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Abstract 

In the last decades, several were the efforts made on the characterization of satellite 

DNA (satDNA) families in several species, collecting clues and evidences of the sequences’ 

evolutionary mechanisms and clarifying putative functions of these ubiquitous DNA sequences. 

The invariable presence of these sequences at the primary constriction of mammalian 

chromosomes was one of the first evidences for a crucial role in the genome. Numerous authors 

have suggested a range of biological processes where satellite sequences and their transcripts 

may intervene, specifically in centromeric function, heterochromatin formation and 

maintenance, chromosome pairing and segregation, chromosome rearrangements, cell cycle 

control or gene expression regulation. 

SatDNA sequences are known to present a rapid generation and even elimination in 

phylogenetically related species, however some of these sequences seem to have been almost 

completely preserved, at least in a few copies, over long evolutionary periods in some genomes. 

 The cattle genome harbors several distinct centromeric satDNA families with 

interrelated evolutionary histories, being a good model for the study of satDNA evolution. The 

satDNA families in the cattle genome are highly complex in their structure and organization, 

variable in number of copies and chromosomal distribution. Until now, several satDNA 

families were isolated from Bos taurus (cattle, Bovini tribe, subfamily Bovinae) genome, and 

some of these sequences’ motifs have been interestingly found in other species from the 

Bovidae family. 

In the present work, the nucleotide sequence and chromosome location of five cattle 

satDNA families was analysed in Bos taurus and in seven species from the tribe Tragelaphini 

(Bovinae subfamily). The satDNAs sequence similarity among the analysed species reflected 

different stages of homogeneity/heterogeneity, revealing the evolutionary history of each 

satDNA family over the Bovidae genome evolution. One of the analysed satDNA families 

(SAT1.723) stood out due to its presence at the chromosomes’ centromeres of all Tragelaphini 

species, as well as in two less related Bovidae species, Ovis aries and Capra hircus (Caprinae 

subfamily). The interactomic and in situ analysis showed the association of SAT1.723 with 

centromeric proteins revealing that this satDNA family is clearly involved in the centromeric 

activity in all the species analysed and that it is preserved for at least 15-20 My. Besides its 

centromeric location, SAT1.723 was detected (in silico) dispersed in the genomes of Bos taurus, 
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Ovis aries e Capra hircus. An inspection on the SAT1.723 monomer-flanking regions showed 

the presence of transposable elements (TEs), what may explain its intense shuffling through the 

activity of this satDNA/TEs between different genomic regions.  

Considering the richness of Bovinae genomes in different (peri)centromeric satDNAs, 

the organization of these sequences in each genomes’ chromosomes was analysed in order to 

develop a centromeric physical map as a tool to study chromosomal rearrangements involving 

the centromeric regions, namely Robertsonian Translocations (robs). The interest in the study 

of robs derives not only from their high frequency in mammalian karyotype evolution, but also 

from their influence on fertility and disease. The formation of a rob chromosome implies the 

occurrence of double strand breaks at the centromeres of two acrocentric chromosomes, being 

satDNA sequences the core hotspot for these breaks. In this work, using (peri)centromeric 

satDNA families, two Robertsonian translocations were analysed: the cattle rob(1;29) as a 

chromosomal abnormality and as an evolutionary fixed rearrangement in other species from the 

Bovinae subfamily and one of  the most frequent human robs, rob(14;21). The main aim of our 

study was determining the molecular mechanism(s) underling these frequent translocations. 

Analysing how satDNAs reorganize in the centromere of the translocated chromosomes, we 

were able to show that the analysed robs are multistep complex events, involving a precise 

elimination and reorganization of specific peri(centromeric) satDNA sequences. Our data 

highlight the active role of satDNA sequences in the robs’ translocation mechanism and 

reinforces the functional meaning of these repetitive sequences in the chromosomes’ stability, 

further suggesting the existence of a common mechanism of Robertsonian translocations’ 

occurrence. 

