2). Analysing the FISH images of the 40 BAC clones 

that were tested, 25 hybridized only onto the gibbon Y chromosome. The 19 clones highlighted 

in Table IV.1, were analysed in detail in the present work and will be discussed further, the 

remaining 6 were analysed in a study of Inácio-Felício et al., (2017 - unpublished). 

 

IV.1.2 Map the human BAC clones on the NLE Y chromosome 

 After the BAC clones were chosen, it was necessary to organize the probes to perform 

more FISH experiments. In order to locate the probes on the NLE Y chromosome, and 

determine their relative position, the probes were grouped in eight pools of three BAC clones. 

In each group or pool, each probe had a different hapten (colour) and a minimal distance 

(between them), which is within the resolution limits of the metaphase FISH. As in the first 

stage of FISH mapping, each pool of probes was hybridized in NLE and human metaphases for 

comparison.  
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Figure IV.1 | Representative in situ hybridization images of the first round of mapping – The probes 

RP11-74L14 and RP11-155F12 did not hybridized only on the NLE Y chromosome, but also on the X 

chromosome. Both probes showed signals on the terminal region on the long arm of the Y chromosome, and 

on the terminal region on the short arm of the X chromosome. 

Figure IV.2 | Representative in situ hybridization images of the probes that were excluded – RP11-122L9 

and RP11-375C22 did not showed hybridization signals on the NLE Y chromosome. Instead, both probes 

hybridized onto autosomes. 
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Table IV.1 | Summary of all the BAC clones tested for the construction of the comparative map 

BAC clone name Position on HSA (bp) Gene content Hybridization signals on NLE 

RP11-74L17 Y: 1,703,010-1,850,848  X; Y 

RP11-155F12 Y: 2,538,200-2,693,974  X; Y 

RP11-400O10 Y: 2,724,209-2,910,712 SRY; RPS4Y1 Y 

RP11-414C23 Y: 2,917,432-3,072,114 ZFY Y 

RP11-122L9 Y: 4,989,040-5,149,762 PCDH11Y Autosomes 

RP11-357C22 Y: 5,517,917-5,592,920  Autosomes 

RP11-507A3 Y: 6,695,480-6,895,693 AMELY Y 

RP11-115H13 Y: 6,895,494-6,949,888 TBL1Y No signal 

RP11-375P13 Y: 8,616,545-8,706,228  Y 

RP11-373F14 Y: 8,846,763-9,034,309  Y (Inacio-Felicio et al., 2017) 

RP11-370N2 Y: 9,566,095-9,641,289  Y (Inacio-Felicio et al., 2017) 

RP11-453C1 Y: 9,803,269-9,835,777  Y (Inacio-Felicio et al., 2017) 

RP11-155J5 Y: 9,835,578-10,009,534  Y 

RP11-160K17 Y: 10,009,335-10,175,375  X; Y; autosomes 

RP11-322K23 Y: 11,582,489-11,741,012  Autosomes  

RP11-91N9 Y: 12,221,821-12,392,065  Autosomes 

RP11-125B2 Y: 12,646,940-12,809,357 USP9Y Y 

RP11-460B21 Y: 12,787,269-12,957,306 DDX3Y Y 

RP11-218F6 Y: 13,193,869-13,331,097 UTY Y 

RP11-145K2 Y: 13,676,335-13,837,701 TMSB4Y Y 

RP11-117L2 Y: 14,058,341-14,232,056 VCY1B Y (Inacio-Felicio et al., 2017) 

RP11-148G1 Y: 14,666,763-14,827,065 NLGN4Y Y 

RP11-80C13 Y: 15,949,325-16,105,147  Y 

RP11-80M6 Y: 17,001,676-17,146,246  Autosomes  

RP11-462A19 Y: 17,145,560-17,258,437  Autosomes  

RP11-20H21 Y: 18,677,843-18,850,378 HSFY2 Y 

RP11-483G19 Y: 19,510,162-19,695,300 TXLNGY Y 

RP11-576C2 Y: 19,568,295-19,599,965 TXLNGY Y (Inacio-Felicio et al., 2017) 

RP11-421G14 Y: 19,599,766-19,779,889 KDM5D Y (Inacio-Felicio et al., 2017) 

RP11-5I7 Y: 20,340,583-20,492,469  Y 

RP11-256K9 Y: 20,569,117-20,678,289 EIF1AY Y 

RP11-450B24 Y: 20,678,090-20,866,403 RPS4Y2 Y 

RP11-65G9 Y: 20,986,305-21,150,975  Y 

RP11-120E18 Y: 21,245,439-21,419,108 PRORY Y; autosomes 

RP11-5C5 Y: 22,674,523-22,831,478  Autosomes  

RP11-140H23 Y: 23,135,648-23,239,079 DAZ1; DAZ2 Y 
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In the first pool the probes RP11-148G1, RP11-450B24 and RP11-140H23 were 

grouped (Figure IV.3). On the human Y chromosome, these probes were localized on the q 

arm, as it is shown on the ideogram, and in the in situ hybridization in the Figure IV.3 (A). On 

the other hand, on gibbon Y chromosome the RP11-450B24 and RP11-140H23 were localized 

on the p arm, and only the RP11-148G1 remained on the q arm (Figure IV.3 B). Consequently, 

the arrangement of the probes was altered as well. While on the HSA Y chromosome the order 

of the probes was RP11-148G1, RP11-450B24 and RP11-140H23 (proximal to distal from the 

centromere), on the gibbon Y chromosome the order was RP11-140H23, RP11-450B24 

(proximal to distal), and the RP11-148G1 probe was alone on the long arm and closer to the 

centromere.  

  

RP11-141N4 Y: 23,286,669-23,473,911 DAZ2 Y; autosomes 

RP11-214M24 Y: 24,651,192-24,736,663  Y 

RP11-26B12 Y: 24,757,211-24,912,901 DAZ3; DAZ4 Autosomes  

RP11-263C17 Y: 26,301,807-26,463,136  Autosomes  

Each BAC clone has their chromosomal position on the human Y chromosome indicated, as well as their 

content in protein coding genes. The clones that do not have any, is because no genes are described for their 

sequence. In the last column are indicated the locations of the hybridization signals on the NLE chromosomes. 

The clones that hybridized only on the Y chromosome and are highlighted were analysed in detail in the present 

work. 
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In the pool two resided the probes RP11-400O10, RP11-460B21 and RP11-5I7 (Figure 

IV.4). As in the previous pool, the positions of the probes were different between species. On 

the human Y chromosome, the probe RP11-400O10 (red) was located on the short arm, in a 

distal position, and on the gibbon chromosome this probe was located in the long arm, in an 

intermediate position. The green and yellow probes, RP11-460B21 and RP11-5I7 respectively, 

were located on the long arm of the human Y chromosome. On the NLE Y chromosome, RP11-

5I7 was located close to the short arm telomere, and RP11-460B21 was positioned between the 

centromere and RP11-400O10, on the long arm.  

The probes RP11-414C23, RP11-218F6 and RP11-256K9 went in to pool three 

(Figure IV.5). RP11-218F6, was located on the long arm in both species. The other two probes 

were in an inverse position, RP11-414C23 was on the short-arm in the human, and on the long 

arm in the gibbon, and RP11-256K9 was on the long arm in human, and on the short arm in the 

gibbon. 

 

 

 

 

 

Figure IV.3 | Physical map of the pool number one – (A) The ideogram of the human Y chromosome shows 

the position of each probe, next to the representative in situ hybridization that displays the concordant signal. 

(B) The hybridization signal on the NLE Y chromosome shows that the probes are located at different 

positions, relative to the human. The NLE Y chromosome ideogram represents approximate positions of the 

probes. At the bottom of the figure are the probes and the respective colour used in this pool. 
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Figure IV.4 | Physical map of the pool number two – (A) On the human Y chromosome, the probe RP11-

400O10 is located on the short arm close to the telomere, and the probes RP11-460B21 and RP11-5I7 are 

located on the long arm. (B) On the NLE Y chromosome, the probe RP11-5I7 is located on the short arm, and 

the probes RP11-400O10 and RP11-460B21 are located on the long arm. The NLE Y chromosome ideogram 

represents approximate positions of the probes. At the bottom of the figure are the probes and the respective 

colour used in this pool. 

Figure IV.5 | Physical Map of the pool number three – (A) The probe RP11-414C23 is located on the short 

arm of the human Y chromosome, and the probes RP11-218F6 and RP11-256K9 are located on the long arm. 

(B) The probe RP11-256K9 is located on the short arm of the NLE Y chromosome and the probes RP11-218F6 

and RP11-414C23 are on the long arm. The NLE Y chromosome ideogram represents approximate positions 

of the probes. At the bottom of the figure are the probes and the respective colour used in this pool. 
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In the fourth pool the probes RP11-507A3, RP11-145K2 and RP11-140H23 were 

grouped (Figure IV.6). As referred before, the probe RP11-140H23 was located on the long 

arm of the human Y chromosome, and on the short arm, close to the centromere, of the gibbon 

Y chromosome. RP11-507A3 was in an intermediate position on the short arm of the human Y 

chromosome, and on the long arm of the NLE Y chromosome. RP11-145K2 was nearly in the 

same position as RP11-507A3 on the long arm of the gibbon Y chromosome, but in human, 

this probe was on the long arm of the Y chromosome. 

The probe RP11-507A3 was also in the pool five, with RP11-80C13 and RP11-214M24 

(Figure IV.7). The probe RP11-507A3, in this pool was red, and as referred before, was located 

on the short arm in the human Y chromosome, and on the long arm on the gibbon Y 

chromosome. RP11-80C13 was located on the long arm of the human and gibbon Y 

chromosome, but on the gibbon’s this probe was closer to the centromere. The probe RP11-

214M24 was located on the long arm of the human Y chromosome, in the most distal position 

of all the probes used in this essay. On the gibbon Y chromosome, RP11-214M24 was located 

on the short arm, in the pericentromeric region.  

Figure IV.6 | Physical map of the pool number four – (A) On the human Y chromosome, the probe, RP11-

507A3, is located on the short arm, and the probes, RP11-145K2 and RP11-140H23 are located on the long 

arm. (B) On the gibbon Y chromosome, the probe RP11-140H23 is located on the short arm, near to the 

centromere, and the probes RP11-507A3 and RP11-145K2 are on the long arm, almost on the same position. 

The NLE Y chromosome ideogram represents approximate positions of the probes. At the bottom of the figure 

are the probes and the respective colour used in this pool. 
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The pool six was constitute by the probes RP11-155J5, RP11-20H21 and RP11-

214M24 (Figure IV.8). The probe RP11-214M24, in this pool was yellow, and as mentioned 

in the previous pool, was located on the long arm of the human Y chromosome, and on the 

pericentromeric region of the short arm of the gibbon Y chromosome. The probe RP11-155J5 

was located on the short arm of both species, but on gibbon was closer to the telomere. The 

probe RP11-20H21 was located on the long arm of the human Y chromosome, and on the short 

arm of the gibbon Y chromosome. 

The probes RP11-414C23, RP11-125B2 and RP11-65G9 were grouped in the pool 

seven (Figure IV.9). The probe RP11-414C23, already mentioned in the pool number three, 

was located on the short arm of the human Y chromosome, and on the long arm of the gibbon 

Y chromosome. RP11-125B2 and RP11-65G9 were located on the long arm of the human Y 

chromosome, while on gibbon, RP11-65G9 was located in an intermediate position on the short 

arm, and RP11-125B2 was located on the long arm. 

