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«Science knows no country, because knowledge belongs to humanity,  

and is the torch which illuminates the world».  
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Abstract 

 

The species on which this study will focus is the white-cheeked gibbon, Nomascus 

leucogenys, a member of the Hylobatidae family, which currently faces imminent extinction 

along with other gibbon species.  

Gibbons exhibit an astonishingly higher tempo of large-scale chromosomal 

rearrangements which are up to 20 times that of the average rate in mammals. Still, a 

satisfactory explanation is yet to be uncovered as to why gibbons experienced such an 

accelerated rate of evolution and how such a high number of chromosomal rearrangements 

could become fixed in such a relatively short time. 

Gibbons represent a key node in the primate phylogeny given their intermediate 

branching position between Old World monkeys and great apes. Representing a unique 

viewpoint for the study of the origins of hominoid characteristics, they have been described as 

astoundingly flexible and adaptable because they have prospered through times of grave 

global and local climate and sea level oscillations while other hominoid lineages perished.  

Most cytogenetic studies on gibbons have focused on their karyotypes and have 

provided little or no information on the Y chromosome. 

The objective of this study is to produce a comparative Y chromosome map between 

N. leucogenys and human using fluorescent in situ hybridization (FISH) - a rapid, sensitive and 

powerful technique based on the hybridization between a fluorescently labelled probe and a 

complemental cytological target.  

With this goal in mind, 15 bacterial artificial chromosomes (BACs) derived from human 

Y chromosome and a human α-Sat DNA sequence were selected and hybridized to gibbon’s 

metaphase spreads and extended chromatin fibres, ultimately leading to the construction of a 

comparative map. 

Given the small size of the gibbon Y chromosome, as well as the inability to find an 

optimized fibre-FISH protocol suitable for mapping human Y BACs onto extended chromatin 

fibres of the gibbon, it was not possible to determine the accurate order of the DNA sequences 

in question. However, it was possible to produce a comparative map showing the rough 

location of 15 BACs from the human Y chromosome in the N. leucogenys counterpart, 12 of 

them containing important Y-linked genes.  The results provide compelling evidence for 

occurrence of evolutionary intrachromosomal rearrangements that resulted in the change of 

gene order on the human and gibbon Y chromosomes.  
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Sumário  
 

A espécie na qual este trabalho se foca é o Gibão de bochechas brancas, Nomascus 

leucogenys, membro da família Hylobatidae, e que tal como outras espécies de gibão enfrenta 

atualmente o risco de extinção iminente.  

As diferentes espécies de Gibão exibem um ritmo surpreendentemente alto de 

rearranjos cromossómicos de grande escala que são de até 20 vezes a taxa média em 

mamíferos. No entanto ainda não foi encontrada uma explicação satisfatória para o porquê de 

os Gibões terem sofrido uma evolução tão rápida, ou como um número tão alto de rearranjos 

cromossómicos fiou fixado num tão curto espaço de tempo. 

Os Gibões representam um ponto-chave na filogenia dos primatas tendo em conta a 

sua posição intermédia na ramificação entre os macacos do velho mundo e os grandes 

primatas. Representam um ponto de vista único para o estudo das características dos 

hominoides e têm sido descritos como espantosamente flexíveis e adaptáveis, por terem 

prosperado em tempos de grandes oscilações do nível do mar e do clima global e local, 

enquanto outras linhagens de hominoides se extinguiram. 

A maioria dos estudos citogenéticos em Gibões têm-se focado no seu cariótipo e 

apresentam pouca ou nenhuma informação sobre o cromossoma Y. 

O objetivo deste estudo é produzir um mapa comparativo do cromossoma Y de 

Nomascus leucogenys e humanos, usando hibridização in situ fluorescente (FISH) - uma 

técnica rápida, sensível e poderosa baseada a hibridação entre uma sonda fluorescente 

marcada e um alvo citológico complementar.  

Com este objetivo em mente, foram selecionados 15 cromossomas artificiais de 

bactérias (BACs) do cromossoma Y humano e uma sequência de α-Sat DNA humana e 

seguidamente hibridados em cromossomas metafásicos e fibras distendidas de cromatina de 

N. leucogenys, levando à construção de um mapa comparativo. 

Dadas as reduzidas dimensões do cromossoma Y do gibão, bem como a 

impossibilidade de optimizar um protocolo de Fibre-FISH para fibras distendidas de cromatina 

em gibão para o mapeamento, não foi possível determinar a ordem exata das sequências de 

DNA em questão. No entanto, foi possível produzir um mapa comparativo, mostrando a 

localização aproximadas de 15 BACs do cromossoma Y humano no cromossoma Y de N. 

leucogenys, 12 deles contendo importantes genes ligados ao Y.  Os resultados fornecem 

evidências convincentes para a ocorrência de rearranjos intracromossómicos evolutivos que 

resultaram na mudança de ordem dos genes nos cromossomas Y de humano e gibão. 
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Chapter I. Introduction  

 

I.1 The Hylobatidae family 

 

Gibbons, also known as the lesser apes or small apes, or hylobatids, are highly 

endangered species included in the Hylobatidae family, which together with the great apes 

form the superfamily Hominoidea, (Müller et al., 2003) as represented in Figure 1.  

 

 

Their taxonomy, phylogeny and evolution have been subject of great debate throughout 

the years (Müller and Wienberg, 2012), which has led to the publication of several different, 

and  in some cases, conflicting phylogenetic trees (Goodman, 1999; Harding, 2012; Müller and 

Wienberg, 2012; Müller et al., 2003). Earlier studies divided gibbons into two subgenera: 

Siamang (Symphalangus, one species) and Hylobates (all other lesser apes). However, latter 

studies have organized them in four distinct clades (Müller and Wienberg, 2012; Müller et al., 

2003): Nomascus, Hylobates, Hoolock and Symphalangus (Carbone et al., 2014). These four 

genera occupy different geographic regions in the forests of South and Southeast Asia (Müller 

and Wienberg, 2012) and present distinctive karyotypes, with diploid chromosome numbers 

ranging between 38 and 52 (Carbone et al., 2014). The apparent inconsistent  interpretations 

of gibbon phylogeny may reflect the fact that living gibbon species have diverged in such a 

short evolutionary time that it becomes very difficult to obtain enough informative markers to 

establish a conclusive phylogenetic tree (Müller and Wienberg, 2012).  

Given that several gibbon species face imminent extinction in the very near future, their 

current status is extremely alarming (Bleisch et al., 2008; Geissmann T., 2016) and the threats 

 
The hominidae (great apes) 

Rhesus macaque 

Macaca mulatta 

Gibbon 

Nomascus leucogenys 

Sumatran orangutan 

Pongo abelii 

Bornean orangutan 

Pongo pygmaeus 

Gorilla 

Gorilla gorilla 

Human 

Homo sapiens 

Bonobo 

Pan paniscus 

Chimpanzee 

Pan troglodytes 

 

Figure 1- Divergence among great apes, a small ape, and an Old World monkey with 
respect to humans. Adapted from Locke et al., 2011. 
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12-16Mya 
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endangering gibbons are largely unknown on an international level (Geissmann T., 2016). . 

Being strictly arboreal, all gibbon species require mature forest, and therein lie their greatest 

threats: deforestation and fragmentation, thus preservation of the tropical forest is imperative 

for gibbon survival (Fan et al., 2013; Geissmann T., 2016; Harding, 2012). Besides habitat 

loss, these species face hunting, both for food and local medicine, as well as illegal trading, 

since young gibbons are popular pets (Geissmann T., 2016). The protected forests are 

frequently poorly managed and wildlife laws are not enforced. Rural poverty and lack of 

awareness are additional causes for inadequate gibbon protection (Geissmann T., 2016).  

Interestingly, gibbons exhibit an extremely rapid karyotype evolution (Capozzi et al., 

2012) and in defiance of the limited number of chromosomal rearrangements commonly 

accepted to have occurred in mammalian chromosomes over more than 100 million years (My) 

of evolution (Carbone et al., 2006), gibbons display an astonishingly high number of large-

scale chromosomal rearrangements when compared to the inferred ancestral ape karyotype, 

to most other members of the primate order and, most significantly, to other members of the 

superfamily Hominoidea: the great apes and humans (Carbone et al., 2006, 2012, 2014). Such 

rearrangements include translocations (exchange between two non-homologous 

chromosomes), inversions (change of orientation of one chromosomal segment), fissions, and 

fusions (Carbone et al., 2006). 

Considering that the human and great apes karyotypes are more similar to the 

ancestral mammalian karyotype, it suggests that the chromosomal instability emerged in the 

ancestor of small apes. This high rate of karyotype rearrangements prevailed from the common 

ancestor to the present-day species as indicated by the four karyomorphs that define the 

gibbon genera: Symphalangus 2n = 50, Nomascus 2n = 52, Hylobates 2n = 44, and Hoolock 

2n = 38. The mechanisms responsible for the karyotype diversity observed may have been 

eliminated, or may still be in action nowadays (Carbone et al., 2006). Still, a satisfactory 

explanation is yet to be uncovered as to why gibbons experienced such an accelerated 

karyotype evolution, and how such a high number of chromosomal rearrangements could 

become fixed in such a relatively short time (Capozzi et al., 2012; Carbone et al., 2014).  

Interspecies hybridization events are a possibility even though they have often been 

considered a rare event, and seem unlikely to have occurred in gibbons given that they are 

rarely sympatric with other gibbon species, plus they usually occupy distinct geographical 

regions (Harding, 2012; Müller and Wienberg, 2012). On the other hand, studies with other 

model organism suggest that rapid genome reorganization as exhibited by the Hylobatidae 

can often occur after hybridization events, with the new chromosome forms being fixed in a 

few generations (Carbone et al., 2012; Müller and Wienberg, 2012).   
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The precise timing for the beginning of independent evolution of small Asian apes has 

also been subject of some controversy. Unfortunately, because of a lack of fossils concerning 

that period, events regarding the earliest hylobatid evolutionary history are still uncertain 

(Reichard, 2016). Thus, most authors don’t agree on a precise time interval, but the reported 

intervals suggested range from 14 Mya (Million years ago) to 23 Mya (Capozzi et al., 2012; 

Carbone et al., 2012; Müller and Wienberg, 2012; Reichard, 2016), eventually giving rise to 

the richest hominoid family in terms of species diversity (Reichard, 2016).  

Gibbons have thus been described as astoundingly flexible and adaptable because 

they have been able  to prosper through times of grave global and local climate and sea level 

oscillations, while other hominoid lineages perished (Reichard, 2016). Hylobatids showed 

remarkable adaptability compared to their hominoid ancestors, mainly by perfecting a forelimb 

suspensory locomotion, known as brachiation, reducing the group size to 2 - 4 adults, as well 

as their body size (Reichard, 2016). 
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I.1.1 Nomascus leucogenys 

 

The species in which this study will 

focus is called Nomascus leucogenys (NLE), 

also known as the northern white-cheeked 

crested gibbon. It was firstly classified as 

critically endangered by the International 

Union for Conservation of Nature (IUCN) Red 

List of Threatened Species in 2008 (Bleisch et 

al., 2008). Previously inhabiting forests in 

China, Vietnam and Laos, this species was 

regrettably declared ecologically extinct in 

China by 2013 (Fan et al., 2013). Before that, 

this species endured deforestation, the expansion of the rubber plantations in the 1980s, as 

well as illegal hunting for food and traditional medicine (Bleisch et al., 2008; Fan et al., 2013). 

N. leucogenys presents sexual dichromatism: adult males are completely black except 

for the white whiskers forming a narrow streak, starting under the chin and reaching the ears, 

whereas females bear pale to orange-yellow fur, with a black or brown crest from the crown to 

the nape (Reichard, 2016) (see figure 2). The natal coat resembles the female fur in colour, 

but shows no facial or other markings and persists until roughly one year after birth. While 

progressing to adulthood, young animals undergo long phases during which they resemble 

adult animals of the opposite sex. All juveniles present the male black coloration and sing the 

female song. Upon reaching sexual maturity, around 4 to 5 years of age, males start singing 

the male song whereas the female’s coat changes to the adult coloration (Harding, 2012). 

Wild animals have body masses of approximately 7.5 Kg, living for at least 28 years 

and are rarely or never sympatric with other hylobatids. On the other hand, individuals in 

captivity have been reported to live for as long as 60 years, and to recognize and respond to 

songs other than those of their own species. Being vicious fighters, males and incompatible 

male-female pairs have been reported to fight to death in captivity while females grow ferocious 

with age, becoming violent to each other, juveniles and even humans after reaching sexual 

maturity (Harding, 2012). 

 

 

  

  
Figure 2- Male Nomascus leucogenys 
clasps mate as young baby suckles. 
Adapted from Heather Angel  at 
naturalvisions.co.uk. 
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I.2 The primate Y chromosome: structure and evolution 

 

For decades, sex chromosomes have been a source of fascination owing to their 

unique transmission patterns and peculiar cytology. Their atypical structure and gene 

composition seem to break the rules of genome organization, function and evolution (Graves, 

2006). The human Y chromosome harbours particular interest due to its small size – 57 Mb, 

representing around 2% of the human genome (Boyce and Mascie-Taylor, 1996; Graves, 

2000) - and the scarceness and specialization of the genes it bears (Graves, 2006).  

Genomic and genetic analyses have revealed that the primate sex chromosomes are 

composed of a heterogeneous mix of sequences with different evolutionary trajectories 

(Bachtrog, 2013). The composition of the Y chromosomes of humans (Homo sapiens), 

Chimpanzee (Pan troglodytes) and Rhesus macaque (Macaca mulatta) is represented in 

Figure 3. 