 

 

Key words: Satellite DNA; Centromeric function; Robertsonian translocations; Bovinae 

rob(1;29); Human rob(14;21); (Peri)centromeric region. 
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Resumo 

Nas últimas décadas, vários têm sido os esforços feitos para caracterizar as diferentes 

famílias de DNA satélite (satDNA) em várias espécies, tendo-se reunido evidências dos 

mecanismos de evolução destas sequências de DNA repetitivas e começado a desvendar 

algumas das suas funções. A presença ubíqua destas sequências nos cromossomas de mamíferos 

foi uma das primeiras sugestões de uma função crucial nestes genomas. Numerosos autores têm 

sugerido uma série de processos biológicos onde as sequências de satDNA e os seus transcritos 

podem intervir, nomeadamente na função centromérica, formação e manutenção da 

heterocromatina, emparelhamento e segregação cromossómica, rearranjos cromossómicos, 

controlo do ciclo celular ou regulação da expressão génica. 

As sequências de satDNA são conhecidas pela sua dinâmica evolutiva que conduz à sua 

rápida formação e até mesmo eliminação, mesmo em espécies filogeneticamente relacionadas. 

Contudo, algumas dessas sequências parecem ter sido preservadas de forma inalterada, pelo 

menos em algumas cópias, durante longos períodos evolutivos em alguns genomas. No genoma 

de Bos taurus (gado bovino doméstico, tribo Bovini, subfamília Bovinae) podem ser 

encontradas várias famílias de satDNA centroméricas e pericentroméricas com histórias 

evolutivas interrelacionadas, sendo um bom modelo para estudar a evolução deste tipo de 

sequências. As famílias de satDNA no genoma de Bos taurus são altamente complexas na sua 

estrutura e organização, variáveis em número de cópias e distribuição cromossómica. Até agora, 

várias famílias de satDNA inicialmente isoladas do genoma de Bos taurus, foram já detetadas 

noutras espécies da família Bovidae. 

No presente trabalho foi analisada a presença, a sequência e a localização cromossómica 

de cinco famílias de satDNA em Bos taurus e sete espécies da tribo Tragelaphini (também 

pertencente à subfamília Bovinae). A análise destas sequências isoladas a partir dos genomas 

das várias espécies refletiu diferentes níveis de homogeneidade/heterogeneidade, revelando a 

história evolutiva de cada família de satDNA ao longo da evolução do genoma Bovidae. Uma 

das famílias de satDNA analisadas (SAT1.723) destacou-se devido à sua presença não só nos 

centrómeros dos cromossomas das espécies Bovini e Tragelaphini, mas também de duas 

espécies da família Bovidae filogeneticamente menos relacionadas, Ovis aries e Capra hircus 

(Subfamília Caprinae), encontrando-se muito conservada em todos os genomas analisados. O 

estudo de interatómica e a análise in situ mostrou uma associação do SAT1.723 com proteínas 
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centroméricas, revelando que esta família de satDNA está claramente envolvida na atividade 

centromérica em todas as espécies analisadas, e que está preservada há pelo menos 15-20 

milhões de anos. Para além da localização centromérica, o SAT1.723 foi detetado (in silico) de 

forma dispersa nos genomas de Bos taurus, Ovis aries e Capra hircus. A análise das sequências 

flanqueadoras dos monómeros de SAT1.723 mostrou a presença de elementos transponíveis 

(TEs), o que pode explicar a sua dispersão pela atividade deste satDNA/TEs entre diferentes 

regiões genómicas. 

 Considerando o enriquecimento dos genomas da família Bovinae em diferentes 

satDNAs (peri)centroméricos, foi determinada a organização destas sequências nos 

cromossomas dos vários genomas, de forma a desenvolver um mapa físico do centrómero como 

ferramenta para o estudo de rearranjos cromossómicos que envolvam as regiões centroméricas, 

nomeadamente translocações Robertsonianas (robs). O interesse no estudo das robs surge não 

só pela sua elevada incidência durante a evolução cariotípica dos mamíferos, como também 

pela influência destes rearranjos na fertilidade e na doença. A formação de um cromossoma rob 

implica a ocorrência de quebras de cadeia dupla ao nível dos centrómeros de dois cromossomas 

acrocêntricos, sendo as sequências de satDNA o principal “hotspot” dessas quebras. Neste 

trabalho, usando famílias de satDNA (peri)centroméricas foram analisadas duas translocações 