 

 

Figure IV.7 | Physical map of the pool number five – (A) The probe RP11-507A3 is located on the short 

arm of the human Y chromosome, and the probes RP11-80C13 and RP11-214M24 are located on the long 

arm. (B) On the NLE Y chromosome, RP11-80C13 keeps located on the long arm, but RP11-507A3 is on the 

long arm, and the RP11-214M24 is located on the short arm. The NLE Y chromosome ideogram represents 

approximate positions of the probes. At the bottom of the figure are the probes and the respective colour used 

in this pool. 
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Figure IV.8 | Physical map of the pool number six – The probe RP11-155J5, red, is located on the short arm 

of the human and gibbon Y chromosomes. The probes RP11-20H21 and RP11-214M24, are located on the 

long arm of the human Y chromosome, but on the short arm of the gibbon Y chromosome. The NLE Y 

chromosome ideogram represents approximate positions of the probes. At the bottom of the figure are the 

probes and the respective colour used in this pool. 

Figure IV.9 | Physical map pf the pool number seven – (A) On the human Y chromosome, the probe RP11-

414C23 is located on the short arm, and the probes RP11-125B2 and RP11-65G9 are located on the long arm. 

(B) On the gibbon Y chromosome, the probe RP11-65G9 is located on the short arm, and the probes RP11-

125B2 and RP11-414C23 are located on the long arm. The NLE Y chromosome ideogram represents 

approximate positions of the probes. At the bottom of the figure are the probes and the respective colour used 

in this pool. 
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In the pool eight were grouped the probes RP11-375P13, RP11-483G19 and RP11-

214M24 (Figure IV.10). As all the previous pools, the number eight had different hybridization 

signals between the two species. On the human Y chromosome, the probe RP11-375P13 was 

located on the short arm and the probes RP11-483G19 and RP11-214M24 were located on the 

long arm. On the gibbon Y chromosome, the probes RP11-483G19 and RP11-214M24 were 

located on the short arm, and the probe RP11-375P13 was located on the centromeric region. 

In all the figures that represents the physical map of the eight pools, the human 

ideograms show the exact position of the probes, while the gibbon ideograms show 

approximated positions of the probes, identified by the in situ hybridizations. Some of the 

hybridization signals appeared to be different from the position of the probes in the ideograms, 

this is due to the level of denaturation of the chromosomes and the batch variation of 

chromosome harvests, and also that the in situ experiments were not accomplished all at the 

same time. 

  

Figure IV.10 | Physical map of the pool number eight – The probe RP11-375P13 is located on the short arm 

of the human Y chromosome, and the probes RP11-483G19 and RP11-214M24 are located on the long arm. 

On the gibbon Y chromosome, the probes RP11-483G19 and RP11-214M24 are located on the short arm, and 

the probe RP11-375P13 is located on the centromeric region. The NLE Y chromosome ideogram represents 

approximate positions of the probes. At the bottom of the figure are the probes and the respective colour used 

in this pool. 
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IV.1.3 Mapping with released chromatin Fibres FISH 

 

Considering the resolution of the metaphase FISH (> 5 Mb), it was not possible to define 

the order of probes whose hybridization signals were located on the same chromosome band, 

or were adjacent on the NLE Y chromosome. For this reason, subsequently a technique with a 

higher resolution was applied – Fibre FISH. As was done before, the probes were grouped in 

new pools of three, taking into account those whose position was not identified by the 

metaphase FISH. As control, the probes were also hybridized in human fibres. 

The three pools hybridized on the human fibres resulted in satisfactory hybridization 

signals, and the probes were correctly located (Figure IV.11 and IV.12). On the other hand, 

on gibbon fibres, only one group of probes (Pool C) had acceptable results (Figure IV.12). In 

the remaining groups, the signals were not strong enough to be distinctive from background 

noise (data not shown).  

The probes RP11-125B2, RP11-460B21 and RP11-218F6 were located on the long arm 

of both species (Figures IV.4, IV.5 and IV.9). On human, the probes RP11-125B2 and RP11-

460B21 overlapped about 22 kb, as shown in the probe scheme and in the in situ of the Figure 

IV.11, and the probe RP11-218F6 was next, about 240 kb apart. On the gibbon Y chromosome, 

the pattern of the probes was maintained – RP11-125B2, RP11-460B21 and RP11-218F6 – but 

it was not possible to determine if RP11-125B2 and RP11-460B21 were overlapped, due to the 

background noise. It was also impossible to define the orientation of the probes, in other words, 

identify which probe was closer to the centromere.  

  



RESULTS | 

  - 58 -  

 

 

Figure IV.12 | Physical mapping with FISH on HSA and NLE fibres– On the human Y chromosome the 

probes RP11-125B2 and RP11-460B21 overlapped about 22 kb, and the probe RP11-218F6 is located in a 

more distal position. On the gibbon Y chromosome, the order of the probes is maintained, red – yellow – green, 

but the overlap is less obvious, possibly due to the background noise.  

Figure IV.11 | Physical mapping with FISH on HSA fibres – On the human Y chromosome, both pools 

showed satisfactory signals, and the probes were correctly located.  
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IV.2 Characterization of the satellite III DNA on Nomascus leucogenys  

 

IV.2.1 Isolation of the satellite III DNA sequence 

  

 In order to check the presence, and to isolate the satellite III DNA sequence in the 

Nomascus leucogenys genome, PCR was performed with satellite III DNA primers and NLE 

and HSA genomic DNAs as templates. This set of primers (forward and reverse) were designed 

from a human sequence, referred before. When analysed in silico, in the human genome, this 

set of primers amplify a 99 bp sequence.  

 The products of the amplification were electrophoresed using a 1.5% agarose gel 

(Figure IV.13), and the respective bands were then excised and isolated. Theoretically, the 

band of interest should be the more intense, however, this did not happen in this case. The 

presence of more than one band may have been due to the repetitive nature of the sequence.  

 After the isolation, the bands were purified and cloned. The screening of the clones, 

was then accomplished by PCR, to identify the false positives. The products of the amplification 

that had the expected molecular weight were selected and labelled with digoxigenin, and used 

as probes in a DNA FISH experiment. 

 The clones that passed in the three screening tests (blue/white colonies, PCR and 

FISH), were sent to sequencing – 9 human SatIII clones, and 7 gibbon SatIII clones. 

Figure IV.13 | Agarose gel 1.5% with amplification products – The stars represent the bands that were 

excised and isolated. The remaining bands are, probably, repetitions of the Sat III monomer. ML – molecular 

ladder; HSA – Homo sapiens; NLE – Nomascus leucogenys. 
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IV.2.2 In silico analysis of the Satellite III DNA sequence isolated from HSA and NLE 

 

 Before the in silico analysis, the raw sequences from the sequencing were processed 

in order to discriminate the cloning vector sequence from the satellite sequence – the vector 

sequence was removed. Next, the sequences were aligned using the bioinformatic tool Clustal 

Omega (EMBL-EBI). From this alignment were produced consensus sequences (Figure IV.14 

and IV.16) and a chart with the identity percentages (Table IV.2 and IV.3).  

Table IV.2 | Percent Identity Matrix of NLE satellite III sequences isolated from seven clones 

 NLE cl 1 NLE cl 7 NLE cl 11 NLE cl 19 NLE cl 20 NLE cl 26 NLE cl 28 

NLE cl 1 100% 42.35% 71.26% 74.03% 76.19% 81.82% 81.82% 

NLE cl 7 42.35% 100% 34.83% 36.36% 40% 41.11% 41.11% 

NLE cl 11 71.26% 34.83% 100% 96.25% 74.71% 70.65% 70.65% 

NLE cl 19 74.03% 36.36% 96.25% 100% 80% 71.25% 71.25% 

NLE cl 20 76.19% 40% 74.71% 80.00% 100% 75% 75% 

NLE cl 26 81.82% 41.11% 70.65% 71.25% 75% 100% 100% 

NLE cl 28 81.82% 41.11% 70.65% 71.25% 75% 100% 100% 

 The sequences isolated from the gibbon, displayed high similarity at the extremities, 

but in the middle, the similarity decreased expressively. Concerning the percentages, they vary 

significantly, with values between 100% and 34%, which led to doubts whether the satellite III 

DNA sequence was actually isolated. However, when the consensus sequence was evaluated 

using blastn (NCBI-Standard Nucleotide BLAST), the first hit, was precisely the Human 

satellite III DNA sequence (X54108.1), with a query cover of 94%, and an identity of 73% 

(Figure IV.15) followed by a human BAC clone from the Y chromosome. 

Figure IV.14 | Alignment of the NLE satellite III sequences isolated from seven clones. – At the 

extremities, the sequences exhibit a high identity, however at the middle the identity is low. The colour code 

is in agreement with the identity value.  The consensus sequence is at the bottom. The alignment was performed 

by Clustal Omega (EMBL – EBI). 

The percentage of identity of the sequences differs a lot. The lowest is 34.83 % between the clone 7 and the 

clone 11, and the higher is 100% between the clone 26 and the clone 28. This matrix was obtained from Clustal 

Omega (EMBL – EBI). 
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 The HSA sequences, showed a lower identity amongst them (Figure IV.16), in 

comparison with the NLE sequences alignment (Figure IV.14). The percentages of identity 

vary significantly, but were mostly low, between the 40% and 80% (Table IV.3). When 

analysed on the blastn, the human consensus sequence revealed similarity with a wide variety 

of sequences of human, mouse and chimpanzee clones of different chromosomes (Figure 

IV.17). The Human satellite III DNA sequence appeared only at the position number thirty-

two, however, the values of similarity were higher than the values of the same analyses with 

the NLE consensus sequence. The HSA consensus sequence had a query cover of 92%, and an 

identity of 75% with the Human satellite III DNA sequence. 

 

Figure IV.16 | Alignment of the HSA satellite III sequences isolated from nine clones –The sequences 

isolated from human displayed low similarity in all its extension. The colour code is in agreement with the 

identity value. The consensus sequence is at the bottom. The alignment was performed by Clustal Omega 

(EMBL – EBI). 

Figure IV.15 | Results from the analysis performed with blastn – Considering the NLE consensus sequence 

as query sequence, this were the ten first hits. In the first position was the Human satellite III DNA sequence, 

followed by a BAC clone sequence from the Y chromosome. The alignment was performed with blastn – 

NCBI. 
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As determined before, the values of identity between the NLE and HSA consensus 

sequences and the Human satellite III DNA sequence were very similar (73% and 75%, 

respectively). The consensus sequences from the two species were then aligned with each other. 