The male-specific region of the Y chromosome (MSY) differentiates the sexes and 

comprises 95% of the chromosome’s length (Skaletsky et al., 2003). The pseudoautosomal 

regions (PARs) flank the male-specific region of the Y chromosome (MSY) and have 

homologues on the X chromosome, with which they recombine during meiosis (Bachtrog, 

2013; Lahn et al., 2001). Two PARs are evident in the human Y chromosome, while the rhesus 

macaque and chimpanzee exhibit only one PAR corresponding to the short-arm PAR in 

humans. The precise boundary between that PAR and the MSY is identical in the three species 

(Bachtrog, 2013). The X-transposed region is unique to humans and resulted of a massive X-

to-Y transposition that occurred roughly 3 to 4 million years ago, after the divergence of the 

human and chimpanzee lineages (Bachtrog, 2013; Skaletsky et al., 2003). Later, an inversion 

cleaved the X-transposed block into two non-contiguous segments, as observed in the modern 

MSY (Skaletsky et al., 2003). The X-degenerate region is a deteriorated version of the 

ancestral autosome that formed the Y chromosome and stand as evidence of a shared X–Y 

ancestry. It contains 16 single-copy genes in humans with homologues on the X chromosome, 

mostly displaying housekeeping functions (Bachtrog, 2013; Hughes et al., 2012a). All of the 

16 X-degenerate genes are shared between human and rhesus macaques, whereas 

chimpanzees have lost four of them through inactivating mutations (Bachtrog, 2013). The 

ampliconic region is a highly repetitive sequence. In humans, ampliconic regions contain 

around 60 genes belonging to nine different gene families that all have male-specific function 

and that are often located in palindromes (Bachtrog, 2013). Whereas humans and 

chimpanzees contain a substantial amount of ampliconic DNA, this sequence feature is almost 

absent from rhesus macaques, and the euchromatic segment of the MSY is notably smaller in 
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rhesus macaques than in humans and chimpanzees. Also, fewer ampliconic regions are in 

palindromes in rhesus macaques. Unlike in humans, most palindromes in chimpanzees exist 

in multiple copies so that each palindrome arm has multiple potential partners for both intra- 

and interpalindrome gene conversion but despite this elaborate structure, there are no 

chimpanzee-specific ampliconic genes (Bachtrog, 2013; Hughes et al., 2012a). This study will 

focus on several genes found within the euchromatic portion of the human Y chromosome, 

such as SRY, ZFY, AMELY, DDX3Y, VCY,  NLGN4Y, HSFY, TXLNGY, KDM5D, RPS4Y2, 

RBMY and DAZ. 

• SRY and SOX3 are among the oldest known X-Y gene pairs in humans. Many studies 

indicate that an ordinary autosomal pair became sex chromosomes when mutations fashioned 

one allele of SOX3, originally an autosomal gene, into the male-determining factor SRY 

(Bachtrog, 2013; Lahn and Page, 1999). 

• ZFY codes for a zinc finger protein and was the first gene to be cloned from the human 

Y chromosome (Graves, 1995). It is a single copy gene, ubiquitously expressed in humans 

and present in the short arm of the Y chromosome (Graves, 2000, 2006). ZFX is its counterpart 

on the X chromosome (Ayling and Griffin, 2002; Graves, 1995). 

• The amelogenin genes AMELX and AMELY, present in the short arms of the X and Y 

chromosomes respectively, share 84% sequence identity, but a 6bp difference makes them 

suitable to be used as target for forensic sex identification (Meineke et al., 2010). AMELY 

shows a lower transcription rate than AMELX, suggesting that transcriptional activity was also 

affected over evolutionary time (Ayling and Griffin, 2002; Graves, 1995).  

• The protein encoded by DDX3Y belongs to the DEAD-box RNA helicase family, sharing 

high similarity to DDX3X, on the X chromosome. Mutations in this gene result in male infertility, 

a reduction in germ cell numbers, and can result in Sertoli-cell only syndrome (Ditton et al., 

2004).  

• VCY (Variable charge Y, previously called BPY1) (Lahn et al., 2001) is a member of a 

family of human VCX/Y which share a high degree of sequence identity. This gene family has 

multiple members on both X and Y chromosomes, and all are expressed exclusively in male 

germ cells. VCX/Y genes encode small and highly charged proteins of unknown function (Lahn 

and Page, 2000).  

• NLGN4Y, present on the long arm of the human Y chromosome, encodes a membrane 

protein that belongs to the family of neuroligins, and may be essential for the formation of 

functional synapses (Ross et al., 2015; Serajee and Mahbubul Huq, 2009). 
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• HSFY (heat shock transcription factor, Y-linked) is related to the heat shock protein 

transcriptional factor (HSF) family, which has shown to have an important role in 

spermatogenesis. HSFY has a homologous gene, called LW-1, located on the X chromosome 

(Shinka et al., 2004; Yu et al., 2015).  

• TXLNGY (Taxilin Gamma Pseudogene, Y-Linked), previously known as CYorf15 

(chromosome Y open reading frame 15A and 15B) have an X homologue (TXLNG, previously 

CXorf15) that has been linked to transcriptional regulation in osteoblasts. Yet, the role of 

TXLNGY sequences for either general or reproductive functions is still unknown (Navarro-

Costa et al., 2010). 

• KDM5D, previously known as SMCY (Murtagh et al., 2012), encodes a histone H3 

lysine 4 (H3K4) demethylase and is thought to be involved in male germ cell chromatin 

remodelling, playing an important role in spermatogenesis (Yu et al., 2015). 

• RPS4Y2 (Ribosomal protein S4 Y isoform 2) is associated to some diseases, 

including Y Chromosome Infertility and has an X-linked homologue, RPS4X.  It exhibits 93.6 

% nucleotide identity in coding exons with RPS4Y1, even though they diverge much more in 

introns. Apparently, they encode two different, full-length isoforms of ribosomal protein S4 

(Skaletsky et al., 2003). 

• The RBMY (RNA binding motif) gene is also testis-specific and required for 

spermatogenesis in humans. It is present in several copies and seems to have evolved from 

the ubiquitously expressed gene RBMX, that appears to have a function in brain development 

(Graves, 2006; Lahn et al., 2001). 

• Although studies of Y chromosome evolution often emphasize gene loss, the DAZ 

genes - deleted in azoospermia (Skaletsky et al., 2003) - are an example that this loss has 

been counterbalanced by the addition of new genes (Hughes et al., 2012b). These genes were 

acquired by the Y chromosome roughly 38 Mya (Hughes et al., 2012b) and are critical to 

human spermatogenesis (Graves, 2000; Hughes et al., 2012b). 



Universidade de Trás-os-Montes e Alto Douro 
A detailed comparative Y-chromosome map between the white-cheeked gibbon (Nomascus 

leucogenys) and human 

8 
 

 
Figure 3- The composition of the Y chromosomes of humans (Homo sapiens), chimpanzee (Pan 

troglodytes) and rhesus macaque (Macaca mulatta) as revealed from genomic studies, adapted 

from Bachtrog, 2013(Bachtrog, 2013). 

The human Y chromosome also contains a heterochromatic block (~40 Mb long) that 

is much larger than those of the chimpanzee and rhesus macaque. Once considered ‘extra 

DNA’ or ‘junk DNA’, it is now known that heterochromatin is composed of non-coding repetitive 

DNA sequences, that can be responsible for great sections of the genomes and can be divided 

into two main classes according to their primary organization: transposable elements (TE) and 

tandemly repeated DNA (Slamovits and Rossi, 2002).   
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In the first class belong TE or mobile genetic elements, that were first described by 

Barbara McClintock in 1950, work that would later grant her a Nobel Prize in Physiology or 

Medicine (McClintock, 1950). These genetic elements may be found scattered throughout the 

genome of plants and animals and have the ability of transposition, that is ‘jumping’ to different 

genomic locations (Lee et al., 2014; Slamovits and Rossi, 2002). TE, classified into different 

categories, may be a key factor in human and primate evolution (Adega et al., 2009; Carbone 

et al., 2012; Lee et al., 2014). In plants and vertebrates methylation can suppress the 

transcription, and therefore, the transposition of TE, preserving genome integrity. However, 

when that repression is disrupted or absent, it can lead to an exaggerated transposition and 

proliferation of TE, ultimately resulting in extreme chromosome remodelling (Carbone et al., 

2012; Lee et al., 2016). Carbone and colleagues believe to have found evidence of a link 

between the loss of TE repression  by hypomethylation of the genome and the intense 

chromosome remodelling observed in gibbons (Carbone et al., 2012). LAVA sequences are 

TE that have been reported as gibbon-exclusive and originated from the combination of 

portions of three other TE (Lee et al., 2014). This kind of accumulation of different TE rarely 

occurs in mammals and is believed to have developed in the gibbons’ common ancestor 

(Carbone et al., 2012). Although no direct correlation was found between the emergence of 

LAVA elements and human–gibbon synteny breakpoints, this new TE is another mark of the 

great plasticity of the gibbons genome (Carbone et al., 2012), and it seems to have greatly 

impacted the evolution of the hylobatidae lineage (Carbone et al., 2012; Meyer et al., 2016). 

In a second class of heterochromatic DNA sequences, there’s tandemly repeated DNA, 

practically present in all eukaryotic genomes and usually found in higher copy number than 

transposable elements (Slamovits and Rossi, 2002). It is organized into multiple copies of a 

DNA sequence of a determined size, called the repeat unit, and  arranged in a head to tail 

fashion forming tandem arrays (Warburton et al., 2008). Three classes of tandemly repeated 

DNA are recognised, based on their length, properties and genomic distribution (Slamovits and 

Rossi, 2002; Warburton et al., 2008).  Micro and minisatellites are short tandemly arranged 

sequences with repeat units of 1 to 5 bp and 10 to 100 bp respectively, according to Slamovits 

and Rosssi’s review (Slamovits and Rossi, 2002). Nevertheless, other authors may consider 

different repeat sizes, such as Plohl et al., who report repeat units of 2 to 6 bp for microsatellites 

and 15 to 60bp for minisatellites (Plohl et al., 2008). Micro and minisatellites can be found 

dispersed throughout the genome in moderate abundance and located predominantly in 

euchromatic chromosomal regions (Plohl et al., 2008; Slamovits and Rossi, 2002). The third 

class of tandemly repeated DNA is known as satellite DNA, or satDNA. It is highly repetitive 

and can be present in up to several million copies in a genome with numerous unrelated 

families coexisting in the same organism (Slamovits and Rossi, 2002), preferentially located 
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at centromeric, pericentromeric, and subtelomeric regions, but also at interstitial positions 

(Biscotti et al., 2015). The basic repeating units, or monomers, are often rich in adenine and 

thymine ranging in length from only a few bp up to more than 1 kb, building up to 100 Mb long 

arrays, and being responsible for enormous variations of genome size in eukaryotes (Plohl et 

al., 2008). The often low sequence divergence between monomers of the same family, along 

with the scarceness of intervening sequences inserted into these long arrays, constitute 

significant challenges to current sequencing and mapping techniques when it comes to 

assembling tandemly repeated motifs into large contigs (Plohl et al., 2008; Rudd and Willard, 

2004).  

A number of satellite DNA families have been identified in the human genome (Jarmuz 

et al., 2007). This study will focus on the largest, called alpha satellite DNA, or α-Sat, that is 

present in all human centromeres and has been extensively studied. It is composed of 171 bp 

monomers that can be found either as diverged monomers with no detectable higher order 

structure, or as chromosome-specific higher order repeat units (HORs), organized into arrays 

of highly homogenous multimeric repeat units (Rudd and Willard, 2004; Warburton et al., 

2008). α-Sat DNA is known to be a major DNA component of the chromosomes in primates 

(Prakhongcheep et al., 2013; Terada et al., 2013). 

As for the origin and evolution of the primate Y chromosome, it is now widely accepted 

that both X and Y chromosomes evolved from a pair of ordinary chromosomes (Ohno, 1967). 

Yet, during the past 200-300 million years (Bachtrog, 2013; Hughes et al., 2012a) the male-

specific region of the Y chromosome (MSY) has evolved in such a way that it retains only 3% 

of the ancestral autosomes’ genes (Hughes et al., 2012a, 2012b). It has been proposed that 

the XY system may have arisen de novo in an ancestral mammal with temperature-dependent 

sex determination when an autosome acquired a sex-determining gene that prevailed over the 

sex-determining effect of temperature (Graves, 2006).  The suppression of recombination was 

in all likelihood achieved in multiple steps, and comparison of genes from the human X-

degenerate region of the Y chromosome and their homologues in the X chromosome reveals 

heterogeneous levels of sequence divergence, suggesting that the recombination was 

gradually supressed in several successive steps (Bachtrog, 2013; Lahn et al., 2001). During 

the course of evolution, X–Y crossing over was suppressed in five different chromosomal 

regions at five different times, probably resulting from consecutive inversions within the Y 

chromosome. Each of these regions of the Y chromosome then began its own individual course 

of degeneration, undergoing deletions and gene loss (Hughes et al., 2012a). Therefore, most 

of the genes on the Y chromosome form an evolutionary continuum, representing all degrees 

of degradation and divergence from the X-borne predecessor (Graves, 2006). Comparison of 
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the present-day X and Y chromosomes enables identification of these five evolutionary events 

in the MSY (Hughes et al., 2012a) and the distinctive degrees of X–Y differentiation indicate 

the evolutionary ages of each region. Being the most highly differentiated, the oldest dates 

back over 240 million years (My), while the youngest originated only 30 million years ago (Mya) 

and displays the highest X–Y nucleotide sequence similarity within the MSY (Hughes et al., 

2012a). Another remarkable feature of the Y chromosomes concerns the way it is transmitted, 

always from father to son, never passing through females. This unique way of transmission 

makes this chromosome in a word ideal to carry genes that increase male fitness, given that 

any male-beneficial gene it may carry will consistently be passed through the sex it is beneficial 

to, but preserved from counter-selection in females in case of sexually antagonistic mutations 

(Bachtrog, 2013; Hughes et al., 2012b). As a consequence, surviving Y-linked genes would 

predictably be enriched for male-beneficial functions. Whole-genome sequence analyses in 

primates and Drosophila spp. have confirmed that, even though most of the gene content of 

the ancestral Y chromosome have been lost during its evolution, many of the genes preserved 

or acquired to the ‘modern’ chromosome harbour male-specific functions (Bachtrog, 2013).  