Robertsonianas: a rob(1;29), presente em Bos taurus como uma alteração cromossómica, e 

evolutivamente fixada no cariótipo de espécies da tribo Tragalaphini; e uma das robs mais 

frequente na população humano, a rob(14;21). O principal objetivo do nosso estudo foi 

determinar os mecanismos moleculares subjacentes a estas translocações. Analisando como as 

sequências de satDNA são reorganizadas no centrómero dos cromossomas translocados, foi 

possível demonstrar que as robs analisadas são rearranjos complexos que ocorrem em múltiplas 

etapas, envolvendo uma eliminação e reorganização precisa de sequências de satDNA 

específicas. Os nossos resultados evidenciam o papel ativo das sequências de satDNA no 

mecanismo de translocação das robs e reforça a função destas sequências repetitivas na 

estabilidade cromossómica, sugerindo ainda a existência de um mecanismo comum para a 

ocorrência das translocações Robertsonianas. 

 

 

Palavras-chave: DNA satélite; Função centromérica; Translocações Robertsonianas; 

rob(1;29) de Bovinae; rob(14;21) humana; Regiões (peri)centroméricas. 
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I. General Introduction

This chapter was based on: 

Review Article 

Escudeiro A., Ferreira D., Mendes-da-Silva A., Heslop-Harrison JS., 

Adega F., Chaves R. (2019) Bovine satellite DNAs – a history of the 

evolution of complexity and its impact in the Bovidae family, The 

European Zoological Journal, 86:1, 20-37, DOI: 

10.1080/24750263.2018.1558294 

I.1 Bovine satellite DNAs – a history of complexity and impact in the Bovidae

Family Evolution 

Satellite DNAs (satDNAs) represent one of the major classes of repetitive sequences in 

almost all eukaryotic genomes (Charlesworth et al. 1994; Slamovits and Rossi 2002). 

Consisting of tandemly repeated non-coding DNA sequences, typically arranged in large arrays 

of hundreds or thousands of copies, they are mainly located at the heterochromatic regions of 

chromosomes, close to the centromeres and telomeres (Vourc’h and Biamonti 2011).  

The first studies on mammalian satDNA date back to the 1960s and 1970s and were 

carried out in the mouse, guinea pig and bovine genomes (Pardue and Gall 1970; Hsu and 

Benirschke 1973; Macaya et al. 1978). Since then, several efforts have been made on the 

characterization of satDNA families in many other species, collecting clues and evidences of 

the sequences’ evolutionary mechanisms, disclosing phylogenetic relationships between close 

related species, and clarifying putative functions of these ubiquitous DNA sequences (Chaves 

et al. 2004; Adega et al. 2009; Giannuzzi et al. 2012; Kopecna et al. 2012; Kopecna et al. 2014; 

Rojo et al. 2015). 
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The interest in the study of satellite DNA has not only been due to their abundance and 

extensive distribution, but also and mainly to their structural and functional roles on the 

centromeric function (Schmidt and Heslop-Harrison 1998; Plohl et al. 2008; Adega et al. 2009; 

Giannuzzi et al. 2012; Ferreira et al. 2015). The invariable presence of these sequences in the 

primary structure of mammalian chromosomes was one of the first evidences for a crucial role 

in the genome (Plohl et al. 2008). During the last decades numerous authors have suggested 

several other biological processes where satellite sequences and their transcripts may intervene, 

namely in the heterochromatin formation and maintenance, chromosome pairing and 

segregation, chromatin elimination, chromosome rearrangements, cell cycle control or gene 

expression regulation (Slamovits and Rossi 2002; Plohl et al. 2008; Ugarkovic 2009; Pezer et 

al. 2012; Enukashvily and Ponomartsev 2013; Ferreira et al. 2015). Also, the hypothesis that 

the rapid evolution of satDNAs can act as drivers for population and species divergence have 

been raised (Ugarković and Plohl 2002; Adega et al. 2009; López-Flores and Garrido-Ramos 

2012; Paço et al. 2013; Feliciello et al. 2015; Vieira-da-Silva et al. 2015). Despite the increasing 

evidences, the biological functions of these sequences are not yet completely and satisfactorily 

proved or understood.  