To facilitate the analysis, the results were presented in a dot matrix (Figure IV.18). The two 

Table IV.3 | Percent Identity Matrix of HSA satellite III sequences isolated from nine clones 

 HSA cl 

5 

HSA cl 

10 

HSA cl 

12 

HSA cl 

13 

HSA cl 

14 

HSA cl 

15 

HSA cl 

17 

HSA cl 

18 

HSA cl 

19 

HSA cl 

5 

100% 79.81% 93.27% 40% 74.44% 40.95% 75.31% 74.44% 80.39% 

HSA cl 

10 

79.81% 100% 69.52% 44.04% 90.10% 44.95% 84.78% 91.09% 79.79% 

HSA cl 

12 

93.27% 69.52% 100% 34.29% 63.33% 34.29% 61.73% 63.33% 78.49% 

HSA cl 

13  

40% 44.04% 34.29% 100% 44.21% 77.78% 44.19% 45.26% 42.42% 

HSA cl 

14 

74.44% 90.10% 63.33% 44.21% 100% 46.32% 83.33% 97.06% 74.68% 

HSA cl 

15 

40.95% 44.95% 34.29% 77.78% 46.32% 100% 44.19% 46.32% 43.43% 

HSA cl 

17 

75.31% 84.78% 61.73% 44.19% 83.33% 44.19% 100% 84.62% 78.57% 

HSA cl 

18 

74.44% 91.09% 63.33% 45.26% 97.06% 46.32% 84.62% 100% 75.95% 

HSA cl 

19 

80.39% 79.79% 78.49% 42.42% 74.68% 43.43% 78.57% 75.95% 100% 

The identity values were mostly low, however there were some exceptions, as the alignment between the clone 

14 and the clone 17, with 97,06% of identity. This matrix was obtained from Clustal Omega (EMBL – EBI)  

Figure IV.17 | Results from the alignment performed with blastn – As query sequence was used the HSA 

consensus sequence. The first hits were with sequences of human, mouse and chimpanzee clones of different 

chromosomes. At the position thirty-two was the sequence used to design the primers for the isolation, with 

92% of query cover, and 75% of identity. The alignment was performed with blastn – NCBI. 
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sequences had a query cover of 100% and an identity of 70%, and aligned at five different sites, 

as can be seen in the dot matrix. 

 

 

Figure IV.18 | DOT matrix with the NLE and HSA consensus sequences – The HSA consensus sequence 

was represented on the X-axis and the numbers represent the bases of the sequence. The NLE consensus 

sequence was represented on the Y-axis and the numbers represent the bases of the sequence as well. There 

were five alignments along these two sequences, as can be seen from the number of lines in the matrix. This 

alignment was performed by blastn – NCBI. 



RESULTS | 

  - 64 -  

 

IV.2.3 Physical map of the NLE satellite DNA sequences 

 

 The sequences isolated and extracted from the NLE clones, were utilized as probes in 

the DNA-FISH, with the goal of mapping and characterize the pattern of the Satellite III DNA 

on the gibbon Nomascus leucogenys chromosomes. The NLE probes were also used on human 

chromosomes, as well as the HSA sequences that were hybridized on human, and gibbon 

metaphases. 

 The different NLE clones displayed a similar hybridization pattern on gibbon 

chromosomes (Figure IV.19). The hybridization signal was located on the centromeric region 

of some metacentric and submetacentric chromosomes, and on the centromeric region of almost 

all the acrocentric chromosomes. On the gibbon Y chromosome, the probes appeared to map 

on the pericentromeric region, and on the nucleolus organizer region (NOR), however the 

presence of signal on this region cannot be confirmed because was not performed silver staining 

for the NOR (Ag-NOR banding). 

Regarding the human sequences, the pattern of hybridization signal of the HSA clones 

on human chromosomes was similar with the pattern on the gibbon metaphases (Figure IV.20). 

The hybridization signal was located on the pericentromeric region of the acrocentric 

chromosomes, on the pericentromeric of some metacentric and submetacentric chromosomes, 

Figure IV.19 | Representative in situ hybridization of the NLE Satellite III DNA in NLE chromosomes 

– The pattern of the hybridization signal of the two probes was similar, with signals on the centromere of some 

metacentric and submetacentric chromosomes, and on almost all acrocentric chromosomes. On the Y 

chromosome, these probes appeared to map in the centromere and in the nucleolus organizer region (NOR). 
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and there was also some disperse signals on some chromosome arms. On the Y chromosome, 

the signal appeared to be located on the pericentromeric region. 

 The results from the comparative in situ hybridization were similar with the previous 

ones; however, the signal was not as strong (Figure IV.21). The human probe was located on 

the pericentromeric region of some gibbon chromosomes, similarly, the gibbon probe was 

located on the pericentromeric region of some human chromosomes, mainly acrocentric. 

  

Figure IV.20 | Representative in situ hybridization of the human Satellite III DNA sequences on human 

chromosomes – The hybridization signal was located mainly on the pericentromeric region of some of the 

chromosomes, and there were also a few signals on some chromosome arms. On the Y chromosome, the signal 

appeared to be located on the pericentromeric region. 
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Figure IV.21 | Comparative in situ hybridization of the HSA and NLE clones, on gibbon and human 

chromosomes – As expected, the hybridization signal was weaker in this essay, but the pattern was similar 

with the previous results. On the gibbon (left), the human probe was located on the pericentromeric region of 

some chromosomes. The same happened in the human chromosomes (right), the gibbon probe was located in 

the pericentromeric region of some chromosomes, principally the acrocentric. 
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  V. Discussion 

 

 

This work was focused on the construction of the map of the Y chromosome of the 

gibbon Nomascus leucogenys, with human Y as the reference. For this purpose, the main 

technique used was the Fluorescence in situ hybridization. In the first phase, the human BAC 

clones that are located in the euchromatic portion of the human Y chromosome were mapped 

onto NLE chromosomes. In the second phase, Satellite III was isolated and mapped, both in the 

gibbon and human genomes. 

 

V.1 Cytogenetic characterization of human BAC clones in the gibbon Y chromosome. 

 

V.1.1 Mapping using metaphase FISH 

 

 Based on their conservation on the Y chromosomes of some primates (human, rhesus 

and chimpanzee), 40 BAC clones were chosen and hybridized on the gibbon chromosomes, as 

referred before. Of these, only 25 BAC clones hybridized exclusively on the gibbon Y 

chromosome, and 19 were analysed in detail in this work (Table IV.1).  

Among the BAC clones that did not hybridize on the gibbon Y chromosome, RP11-

74L17 and the RP11-155F12 reside on the pseudoautosomal region (PAR) of the short arm of 

the human Y chromosome, and thus they also each gave a signal on the human X chromosome 

as expected. In gibbon, the signals of these BAC clones were located on the terminal region of 

the long arm of the Y chromosome (Yqter) and on the short arm of the X chromosome (Xpter) 

(Figure IV.1). The same was described for rhesus and chimpanzee with different probes – the 

single pseudoautosomal region in rhesus (Yqter) and the single PAR in chimpanzee (Yqter) 

corresponds to the short-arm PAR in human (Ypter) (Hughes et al., 2012). 

BAC clones RP11-122L9 and the RP11-375C22 did not hybridize onto the NLE Y 

chromosome (Figure IV.2). The absence of these two BAC clones from the gibbon Y 

chromosome was expected, because they contain the PCDH11Y gene (Protocadherin Y – that 

encodes cell-surface adhesion molecules expressed predominantly in the brain). This gene is 

located in the X-transposed region on the human Y chromosome, and as noted above the X to 

Y transposition occurred after the divergence human from chimpanzee, 6 million years ago. 
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Therefore, the PCDH11Y has a homologue on the X chromosome (PCDH11X/Y gene pair). 

This result, along with others showed the absence of this gene in non-human primate Y 

chromosomes, emphasize the hypothesis of a human and male specific role for this gene pair 

(Blanco et al., 2000; Wilson et al., 2006; Priddle and Crow, 2013; Terry and Beltran, 2014). 

  Immediately below the PAR, comes the BAC clone RP11-400O10, followed by RP11-

414C23, and RP11-507A3, on the short arm of the human Y chromosome. As it is adjacent to 

the PAR, the clone RP11-400O10 was used to analyse the human pseudoautosomal region 

boundary of the human Y chromosome in comparison with rhesus and chimpanzee. The signal 

of this clone in human chromosomes is similar to the ones that comprise the PAR – one signal 

on the Y chromosome and one signal on the X chromosome (Hughes et al., 2012). However, 

on the gibbon hybridization signal was observed only on the Y chromosome – on the long arm, 

Yq12.1. RP11-414C23 and RP11-507A3 exhibited hybridization signal similar to that of RP11-

400O10 (Figures IV.4, IV.5, IV.6, IV.7 and VI.9). Comparing their localization in human and 

NLE, these BAC clones were almost in opposite positions (Figure IV.11). The same is true for 

rhesus and chimpanzee according to position of genes contained in the three BAC clones 

(Hughes et al., 2010, 2012). RP11-400O10 contains the gene SRY and RPS4Y1, and RP11-

414C23 contains the gene ZFY, both involved in the male determining pathway (Wallis, Waters 

and Graves, 2008; Kashimada and Koopman, 2010; Decarpentrie et al., 2012). RP11-507A3 

includes the gene AMELY. RP11-400O10, RP11-414C23 and RP11-507A3, and the genes 

contained in their sequences are part of the class of X-degenerated sequences. 

 On the short arm of human Y chromosome, immediately before the pericentromeric 

region there is a block of ampliconic sequences. From this region two BAC clones were 

selected– RP11-375P13 and RP11-155J5. Although they are in close locations in the human, 

this same feature was not observed in the NLE gibbon. On the NLE Y chromosome, the 

hybridization signal of the RP11-375P13 was located on the pericentromeric region (Figure 

IV.10), while the hybridization signal of RP11-155J5 was located close to the telomeric region 

on the short arm (Yp12.1) (Figure IV.8). Noting that in gibbon these two clones were located 

in regions enriched in repetitive sequences – telomeric and pericentromeric regions. Both type 

of sequences, ampliconic and repetitive, evolved in similar way, by concerted evolution, 

specifically by gene conversion (Trombetta and Cruciani, 2017). RP11-375P13 and RP11-

155J5 do not include coding genes. The clone RP11-375P13 is located on the long arm of the 

chimpanzee's Y chromosome at about 14 Mbp, and at about 7 Mbp of the rhesus Y 
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chromosome. Nevertheless, it was not possible to determine the localization of the RP11-155J5 

on chimpanzee and rhesus. 

 Analysing the human Y chromosome ideogram shown in Figure V.1, there is a group 

of sequences, located in the band Yq11.221, which appears to have been relocated in block on 

NLE Y. This block comprises RP11-125B2, RP11-460B21, RP11-218F6, RP11-145K2, RP11-

148G1 and RP11-80C13. In the gibbon, the signal of hybridization of these five probes, was 

located on the long arm of the Y chromosome, band 11.2 (Figure IV.3, IV.4, IV.5, IV.6, IV.7 

and IV.9). With the exception of RP11-80C13, all these BAC clones are from the X-

degenerated region. Since RP11-80C13 does not contain any known gene, it is difficult to 

determine which class this BAC belongs to and to establish the exact boundaries of these 

classes. The clones RP11-125B2 and RP11-460B21 contain the genes USP9Y and DDX3Y, 

respectively. The RP11-218F6 contains the gene UTY. The gene TMSB4Y is part of the 

sequence of the RP11-145K2. RP11-148G1 comprises the gene NLGN4Y. In the rhesus Y 

chromosome, these five genes are also located in almost adjacent positions, on the distal 

position of the long arm (Hughes et al., 2012). In the chimpanzee Y chromosome, the genes 

USP9Y and TMSB4Y are absent, and UTY, DDX3Y and NLGN4Y are located on the long arm of 

the Y chromosome, on the larger block of X-degenerated region (Hughes et al., 2010). 