While many genes are known to be Y-linked, the actual number of Y chromosomes that 

have been fully sequenced and assembled is extremely small. Studying the Y chromosome is 

a challenging process, mainly because of its presumed low gene content and large amounts 

of repetitive DNA sequences, that is often arrayed into long stretches of nearly identical 

sequence, which renders it notoriously difficult to assemble and has been excluded from most 

sequencing projects (Bachtrog, 2013; Li et al., 2013).  

Even though a lot of mammalian genomes are sequenced, only a small fraction has a 

Y assembly (Skinner et al., 2016). These few assemblies, and several partial sequence 

assemblies, have permitted the elucidation of gene order in the Y chromosomes of human 

(Skaletsky et al., 2003), chimpanzee (Hughes et al., 2010), rhesus macaque (Hughes et al., 

2012b), wallaby (Murtagh et al., 2012), mouse (Soh et al., 2014), marmoset, rat, opossum 

(Bellott et al., 2014), cattle (Elsik et al., 2009), horse (Paria et al., 2011), cat and dog (Li et al., 

2013). Likewise, a lot of studies have already focused on the gibbons’ karyotype, but most of 

them have provided no information on the Y chromosome (Carbone et al., 2006, 2014; Müller 

et al., 2003). Figure 5 shows an ideogram of the N. leucogenys Y chromosome. This sub-

metacentric chromosome is very small when compared to other primates Y chromosomes, and 

contains a NOR (Nucleolar Organizer Region) on p12.2 (Kirsch et al., 2008; Schmidt et al., 

2009). 
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Figure 4- N. leucogenys Y chromosome ideogram. The red arrow indicates the position of the 

NOR. Adapted from Kirsch et al., 2008 and Schmidt et al., 2009. 
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I.3 Cytogenetics  

 

Emerging at the end of the 19th century, Cytogenetics can be defined as the study of 

the structure, function, and evolution of chromosomes (Smeets, 2004). Cytogenetic 

techniques, extensively used on a range of applications from clinical diagnostics to basic 

genomic research, have evolved during the past decades allowing an ever higher resolution 

(Speicher and Carter, 2005).  

The early days of cytogenetics were tough, mainly because it was not yet possible to 

culture mammalian cells nor to produce any quality slides which enabled a reproducible count 

of the number of chromosomes (Smeets, 2004). This way it is easy to understand the 

conflicting results reported on the number of chromosomes in a human cell. In fact, for several 

years it was generally accepted by most researchers that there were 48 chromosomes in a 

human cell, since they had no way of proving otherwise (Ferguson-Smith, 2015; Smeets, 

2004). 

Fortunately, the ‘50s brought along several new and exciting discoveries which 

culminated in the disclosure of the correct number of chromosomes in humans. For example, 

more and more successes were claimed in culturing numerous types of mammalian cells, 

enabling a relatively easy access to dividing cells (Smeets, 2004). Still, it was imperative to 

find a way to produce nice slides with well spread chromosomes that could easily be counted, 

which only happened after the discovery of the hypotonic shock and mitotic arrest (Ferguson-

Smith, 2015; Smeets, 2004). The realization that cells that had been kept for several minutes 

in a hypotonic salt solution instead of an isotonic one before fixation gave a much better 

spreading of the chromosomes and that the addition of colchicine to cell cultures, which 

destroys the mitotic spindle and captures the cells in their metaphase stage, dramatically 

increased the number of metaphases available for microscopic studies. Thus, the correct 

number of 46 chromosomes in human cells was published and soon confirmed (Ferguson-

Smith, 2015; Smeets, 2004). These discoveries paved the way for the start of a new era of 

clinical cytogenetics. Although the chromosomes showed only few details, they could be 

arranged in eight different groups based on their size and location of the centromere. This 

enabled an easy counting of the chromosomes and in the following years several numerical 

chromosome aberrations were reported (Ferguson-Smith, 2015; Smeets, 2004). 

During the 70s, many efforts were made to develop a technique for a clear 

discrimination between the various chromosome pairs, leading to the discovery of banding 

patterns, which enabled the recognition of every single chromosome (Ferguson-Smith, 2015; 
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Smeets, 2004). The first banding patterns were based on a fluorescent staining technique with 

quinacrine, that intercalated into DNA producing dark and light bands visible by UV microscopy 

along each chromosome (Ferguson-Smith, 2015; Smeets, 2004; Speicher and Carter, 2005). 

However, fluorescence intensity quickly quenched which made the technique less optimal for 

routine studies. Hence, several other banding techniques were developed like G-, R-, C-, and 

NOR-banding each having their own specific properties and applications. The G- banding 

technique based on the application of trypsin followed by Giemsa staining became very 

popular worldwide for routine use in a clinical setting (Smeets, 2004) and is still the most widely 

used method for staining euchromatic chromosome bands, providing the standard karyotype 

and the framework for a standardized method of describing the locations of genes, breakpoints 

and other features on chromosomes (Sumner, 2003). 

The implementation of these banding techniques accompanied by easy culture 

methods of peripheral lymphocytes from blood resulted in a significant increase in the number 

of routine chromosome studies, allowing the detection of various structural aberrations like 

translocations, inversions or deletions (Ferguson-Smith, 2015; Smeets, 2004). High resolution 

banding was later achieved by synchronizing lymphocyte cultures, thus significantly increasing 

the number of cells being in pro-metaphase or even pro-phase stage instead of metaphase. 

This allowed for a much more precise description of the already known chromosomal 

aberrations, and also facilitated the detection of thus far unnoticed subtle aberrations. By 

applying this technique, several already well-known clinical syndromes could be linked to small 

chromosome aberrations and the concept of the micro-deletion was born (Smeets, 2004). 

Even though conventional chromosome analysis based on banding is still extensively 

used, more popular are molecular cytogenetic techniques based on the diverse variants of 

fluorescent in situ hybridization (FISH) (Speicher and Carter, 2005). They have brought great 

enhancements to the thorough interpretation of numerical and complex chromosome 

aberrations, bridging the gap between conventional chromosome banding analysis and 

molecular genetic DNA studies (Tönnies, 2002). FISH gained widespread recognition as a 

physical mapping technique to support large-scale mapping and sequencing efforts related to 

the human genome project. However, its accuracy and adaptability were simultaneously, or 

soon after, exploited in other areas of biological and medical research (Volpi and Bridger, 

2008). This rapid, sensitive and powerful technique is based on the hybridization between a 

DNA probe labelled with modified nucleotides that contain either a hapten or fluorophore, and 

a complemental DNA target on either metaphase chromosomes, interphase nuclei, extended 

chromatin fibres or DNA microarrays (Mendes-Da-Silva et al., 2016; Speicher and Carter, 

2005). Significant developments regarding the two key elements - target and probe - have led 



Universidade de Trás-os-Montes e Alto Douro 
A detailed comparative Y-chromosome map between the white-cheeked gibbon (Nomascus 

leucogenys) and human 

15 
 

to the increasing resolution to which chromosomal rearrangements can now be identified 

(Speicher and Carter, 2005). 

The choice of the target is crucial in order to accomplish the required resolution. Using 

metaphase spreads as target allows the study of whole chromosomes with a resolution of 

approximately 5 Mb, while using interphase nuclei will attain a resolution from 50 Kilo base 

pairs (Kbp) to 2 Mega base pairs (Mb) and chromatin strands used in fibre-FISH can yield a 

resolution from 5 Kb to 500 Kb. Lastly, comparative genomic hybridization using DNA 

microarrays provides resolution down to the single-nucleotide level (Speicher and Carter, 

2005). 

Regarding probe choice, several types are available and the choice of the most suitable 

probe for each study is based on the goal, with particular emphasis on the required information 

and resolution (Mendes-Da-Silva et al., 2016; Tönnies, 2002). Probes can be labelled directly, 

by incorporating fluorescent nucleotides, or indirectly, by incorporating reporter molecules 

subsequently detected by fluorescent antibodies or other molecules. Probes and targets are 

finally visualized in situ using an epifluorescence microscope (Volpi and Bridger, 2008). 

Speicher and Carter (2005) reviewed the different types of probes available and their 

applications. 

• Whole-chromosome paint probes derived from flow-sorted chromosomes hybridize 

with entire chromosomes. In a normal diploid interphase nucleus, two chromosome territories 

are typically visible (Speicher and Carter, 2005).  

• Regional paint probes can be generated by chromosome microdissection. For instance, 

differentially labelled probes can be specific for each of the arms of a particular chromosome 

(Speicher and Carter, 2005).  

• Chromosome-specific centromeric repeat probes are available for almost all human 

chromosomes. Because of their ease of use and high signal intensities, these probes are 

popular for counting chromosome copy numbers in interphase nuclei (Speicher and Carter, 

2005). 

• Large-insert clones are available for most genomic regions. For example, subtelomeric 

probes are often used to screen for cryptic translocations that are not usually visible in 

conventional chromosome-banding analyses (Speicher and Carter, 2005).  

• Special probe sets can be designed to facilitate diagnosis of known structural 

rearrangements. Probe sets of this type allow structural rearrangements to be detected even 

in interphase nuclei (Speicher and Carter, 2005).  
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• Genomic DNA is used as the probe in comparative genomic hybridization (CGH) in 

order to establish copy number. Simultaneous visualization of both test DNA (labelled in green 

fluorochrome) and normal reference DNA (labelled in red fluorochrome), shows balanced 

regions in yellow (equal amounts of green and red fluorochromes). In regions of gain in copy 

number, green fluorescence dominates, whereas regions of loss appear red. Quantification is 

carried out using adequate software that calculates a ratio profile for the two colours (Speicher 

and Carter, 2005).  

Another important development was the increase in the number of differentially labelled 

probes that can be simultaneously hybridized and imaged, along with the considerable 

improvement in both the hardware and software used for the analysis of FISH images 

(Speicher and Carter, 2005). 
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CHAPTER II. Goals and approach  

 

The overall goal of this work was to produce a comparative map of the N. leucogenys 

Y chromosome using the knowledge available about the human Y chromosome and the 

contemporary molecular cytogenetic tools. 

With this goal in mind, the scope of my MSc project consisted of two parts. The first 

involved the comparative mapping of 15 Y chromosme-specific BACs from the RP11 library of 

the human in both human and N. leucogenys by metaphase- and fibre-FISH. This would allow 

the determination of the relative positions of the hybridization sites of each BAC on the gibbon’s 

Y chromosome. The second part involved attempts to isolate, clone, sequence and locate an 

α-Sat DNA sequence in the gibbon’s Y chromosome, using a human α-Sat DNA sequence as 

probe template. 
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CHAPTER III. Materials and Methods 

 

III.1 Part 1 

 

The following protocols were performed at the Molecular Cytogenetics Core Facility in 

the Wellcome Trust Sanger Institute, according to the standard operating procedures in place 

at this institution. These protocols were applied when studying the euchromatic portion of the 

N. leugogenys Y chromosome.  

 

III.1.1 In vitro culture of human and gibbon lymphobtastoid cell lines   

 

In order to obtain chromosomal suspensions, as well as DNA chromatin fibres, to be 

used as FISH targets, two male lymphoblastoid cell lines were used: one from N. leucogenys 

(provided by Kunming Institute of Zoology, China) and one from human (obtained from Corriel, 

ID: HG03006). Both cell lines were cultured using RPMI 1640 Medium (Gibco, ThemoFisher 

Sientific), supplemented with 10% Bovine Fetal Serum (Gibco, ThemoFisher Sientific) and 1% 

of streptomycin/penicillin/L-glutamine (Sigma-Aldrich). The culture medium was changed as 

frequently as necessary. A solution of Virkon S was used to clean all materials that had 

contacted with the cells, in order to neutralize them. The solution was prepared from granulate 

or tablets, and disposed of, according to the manufacturer’s instructions.  

 

Protocol 1. Changing Culture medium 

1. The T25 culture flask was lightly shaken, in order to lift the cells from the bottom, and then 

given a few minutes for some of them to deposit again.  

2. Using a vacuum aspirator, approximately half the volume of the suspension was removed.  

3. The removed volume was replaced with pre-warmed fresh medium and the culture flask 

was placed back in a CO2 incubator at 37ºC. 

 

 

 



Universidade de Trás-os-Montes e Alto Douro 
A detailed comparative Y-chromosome map between the white-cheeked gibbon (Nomascus 

leucogenys) and human 

19 
 

Protocol 2. Freezing/thawing cell cultures  

 

During the time periods when the cell lines were not necessary, or when there was no 

availability to frequently change the culture medium, they were frozen and kept at -80ºC, using 

BAMBANKERTM serum-free freezing medium. 

 

1. The cell suspension was visualized under the inverted microscope to assess cell density. 

Cells were frozen in logarithmic growth phase. To achieve this, medium was refreshed daily. 

2. 10 mL of the cell suspension were transferred into a 15 mL tube and centrifuged at 1200 

rpm for 5 minutes. 

3. After aspirating the supernatant, the collected cells were re-suspended in 1 mL of the 

freezing medium and placed in cryotubes. The tubes were then stored at -80ºC. 

4. Thawing was carried out quickly by placing the tubes in a 37ºC water bath. Then, the cells 

were re-suspended in 10 mL pre-warmed complete medium and washed once, before being 

placed in a new T25 culture flask with 10 mL of pre-warmed media. 

 

Protocol 3. Cell Quantification 

 

Several protocols require a pre-determined cell concentration. In those cases, a 

haemocytometer was used in order to accurately calculate the cell concentration and 

subsequently dilute or concentrate it accordingly.  