 Another block that seems to be transposed in block, comprises the BAC clones RP11-

20H21, RP11-483G19, RP11-5I7, RP11-256K9, and RP11-450B24. On the human Y 

chromosome, these probes were located on the long arm – Yq11.222 and Yq11.223. On the 

gibbon Y chromosome, the hybridization signal of these probes was located on the short arm; 

however, it was not possible to discriminate the exact position and order, due to the limitation 

of metaphase FISH (Figure IV.3, IV.4 IV.5, IV.8 and IV.10). RP11-483G19, RP11-256K9 

and RP11-450B24 belong to the X-degenerated region, while RP11-20H21 belongs to the 

ampliconic region. RP11-20H21 contains the gene HSFY2. TXLNGY gene or CYorf15A is 

localized at the Yq11.222 to Yq11.223 boundary, and is contained in RP11-483G19. Adjacent 

to RP11-5I7, which does not have any coding gene, is the RP11-256K9 that contains the gene 

EIF1AY. RP11-450B24 includes the gene RPS4Y2. On the chimpanzee Y chromosome, the 

gene HSFY2 is absent, and the genes CYorf15A, EIF1AY and RPS4Y2 are located on the long 

arm, on the proximal boundary of the X-degenerated region. Rhesus macaque Y did not lost 

any of these four genes, and they are located in the middle of the long arm (Hughes et al., 2010, 

2012). 
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 The last four BAC clones used in this study, RP11-65G9, RP11-140H23 and RP11-

214M24, are located on the long arm of the human Y chromosome, with RP11-214M24 at the 

most distal position (Figure V.1). In the gibbon Y chromosome, the hybridization signal of 

these BAC clones was also located on the short arm, similar as the group mentioned above. 

These were not included in the above-mentioned group because their signals were located 

slightly below (Figure VI.3, VI.6, IV.7 and IV.10). RP11-65G9 and RP11-214M24 do not 

comprise any known gene in their sequences, but RP11-140H23 include DAZ1 and DAZ2. On 

the rhesus macaque Y chromosome they are located in separated ampliconic regions, near to 

the centromere, and on the chimpanzee Y chromosome are located on the short arm (Hughes et 

al., 2010, 2012). The genes mentioned are described with more detail in the Figure I.2. 

 

V.1.2 Mapping with released chromatin fibres FISH 

 

 The resolution of the metaphase FISH was not sufficient to discriminate the position of 

the probes that were located in the same band or in adjacent positions, in the gibbon Y 

chromosome. For this reason, it was necessary to resort to a more powerful technique – Fibre 

FISH. Although several attempts were made, with different sets of BAC clones, only one group 

had satisfactory data. Human probe and target assays had satisfactory results (Figure IV.11). 

 The BAC clones that showed acceptable data were RP11-125B2, RP11-460B21 and 

RP11-218F6. In the gibbon Y chromosome, these probes were located on the long arm 

(Yq11.2), and in the human Y chromosome were located on Yq11.221. It was possible to verify 

that these probes were located in the same position amongst them, in the two species (Figure 

IV.12), however it wasn’t possible to recognise which probe is closer to the centromere in the 

gibbon. In the rhesus Y chromosome, the probes are in the inverse order – RP11-218F6 is 

proximal, RP11-460B21 in the middle and RP11-125B2 is distal, on the long arm. In 

chimpanzee, RP11-125B2 is not present, RP11-218F6 is distal and RP11-460B21 is proximal 

to the centromere, on the long arm (Hughes et al., 2010, 2012). 

 

 Summing up, considering the Figures V.1 and V.2, was possible to map 19 human 

BAC clones along the gibbon Y chromosome, with 15 genes included in the BAC sequences. 

First of all, a morphological size variability is evident when metaphase Y chromosomes of 

human and gibbon are compared, probably due to the huge block of heterochromatin that 

comprises the long arm of the human Y chromosome. The same happens with the Y 
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chromosomes of the rhesus and the chimpanzee, since they do not have large blocks of 

heterochromatin either. Organizationally, the gibbon chromosome appears to be comprised of 

X-degenerated sequences in the long arm, ampliconic sequences in the pericentromeric region, 

and a mixture of the two classes of sequences in the short arm (Figure V.1). Comparing human, 

rhesus, chimpanzee and gibbon, all Y chromosomes have in common that the SRY gene maps 

in close proximity to pseudoautosomal region boundary, together with the ZFY gene. This also 

happened in other apes as gorilla, orangutan, baboon, marmoset, among others, which indicates 

a high conservation of this region (Gläser et al., 1998).  

The MSY region  sequences are quite reshuffled between human and gibbon, which, 

along with others Y chromosomes studies, confirm the wide variation of this chromosome in 

gene content, size, and structure (Hughes and Page, 2015). Analysing Figure V.2A, it is 

possible to infer some of the rearrangements that occurred throughout the Y chromosome 

evolution since the gibbon to human. Of the ten BAC clones, mapped on the short arm of the 

gibbon Y chromosome, eight appear to have undergone a translocation/inversion to the long 

arm in the human Y chromosome. Also, three probes mapped on the gibbon Y chromosome, in 

the most distal position of the long arm, appear to have undergone a translocation/inversion to 

the short arm in the human Y chromosome. The BAC clone RP11-155J5 remained on the short 

arm of the Y chromosome in both species, but a translocation or a short arm inversion appears 

to have occurred since this probe is located on the telomeric region on gibbon, and close to the 

pericentromeric region on human. The same is true for the probe RP11-375P13 that is located 

on the centromeric region on the gibbon Y chromosome, and upper on the short arm of the 

human Y chromosome. Finally, the six BAC clones, located on the long arm of the gibbon Y 

chromosome, immediately following the centromere, remain in the long arm in the human. But 

there seems to have been a translocation / insertion, or amplification of other sequences in this 

region, because in human, these probes are far from the centromere. These inferences are in 

agreement with the results of Inácio-Felício et al., (2017, unpublished work), described in 

Figure V.2B. In what concerns the gene content, gene position and considering the sequence 

classes distribution, NLE Y chromosome seems to be more similar to the rhesus Y chromosome 

(Hughes et al., 2012; Li et al., 2013). 

Of the 17 ancient genes, 15 were successfully mapped on the gibbon Y chromosome, 

validating the importance of these genes in the hominoid lineage, since they were not lost during 

evolution. The study and the discovery of the function of these genes helped bring to light the 

biological and medical relevance of the Y chromosome. The Y chromosome harbours male-
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specific genes, which play pivotal roles in male sex determination, germ cell differentiation, 

and masculinization of various tissues (Figure I.2). Lately, another biological role is emerging 

– the influence of the Y chromosome genes beyond the reproductive tract, as its effect in cancer 

(Kido and Lau, 2015). 

 

  

Figure V.1 | The sequence classes present on the Y chromosome of the gibbon, based on the sequences 

of the BAC clones –Taking into account the sequences of the human BAC clones mapped in the gibbon Y 

chromosome (at the right), it was possible to construct a draft with the distribution of the sequence classes (at 

the left). The colours of the legend were based on the Figure I.2. adapted from (Li et al., 2013) 
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V.2 Characterization of the satellite III DNA on Nomascus leucogenys 

 

The second part of my project focused on characterizing the satellite III in Nomascus 

leucogenys at the molecular and cytogenetic level. For this purpose, were isolated sequences 

from gibbon and human using SatIII primers. The cloned sequences were studied with the 

support of bioinformatic tools and used as probes in FISH. 

 

V.2.1 Isolation and in silico analysis of the Satellite III DNA sequence isolated from HSA 

and NLE 

 

 For the isolation primers used were designed from a sequence of satellite III DNA 

present on the human Y chromosome (Choo et al., 1990). This sequence belongs to the satellite 

III DNA subfamily pTRS-47, which fits into the second subgroup that have approximately an 

equal representation of the GGAAT and GGAGT sequence motifs, as discussed previously. It 

was possible to amplify the SatIII sequences from HSA and NLE, confirming the presence of 

these sequences in both genomes (Figure IV.12). The presence of this sequence in species of 

different families indicates its conservation throughout the evolutionary process and its 

probable importance, thus making its study essential. 

 After sequencing, the raw data was treated, and the sequences were aligned by Clustal 

Omega (EMBL-EBI). The alignments showed more similarity between the gibbon sequences 

than between the human sequences (Figure IV.13 and IV.15; Table IV.2 and IV.3). In order 

to confirm the identity of the isolated sequences, the NCBI-BLASTN search tool (NCBI-

Standard Nucleotide BLAST) was used, which allowed the alignment of the HSA and NLE 

consensus sequence with the database (Figure IV.14 and IV.16). The gibbon sequences were 

found to be similar to satellite III DNA; however, the identity values were low (73%). This can 

be due to the conservation of the sequences at the extremities where the primers anneal, which 

allowed its isolation, whereas at the centre the sequences were divergent. The human sequences 

aligned primarily with a wide variety of sequences of human, mouse and chimpanzee clones of 

different chromosomes. This implies that the isolated satellite III may be present in these 

species, and in these chromosomes. Yet, the identity values were low. Still, it is possible to 

deduce that the satellite sequence III was isolated since it aligns with Human satellite III DNA, 

with an average identity of 75%. When aligned, the consensus sequences of the two species 

exhibited a 70% identity (Figure IV.17). These results are in agreement with some of the 
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inferences of Jarmuz et al. (2007), which reported that the satellite III sequence evolution in 

primates appear to be highly complex. Variation of the satellite III sequences were found 

between primate species, between chromosomes of the same species and even between two 

different hybrids containing human chromosome 21. These results support the concept that 

some satellite sequences remain conserved throughout the evolution whereas other sequences 

show dynamic nucleotide changes even in the same population (Ugarković and Plohl, 2002; 

Jarmuz et al., 2007).  

 

IV.2.3 Physical map of the NLE satellite III sequences 

 

 The physical mapping of the satellite III sequence on metaphase chromosomes of the 

different species (Figure IV.19 and IV.20) revealed that this sequence was located mainly in 

the pericentromeric regions of certain chromosomes. In the NLE gibbon, the sequence was 

found in the pericentromeric region of almost all acrocentric chromosomes and in the 

pericentromeric region of some metacentric and submetacentric chromosomes (Figure IV.19). 

The same was reported by Jarmuz et al. (2007) for other species of gibbons, where satellite III 

probes were found mainly in the pericentromeric region of the acrocentric chromosomes, also 

in 2-5 pairs of metacentric, or non-acrocentric, chromosomes, and on the Y chromosome. On 

the Y chromosome of the NLE, the satellite III appeared to be located in the pericentromeric 

region and in the NOR region (Figure IV.19). In human, the results were similar – satellite III 

was located at the pericentromeric region of almost all acrocentric chromosomes, and on few 

non-acrocentric chromosomes. On the human Y chromosome, the signal appeared to be located 

on the pericentromeric region (Figure IV.20). Analysing the in situ images (Figure IV.19 and 

IV.20), it becomes obvious that there were more hybridization signals on the chromosomes of 

the gibbon than in the human, which can be a consequence of the loss of satellite DNA during 

chromosomal evolution (Mitchell et al., 1977). In the cross-species FISH (Figure IV.21), the 

hybridization signals were weaker, which was expected, since the probes and target were from 

different species. However, the location of the signals was similar to the previous analyses. The 

presence of satellite III DNA mostly on the acrocentric and NOR bearer chromosomes of 

primates, suggests that they evolved together and spread with ribosomal DNA sequences 

(rDNA). The association of NORs of non-homologous acrocentric chromosomes during cell 

division and the existence of crossing over between these chromosomes, may explain the 

homology of the satellite sequences in acrocentric chromosomes (Bandyopadhyay et al., 2001; 
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Jarmuz et al., 2007). Due to its presence in the NLE genome, and according to Jarmuz et al. 

(2007), satellite III DNA appears to have arose before the divergence of the gibbon from the 

other primates (~16-20 Mya). Furthermore, the subfamilies of group 2 (composed by 

approximately an equal representation of the GGAAT and GGAGT sequence motifs) are older 

than the subfamilies of group 1 (composed predominantly by sequence motif GGAAT), since 

the latter is present only in the human.  

The conservation of these sequences in the genomes, and throughout the primate 

evolution, may be related to their functional relevance, as the role of the SatIII DNA in the 

cellular stress response pathway; however, the functional nature of most of the repetitive DNA 

remains unknown, owing to the laboriousness, and limited tools available, to scrutinize these 

sequences (Louzada et al., 2015). 
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VI. Conclusion and Future Perspectives 

 

 

 Comparative genomics involving nonhuman primates can provide information essential 

to elucidate the genetic basis of the human diseases or to understand the origin of humans 

(Rogers and Gibbs, 2014). Since the gibbons were the first to branch off the hominid lineage, 

they give a unique perspective to study the human evolution. With these objectives, many 

genomes of primates, including the gibbon, and other mammals are being sequenced. However, 

only a few studies have focused on the Y chromosomes, due to its repetitive nature (Rogers, 

2013; Cortez et al., 2014). Besides the role they play in the male sex determination, Y 

chromosome genes are involved in a wide variety biological processes that have not been fully 

explored (Kido and Lau, 2015). 

 In this work, we have constructed a comparative map of the Y chromosome between 

the gibbon N. leucogenys and the human, by comparative mapping of 19 human BAC clones 

from the euchromatic portion of the MSY region. On the gibbon Y chromosome, these clones 

were at different positions from that on the human Y chromosome, indicating several 

evolutionary rearrangements. However, the presence of the human sequences and the genes 

contained within on the Y chromosome of the gibbon suggest their conservation, supporting 

their functional importance. Also conserved was the presence of the satellite III DNA on the 

pericentromeric region of some human and gibbon chromosomes, mostly acrocentric. On the 

gibbon Y chromosome, the satellite III was located at pericentromeric region as well, but also 

in the NOR, which was in agreement with the concept that SatIII DNA and rDNA evolved 

together. The in silico analyses revealed that both the SatIII sequences isolated from gibbon 

and human were slightly different with the similarity values below 80%. 

 Up to date there are only a few studies on the gibbon Y chromosomes, thus it would be 

interesting in the future to sequence the Y chromosome of the gibbon. It will also be required 

to map more genes, and also to verify if these genes are transcribed or are inactive. Only one 

repetitive sequence was analysed in this thesis; therefore, there is a possibility for more similar 

studies. There is still much to do in what concerns the evolution of Y chromosome and the 

repetitive sequences. 



 

- 82 - 

 

  



REFERENCES | 

- 83 - 

 

 VII. References 

 

Adega, F., Guedes-Pinto, H. and Chaves, R. (2009) ‘Satellite DNA in the karyotype evolution 

of domestic animals--clinical considerations.’, Cytogenetic and genome research, 126(1–2), pp. 

12–20. doi: 10.1159/000245903. 

Akhatova, F. S., Gaifullina, R. F. and Khusnutdinova, E. K. (2013) ‘Human Y Chromosome as 

a Genetic Marker’, World Applied Sciences Journal, 26(4), pp. 454–460. doi: 

10.5829/idosi.wasj.2013.26.04.13479. 

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. and Walter, P. (2014) Molecular 

Biology of the Cell, 4th edition. Garland Science. doi: 10.1091/mbc.E14-10-1437. 

Bachtrog, D. (2013) ‘Y-chromosome evolution: emerging insights into processes of Y-

chromosome degeneration.’, Nature reviews. Genetics, 14(2), pp. 113–24. doi: 

10.1038/nrg3366. 

Bandyopadhyay, R., McQuillan, C., Page, S. L., Choo, K. H. and Shaffer, L. G. (2001) 

‘Identification and characterization of satellite III subfamilies to the acrocentric 

chromosomes.’, Chromosome research : an international journal on the molecular, 

supramolecular and evolutionary aspects of chromosome biology, 9(3), pp. 223–33. doi: 

10.1023/A:1016648404388. 

Bellott, D. W., Hughes, J. F., Skaletsky, H., Brown, L. G., Pyntikova, T., Cho, T.-J., Koutseva, 

N., Zaghlul, S., Graves, T., Rock, S., Kremitzki, C., Fulton, R. S., Dugan, S., Ding, Y., Morton, 

D., Khan, Z., Lewis, L., Buhay, C., Wang, Q., Watt, J., Holder, M., Lee, S., Nazareth, L., Rozen, 

S., Muzny, D. M., Warren, W. C., Gibbs, R. A., Wilson, R. K. and Page, D. C. (2014) 

‘Mammalian Y chromosomes retain widely expressed dosage-sensitive regulators’, Nature, 

508(7497), pp. 494–499. doi: 10.1038/nature13206. 

Benson, K. R. (2001) ‘TIMELINE: T. H. Morgan’s resistance to the chromosome theory’, 

Nature Reviews Genetics, 2(6), pp. 469–474. doi: 10.1038/35076532. 

Biamonti, G. and Vourc’h, C. (2010) ‘Nuclear Stress Bodies’, Cold Spring Harbor Perspectives 

in Biology, 2(6), pp. a000695–a000695. doi: 10.1101/cshperspect.a000695. 

Biscotti, M. A., Canapa, A., Forconi, M., Olmo, E. and Barucca, M. (2015) ‘Transcription of 

tandemly repetitive DNA: functional roles’, Chromosome Research, 23(3), pp. 463–477. doi: 

10.1007/s10577-015-9494-4. 

Blanco, P., Sargent, C. A., Boucher, C. A., Mitchell, M. and Affara, N. A. (2000) ‘Conservation 

of PCDHX in mammals; expression of human X/Y genes predominantly in brain.’, Mammalian 



REFERENCES | 

- 84 - 

 

genome, 11(10), pp. 906–14. doi: 10.1007/s003350010177 [pii]. 

Brown, T. A. (2010) Gene cloning and DNA analyses, John Wiley & Sons. Wiley-Blackwell. 

Burt, D. W. (2001) ‘Chromosome Rearrangement in Evolution’, in Encyclopedia of Life 

Sciences. Chichester, UK: John Wiley & Sons, Ltd, pp. 1–5. doi: 10.1038/npg.els.0001500. 

Capozzi, O., Carbone, L., Stanyon, R. R., Marra, A., Yang, F., Whelan, C. W., de Jong, P. J., 

Rocchi, M. and Archidiacono, N. (2012) ‘A comprehensive molecular cytogenetic analysis of 

chromosome rearrangements in gibbons.’, Genome research, 22(12), pp. 2520–8. doi: 

10.1101/gr.138651.112. 

Carbone, L., Alan Harris, R., Gnerre, S., Veeramah, K. R., Lorente-Galdos, B., Huddleston, J., 

Meyer, T. J., Herrero, J., Roos, C., Aken, B., Anaclerio, F., Archidiacono, N., Baker, C., Barrell, 

D., Batzer, M. A., Beal, K., Blancher, A., Bohrson, C. L., Brameier, M., Campbell, M. S., 

Capozzi, O., Casola, C., Chiatante, G., Cree, A., Damert, A., de Jong, P. J., Dumas, L., 

Fernandez-Callejo, M., Flicek, P., Fuchs, N. V, Gut, I., Gut, M., Hahn, M. W., Hernandez-

Rodriguez, J., Hillier, L. W., Hubley, R., Ianc, B., Izsvák, Z., Jablonski, N. G., Johnstone, L. 

M., Karimpour-Fard, A., Konkel, M. K., Kostka, D., Lazar, N. H., Lee, S. L., Lewis, L. R., Liu, 

Y., Locke, D. P., Mallick, S., Mendez, F. L., Muffato, M., Nazareth, L. V, Nevonen, K. A., 

O’Bleness, M., Ochis, C., Odom, D. T., Pollard, K. S., Quilez, J., Reich, D., Rocchi, M., 

Schumann, G. G., Searle, S., Sikela, J. M., Skollar, G., Smit, A., Sonmez, K., Hallers, B. ten, 

Terhune, E., Thomas, G. W. C., Ullmer, B., Ventura, M., Walker, J. A., Wall, J. D., Walter, L., 

Ward, M. C., Wheelan, S. J., Whelan, C. W., White, S., Wilhelm, L. J., Woerner, A. E., Yandell, 

M., Zhu, B., Hammer, M. F., Marques-Bonet, T., Eichler, E. E., Fulton, L., Fronick, C., Muzny, 

D. M., Warren, W. C., Worley, K. C., Rogers, J., Wilson, R. K. and Gibbs, R. A. (2014) ‘Gibbon 

genome and the fast karyotype evolution of small apes’, Nature. Nature Publishing Group, 

513(7517), pp. 195–201. doi: 10.1038/nature13679. 

Carbone, L., Mootnick, A. R., Nadler, T., Moisson, P., Ryder, O., Roos, C. and de Jong, P. J. 

(2009) ‘A Chromosomal Inversion Unique to the Northern White-Cheeked Gibbon’, PLoS 

ONE. Edited by M. Hofreiter, 4(3), p. e4999. doi: 10.1371/journal.pone.0004999. 

Carbone, L., Vessere, G. M., Hallers, B. F. H. ten, Zhu, B., Osoegawa, K., Mootnick, A., Kofler, 

A., Wienberg, J., Rogers, J., Humphray, S., Scott, C., Harris, R. A., Milosavljevic, A. and de 

Jong, P. J. (2006) ‘A High-Resolution Map of Synteny Disruptions in Gibbon and Human 

Genomes’, PLoS Genetics, 2(12), p. e223. doi: 10.1371/journal.pgen.0020223. 

Caspersson, T., Farber, S., Foley, G. E., Kudynowski, J., Modest, E. J., Simonsson, E., Wagh, 

U. and Zech, L. (1968) ‘Chemical differentiation along metaphase chromosomes.’, 



REFERENCES | 

- 85 - 

 

Experimental cell research, 49(1), pp. 219–222. doi: 10.1016/0014-4827(68)90538-7. 

Caspersson, T., Zech, L. and Johansson, C. (1970) ‘Analysis of human metaphase chromosome 

set by aid of DNA-binding fluorescent agents’, Experimental Cell Research, 62(2–3), pp. 490–

492. doi: 10.1016/0014-4827(70)90586-0. 

Chan, A. W. S. (2013) ‘Progress and prospects for genetic modification of nonhuman primate 

models in biomedical research.’, ILAR journal, 54(2), pp. 211–23. doi: 10.1093/ilar/ilt035. 

Chan, Y.-C., Roos, C., Inoue-Murayama, M., Inoue, E., Shih, C.-C. and Vigilant, L. (2012) ‘A 

comparative analysis of Y chromosome and mtDNA phylogenies of the Hylobates gibbons’, 

BMC Evolutionary Biology. BMC Evolutionary Biology, 12(1), p. 150. doi: 10.1186/1471-

2148-12-150. 

Charlesworth, B., Sniegowski, P. and Stephan, W. (1994) ‘The evolutionary dynamics of 

repetitive DNA in eukaryotes’, Nature, 371(6494), pp. 215–220. doi: 10.1038/371215a0. 

Chaves, R., Adega, F., Heslop-Harrison, J. S., Guedes-Pinto, H. and Wienberg, J. (2003) 

‘Complex satellite DNA reshuffling in the polymorphic t(1;29) Robertsonian translocation and 

evolutionarily derived chromosomes in cattle.’, Chromosome Research, 11(7), pp. 641–8. doi: 

10.1023/A:1025952507959. 