 

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

centrifuged at 1200 rpm for 5 minutes.  

2. The supernatant was discarded and the pellet re-suspended in 10 mL of PBS. This step 

was repeated two more times.  

3. After the last centrifugation, the pellet was re-suspended in 1 mL of PBS and 10 µL of this 

solution transferred to a new microcentrifuge tube.  

4. 10µL of trypan blue were also added to the microcentrifuge tube and after mixing, 10 µL 

of the trypan blue-treated cell suspension were carefully pipetted to each chamber of the 

haemocytometer under the coverslip, allowing the cell suspension to be drawn out by capillary 

action. 
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5. The haemocytometer was placed under a microscope and the grid lines were focused. 

The live, unstained cells were counted in 4 large corner squares and the number of viable cells 

per millilitre was determined. 

6. The cells were diluted or concentrated to the required concentration using 1×PBS. 

 

Protocol 4. Harvesting metaphase chromosomes from lymphoblastoid cell lines 

 

Briefly, metaphase cells were obtained by treating the cultures with colcemid (Gibco, 

ThermoFisher Scientific), in order to arrest the cell cycle by disrupting the mitotic spindle 

(Michelland et al., 1998). Later, the cells were exposed to hypotonic buffer to make them swell 

(Park and Stratakis, 2002). The cells were then fixed with a solution of methanol and acetic 

acid, and washed  several times to ensure complete removal of cytoplasmic debris (Park and 

Stratakis, 2002). Bromodeoxyuridine (BrdU) was used to synchronize the cell cycle and DNA 

condensation was inhibited so that longer chromosomes were obtained, by using  ethidium 

bromide (Park and Stratakis, 2002).  

 

1. 10 mL of actively growing cell culture were transferred to a new T25 flask. 

2. 100 μL of BrdU (stock: 18 mg/ml), were added to the culture and mixed thoroughly.  

3. The culture was then incubated for 16-18 hours at 37ºC. 

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

for 10 minutes at 1200 rpm. 

5. The supernatant was removed and 10 mL of fresh culture medium added, re-suspending 

the pellet. 

6. The culture was then transferred to a new T25 flask and incubated for 3 hours and 45 

minutes. 

7. 10 μl of ethidium bromide (stock: 10 mg/ml) and Colcemid to a final concentration of 0.02 

μL/mL (20 μL in 20 mL) were added to the culture and thoroughly mixed. 

8. The culture was then incubated for 2 hours at 37ºC. 

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

for 10 minutes at 1200 rpm. 

10. The supernatant was removed and the cell pellet was mixed by flicking the base of the 

tube. 

11. 10 mL of 0.4% KCl (in 10 mM Hepes) pre-warmed to 37ºC, were carefully added to re-

suspend the pellet. 
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12. This mixture was incubated for 15 minutes at 37ºC. 

13. 1 mL of freshly prepared fixative was added (3 parts methanol: 1 part acetic acid). The 

centrifuge tube content was mixed by gentle swirling. 

14. The mixture was then centrifuged for 10 minutes at 1200 rpm. 

15. The supernatant was removed and the cell pellet was re-suspended in 10 mL fixative 

and centrifuged for another 10 minutes at 1200 rpm. 

16. The supernatant was removed and the cells were re-suspended in a sufficient volume 

of freshly prepared fixative for the desired cell density. 

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

 

III.1.2 Preparation of FISH probes from BAC clones of the human 

RP11 BAC library 

 

Next will be described the preparation of FISH probes from the BAC clones selected 

from the RP11 library. First, the plasmid DNA was isolated from the E. coli cultures and 

quantified using NanoDrop. Then, the DNA was amplified and labelled by using WGA (Whole 

Genome Amplification) kits. All the BAC clones used are from RPCI-11 Human Male BAC 

Library, and they were provided by the Clone Library Archive at the Welcome Trust Sanger 

Institute. 

 

Protocol 5. Plasmid DNA extraction 

 

DNA was extracted from the selected BAC clones using PhasePrep™ BAC DNA Kit 

(Sigma-Aldrich). The process started by lysing the cells to release the nucleic acids. Next, they 

were precipitated from the cleared lysate, washed and residual RNA digested by RNAse. 

Endotoxins and other impurities were then removed, and lastly the DNA was precipitated.  

 

1. A single isolated bacterial colony was picked for each BAC and put in 10 mL of LB growth 

media with 8 µL of chloramphenicol (Stock: 12.5 mg/mL). The suspension was incubated 

overnight at 37°C in a shaker at 220 rpm. 

2. Next day, the suspension was pelleted by centrifugation for 10 minutes at 3400 rpm and 

the supernatant removed. 
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3. 300 µL of resuspension solution (containing RNase A solution) were added to the pellet 

and re-suspended by pipetting up and down. 

4. The re-suspended cells were transferred into a new 2 mL round-bottom microcentrifuge 

tube. 

5. 300 µL of lysis solution were added and the tube was immediately mixed by gentle 

inversion 4 to 6 times before incubating at room temperature for exactly 5 minutes. 

6. 300 µL of chilled neutralization solution were added to the lysate and the tube was 

immediately and thoroughly mixed by gentle inversion 6 to 8 times before incubating on ice for 

5 minutes. 

7. In order to pellet the cell debris, the tubes were centrifuged for 5 minutes, at 14000 rpm 

and 4°C, and the cleared lysate (supernatant) carefully transferred into a new 1.5 mL 

microcentrifuge tube. 

8. To precipitate the nucleic acids, 540 µL of room temperature isopropanol were added to 

the cleared lysate. 

9. The tubes were mixed by gentle inversion and centrifuged at 14000 rpm for 20 minutes at 

4°C. 

10. The supernatant was removed by pipetting and the pellet washed with 100 µL of room 

temperature 70% ethanol. 

11. The tubes were centrifuged for 5 minutes, at 14000 rpm and 4°C. 

12. The supernatant was removed by pipetting and the pellet left to air dry for approximately 

5 minutes. 

13. To digest residual RNA, 500 µL of elution solution and 1 µL of diluted RNAse cocktail 

(1 volume of RNAse cocktail to 9 volumes of Elution Solution) were added. 

14. The tubes were briefly mixed and incubated on a 60°C water bath for 5 minutes. 

15. In order to adjust salt concentration, 40 µL of 3M sodium acetate buffer solution (pH7.0) 

were added, and mixed briefly. 

16. To remove endotoxins and other impurities, 100 µL of endotoxin removal solution were 

added, mixing thoroughly by inversion.  

17. The tubes were chilled on ice for at least 5 minutes, mixing 2 times during incubation. 

18. The tubes were then warmed at 37°C in a water bath for 5 minutes. 

19. The tubes were centrifuged at room temperature at 14000 rpm for 3 minutes to separate 

the phases: upper clear phase contained BAC DNA, while blue lower phase contained the 

endotoxins and other impurities.  

20. The clear upper phase was carefully transferred into a new 1.5 mL microcentrifuge 

tube, whereas the blue lower phase was discarded. 
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21. In order to precipitate the DNA, 540 µL of room temperature DNA Precipitation Solution 

were added. The tubes were then thoroughly mixed by gentle inversion and centrifuged at 

14000rpm for 20 minutes at 4ºC.  

22. The supernatant was removed and the pellet washed with 150 µL of room temperature 

70% ethanol. 

23. The tubes were centrifuged at 14000 rpm for 5 minutes and the supernatant removed. 

24. The pellet was washed once more with 50 µL of room temperature 70% ethanol, and 

the tubes centrifuged at maximum speed for 5 minutes. 

25. The supernatant was removed and the tubes left open to air dry for approximately 5 

minutes. 

26. The DNA was dissolved in 30 µL of T0.1E (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA). 

 

 

Protocol 6. DNA quantification using NanoDrop 

 

After extraction, the concentration and purity of the isolated DNA was assessed using 

a NanoDrop microspectrophotometer. This useful instrument requires very small sample 

volumes and measures its absorbance at three different wavelengths: 260 nm, 280 nm and 

320 nm. DNA concentration is calculated based on the 260nm absorbance. Two ratios are 

also calculated in order to determine the sample purity: 260/230 and 260/280. In pure DNA 

samples the 260/230 ratio should range between 2.0-2.2, while the 260/280 ratio should be of 

approximately 1.8 (Wilfinger, 1997).  

 

1. The upper and lower optical surfaces of the microspectrophotometer sample retention 

system were cleaned using deionized water and a cotton bud. 

2. The NanoDrop software was opened and the nucleic acids module selected. 

3. The spectrophotometer was initialized and a blank measurement performed by loading 1 

µL of the elution solution (used to elute the sample) and selecting “blank.” Once the blank was 

complete, both optical surfaces were clean with a cotton bud. 

4. The sample was measured by loading 1 µL and selecting “measure.” Once the 

measurement was complete, both optical surfaces were cleaned. 
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Protocol 7. Whole genome amplification 

 

A whole genome amplification step was performed, using GenomePlex® Whole 

Genome Amplification Kit (WGA1, Sigma-Aldrich). This protocol, based on the random 

fragmentation of the genome into a series of overlapping short templates, allowed the 

generation of a library containing shorter DNA strands (Arneson et al., 2008a). This library was 

then replicated several times, using incubations at different temperatures to add adaptor 

sequences with specific PCR (Polymerase Chain Reaction)  priming sites to both ends of every 

fragment (Arneson et al., 2008a). This method, known as degenerate-oligonucleotide-primed 

PCR (DOP-PCR) allowed complete genome coverage in a single reaction, using a single 

primer (Arneson et al., 2008a), generating a smear of DNA fragments (200-1000 bp) that are 

visible on an agarose gel (Arneson et al., 2008b). 

 

Fragmentation: 

1. 10 µL of DNA at 1 ng/µL were used to start the protocol. 

2. 1 µL of 10× Fragmentation Buffer was added to the DNA sample. 

3. The tubes were placed in a thermal block at 95ºC for exactly 4 minutes (this incubation 

time needs to be accurate once it is time-sensitive). 

4. The samples were immediately cooled on ice and then centrifuged briefly in order to 

consolidate the contents. 

 

Library preparation: 

5. 2 µL of 1x Library Preparation Buffer and 1 µL of Library Stabilization solution were added 

to each sample. 

6. The tubes were then thoroughly vortexed, briefly centrifuged and placed in a thermal cycler 

at 95ºC for 2 minutes. 

7. The samples were cooled on ice, briefly centrifuged and then replaced on ice. 

8. 1 µL of Library Preparation Enzyme was added to each sample, which was then vortexed 

thoroughly and briefly centrifuged.  

9. The samples were placed in a thermal cycler with the following incubation: 

  20 minutes at 16ºC 

  20 minutes at 24ºC 

  20 minutes at 37ºC 
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  5 minutes at 75ºC 

  Hold at 4ºC 

10. The samples were removed from the thermal cycler and briefly centrifuged.  

11. These samples were then ready to be amplified or could be stored at -20ºC for up to 

three days. 

 

Amplification: 

12. The following reagents were added to each tube (depending on the number of samples 

a master mix was prepared): 

  7.5 µL of 10x Amplification Master Mix 

  47.5 µL of water, Molecular Biology Reagent  

  5 µL of WGA DNA polymerase  

13. The tubes were vortexed thoroughly, briefly centrifuged and put in a thermal cycler with 

the following cycle: 

14.  

Initial denaturation 94ºC, 3 minutes 

14 cycles: 
Denaturation 94ºC,15 seconds 

Annealing/Extension 65ºC, 5 minutes 

Pause 4ºC 

 

15. The reactions were kept at 4ºC or stored at -20ºC until required. 

16. An aliquot of each sample was run on a 1% agarose gel at 100 V for approximately 30 

minutes in order to verify the presence of amplification product. 

 

Protocol 8. Probe labelling by WGA 

 

The probe labelling was carried out using GenomePlex® WGA Reamplification kit 

(WGA3, Sigma-Aldrich), whit some modifications. In the present work probes were indirectly 

labelled with biotin-16-dUTP (Jena Bioscience), digoxigenin-16-dCTP (Jena Bioscience) and 

Dinitropenol-11-dUTP (Jena Bioscience). These non-fluorescent haptens must be detected by 

a fluorescence-coupled anti-hapten after hybridization (Morrison et al., 2003). In some cases, 

additional rounds of antibody binding can be applied in order to further increase the number of 

bounded fluorophores, amplifying the signal (Morrison et al., 2003; Speicher and Carter, 2005).   
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After labelling the products were digested using DNase I (Roche) to a size range 

between 200 and 500 bp, which is the suitable DNA fragment sizes to be used in FISH. 

 

25 μl Reaction Master Mix with Dig-dUTPs (Per Sample): 

15.7 µL ddH2O 

2.5 µL 10xWGA 3 Amplification Master Mix (without dNTPs) 

2.5 µL 10x dNTPs (2mM) with 50% dC 

1.5 µL 1mM labelled dCTP 

0.5 µL MgCl2 (50mM) 

1.8 µL SigmaTaqTM DNA Polymerase  

0.5 µL WGA amplified DNA 

 

25 μl Reaction Master Mix with Bio-dUTPs (Per Sample): 

15.7 µL ddH2O 

2.5 µL 10xWGA 3 Amplification Master Mix (without dNTPs) 

2.5 µL 10x dNTPs (2mM) with 70% dT 

1.5 µL 1mM labelled dUTP 

0.5 µL MgCl2 (50mM) 

1.8 µL SigmaTaqTM DNA Polymerase  

0.5 µL WGA amplified DNA 

 

25 μl Reaction Master Mix with DNP-dUTPs (Per Sample): 

16.2 µL ddH2O 

2.5 µL 10xWGA 3 Amplification Master Mix (without dNTPs) 

2.5 µL 10x dNTPs (2mM) with 80% dT 

1.5 µL 1mM labelled  dUTP 

0.5 µL MgCl2 (50mM) 

1.8 µL SigmaTaqTM DNA Polymerase  

0.5 µL WGA amplified DNA 

 

 

Depending on the number of samples a master mix was prepared. After combining all the 

solutions the tubes were briefly mixed and centrifuged and placed on a thermal cycler with the 

following labelling programme:  
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Initial denaturation 94ºC, 3 minutes 

14 cycles: 
Denaturation 94ºC, 15 seconds 

Annealing/Extension 65ºC, 5 minutes 

Pause 4ºC 

 

17. After completing the labelling programme, 3 µL of each sample were run on a 1% 

agarose gel, at 100V for approximately 30 minutes, in order to verify the presence and size of 

PCR product. 