Chaves, R., Louzada, S., Meles, S., Wienberg, J. and Adega, F. (2012) ‘Praomys tullbergi 

(Muridae, Rodentia) genome architecture decoded by comparative chromosome painting with 

Mus and Rattus’, Chromosome Research, 20(6), pp. 673–683. doi: 10.1007/s10577-012-9304-

1. 

Chen, X.-N. and Korenberg, J. R. (2004) ‘BAC mapping using fluorescence in situ 

hybridization.’, Methods in molecular biology (Clifton, N.J.). New Jersey: Humana Press, 

255(2), pp. 131–41. doi: 10.1385/1-59259-752-1:131. 

Cheung, V. G., Nowak, N., Jang, W., Kirsch, I. R., Zhao, S., Chen, X. N., Furey, T. S., Kim, 

U. J., Kuo, W. L., Olivier, M., Conroy, J., Kasprzyk, A., Massa, H., Yonescu, R., Sait, S., 

Thoreen, C., Snijders, A., Lemyre, E., Bailey, J. a, Bruzel, A., Burrill, W. D., Clegg, S. M., 

Collins, S., Dhami, P., Friedman, C., Han, C. S., Herrick, S., Lee, J., Ligon,  a H., Lowry, S., 

Morley, M., Narasimhan, S., Osoegawa, K., Peng, Z., Plajzer-Frick, I., Quade, B. J., Scott, D., 

Sirotkin, K., Thorpe,  a a, Gray, J. W., Hudson, J., Pinkel, D., Ried, T., Rowen, L., Shen-Ong, 

G. L., Strausberg, R. L., Birney, E., Callen, D. F., Cheng, J. F., Cox, D. R., Doggett, N. a, 

Carter, N. P., Eichler, E. E., Haussler, D., Korenberg, J. R., Morton, C. C., Albertson, D., 

Schuler, G., de Jong, P. J., Trask, B. J. and BAC Resource Consortium (2001) ‘Integration of 

cytogenetic landmarks into the draft sequence of the human genome.’, Nature, 409(6822), pp. 



REFERENCES | 

- 86 - 

 

953–8. doi: 10.1038/35057192. 

Chi, J. X., Huang, L., Nie, W., Wang, J., Su, B. and Yang, F. (2005) ‘Defining the orientation 

of the tandem fusions that occurred during the evolution of Indian muntjac chromosomes by 

BAC mapping’, Chromosoma, 114(3), pp. 167–172. doi: 10.1007/s00412-005-0004-x. 

Choo, K. H., Earle, E., Vissel, B. and Kalitsis, P. (1992) ‘A chromosome 14-specific human 

satellite III DNA subfamily that shows variable presence on different chromosomes 14.’, 

American journal of human genetics. Elsevier, 50(4), pp. 706–16. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/1550116 (Accessed: 1 June 2017). 

Corneo, G., Ginelli, E. and Polli, E. (1971) ‘Renaturation properties and localization in 

heterochromatin of human satellite DNA’s’, Biochimica et Biophysica Acta (BBA) - Nucleic 

Acids and Protein Synthesis, 247(4), pp. 528–534. doi: 10.1016/0005-2787(71)90689-7. 

Cortez, D., Marin, R., Toledo-Flores, D., Froidevaux, L., Liechti, A., Waters, P. D., Grützner, 

F. and Kaessmann, H. (2014) ‘Origins and functional evolution of Y chromosomes across 

mammals.’, Nature, 508(7497), pp. 488–93. doi: 10.1038/nature13151. 

Davis, B. W., Raudsepp, T., Pearks Wilkerson, A. J., Agarwala, R., Sch?ffer, A. A., Houck, 

M., Chowdhary, B. P. and Murphy, W. J. (2009) ‘A high-resolution cat radiation hybrid and 

integrated FISH mapping resource for phylogenomic studies across Felidae’, Genomics, 93(4), 

pp. 299–304. doi: 10.1016/j.ygeno.2008.09.010. 

Dayalan Naidu, S. and Dinkova-Kostova, A. T. (2017) ‘Regulation of the mammalian heat 

shock factor 1’, The FEBS Journal, 284(11), pp. 1606–1627. doi: 10.1111/febs.13999. 

Decarpentrie, F., Vernet, N., Mahadevaiah, S. K., Longepied, G., Streichemberger, E., Aknin-

Seifer, I., Ojarikre, O. A., Burgoyne, P. S., Metzler-Guillemain, C. and Mitchell, M. J. (2012) 

‘Human and mouse ZFY genes produce a conserved testis-specific transcript encoding a zinc 

finger protein with a short acidic domain and modified transactivation potential.’, Human 

molecular genetics. Oxford University Press, 21(12), pp. 2631–45. doi: 10.1093/hmg/dds088. 

Elliot, D. G. (1913) A review of the primates. New York, U.S.A. : American Museum of Natural 

History,. doi: 10.5962/bhl.title.8890. 

Enukashvily, N. I. and Ponomartsev, N. V. (2013) ‘Mammalian satellite DNA: a speaking 

dumb.’, Advances in protein chemistry and structural biology, 90(April), pp. 31–65. doi: 

10.1016/B978-0-12-410523-2.00002-X. 

Ferguson-Smith, M. A. and Trifonov, V. (2007) ‘Mammalian karyotype evolution’, Nature 

Reviews Genetics, 8(12), pp. 950–962. doi: 10.1038/nrg2199. 

Ferreira, D., Meles, S., Escudeiro, A., Mendes-da-Silva, A., Adega, F. and Chaves, R. (2015) 



REFERENCES | 

- 87 - 

 

‘Satellite non-coding RNAs: the emerging players in cells, cellular pathways and cancer’, 

Chromosome Research, 23(3), pp. 479–493. doi: 10.1007/s10577-015-9482-8. 

Fields, S. (2005) ‘CELL BIOLOGY: Whither Model Organism Research?’, Science, 

307(5717), pp. 1885–1886. doi: 10.1126/science.1108872. 

Gall, J. G. and Pardue, M. Lou (1969) ‘Formation and detection of RNA-DNA hybrid 

molecules in cytological preparations.’, Proceedings of the National Academy of Sciences of 

the United States of America, 63(2), pp. 378–83. doi: 10.1073/pnas.63.2.378. 

Gartler, S. M. (2006) ‘The chromosome number in humans: a brief history’, Nature Reviews 

Genetics, 7(8), pp. 655–660. doi: 10.1038/nrg1917. 

Geissmann, T. (1995) ‘GIBBON SYSTEMATICS AND SPECIES IDENTIFICATION’, 

International Zoo News, 42(8), pp. 467–501. 

Gläser, B., Grützner, F., Willmann, U., Stanyon, R., Arnold, N., Taylor, K., Rietschel, W., 

Zeitler, S., Toder, R. and Schempp, W. (1998) ‘Simian Y chromosomes: species-specific 

rearrangements of DAZ, RBM, and TSPY versus contiguity of PAR and SRY.’, Mammalian 

genome : official journal of the International Mammalian Genome Society, 9(3), pp. 226–31. 

doi: 10.1007/s003359900730. 

Goto, H., Peng, L. and Makova, K. D. (2009) ‘Evolution of X-degenerate Y chromosome genes 

in greater apes: conservation of gene content in human and gorilla, but not chimpanzee.’, 

Journal of molecular evolution, 68(2), pp. 134–44. doi: 10.1007/s00239-008-9189-y. 

Graphodatsky, A. S., Trifonov, V. A. and Stanyon, R. (2011) ‘The genome diversity and 

karyotype evolution of mammals’, Molecular Cytogenetics, 4(1), p. 22. doi: 10.1186/1755-

8166-4-22. 

Graves, J. A. M. (2004) ‘The degenerate Y chromosome - can conversion save it?’, 

Reproduction, fertility, and development, 16(5), pp. 527–34. doi: 10.10371/RD03096. 

Gravholt, C. H., Friedrich, U., Caprani, M. and Jørgensen, A. L. (1992) ‘Breakpoints in 

Robertsonian translocations are localized to satellite III DNA by fluorescence in situ 

hybridization.’, Genomics, 14(4), pp. 924–30. doi: 10.1016/S0888-7543(05)80113-2. 

Harding, L. E. (2012) ‘Nomascus leucogenys (Primates: Hylobatidae)’, Mammalian Species, 

44(890), pp. 1–15. doi: 10.1644/890.1. 

Haus, T., Ferguson, B., Rogers, J., Doxiadis, G., Certa, U., Rose, N. J., Teepe, R., Weinbauer, 

G. F. and Roos, C. (2014) ‘Genome typing of nonhuman primate models: implications for 

biomedical research.’, Trends in genetics : TIG, 30(11), pp. 482–7. doi: 

10.1016/j.tig.2014.05.004. 



REFERENCES | 

- 88 - 

 

Hughes, J. F. and Page, D. C. (2015) ‘The Biology and Evolution of Mammalian Y 

Chromosomes’, Annual Review of Genetics, 49(1), pp. 507–527. doi: 10.1146/annurev-genet-

112414-055311. 

Hughes, J. F. and Rozen, S. (2012) ‘Genomics and Genetics of Human and Primate Y 

Chromosomes’, Annual Review of Genomics and Human Genetics, 13(1), pp. 83–108. doi: 

10.1146/annurev-genom-090711-163855. 

Hughes, J. F., Skaletsky, H., Brown, L. G., Pyntikova, T., Graves, T., Fulton, R. S., Dugan, S., 

Ding, Y., Buhay, C. J., Kremitzki, C., Wang, Q., Shen, H., Holder, M., Villasana, D., Nazareth, 

L. V., Cree, A., Courtney, L., Veizer, J., Kotkiewicz, H., Cho, T.-J., Koutseva, N., Rozen, S., 

Muzny, D. M., Warren, W. C., Gibbs, R. A., Wilson, R. K. and Page, D. C. (2012) ‘Strict 

evolutionary conservation followed rapid gene loss on human and rhesus Y chromosomes’, 

Nature, 483(7387), pp. 82–86. doi: 10.1038/nature10843. 

Hughes, J. F., Skaletsky, H., Koutseva, N., Pyntikova, T. and Page, D. C. (2015) ‘Sex 

chromosome-to-autosome transposition events counter Y-chromosome gene loss in mammals’, 

Genome Biology. BioMed Central, 16(1), p. 104. doi: 10.1186/s13059-015-0667-4. 

Hughes, J. F., Skaletsky, H., Pyntikova, T., Graves, T. A., van Daalen, S. K. M., Minx, P. J., 

Fulton, R. S., McGrath, S. D., Locke, D. P., Friedman, C., Trask, B. J., Mardis, E. R., Warren, 

W. C., Repping, S., Rozen, S., Wilson, R. K. and Page, D. C. (2010) ‘Chimpanzee and human 

Y chromosomes are remarkably divergent in structure and gene content’, Nature, 463(7280), 

pp. 536–539. doi: 10.1038/nature08700. 

Jarmuz, M., Glotzbach, C. D., Bailey, K. a, Bandyopadhyay, R. and Shaffer, L. G. (2007) ‘The 

Evolution of satellite III DNA subfamilies among primates.’, American journal of human 

genetics, 80(3), pp. 495–501. doi: 10.1086/512132. 

Jobling, M. A. and Tyler-Smith, C. (2003) ‘The human Y chromosome: an evolutionary marker 

comes of age’, Nature Reviews Genetics, 4(8), pp. 598–612. doi: 10.1038/nrg1124. 

Johansson, M. M. (2015) The Human Y chromosome and its role in the developing male nervous 

system. Available at: http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-261789. 

Jolly, C., Metz, A., Govin, J., Vigneron, M., Turner, B. M., Khochbin, S. and Vourc’h, C. 

(2004) ‘Stress-induced transcription of satellite III repeats.’, The Journal of cell biology. 

Rockefeller University Press, 164(1), pp. 25–33. doi: 10.1083/jcb.200306104. 

Kashimada, K. and Koopman, P. (2010) ‘Sry: the master switch in mammalian sex 

determination’, Development, 137(23), pp. 3921–3930. doi: 10.1242/dev.048983. 

Kido, T. and Lau, Y.-F. C. (2015) ‘Roles of the Y chromosome genes in human cancers.’, Asian 



REFERENCES | 

- 89 - 

 

journal of andrology, 17(3), pp. 373–80. doi: 10.4103/1008-682X.150842. 

Kim, S. K., Carbone, L., Becquet, C., Mootnick, A. R., Li, D. J., de Jong, P. J. and Wall, J. D. 

(2011) ‘Patterns of Genetic Variation Within and Between Gibbon Species’, Molecular Biology 

and Evolution, 28(8), pp. 2211–2218. doi: 10.1093/molbev/msr033. 

Lahn, B. T., Pearson, N. M. and Jegalian, K. (2001) ‘The human Y chromosome, in the light of 

evolution’, Nature Reviews Genetics, 2(3), pp. 207–216. doi: 10.1038/35056058. 

Levsky, J. M. (2003) ‘Fluorescence in situ hybridization: past, present and future’, Journal of 

Cell Science, 116(14), pp. 2833–2838. doi: 10.1242/jcs.00633. 

Li, G., Davis, B. W., Raudsepp, T., Pearks Wilkerson, A. J., Mason, V. C., Ferguson-Smith, 

M., O’Brien, P. C., Waters, P. D. and Murphy, W. J. (2013) ‘Comparative analysis of 

mammalian Y chromosomes illuminates ancestral structure and lineage-specific evolution’, 

Genome Research, 23(9), pp. 1486–1495. doi: 10.1101/gr.154286.112. 

Liao, D. (1999) ‘Concerted Evolution: Molecular Mechanism and Biological Implications’, The 

American Journal of Human Genetics, 64(1), pp. 24–30. doi: 10.1086/302221. 

Liehr, T., Starke, H., Weise, A., Lehrer, H. and Claussen, U. (2004) ‘Multicolor FISH probe 

sets and their applications.’, Histology and histopathology, 19(1), pp. 229–37. doi: 

10.14670/HH-19.229. 

Louzada, S., Vieira-da-Silva, A., Mendes-da-Silva, A., Kubickova, S., Rubes, J., Adega, F. and 

Chaves, R. (2015) ‘A novel satellite DNA sequence in the Peromyscus genome (PMSat): 

Evolution via copy number fluctuation.’, Molecular phylogenetics and evolution. Elsevier Inc., 

92, pp. 193–203. doi: 10.1016/j.ympev.2015.06.008. 

Mendes-da-Silva, A., Adega, F. and Chaves, R. (2016) ‘Importance of Fluorescent In Situ 

Hybridization in Rodent Tumors’, in Technical Aspects of Toxicological 

Immunohistochemistry. New York, NY: Springer New York, pp. 21–49. doi: 10.1007/978-1-

4939-1516-3_3. 

Meo, G. P. Di, Perucatti, A., Floriot, S., Incarnato, D., Rullo, R., Jambrenghi, A. C., Ferretti, 

L., Vonghia, G., Cribiu, E., Eggen, A. and Iannuzzi, L. (2005) ‘Chromosome evolution and 

improved cytogenetic maps of the Y chromosome in cattle, zebu, river buffalo, sheep and goat’, 

Chromosome Research, 13(4), pp. 349–355. doi: 10.1007/s10577-005-2688-4. 

Miga, K. H., Newton, Y., Jain, M., Altemose, N., Willard, H. F. and Kent, W. J. (2014) 

‘Centromere reference models for human chromosomes X and Y satellite arrays’, Genome 

Research, 24(4), pp. 697–707. doi: 10.1101/gr.159624.113. 

Mitchell, A. R., Seuanez, H. N., Lawrie, S. S., Martin, D. E. and Gosden, J. R. (1977) ‘Location 



REFERENCES | 

- 90 - 

 

of DNA Homologous to Human Satellite-Iii DNA in Chromosomes of Chimpanzee (Pan-

Troglodytes), Gorilla (Gorilla-Gorilla) and Orang Utan (Pongo-Pygmaeus)’, Chromosoma, 

61(4), pp. 345–358. 

Mohr, B., Bornhäuser, M., Thiede, C., Schäkel, U., Schaich, M., Illmer, T., Pascheberg, U. and 

Ehninger, G. (2000) ‘Comparison of spectral karyotyping and conventional cytogenetics in 39 

patients with acute myeloid leukemia and myelodysplastic syndrome’, Leukemia, 14(6), pp. 

1031–1038. doi: 10.1038/sj.leu.2401775. 

Mootnick, A. R. and Fan, P.-F. (2011) ‘A comparative study of crested gibbons (Nomascus)’, 

American Journal of Primatology, 73(2), pp. 135–154. doi: 10.1002/ajp.20880. 

Morimoto, M. and Boerkoel, C. (2013) ‘The Role of Nuclear Bodies in Gene Expression and 

Disease’, Biology, 2(3), pp. 976–1033. doi: 10.3390/biology2030976. 

Mravinac, B. and Plohl, M. (2010) ‘Parallelism in Evolution of Highly Repetitive DNAs in 

Sibling Species’, Molecular Biology and Evolution. Oxford University Press, 27(8), pp. 1857–

1867. doi: 10.1093/molbev/msq068. 

Müller, S., Hollatz, M. and Wienberg, J. (2003) ‘Chromosomal phylogeny and evolution of 

gibbons (Hylobatidae).’, Human genetics, 113(6), pp. 493–501. doi: 10.1007/s00439-003-

0997-2. 

Nash, W. G. and O’Brien, S. J. (1982) ‘Conserved regions of homologous G-banded 

chromosomes between orders in mammalian evolution: carnivores and primates.’, Proceedings 

of the National Academy of Sciences, 79(21), pp. 6631–6635. doi: 10.1073/pnas.79.21.6631. 

Nie, W., Rens, W., Wang, J. and Yang, F. (2001) ‘Conserved chromosome segments in 

Hylobates hoolock revealed by human and H. leucogenys paint probes.’, Cytogenetics and cell 

genetics, 92(3–4), pp. 248–53. doi: 56912. 

O’Connor, C. (2008) ‘Fluorescence In Situ Hybridization ( FISH ) analysis’, Nature Education, 

1(1), pp. 1–5. Available at: http://www.nature.com/scitable/topicpage/fluorescence-in-situ-

hybridization-fish-327. 

O’Connor and Miko, C. I. (2008) ‘Developing the Chromosome Theory’, Nature Education, 

1(1), p. 44. Available at: http://www.nature.com/scitable/topicpage/developing-the-

chromosome-theory-164. 

Paau, A. S., Cowles, J. R. and Oro, J. (1977) ‘Flow-microfluorometric analysis of Escherichia 

coli, Rhizobium meliloti, and Rhizobium japonicum at different stages of the growth cycle.’, 

Canadian journal of microbiology, 23(9), pp. 1165–9. Available at: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC332295/. 



REFERENCES | 

- 91 - 

 

Paço, A., Adega, F., Meštrović, N., Plohl, M. and Chaves, R. (2014) ‘Evolutionary story of a 

satellite DNA from Phodopus sungorus (Rodentia, Cricetidae).’, Genome biology and 

evolution. Oxford University Press, 6(10), pp. 2944–55. doi: 10.1093/gbe/evu233. 

Paweletz, N. (2001) ‘Walther Flemming: pioneer of mitosis research.’, Nature reviews. 

Molecular cell biology, 2(1), pp. 72–5. doi: 10.1038/35048077. 

Plohl, M., Luchetti, A., Mestrović, N. and Mantovani, B. (2008) ‘Satellite DNAs between 

selfishness and functionality: structure, genomics and evolution of tandem repeats in 

centromeric (hetero)chromatin.’, Gene, 409(1–2), pp. 72–82. doi: 10.1016/j.gene.2007.11.013. 

Plohl, M., Meštrović, N. and Mravinac, B. (2012) ‘Satellite DNA evolution.’, Genome 

dynamics, 7(March), pp. 126–52. doi: 10.1159/000337122. 

Plohl, M., Meštrović, N. and Mravinac, B. (2014) ‘Centromere identity from the DNA point of 

view.’, Chromosoma, 123(4), pp. 313–25. doi: 10.1007/s00412-014-0462-0. 

Price, C. M. (1993) ‘Fluorescence in situ hybridization.’, Blood reviews, 7(2), pp. 127–34. doi: 

10.1016/S0268-960X(05)80023-2. 

Priddle, T. H. and Crow, T. J. (2013) ‘The protocadherin 11X/Y ( PCDH11X/Y ) gene pair as 

determinant of cerebral asymmetry in modern Homo sapiens’, Annals of the New York Academy 

of Sciences, 1288(1), pp. 36–47. doi: 10.1111/nyas.12042. 

Prosser, J., Frommer, M., Paul, C. and Vincent, P. C. (1986) ‘Sequence relationships of three 

human satellite DNAs’, Journal of Molecular Biology, 187(2), pp. 145–155. doi: 10.1016/0022-

2836(86)90224-X. 

Rens, W., Fu, B., O’Brien, P. C. M. and Ferguson-Smith, M. (2006) ‘Cross-species 

chromosome painting’, Nature Protocols, 1(2), pp. 783–790. doi: 10.1038/nprot.2006.91. 

Rice, W. R. (1996) ‘Evolution of the Y Sex Chromosome in Animals’, BioScience, 46(5), pp. 

331–343. doi: 10.2307/1312947. 

Richard, G.-F., Kerrest, A. and Dujon, B. (2008) ‘Comparative Genomics and Molecular 

Dynamics of DNA Repeats in Eukaryotes’, Microbiology and Molecular Biology Reviews. 

American Society for Microbiology (ASM), 72(4), pp. 686–727. doi: 10.1128/MMBR.00011-

08. 

Ried, T. (1998) ‘Chromosome painting: a useful art’, Human Molecular Genetics. Oxford 

University Press, 7(10), pp. 1619–1626. doi: 10.1093/hmg/7.10.1619. 

Riegel, M. (2014) ‘Human molecular cytogenetics: From cells to nucleotides’, Genetics and 

Molecular Biology. Sociedade Brasileira de Genética, pp. 194–209. doi: 10.1590/S1415-

47572014000200006. 



REFERENCES | 

- 92 - 

 

Roberto, R., Capozzi, O., Wilson, R. K., Mardis, E. R., Lomiento, M., Tuzun, E., Cheng, Z., 

Mootnick, A. R., Archidiacono, N., Rocchi, M. and Eichler, E. E. (2007) ‘Molecular refinement 

of gibbon genome rearrangements’, Genome Research, 17(2), pp. 249–257. doi: 

10.1101/gr.6052507. 

Rogers, J. (2013) ‘In Transition: Primate Genomics at a Time of Rapid Change’, ILAR Journal, 

54(2), pp. 224–233. doi: 10.1093/ilar/ilt042. 