 

Probe size optimization by DNase I cut: 

3. 2 µL of diluted DNase I solution (1:15 in 10×DNase I reaction buffer) were added to each 

tube, mixing briefly before incubation at 15ºC for 25 minutes. 

4. 3 µL of each sample were run on a 1% agarose gel at 100V for approximately 30 minutes, 

to verify if the products size was between 200-500bp. In they were still too large, incubation 

was prolonged for the appropriate time.  

5. After achieving the desired size, 1 µL of 0,5M EDTA was added to the sample, and the 

tubes heated at 65ºC for 10 minutes to stop the reaction by DNase I inactivation. 

6. These labelled probes may be stored at -20ºC until required. 

 

III.1.3 Fluorescent in situ hybridization  

 

Protocol 9. Metaphase FISH 

 

Metaphase FISH was used to assess the presence and relative position of the BAC 

clones in the human and gibbon metaphase chromosomes. This fast and sensitive technique 

is based on the nucleic acid hybridization between a labelled DNA probe and the denatured 

target sequence (Mendes-Da-Silva et al., 2016). 

Prior to hybridization, both probe and target were denatured to yield single-stranded 

nucleic acids (Mendes-Da-Silva et al., 2016). They were then combined, in a hybridization 

step, which allowed the annealing of complementary DNA sequences (Speicher and Carter, 

2005). Later, unbound probe molecules or unstable hybrids were removed by stringent 

washes. Given that the probes were indirectly labelled, a detection step was required (Mendes-

Da-Silva et al., 2016), to allow the visualization of the non-fluorescent haptens. Lastly, the 

signals were evaluated by epifluorescence microscopy (Speicher and Carter, 2005). 
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Slide preparation 

1. The glass slides were sonicated with phosphate-free liquid detergent and rinsed with 

water, then stored in 96% ethanol until required. 

2. The slides were removed from ethanol, and lightly polished dry with a lint-free tissue. 

3. The cell suspension was mixed by gently flickering the tube or by pipetting. 

4. A small volume of suspension was taken and a single drop was placed at the centre of a 

clean slide.  

5. As the suspension started to spread, one drop of fixative was added. 

6. The slides were allowed to dry for roughly one minute in a 50ºC water bath.  

7. After drying, slides were examined under a phase contrast microscope in order to assess 

whether chromosome spreading was optimal, if that was not the case, the time interval 

between the cell suspension drop and the fixative drop was adjusted accordingly. 

 

Slide pre-treatment prior to hybridization 

8. The slides were dehydrated through ethanol series (70%, 70%, 90%, 90%, 100%) at room 

temperature, for 2 minutes in each coplin jar. After they were allowed to air dry upright. 

9. The slides were then treated with a pepsin solution (50 mL of ddH2O, 500 µL 1M HCl and 

250 µL 1% pepsin) at room temperature for 5 minutes.  

10. Next, the slides were transferred to 2×SSC for 5 minutes at room temperature, and 

readily dehydrated by ethanol series (70%, 70%, 90%, 90%, 100%) for 5 minutes each, at 

room temperature, after which they were allowed to air dry upright. 

11. The slides were then baked for 1 hour at 65ºC. 

 

Hybridization 

12. The probe mix was prepared in a 0.5 mL microcentrifuge tube at room temperature, by 

adding 8 µL of hybridization buffer, 2 µL of Human Cot1 DNA (ThermoFisher Scientific) in 

hybridization buffer (1µg/µL) and 1µL of each labelled probe, for each slide. 

13. The tube was vortexed, briefly centrifuged and then placed at 37ºC thermal block. 

14. The probe was incubated in a thermal block at 65ºC for at least 15 minutes, in order to 

denature the probe. After that the tube was transferred to a 37ºC incubator to pre-anneal for 

15 minutes to 3 hours. 
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15. In a fume hood, the slides were denatured in 70% formamide (prepared by mixing 70 

ml of formamide with 30 ml of 2×SSC) at 57ºC-65ºC for 45-90 seconds, and immediately 

quenched in 70% ice cold ethanol for 1 minute. 

16. After quenching the slides were dehydrated through ethanol series (70%, 70%, 90%, 

90%, 100%) for 1 minute each, and allowed to air dry. 

17. The probe mix tube was vortexed and briefly centrifuged, before placing 12 µL of the 

mix at the centre of each cell spot, immediately covering it with a 22x22 coverslip, and sealing 

with rubber cement. 

18. The slides were at this point set in a humid box and incubated overnight at 37ºC. 

 

Post-hybridization washes, detection and mounting 

19. A water bath was set for 43ºC containing 4 Coplin jars, 2 with 50% formamide (prepared 

by mixing 50 mL of formamide with 50 mL of 2×SSC) and the remaining 2 with 2×SSC. 

20. The rubber cement was removed and the slides were readily soaked in room 

temperature 2xSSC for 5 to 10 minutes. The coverslips that did not separate from the slide 

were removed using tweezers. 

21. Without letting the slides dry, they were transferred to the Coplin jars in the water bath 

following the order: 50% formamide, 50% formamide, 2×SSC and 2×SSC, for 5 minutes each. 

22. Given that the labelling used was indirect, a detection step was required, thus after the 

post-hybridization washes an antibody solution was prepared by diluting the appropriate 

antibodies in 4×ST (4xSSC/0,05%tween 20): 

 

To detect Biotin: 1:500 streptavidin Cy3 (Sigma) 

To detect Digoxigenin: 1:1000 Alexa Fluor® 594 (Jackson Immune Research) 

To detect DNP: 1:500 Dinitrophenyl-KLH Polyclonal Antibody, Alexa Fluor 488 

(ThermoFisher Scientific) 

  

23. 100 µL of the antibody solution were pipetted onto each slide, covered with a parafilm 

and incubated for 20 minutes in humid chamber at 37ºC, making sure the slides did not dry at 

any point. 

24. After the incubation the parafilm was removed and the slides washed three times in 

43ºC 4×ST for 5 minutes. 

25. After the last wash the slides were mounted with antifade mounting medium with DAPI 

(Vectashield) and a 22×50 coverslip, by draining the excess of 4×ST and placing the slide face 

down on a coverslip containing a drop of mounting medium. 
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26. The excess of mounting medium was blotted and nail varnish was used for sealing. 

27. The slides were stored at 4ºC. 

 

Protocol 10. Fibre FISH 

 

The use of released chromatin fibres as targets provides the highest resolution for FISH 

analysis on microscope slides (Speicher and Carter, 2005). In an attempt to identify the relative 

positions of each probe in the gibbon Y chromosome, especially in those cases where the 

probes hybridized to close target sequences (less than 50 Kb) fibre FISH was performed. 

 

Slide preparation  

1. A solution containing 2-3x106 cells /mL was prepared as described in protocol 3. 

2. 10 µL of this suspension were spread over a 1 cm area of the upper part of a polysine 

slide and allowed to air dry at room temperature for approximately 30 minutes. 

3. The slide was then placed and fixed on a home-made “Cadenza” coverplate. 

4. 150 µL of the freshly prepared lysis solution (to make 7 mL: 4912,5 µL ddH2O, 87,5 µL 

4M NaOH and 2000 µL 100% Ethanol) were applied to the top of the cadenza/slide gap. 

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

applied to the same gap, and allowed to drain until the meniscus stopped falling (roughly 30 

seconds). 

6. The top of the slide was then pulled from the cadenza, allowing the meniscus to move 

slowly down the slide. 

7. The slides were left to air dry and fixed in acetone for 10 minutes, waiting 24 h before 

proceeding.  

 

Slide Pre-treatment 

8. The slides were treated with the pepsin solution (50 mL ddH2O, 500 µL 1 M HCl, 250 µL 

1% pepsin) for five minutes at room temperature. 

9. The slides were then washed in 2×SSC, 2 times, for 5 minutes each. 

10. The slides were dehydrated by ethanol series (70%, 70%, 90%, 90%, 100%) for 5 

minutes each, at room temperature after which they were allowed to air dry upright. 
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Hybridization 

11. The probe mix was prepared in a 0.5 mL microcentrifuge tube at room temperature, by 

adding 8 µL of hybridization buffer, 2 µL of Human Cot1 DNA (ThermoFisher Scientific) in 

hybridization buffer (1 µg/µL) and 1 µL of each labelled probe, for each slide. 

12. The tube was vortexed, briefly centrifuged and then placed at 37º C thermal block. 

13. The probe was incubated in a thermal block at 65º C for at least 15 minutes, in order to 

denature the probe. After that the tube was transferred to a 37º C incubator to pre-anneal for 

15 minutes to 3 hours. 

14. In a fume hood, the slides were denatured in 70% formamide (prepared by mixing 70 

mL of formamide with 30 mL of 2×SSC). Different denaturation times and temperatures were 

used to achieve the ideal fiber denaturation. The temperature ranged from 57º C to 65º C, 

while the time varied between 30 s and 90 s.  

15. After quenching the slides were dehydrated through ethanol series (70%, 70%, 90%, 

90%, 100%) for 1 minute each, and allowed to air dry. 

16. The probe mix tube was vortexed and briefly centrifuged, before placing 12 µL of the 

mix at the centre of each cell spot, immediately covering it with a 22x22 coverslip, and sealing 

with rubber cement. 

17. The slides were at this point set in a humid box and incubated overnight at 37º C. 

 

Post-hybridization washes, detection and mounting 

18. A water bath was set for 43º C containing 4 Coplin jars, 2 with 50% formamide 

(prepared by mixing 50 mL of formamide with 50 mL of 2×SSC) and the remaining 2 with 

2×SSC. 

19. The rubber cement was removed and the slides were readily soaked in room 

temperature 2xSSC for 5 to 10 minutes. The coverslips that did not separate from the slide 

were removed using tweezers. 

20. Without letting the slides dry, they were transferred to the Coplin jars in the water bath 

following the order: 50% formamide, 50% formamide, 2×SSC and 2×SSC, for 5 minutes each. 

21. After the post-hybridization washes two layers of antibody solution were prepared by 

diluting the appropriate antibodies in 4×ST (4xSSC/0,05%tween 20): 
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 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) 

 

22. 100 µL of the antibody solution of the first layer were pipetted onto each slide, covered 

with a parafilm and incubated for 20 minutes in humid chamber at 37ºC, making sure the slides 

did not dry at any point. 

23. After the incubation the parafilm was removed and the slides washed three times in 

43ºC 4×ST for 5 minutes. 

24. Steps 22 and 23 were repeated with the second detection layer 

25. After the last wash the slides were mounted with antifade mounting medium with DAPI 

(Vectashield) and a 22×50 coverslip, by draining the excess of 4×ST and placing the slide face 

down on a coverslip containing a drop of mounting medium. 

26. The excess of mounting medium was blotted and nail varnish was used for sealing. 

27. The slides were stored at 4º C. 

 

While trying to optimize this protocol co-denaturation at several different temperatures 

and direct labelling were assayed, resulting in no relevant improvements. 

  

III.1.4 Genomic DNA extraction 

 

Protocol 11. Genomic DNA extraction from N. leucogenys  

 

In order to proceed with the study of the repetitive fraction of the N. leucogenys Y 

chromosome, genomic DNA was extracted from cells using QUIAGEN Blood & Cell Culture 

DNA Midi Kit. In this procedure, samples were initially lysed and proteins simultaneously 

denatured using the appropriate lysis buffer. Proteinase K was then added and after a suitable 

incubation period, lysates were loaded onto the QIAGEN Genomic-tip. At this point DNA bound 
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to the column while other cell constituents passed through by gravity flow. Following a wash 

step to remove any remaining contaminants, the DNA was eluted and precipitated. 

 

1. All solutions and buffers were prepared according to the manufacturer’s instructions and 

recommendations, as well as the cell harvest. 

2. 2 mL of ice-cold Buffer C1 and 6 mL of ice-cold distilled water were added to 2 mL of cell 

suspension (prepared at 1 × 107 cells/mL as described in protocol 3 ). The tube was mixed by 

inversion several times, and incubated on ice for 10 minutes. 

3. The lysed cells were centrifuged at 4°C for 15 minutes 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 resuspended by vortexing. The tube was centrifuged again at 

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

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

by vortexing for 10–30 seconds 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 minutes. 

7. Next, 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 seconds at maximum speed 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 minutes 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 x g for 10 minutes at 4° C. The supernatant was carefully removed 

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

suspended in 0.1–2 mL of TE, pH 8.0. The DNA was dissolved overnight on a shaker or at 55° 

C for 1–2 h.  
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III.1.5 Image Capture and analysis 
 

 Images were visualised on a Leica DM 5000B fluorescent microscope equipped with 

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

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

SmartCapture software (Digital Scientific UK). 

 

III.2 Part 2 
 

The following protocols were performed at the Laboratory of Cytogenetics and Animal 

Genomics of the Department of Genetics and Biotechnology from the University of Trás-os-

Montes and Alto Douro (UTAD), according to the standard operating procedures in place at 

this institution. These protocols were used when studying the repetitive fraction of the N. 

leucogenys Y chromosome.  

 

III.2.1 Cloning DNA sequences 

 

In an attempt to isolate the satellite sequences putatively present in the N. leucogenys 

genome, a set of primers was designed based on that of human α-Sat DNA sequence: 

• Forward primer: 5’-GTGGTGCGTGCATTCATCT-3’ 

• Reverse primer: 5’-GCAAACATCAAAAAGAAGTATCTCAG-3’ 

 

Protocol 12. Isolating the NLE α-Sat DNA sequence  

 

1. Using 0.5 mL microcentrifuge tubes all the PCR reagents were mixed, making sure the 

DNA polymerase was only added right before the tubes were inserted in the thermal cycler.  

 

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

dNTP ś (2.5 mM) (Invitrogen, Life Technologies) 4 µL 

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

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

“primer SatIII reverse” (1 μg/mL) (Invitrogen, Life Technologies) 1 µL 
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DNA Taq Polimerase (MBI Fermentas, Thermo Scientific) 1 µL 

H2O (Gibco, Invitrogen, Life Technologies) 30 µL 

NLE genomic DNA obtained as described in protocol 11 5 µL 

Total reaction volume 50 µL 

 

2. The following cycle was used: 

 

Initial denaturation 94ºC, 5 minutes 

29 cycles 

Denaturation 94º C, 1 minute 

Annealing 59º C, 45 seconds 

Extension 72º C, 45 seconds 

Final extension 72ºC, 10 minutes 

Hold 4ºC 

 

3. The whole reaction volume was run in a 1% agarose gel using Orange G (4×) as 

tracking dye for approximately 1 hour at 100 V. 

 

Protocol 13. Cut & Spin 

 

After the PCR products were electrophoresed in order to separate them by molecular 

weight, the bands containing the DNA fragments of interest were sliced from the agarose. The 

DNA was then collected using GRiSP Research Solutions Cut&Spin Gel Extraction Columns 

to separate it from the agarose. 

 

1. The agarose gel was placed on a transiluminator and the band containing the DNA 

fragments of interest sliced using a clean scalpel.  

2. The agarose sliced was introduced in a Grips Cut&Spin Gel Extraction Column and 

centrifuged for 10 minutes at 13000 rpm. 

 

 

Protocol 14. DNA purification  

 

QIAquick PCR Purification Kit was then used in order to purify the isolated DNA. This 

kit uses a silica membrane based purification system for PCR products. 
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1. The DNA sample recovered from the Cut&Spin column was transferred to a new 1.5 mL 

microcentrifuge tube. 

2. For each volume of the DNA sample 5 volumes of PBI buffer were added to the same 

tube. 

3. The column provided was placed in a 2 mL collection tube and the DNA sample + PBI 

solution transferred to the column, centrifuging for 1 minute at 13000 rpm. 

4. The flow-through was discarded and 750 µL of PE added to the column. 

5. After waiting for 2.5 minutes the tube was centrifuged once more for 1 minute at 13000 

rpm. 

6. The flow-through was discarded and the column centrifuged again for 1 minute at 13000 

rpm. 

7. The column was then placed in a new 1.5 mL microcentrifuge tube and 54 µL of EB placed 

in the centre of the membrane. 

8. After waiting for 15-30 minutes the tubes were centrifuged for 1 minute at 13000 rpm, 

allowing the purified DNA to flow through the column and be collected in the tube. 

9. 3 µL of the purified DNA were electrophoresed in a 1% agarose gel using bromophenol 

blue as tracking dye (4×) for approximately 20 minutes at 120 V in order to verify the presence 

of the DNA fragment of interest. 

 

Protocol 15. Metaphase FISH 

 

At this point, a verification step was performed before proceeding with the cloning 

protocol. Therefore, a portion of the purified PCR product was labelled in order to produce 

FISH probes and assess the presence of a hybridization signal on human and N. leucogenys 

metaphase spreads.  

This protocol differs from Protocol 9 in a number of steps as it was optimized at the 

Laboratory of Cytogenetics and Animal Genomics and it is the standard operating procedure 

at that institution. 

 

Slide preparation 

1. The cell suspension prepared according to protocol 4, was gently mixed by pipetting up 

and down. 
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2. One drop of the suspension was placed on a cold microscope slide, by letting it fall from 

the pipette tip at the appropriate height.  

3. The slides were allowed to dry at room temperature and the limits of the cell spots marked 

with pencil at the side of the slide. The slides were then examined under a phase contrast 

microscope in order to assess whether chromosome spreading was optimal. When that was 

not the case the distance between the pipette tip and the slide was adjusted accordingly. 

4. The slides were aged overnight at 65º C. 

 

 

Indirect labelling  

5. A labelling PCR was performed, using the following mix and cycle:  

 

PCR buffer 10× [with (NH4)2SO4] (MBI Fermentas, Thermo Scientific) 7.5 µL 

dNTP ś (labelling) (2.5 mM) (Invitrogen, Life Technologies) 6 µL 

MgCl2 (25 mM) (MBI Fermentas, Thermo Scientific) 1.5 µL 

“primer forward” (1 μg/mL) (Invitrogen, Life Technologies) 0.5 µL 

“primer reverse” (1 μg/mL) (Invitrogen, Life Technologies) 0.5 µL 

Taq DNA Polimerase (MBI Fermentas, Thermo Scientific) 1.5 µL 

H2O (Gibco, Invitrogen, Life Technologies) 47.25 µL 

DNA PCR product  1 µL 

Digoxigenin dUTP (Roche) 2.25 µL 

Total reaction volume 50 µL 

  

Initial denaturation 94º C, 5 minutes 

29 cycles 

Denaturation 94º C, 1 minute 

Annealing 59º C, 45 seconds 

Extension 72º C, 45 seconds 

Final extension 72º C, 10 minutes 

Hold 4º C 

 

6. 4 µL of the reaction product were run in a 1% agarose gel using bromophenol blue as 

tracking dye (4×) for approximately 20 minutes at 120 V, in order to verify the presence of PCR 

product.  

7. The labelled probes produced were hybridized on human and N. leucogenys metaphase 

spreads.  
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Slide pre-treatment 

8. The next day, the slides were allowed to cool to room temperature and dehydrated using 

-20º C absolute ethanol for 5 minutes.  

9. The slides were allowed to air dry before denaturing the chromosomes in 67º C 70% 

formamide in 2×SSC, for 90 seconds, followed by ethanol series of 70%, 90% and 100% at -

20º C, for 5 minutes each. 

10. Once more the slides were allowed to air dry. 

 

Hybridization  

11. In a 0.5 mL microcentrifuge tube 4 µL of the of the labelled probes and 11 µL of the 

hybridization solution were mixed by pipetting up and down and vortexed before denaturing at 

85º C for 15 minutes. 

12. After denaturation was complete, the probes were immediately quenched on ice.  

13. Once the slides were dry and the probes denatured and quenched, 15 µL of the probe 

solution were pipetted onto each cell spot and covered with a 22×22 coverslip, sealed with 

rubber cement and incubated overnight in a humid chamber at 37º C. 

 

Post-hybridization washes  

14. The following day, the rubber cement and coverslips were carefully removed using 

tweezers. Without drying, the slides were then washed in 2×SSC, 50 % formamide in 2×SSC, 

50 % formamide in 2×SSC and 2×SSC, at 42ºC, for 5 minutes each. 

15. The slides were then washed in 4×ST at room temperature for 5 minutes.  

 

Blocking and Detection 

16. Next, the slides were taken out of the 4×ST and the excess removed. Without allowing 

the slides to dry, 85 µL of 3 % (m/V) Bovine Serum Albumin were pipetted onto each slide, 

which was then covered with a 25×50 coverslip for 15 minutes at room temperature.  

17. After the blocking was concluded, the slides were transferred to 4×ST for 2 minutes. 

18. Since the probes used were labelled with digoxigenin, rhodamine (Roche) was used 

for the detection, diluted 1:200 in 4×SSC.  
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19. The slides were taken out of the 4×ST and the excess was removed. 85 µL of the 

rhodamine solution were pipetted onto each slide, which was covered with a 22×50 coverslip 

and incubated in a humid chamber for 1 hour at 37º C. 

20. From this point on, the slides were protected from the light. 

 

Mounting 

21. After the detection, the coverslips were removed and the slides washed in 4×ST three 

times, for 5 minutes each. 

22. The slides were then mounted using antifade mounting medium with DAPI 

(Vectashield) and a 22×50 coverslip by draining the excess of 4×ST and placing the slide face 

down on a coverslip containing a drop of mounting medium. 

23. The excess of mounting medium was blotted using a paper towel and the slides stored 

at 4º C. 

 

Protocol 16. Fast End Repair 

 

At this stage, Thermo scientific Fast DNA End Repair Kit was used for blunting and 

phosphorylation of the DNA ends for subsequent use in blunt-end ligation.  

1. The following mix was prepared on ice: 

Purified DNA  40 µL 

H2O (Gibco) 2.5 µL 

10x End Repair Reaction Mix 5 µL 

End Repair Enzyme Mix 2.5 

Total reaction volume 50 µL 

 

2. The reaction was incubated on a thermal cycler for 12 minutes at 20º C. After the 

incubation was completed, the tubes were kept on ice. 

3. DNA purification was performed again, as described in protocol 13.  

4. As before, 3 µL of the purified DNA were electrophoresed in a 1% agarose gel using 

bromophenol blue as tracking dye (4×) for approximately 20 minutes at 120 V, this time to 

assess the intensity of the band.  
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Protocol 17. Ligation  

 

During this step, using Thermo Scientific T4 DNA Ligase kit, the ends of the isolated 

and purified DNA fragments were aligned and linked to the ends of the vector PUC19 sma I. 

This was possible through the action of the enzyme T4 DNA ligase to generate a recombinant 

DNA molecule that could later be inserted in a host organism (Howe, 2007). 

1. After careful analysis of the agarose gel, the samples were sorted by band intensity to 

intense, medium or weak and the mix prepared on ice according to the next table: 

 Intense bands Medium bands  Weak bands 

DNA sample 10 µL 14 µL 14 µL 

H2O (Gibco) 4 µL - - 

Vector PUC19 SmaI (Fermentas, 
Thermo Scientific) 

1 µL (50 ng) 1 µL (50 ng) 1 µL (20 ng) 

10xT4 DNA ligase Buffer 2 µL 2 µL 2 µL 

50% PEG4000 Solution 2 µL 2 µL 2 µL 

T4 DNA ligase 1 µL 1 µL 1 µL 

Total reaction volume 20 L 20 µL 20 µL 

 

2. T4 DNA ligase was intensely vortexed before pipetting. 

3. When pipetting the T4 DNA ligase, only the end of the tip was allowed to touch the 

interface of the solution. Also, it was kept on the freezer until the last moment before pipetting. 

4. The Vector PUC19 sma I was the last to be added to the mix. 

5. After the mix was prepared, it was incubated on a thermal cycler for 1 hour at 22º C. 

 

Protocol 18. Preparing solid and liquid LB Broth medium for Screening of Bacterial 

Recombinants 

 

Before proceeding with the transformation protocol, solid and liquid LB Broth medium 

was prepared. This step was crucial for the subsequent screening of bacterial recombinants. 

1. The LB Broth (25 g/L) and Agar (15 g/L) were weighted and mixed with water on a bottle, 

which was then autoclaved.  
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2. After cooling down to approximately 50ºC, the bottle was taken to a microbiological safety 

cabinet where the remaining components were added: Ampicillin (100 µL/mL), IPTG (0,5 mM) 

and X-Gal (0,05 g/mL). 

3. Still in the microbiological safety cabinet the complete medium was poured into petri 

dishes and left to polymerize for roughly 20 minutes.  

4. The dishes were closed, inverted and stored at 4ºC until necessary. 

5. Liquid LB Broth medium was prepared exactly like the solid, except no Agar, X-gal or IPTG 

were added. After adding the ampicillin, the bottle was closed and stored at 4º C until 

necessary. 

 

Protocol 19. Transformation 

 

After ligation was completed, and having prepared solid and liquid LB Broth medium, 

the recombinant plasmid was mixed with competent E. coli, on ice, and then submitted to a 

brief heat shock at 42ºC (Padmanabhan et al., 2011). This triggered the introduction of DNA 

into the host organism, in a process called transformation (Howe, 2007). These cells were then 

incubated in SOC medium prior to plating on LB agar plates for subsequent blue-white-

screening. 

1. For each sequence 50 µL of competent E. coli were placed on ice in order to slowly thaw.  

2. After a few minutes, and close to an open flame, 3 µL of the ligation reaction were very 

slowly added to the E. coli, gently rotating the pipette tip.  

3. The tubes were placed on ice to incubate for 30 minutes. 

4. The tubes were quickly transferred to a 42ºC water bath for exactly 20 seconds and then 

put back on ice.  

5. Close to the open flame, 950 µL of SOC Medium were added to each tube. 

6. The tubes were placed on an incubator at 37º C with agitation (225 rpm) for 1 hour.  

7. In the proximity of an open flame 100 µL - 200 µL of the transformed bacteria were pipetted 

to a petri dish containing LB Broth medium and evenly spread.  

8. After approximately 15 minutes, the dishes were inverted and left to incubate overnight at 

37º C. 
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Protocol 20. Screening of Bacterial Recombinants   

 

The main goal of this step was to selectively grow the successfully transformed cells, 

by adding ampicillin to the culture medium. Given that only cells which had received the 

plasmid were resistant to ampicillin, only cells which received the vector, but not necessarily 

the insert, were able to form colonies (Padmanabhan et al., 2011). Additionally, the colour 

selection marker allowed for blue/white screening on the IPTG and X-gal supplemented 

medium, because the cloning site is located within the lacZ gene (Howe, 2007). Therefore, 

insertion of DNA into the cloning site inactivated the production of beta-galactosidase in 

infected cells, leading to colourless colonies in medium containing X-gal and IPTG. On the 

other hand, colonies formed by cells lacking an insert appeared to be blue in the same medium 

(Howe, 2007). 

1. The next day, the dishes were refrigerated at 4º C for roughly 1 hour to enhance the blue 

colour of negative colonies, allowing for better differentiation between blue and white colonies. 