Rogers, J. and Gibbs, R. A. (2014) ‘Comparative primate genomics: emerging patterns of 

genome content and dynamics’, Nature Reviews Genetics, 15(5), pp. 347–359. doi: 

10.1038/nrg3707. 

Roos, C. and Geissmann, T. (2001) ‘Molecular Phylogeny of the Major Hylobatid Divisions’, 

Molecular Phylogenetics and Evolution, 19(3), pp. 486–494. doi: 10.1006/mpev.2001.0939. 

Rudkin, G. T. and Stollar, B. D. (1977) ‘High resolution detection of DNA-RNA hybrids in situ 

by indirect immunofluorescence.’, Nature, 265(5593), pp. 472–3. Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/401954. 

Ruiz-Ruano, F. J., López-León, M. D., Cabrero, J. and Camacho, J. P. M. (2016) ‘High-

throughput analysis of the satellitome illuminates satellite DNA evolution’, Scientific Reports, 

6(1), p. 28333. doi: 10.1038/srep28333. 

Saksouk, N., Simboeck, E. and Déjardin, J. (2015) ‘Constitutive heterochromatin formation and 

transcription in mammals.’, Epigenetics & chromatin. BioMed Central, 8(1), p. 3. doi: 

10.1186/1756-8935-8-3. 

Sangpakdee, W., Tanomtong, A., Fan, X., Pinthong, K., Weise, A. and Liehr, T. (2016) 

‘Application of multicolor banding combined with heterochromatic and locus-specific probes 

identify evolutionary conserved breakpoints in Hylobates pileatus’, Molecular Cytogenetics. 

Molecular Cytogenetics, 9(1), p. 17. doi: 10.1186/s13039-016-0228-x. 

Schmidt, J., Kirsch, S., Rappold, G. A. and Schempp, W. (2009) ‘Complex Evolution of a Y-

Chromosomal Double Homeobox 4 (DUX4)-Related Gene Family in Hominoids’, PLoS ONE. 

Edited by P. E. Warburton, 4(4), p. e5288. doi: 10.1371/journal.pone.0005288. 

Schreck, R. R. and Distèche, C. M. (2001) ‘Chromosome banding techniques.’, Current 

protocols in human genetics. Hoboken, NJ, USA: John Wiley & Sons, Inc., Chapter 4(1994), 

p. Unit4.2. doi: 10.1002/0471142905.hg0402s00. 

Schwartz, A., Chan, D. C., Brown, L. G., Alagappan, R., Pettay, D., Disteche, C., McGillivray, 

B., de la Chapelle, A. and Page, D. C. (1998) ‘Reconstructing hominid Y evolution: X-

homologous block, created by X-Y transposition, was disrupted by Yp inversion through LINE-



REFERENCES | 

- 93 - 

 

-LINE recombination’, Human Molecular Genetics. Oxford University Press, 7(1), pp. 1–11. 

doi: 10.1093/hmg/7.1.1. 

Sengupta, S., Parihar, R. and Ganesh, S. (2009) ‘Satellite III non-coding RNAs show distinct 

and stress-specific patterns of induction’, Biochemical and Biophysical Research 

Communications. Elsevier Inc., 382(1), pp. 102–107. doi: 10.1016/j.bbrc.2009.02.137. 

Skaletsky, H., Kuroda-Kawaguchi, T., Minx, P. J., Cordum, H. S., Hillier, L., Brown, L. G., 

Repping, S., Pyntikova, T., Ali, J., Bieri, T., Chinwalla, A., Delehaunty, A., Delehaunty, K., 

Du, H., Fewell, G., Fulton, L., Fulton, R., Graves, T., Hou, S.-F., Latrielle, P., Leonard, S., 

Mardis, E., Maupin, R., McPherson, J., Miner, T., Nash, W., Nguyen, C., Ozersky, P., Pepin, 

K., Rock, S., Rohlfing, T., Scott, K., Schultz, B., Strong, C., Tin-Wollam, A., Yang, S.-P., 

Waterston, R. H., Wilson, R. K., Rozen, S. and Page, D. C. (2003) ‘The male-specific region 

of the human Y chromosome is a mosaic of discrete sequence classes.’, Nature. Nature 

Publishing Group, 423(6942), pp. 825–37. doi: 10.1038/nature01722. 

Slamovits, C. H. and Rossi, M. S. (2002) ‘Satellite DNA: Agent of Chromosomal Evolution in 

Mammals. A review.’, Mastozoología Neotropical / J. Neotrop. Mammal., 9(2), pp. 297–308. 

Smeets, D. F. C. . (2004) ‘Historical prospective of human cytogenetics: from microscope to 

microarray’, Clinical Biochemistry, 37(6), pp. 439–446. doi: 

10.1016/j.clinbiochem.2004.03.006. 

Speicher, M. R. and Carter, N. P. (2005) ‘The new cytogenetics: blurring the boundaries with 

molecular biology’, Nature Reviews Genetics, 6(10), pp. 782–792. doi: 10.1038/nrg1692. 

Tanomtong, A., Supanuam, P., Khunsook, S. and Sumrandee, C. (2009) ‘Karyological Study 

of the White-cheeked Gibbon, Nomascus leucogenys (Primates, Hylobatidae) by G-banding 

and High-resolution Techniques’, CYTOLOGIA, 74(1), pp. 23–29. doi: 

10.1508/cytologia.74.23. 

Teixeira, M. . (2002) ‘Combined classical and molecular cytogenetic analysis of cancer’, 

European Journal of Cancer, 38(12), pp. 1580–1584. doi: 10.1016/S0959-8049(02)00117-X. 

Terry, S. and Beltran, H. (2014) ‘The many faces of neuroendocrine differentiation in prostate 

cancer progression.’, Frontiers in oncology. Frontiers, 4, p. 60. doi: 10.3389/fonc.2014.00060. 

Thinh, V. N., Mootnick, A. R., Geissmann, T., Li, M., Ziegler, T., Agil, M., Moisson, P., 

Nadler, T., Walter, L. and Roos, C. (2010) ‘Mitochondrial evidence for multiple radiations in 

the evolutionary history of small apes’, BMC Evolutionary Biology, 10(1), p. 74. doi: 

10.1186/1471-2148-10-74. 

Tjio, J. H. and Levan, A. (1956) ‘THE CHROMOSOME NUMBER OF MAN’, Hereditas, 



REFERENCES | 

- 94 - 

 

42(1–2), pp. 1–6. doi: 10.1111/j.1601-5223.1956.tb03010.x. 

Tomaszkiewicz, M., Rangavittal, S., Cechova, M., Sanchez, R. C., Fescemyer, H. W., Harris, 

R., Ye, D., O’Brien, P. C. M., Chikhi, R., Ryder, O. A., Ferguson-Smith, M. A., Medvedev, P. 

and Makova, K. D. (2016) ‘A time- and cost-effective strategy to sequence mammalian Y 

chromosomes: An application to the de novo assembly of gorilla Y’, Genome Research, 26(4), 

pp. 530–540. doi: 10.1101/gr.199448.115. 

Tönnies, H. (2002) ‘Modern molecular cytogenetic techniques in genetic diagnostics.’, Trends 

in molecular medicine, 8(6), pp. 246–50. doi: 10.1016/S1471-4914(02)02335-3. 

Trask, B. J. (1991) ‘Fluorescence in situ hybridization: applications in cytogenetics and gene 

mapping.’, Trends in genetics : TIG, 7(5), pp. 149–54. doi: 10.1016/0168-9525(91)90378-4. 

Trask, B. J. (2002) ‘Human cytogenetics: 46 chromosomes, 46 years and counting’, Nature 

Reviews Genetics, 3(10), pp. 769–778. doi: 10.1038/nrg905. 

Trombetta, B. and Cruciani, F. (2017) ‘Y chromosome palindromes and gene conversion.’, 

Human genetics, 136(5), pp. 605–619. doi: 10.1007/s00439-017-1777-8. 

Ugarkovic, D. (2005) ‘Functional elements residing within satellite DNAs’, EMBO reports, 

6(11), pp. 1035–1039. doi: 10.1038/sj.embor.7400558. 

Ugarković, Ð. and Plohl, M. (2002) ‘Variation in satellite DNA profiles—causes and effects’, 

The EMBO Journal. EMBO Press, 21(22), pp. 5955–5959. doi: 10.1093/emboj/cdf612. 

Valgardsdottir, R., Chiodi, I., Giordano, M., Rossi, A., Bazzini, S., Ghigna, C., Riva, S. and 

Biamonti, G. (2008) ‘Transcription of Satellite III non-coding RNAs is a general stress response 

in human cells’, Nucleic Acids Research, 36(2), pp. 423–434. doi: 10.1093/nar/gkm1056. 

Wallis, M. C., Waters, P. D. and Graves, J. A. M. (2008) ‘Sex determination in mammals — 

Before and after the evolution of SRY’, Cellular and Molecular Life Sciences, 65(20), pp. 

3182–3195. doi: 10.1007/s00018-008-8109-z. 

Wang, C.-C., Jin, L. and Li, H. (2014) ‘Natural Selection on Human Y Chromosomes’, Journal 

of Genetics and Genomics, 41(2), pp. 47–52. doi: 10.1016/j.jgg.2014.01.006. 

Warburton, P. E., Hasson, D., Guillem, F., Lescale, C., Jin, X. and Abrusan, G. (2008) ‘Analysis 

of the largest tandemly repeated DNA families in the human genome’, BMC Genomics, 9(1), 

p. 533. doi: 10.1186/1471-2164-9-533. 

Weise, A., Kosyakova, N., Voigt, M., Aust, N., Mrasek, K., Löhmer, S., Rubtsov, N., 

Karamysheva, T. V., Trifonov, V. A., Hardekopf, D., Jančušková, T., Pekova, S., Wilhelm, K., 

Liehr, T. and Fan, X. (2015) ‘Comprehensive Analyses of White-Handed Gibbon 

Chromosomes Enables Access to 92 Evolutionary Conserved Breakpoints Compared to the 



REFERENCES | 

- 95 - 

 

Human Genome’, Cytogenetic and Genome Research, 145(1), pp. 42–49. doi: 

10.1159/000381764. 

Wilson, N. D., Ross, L. J. N., Crow, T. J. and Volpi, E. V (2006) ‘PCDH11 is X/Y homologous 

in Homo sapiens but not in Gorilla gorilla and Pan troglodytes.’, Cytogenetic and genome 

research, 114(2), pp. 137–9. doi: 10.1159/000093329. 

Yang, F. and Graphodatsky, A. S. (2009) ‘Animal Probes and ZOO-FISH’, in Fluorescence In 

Situ Hybridization (FISH) ? Application Guide. Berlin, Heidelberg: Springer Berlin 

Heidelberg, pp. 323–346. doi: 10.1007/978-3-540-70581-9_29. 

Yang, F., Graphodatsky, A. S., Li, T., Fu, B., Dobigny, G., Wang, J., Perelman, P. L., 

Serdukova, N. A., Su, W., O’Brien, P. C., Wang, Y., Ferguson-Smith, M. A., Volobouev, V. 

and Nie, W. (2006) ‘Comparative genome maps of the pangolin, hedgehog, sloth, anteater and 

human revealed by cross-species chromosome painting: further insight into the ancestral 

karyotype and genome evolution of eutherian mammals’, Chromosome Research, 14(3), pp. 

283–296. doi: 10.1007/s10577-006-1045-6. 

 