2. As soon as blue and white colonies were evident on the dishes, the white colonies 

containing recombinant cells were selected and numbered.  

3. Close to an open flame, a small portion of each of these colonies was transferred to 10 

mL of pre-warmed 37º C liquid LB Broth medium and cultured overnight at 37º C with 225 rpm 

agitation. 

4. The next day, stocks of each clone were prepared next to an open flame by mixing 1250 

µL of the bacterial suspension with 250 µL of glycerol in 2 mL microcentrifuge tubes, which 

were identified and stored at -80º C. 

 

Protocol 21. Clone Screening PCR 

 

After the initial screening further investigation of the resulting colonies was required in 

order to confirm that cloning was successful and absolutely guarantee that the DNA insert was 

present in the cells. With this goal in mind, a PCR was executed using M13 primers. 

• Forward Primer: 5´- TGTAAAACGACGGCCAGT-3´ 

• Reverse Primer: 5´- CAGGAAACAGCTATGACC-3´ 

 

1. A PCR was performed using M13 primers and a fraction of the bacterial suspension as 

sample (depending on the number of samples a master mix may have been prepared):  
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Bacterial suspension 1.6 µL 

H2O (Gibco) 13.4 µL 

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

2 µL 

dNTP ś (2.5 mM) (Invitrogen, Life Technologies) 1 µL 

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

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

“primer M13reverse” (1 μg/mL) (Invitrogen, Life Technologies) 0.2 µL 

Taq DNA Polimerase (MBI Fermentas, Thermo Scientific) 0.4 µL 

Total reaction volume 20 µL 

 

2. The mix was prepared and placed on a thermal cycler with the following programme: 

Initial denaturation 94º C, 5 minutes 

29 cycles 

Denaturation 94º C, 30 seconds 

Annealing 57º C, 30 seconds 

Extension 72º C, 90 seconds 

Final extension 72º C, 10 minutes 

Hold 4º  C 

 

3. 4 µL of the PCR product were run in a 1% agarose gel using bromophenol blue 

as tracking dye (4×) for approximately 20 minutes at 120 V in order to determine whether the 

molecular weight of the amplified fragments matched the expected size of the insert+M13 

primers. 

 

III.2.2 Plasmid DNA extraction  

 

In order to send the cloned DNA fragments to be sequenced elsewhere, a plasmid DNA 

extraction was performed using Thermo Scientific GeneJET Plasmid Miniprep Kit. This 

protocol uses a silica-based membrane spin column to isolate the plasmid DNA.  
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Protocol 22. Plasmid DNA extraction from positive clones for Sequencing 

 

1. The bacterial suspension was centrifuged for 5 minutes at 13000 rpm and the supernatant 

removed. 

2. The pelleted cells were re-suspended in 250 µL of resuspension solution and thoroughly 

vortexed until no clumps remained. 

3. The suspension was transferred to a new 2 mL microcentrifuge tube and 250 µL of lysis 

solution were added and mixed by inverting the tubes 4 to 6 times, until the solution became 

viscous and slightly clear.  

4. 350 µL of neutralization solution were added and immediately mixed by gently inverting 

the tubes 4 to 6 times. 

5. The tubes were then centrifuged for 5 minutes at 13000 rpm in order to pellet cell debris 

and chromosomal DNA. 

6. The supernatant was transferred to a Thermo scientific gene JET spin column by pipetting, 

making sure the white precipitate is not disturbed or transferred. 

7. The columns were centrifuged for 1 minute at 13000 rpm, the flow-through discarded and 

the columns placed back on the collection tubes.  

8. 500 µL of Wash solution were added to the column and the tubes were centrifuged for 30 

seconds at 13000 rpm. The flow-through was discarded and the columns placed back on the 

collection tubes.  

9. The washing step was repeated and again, the flow-through discarded.  

10. The columns were centrifuged again for 1 minute in order to remove residual wash 

solution. 

11. The columns were transferred to fresh 1.5 mL microcentrifuge tubes and 50 µL of 70º 

C water added to the centre of the membrane to elute the plasmid DNA. 

12. After a 2 minutes incubation at room temperature, the tubes were centrifuged, the 

columns discarded and the plasmid DNA solution quantified using NanoDrop, as described in 

protocol 6. The purified plasmid DNA can be stored at -20º C.  

13. The plasmid DNA extracted was later sent for Sequencing. 
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III.2.3 Image Capture and analysis 

  

 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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CHAPTER IV. Results and discussion  

 

IV.1 BAC analysis 

 

Table 5 shows the location, length and genes included in each BAC used in this study. 

It was built using information collected from the Genome Browsers available at the UCSC and 

Ensembl websites and further information can be accessed in Attachment 1 (Kent et al., 2002; 

McLaren et al., 2016).  

 

 

 

 

Table 1 - BACs name, length and position in the human Y chromosome, as well as the genes 

contained in each BAC. Some BACs contain no known coding genes (Kent et al., 2002; McLaren et 

al., 2016). 

The BACs were firstly tested in FISH, by hybridization onto both human and gibbon 

metaphase spreads. Only such BACs that yielded good hybridization signals exclusively on 

the Y chromosome were selected and organized into 6 pools of three. Of each pool the three 

clones were each labelled with Biotin (Bio), Digoxigenin (Dig) or DNP (2,4-Dinitrophenol), 

respectively, and hybridized onto human and NLE chromosomes. Boxes 1 to 6 summarize the 

FISH results by showing the BAC composition of each pool, the label used for each BAC, as 

well as the hybridization signals in both human and NLE Y chromosomes and a schematic 

representation of the relative location of each set of BACs in both species. 

 

BAC Gene From (bp) To (bp) Length (bp) 

RP11-400O10 SRY 2 724 209 2 910 712 186 504 

RP11-414C23 ZFY 2 917 432 3 072 114 154 683 

RP11-507A3 AMELY 6 695 480 6 895 693 200 214 

RP11-373F14 - 8 846 763 9 034 309 187 547 

RP11-370N2 RBMY 9 566 095 9 641 289 75 195 

RP11-453C1 - 9 803 269 9 835 777 32 509 

RP11-460B21 DDX3Y 12 787 269 12 957 306 170 038 

RP11-117L2 VCY 14 058 341 14 232 056 173 716 

RP11-148G1 NLGN4Y 14 666 763 14 827 065 160 303 

RP11-20H21 HSFY 18 677 843 18 850 378 172 536 

RP11-576C2 TXLNGY 19 568 295 19 599 965 31 671 

RP11-424G14 KDM5D 19 599 766 19 779 889 180 124 

RP11-450B24 RPS4Y2 20 678 090 20 866 403 188 314 

RP11-140H23 DAZ 23 135 648 23 239 079 103 432 

RP11-214M24 - 24 651 192 247 366 63 85 472 
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Pool 1 

Figure 5- Pool 1 analysis. a) BACs included in pool 1, as well as the respective labelling. b) 
Hybridization signals of the BACs included in pool 1 on the human Y chromosome 
counterstained with DAPI (blue) Please notice that the p arm of the chromosome is curled. c) 
Hybridization signal of the BACs included in pool 1 on the N. leucogenys Y chromosome 
counterstained with DAPI (blue). d) Schematic representation of the relative positions of the 
BACs included in pool 1 on the human Y chromosome, as well as the respective labelling. e) 
Schematic representation of the relative positions of the BACs included in pool 1 on the N. 
leucogenys Y chromosome, as well as the respective labelling. 

Pool 2 

Figure 6 - Pool 2 analysis. a) BACs included in pool 2, as well as the respective labelling. b) 
Hybridization signals of the BACs included in pool 2 on the human Y chromosome 
counterstained with DAPI (blue). c) Hybridization signal of the BACs included in pool 2 on the 
N. leucogenys Y chromosome counterstained with DAPI (blue). d) Schematic representation 
of the relative positions of the BACs included in pool 2 on the human Y chromosome, as well 
as the respective labelling.  
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Pool 3 

Figure 7 - Pool 3 analysis. a) BACs included in pool 3, as well as the respective labelling. b) 
Hybridization signals of the BACs included in pool 3 in the human Y chromosome 
counterstained with DAPI (blue) c) Hybridization signals of the BACs included in pool 3 in the 
N. leucogenys Y chromosome counterstained with DAPI (blue). d) Schematic representation 
of the relative positions of the BACs included in pool 3 on the human Y chromosome, as well 
as the respective labelling. e) Schematic representation of the relative positions of the BACs 
included in pool 3 on the N. leucogenys Y chromosome, as well as the respective labelling. 

Pool 4 

Figure 8 - Pool 4 analysis. a) BACs included in pool 4, as well as the respective labelling. b) 
Hybridization signals of the BACs included in pool 4 on the human Y chromosome 
counterstained with DAPI (blue). c) Hybridization signals of the BACs included in pool 4 on the 
N. leucogenys Y chromosome counterstained with DAPI (blue). d) Schematic representation 
of the relative positions of the BACs included in pool 4 on the human Y chromosome, as well 
as the respective labelling. e) Schematic representation of the relative positions of the BACs 
included in pool 4 on the N. leucogenys Y chromosome, as well as the respective labelling. 
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Pool 5 

Figure 9 - Pool 5 analysis. a) BACs included in pool 5, as well as the respective labelling. b) 
Hybridization signal of the BACs included in pool 5 on the human Y chromosome 
counterstained with DAPI (blue). c) Hybridization signal of the BACs included in pool 5 on the 
N. leucogenys Y chromosome counterstained with DAPI (blue). d) Schematic representation 
of the relative positions of the BACs included in pool 5 in the human Y chromosome, as well 
as the respective labelling. e) Schematic representation of the relative positions of the BACs 
included in pool 5 on the N. leucogenys Y chromosome, as well as the respective labelling. 

Pool 6 

Figure 10 - Pool 6 analysis. a) BACs included in pool 6, as well as the respective labelling. 
b) Hybridization signal of the BACs included in pool 6 on the human Y chromosome, 
counterstained with DAPI (blue). c) Hybridization signal of the BACs included in pool 6 in the 
N. leucogenys Y chromosome counterstained with DAPI (blue). d) Schematic representation 
of the relative positions of the BACs included in pool 6 on the human Y chromosome, as well 
as the respective labelling. e) Schematic representation of the relative positions of the BACs 
included in pool 6 on the N. leucogenys Y chromosome, as well as the respective labelling. 
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The BACs from all pools revealed different relative positions on the human and NLE Y 

chromosomes, thus providing direct evidence for extensive evolutionary chromosome 

reshuffling on the Y chromosomes. Unfortunately, the BACs from pool 2 hybridized so close 

together in the NLE Y chromosome, that it was impossible to draw any conclusions about their 

relative positions. 

At this point, a more accurate map could have been produced using fibre-FISH, given 

the higher resolution allowed by this technique. In order to complete this goal several 

alterations were introduced to the standard fibre FISH protocol (protocol 10), such as co-

denaturation, direct labelling, two-layered detection, lower stringency washes, and different 

denaturation temperatures. Unfortunately, an optimized protocol for FISH in N. leucogenys 

DNA fibres was not attained during the course of this work, despite these efforts.  

Even though no fibre-FISH results were acquired, a careful analysis of the metaphase 

FISH results allowed the assessment of the approximate locations of the BACs used, and 

consequently the genes they carry, which led to the construction of the scheme in Figure 11. 

It shows an ideogram of the N. leucogenys Y chromosome, alongside blue and orange lines, 

which indicate the rough position of the hybridization signals of the BACs studied and the 

genes they carry, respectively. 

Given that the aim of this work was to establish a comparative map between the gibbon 

N. leucogenys and human Y chromosomes, Figure 12 shows the ideograms of the human and 

N. leucogenys Y chromosomes. The rough location of each BAC or groups of closely located 

BACs is represented by a line of a different colour, next to the respective ideogram. The same 

colour is used next to both ideograms to represent the same BAC or group of closely located 

BACs. As expected, the comparison of the human and NLE Y chromosome ideograms, next 

to the hybridization signals exhibited by each BAC, reveal an extremely rearranged NLE Y 

chromosome, when compared to the human counterpart. This data suggests an accelerated 

rate of evolution and the swift fixation of mutations in the Y chromosome, just as reported for 

the NLE euchromosomes. These conclusions are supported by the unpublished data collected 

in a similar work by Meireles-Costa L.  where 19 human BAC clones comprising the 

euchromatic portion of the MSY region were mapped to the N. leucogenys Y chromosome. 

This study found evidence of several evolutionary rearrangements within the Y chromosome, 

further supporting the reshuffled nature of this chromosome. 

 



Universidade de Trás-os-Montes e Alto Douro 
A detailed comparative Y-chromosome map between the white-cheeked gibbon (Nomascus 

leucogenys) and human 

51 
 

 
Figure 11- N leucogenys Y chromosome ideogram. The blue lines indicate the approximate 
position of the hybridization signals of each BAC, or pair of closely located BACs. Orange lines show 
the genes contained in these BACs. 
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Figure 12- - Comparison of Homo sapiens and N. leugogenys Y chromosome idiograms  adapted 
from Kirsch et al., 2008 and Schmidt et al., 2009. Next to the human Y chromosome ideogram the 
location of each BAC is displayed, while next to the gibbon ideogram are the locations of the 
hybridization signals of each group of BACs, in the same colour as in the human counterpart. 
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IV.2 α Satellite analysis 
 

Human α-Sat DNA primers were used in order to isolate DNA fragments from N. 

leucogenys genomic DNA, as shown in the agorose gel in figure 13. These fragments were 

later labelled and used as FISH probes and hybridized onto human and NLE metaphase 

spreads, in order to assess the presence and location of the sequence on the gibbon’s 

karyotype. The method followed was as described in protocols 12-15 and the results are shown 

in figure 14. 

 

Figure 13-  Agarose gel 1.5% showing the products resulting from the amplification 
of N. leucogenys genomic DNA using Human α-Sat DNA primers. The brightest band 
(approximately 200 bp) was excised. The remaining bands are, probably, repetitions of the 
α-Sat monomer. ML – molecular ladder 

 

As expected, a signal was observed in the centromeres of all human chromosomes. 

As for the gibbon, hybridization signals were observed in most chromosomes, frequently 

exhibiting a pericentromeric or telomeric location, but also displaying interstitial signals in some 

chromosomes (see figure 14).   

 

ML 
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As a mean to isolate and sequence the gibbon’s satellite DNA, these DNA sequences 

were cloned in E. coli using PUC19SmaI, as described in Chapter III part 2.1: of the 20 positive 

clones obtained after screening as described in protocol 21, 15 were sent for sequencing and 

once more hybridized on NLE chromosomes, originating the results shown in figure 15. For 

sequencing results please consult attachment 2. 

The data was analysed comparatively with the human counterpart at two-levels: chromosome 

physical location and DNA sequence. After careful analysis of the FISH results, two variants 

were identified: the first variant hybridized in both centromeres and telomeres (Figure 15a), 

showing a single signal on the pericentromeric region of the Y chromosome (Figure 15a detail). 

The second shows clear hybridization signals on the centromeres (Figure 15b) and hybridized 

on two distinct locations of the Y chromosome: one in the pericentromeric region and another 

in the q arm telomere (Figure 15b detail).  

 

  

Figure 14 - Hybridization signals observed using α-Sat probes (red signal), in human (a) and 
gibbon (b) metaphase spreads. Chromosomes counterstained with DAPI (blue). 

a) b) 
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Given the repetitive nature of these sequences, sequence analysis was performed 

using GIRI’s CENSOR tool (Kohany et al., 2006). Most sequences revealed to be highly similar 

to either a consensus sequence of the minor repeat unit of chimpanzee alpha repetitive DNA 

from the Y chromosome centromere (ALRY-MINOR_PT), or to a consensus sequence of the 

Human alpha repetitive DNA subfamily 2 (ALR2). Clone 23 showed high similarity with the 

consensus sequence for the major repeat unit of chimpanzee alpha repetitive DNA from the Y 

chromosome centromere (ALRY-MAJOR_PT), which consists of 28 copies of the minor 171bp 

unit ALRY-MINOR_PT. These results are summarized in tables 1-3. 

Table 2 - Sequences similar to ALR2 (Kohany et al., 2006). 

 

 

 

 

 

 

Figure 15 - Representative images of the clones hybridized onto N. leugenys metaphase 
spreads (red signals). Chromosomes were counterstained with DAPI (blue) and Y chromosomes 
are shown in detail. 

 

Name Length (in bp) Similarity Score 

Clone1 191 0.8846 999 

Clone3 175 0.8926 976 

Clone13 191 0.8553 894 

a) b) 



Universidade de Trás-os-Montes e Alto Douro 
A detailed comparative Y-chromosome map between the white-cheeked gibbon (Nomascus 

leucogenys) and human 

56 
 

Table 3 - Sequences similar to ALRY-MINOR_PT (Kohany et al., 2006) 

 

 

Name Length (in bp) Similarity Score 

Clone 23 192 0.8613 1052 

Table 4 - Sequences similar to ALRY-MAJOR_PT (Kohany et al., 2006). 

 

 

Figure 16 shows the hybridization pattern of clones 13 and 16, similar to ALR2 and 

ALRY_MINOR_PT, respectively. 

 

 

 

 

Name Length (in bp) Similarity Score 

Clone 2 173 0.8881 971 

Clone 4 172 0.9441 1138 

Clone 8 175 0.8811 968 

Clone 10 190 0.8851 976 

Clone 11 174 0.9085 1040 

Clone 16 173 0.9021 1023 

Clone 18 176 0.8889 954 

Clone 19 173 0.9231 1081 

Clone 24 175 0.9301 1081 

Clone 27 171 0.9441 1125 

Clone 28 173 0.9441 1125 
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Figure 16 - Representative images of the Hybridization patterns produced by αSat clones 13 
(similar to ALR2) and 16 (similar to ALRY-MINOR_PT ) on N. leugenys metaphase spreads (red 
signals). Chromosomes were contrasted with DAPI (blue). 

 

In order to understand how similar these sequences were to one another, a multiple 

sequence alignment was performed with resource to the Basic Local Alignment Search Tool 

(BLAST) form NCBI, producing the data shown in table 5. For more details, please see 

attachment 3. 

Table 5- Percent Identity matrix of the cloned sequences, produced using the Basic 
Local Alignment Search Tool from NCBI. 

 

Clone 1 2 3 4 8 10 11 13 16 18 19 23 24 27 28 

1 100               

2 78 

 

97 

 

100              

3 97 79 100             

4 77 83 80 100            

8 76 81 78 84 100           

10 84 80 82 84 81 100          

11 76 81 78 88 80 81 100         

13 83 80 80 83 81 87 82 100        

16 80 85 83 87 82 82 84 78 100       

18 82 80 83 86 81 99 82 85 84 100      

19 79 84 82 87 89 83 85 85 85 85 100     

23 78 83 75 85 83 84 83 84 81 82 85 100    

24 79 85 81 88 84 84 90 82 87 85 88 85 100   

27 81 90 84 90 84 84 87 81 90 84 87 85 90 100  

28 81 88 84 90 84 84 87 81 90 84 87 85 90 100 100 

Clone 13 Clone 16 
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Analysis based on the sequence identity between the 15 cloned sequences did not 

allow the identification of multiple variants. However, it was possible to determine that the α-

Sat sequences present in the N. leucogenys chromosomes are highly similar to those of the 

chimpanzee. As for the FISH analysis, it was possible to identify two distinct hybridization 

patterns, one showing clear hybridization signals on the centromeres and hybridizing on two 

distinct locations of the Y chromosome; the second hybridizing in both centromeres and 

telomeres, showing a single signal on the Y chromosome.  

Even though the hybridization patterns are clearly different, there seems to be no 

relevant sequence variation among the 15 clones. In 2009, Cellamare and colleagues came 

across similarly puzzling results when studying the α-Sat in N. leucogenys, detecting three 

distinct patterns but then discerning no relevant differences at the sequence level and 

observing no common sequence motif between clones sharing the same map location 

(Cellamare et al., 2009).These results, though intriguing, suggest that the different 

hybridization patterns may be caused by the complexity of DNA composition in the target 

regions, such as the presence of multiple families of repeats in varying copy numbers instead 

of differences in the sequence itself. 
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V. Concluding remarks  

 

Metaphase FISH analysis allowed the production of a comparative map showing the 

rough location of 15 BACs from the human Y chromosome in the N. leucogenys counterpart, 

12 of them containing important Y-linked genes.  

Given the reduced size of this chromosome, as well as the inability to reach an 

optimized fibre-FISH protocol for mapping the human Y BAC clone onto extended chromatin 

fibres derived from gibbon Y chromosomes, it was not possible to determine the accurate order 

of the DNA sequences, as was intended innitailly. Nonetheless, the information collected is 

sufficient to conclude that the gibbon Y chromosome has underwent extensive rearrangements 

during the course of evolution, just as the remaining autosomes that compose its genome. 

It remains essential to perform more studies about this chromosome, such as 

cytogenetic studies that could yield better resolution, and consequently a much more precise 

location of the DNA sequences studied, like FISH with extended chromatin fibres or DNA fibre 

generated by dynamic molecular combing (Michalet, 1997). This kind of cytogenetic research 

could be of great value to an eventual sequencing project, since it would prove to be a key 

element for the sequence assembly.  Knowledge gained from such future studies is essential 

for the development of a more effective conservation strategy for this endangered species.  
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7. Attachments 
 

Attachment 1 

BAC locations in te human Y chromosome as seen in Ensembl Genome Browser and UCSC 

Genome Browser.  

 

RP11-400O10 

 

 

RP11-414C23

 

 

RP11-507A3

 

RP11-373F14
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RP11-370N2

 

 

RP11-453C1

 

 

RP11-460B21 

 

 

RP11-117L2

 

 

RP11-148G1
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RP11-20H21

 

 

RP11-576C2

 

 

RP11-424G14

 

 

RP11-450B24

 

 

RP11-140H23
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RP11-214M24

 

 

Attachment 2 

αSat DNA sequences obtained through Bisulfite sequencing. 

 

 

Clone 1: 

ggccggcccggggtgcgtgcattcctctgacagagttaaacctttcttttcattcagcagtttggaaaca 

ctgtttttgtagaatctgtgaagggataattgggagcacattgaggcctagagtgaaacaggaaatatgt 

tcaagtaaagtctagaaagaagctttctgagatacttctttttgatgtttg 

 

Clone 2: 

gcccgcaactcaaaagaagtatctcagattgcttctgtccagattttatttgaagatatttcctttcctg 

ccttatgctgcaaaacactccaactgtccacttgcagattctacaaaaacagtgtttgaaaactgctcaa 

tcaaaagaaggttcaactctgtgagatgaatgc 

 

Clone 3 

gcccgcaacatcaaaagagtatctcagaaagcttctttctagactttacttgaacatatttcctgtttca 

ctctaggcctcaatgtgctcccaattaccccttcacagattctacaaaaacagtgtttccaaactgctga 

atgaaaagaaaggtttaactctgtcagatgaatgc 

 

Clone 4 

gccgcaacatcaaagagtatctcagaattcttctgtctagttattatgtgaagatatttcgttttccacc 

ataggcctcaaagggctccaaatgtccacttgcagactctacaaaaagaatgtttcaaaactgctcaatc 

gaaagtaatgttcaactctgtgagatgaatgc 

 

Clone 8 
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gcccgcaacatcaaaagaagtatctcagaattcttccgtctagtttatatgtaaaggtatatccttttcc 

accattggcctcagagaactccaaatgtccacttgtagattctacaaaaagagagtttccaaattgctcc 

atcaaaagaaaggtttcactctctgagatgaatgc 

 

Clone 10 

gggggcccggggggcgtgcattcatctcacagagttgaatctttcttttgattgagcagtttggaaacag 

tctttttgtcgaatctgcaaagggatattagggagccgtttgaggcctatgctgtaaaaggaaatatctt 

cacaaaaaaactagaaagaggctttctgagatacttctttttgatgtttg 

 

Clone 11 

 

ggggccgcacatcaaagagtatctcagaatgtttctgactagtttttatgtgaagatatttccatttcca 

caataggcctcaaagcactcaaaacatccaattgcagattctggaaaaagagtgtttcaaaactgctcaa 

ttgaaaggaaggttcaactctgtgagatgaatgc 

 

Clone 13 

gggggggccggggtgcgtgcattcatctcacagagcttaactattcctttgattgagcagtttggaaact 

gtgtttttggagaatgcgcaaaggtatatttgggagtgctttgaggcctatggtgaaaaaggaaatatct 

tcacataaaaactagaaagaagcactctgagatacttctttttgatgtttg 

 

Clone 16 

ccccgcaacatcaaagagtatctcagattgcttctgtctagagtttttgtgaagatatttccttttctac 

tgtaggcagcaaagtgctccaaatgtccacttgcagattccacaaaaagggtgtttccaaactgctcaat  

gaaaagaaaggttcaactctctgagatgaatgc 

 

Clone 18 

cggccgcaacatcaaaagaatatctcagaaagcctctttctagtttttttgtgaagatatttccttttac 

agcataggcctcaaacggctccctaatatccctttgcagattcgacaaaaagactgtttccaaactgctc 

aatcaaaagaaagattcaactctgtgagatgaatgc 

 

Clone 19 

ccgcaacatcaaaagagtatctcagaagtgcttctgtctagtttttatgtgaagatatttccttttccac 

cataggcctcaaagcacgccaaatgtccacttgcagattctacaaaaacagagttcccaaacttctccat 
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cagaagaaaggtttcactctgtgagatgaatgc 

 

Clone23 

ggggggggcccggggtgcgtgcattcatctcacagagaggaactttacttttgatagagcagctttgaaa 

cactcttttttttaaatcagccagtggacatttggagtggtttgaggcctgtggtggaaaaggtaatatc 

ttcacataaaaactagacagaagcattctgagatacttctttttgatgtttg 

 

Clone 24 

ggggccgcacatcaaaagagtatctcagaatgcttctgtctagtttttatgtgaagatatttccttttcc 

aaaagacgcaataaagcactccaaatttccaattgcagattctacaaaaagagtgtttcaaaactgctca 

atcaaaagaaaggttcaactctgtgagatgaatgc 

 

Clone27 

gccgccacatcaaagagtatctcagaatgcttctgtccagattttatttgaagatatttccttttctacc 

ataggccacaaagtgctccaaatgtccacttgaagattctaaaaaagagtgtttcaaaactgctcaatca 

aaagaaaggttcaactctgtgagatgaatgc 

 

Clone28 

gggcccgcacatcaaagagtatctcagaatgcttctgtccagattttatttgaagatatttccttttcta 

ccataggccacaaagtgctccaaatgtccacttgaagattctaaaaaagagtgtttcaaaactgctcaat 

caaaagaaaggttcaactctgtgagatgaatgc 

 

Attachment 3 

Alignment results after performing a blast n analisis of each clone sequence against all other 

clone sequences, using the Basic Local Alignment Search Tool (BLAST) form NCBI. 

Clone 1  
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Clone 2  

 

 

 

Clone 3 
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Clone 4  
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Clone 8  
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Clone 10 

 

 

Clone 11  
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Clone 13 



Universidade de Trás-os-Montes e Alto Douro 
A detailed comparative Y-chromosome map between the white-cheeked gibbon (Nomascus 

leucogenys) and human 

77 
 

 

 

Clone 16  
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Clone 18  

 

 

 

Clone 19  
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Clone 23  
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Clone 24 

 

Clone 27  
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Clone 28  

 

 

 