Several satDNA families of different origin are usually found in the genome of a species 

or a group of species, and these usually differ in the nucleotide sequence, monomer length, 

complexity, chromosomal location and/or abundance, as well as in their evolutionary history 

(Slamovits and Rossi 2002; Ugarković and Plohl 2002; Kuhn et al. 2008; López-Flores and 

Garrido-Ramos 2012; Rojo et al. 2015). Satellite DNA sequences are known for presenting 

rapid generation and elimination processes even in related species (Plohl et al. 2008; Vourc’h 

and Biamonti 2011); however some of these sequences seem to have been preserved, at least in 

a few copies, over long evolutionary periods in some genomes (Mravinac et al. 2002; Mravinac 

et al. 2005; Petraccioli et al. 2015; Chaves et al. 2017). 

The bovine genome is highly rich in diverse satellite DNA sequences (Macaya et al. 

1978), which are however related, what seems to indicate a probable common origin (Jobse et 

al. 1995; Modi et al. 1996). In domestic cattle, the different known satDNA sequences are 

highly complex in their structure and organization, variable in copy number and chromosomal 

distribution, and collectively comprise about one-fourth of the bovine genome (Macaya et al. 

1978; Taparowsky and Gerbi 1982a; Taparowsky and Gerbi 1982b; Modi et al. 1996), thus 

constituting a good model to study the evolution of satellite DNA. 
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Bovids belongs to the Bovidae family (Order Cetartiodactyla), including important 

ruminant species such as cattle, sheep and goat, which are highly relevant from both economic 

and social viewpoints (MacEachern et al. 2009; Groves and Grubb 2011). Moreover, Bovidae 

is the most diverse family of ungulates with about 140 recognized species, distributed by 49 

genera and 7 subfamilies (fig. I.1a): Bovinae, Caprinae, Hippotraginae, Reduncinae, 

Alcelaphine, Antilopinae and Cephalophinae (Matthee and Davis 2001; Groves and Grubb 

2011). These subfamilies are further divided into several tribes (fig. I.1b) (Gentry 1992; 

Gallagher et al. 1999; Rubes et al. 2008; Robinson and Ropiquet 2011). The Bovinae subfamily 

comprises the three tribes (fig. I.1b), Bovini, Boselaphini and Tragelaphini (Ropiquet 2006). 

The Bovini tribe (cattle and buffaloes), include the genera Bos, Bubalus, Syncerus and 

Pseudoryx; the Boselaphini tribe (nilgai and chousingha) embraces the Boselaphus and 

Tetracerus species; and the Tragelaphini tribe (African spiralled-horned bovids) comprises 

Tragelaphus and Taurotragus (Groves and Grubb 2011). Since several decades, many studies 

attempted to disclose the evolutionary history of  Bovidae species through the analysis of 

mitochondrial DNA (Vacca et al. 2010), gene sequences (Carcangiu et al. 2011), endogenous 

retroviruses (Chessa et al. 2009) and microsatellites (Vacca et al. 2011). However, the 

systematic and phylogenetic relationships among the various species of this family are still 

under discussion (Rubes et al. 2008; MacEachern et al. 2009; Nieddu et al. 2015; Khademi 

2017). Nevertheless, the comparative study of the nucleotide sequences and locations of 

repetitive DNA families in related species is providing information about their own 

evolutionary mechanisms and the species’ evolutionary history. Although some repetitive 

sequences are extremely well conserved between species (Petraccioli et al. 2015; Chaves et al. 

2017), others are so variable that can resolve taxonomic issues, defining differences between 

closely related species (Chaves et al. 2000a; Chaves et al. 2005; Adega et al. 2006). 
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Figure I. 1. Phylogenetic relationships of Bovidae family and Bovinae subfamily.  

(a) Families that comprise the order Certartiodactyla, with emphasis for the Bovidae family and its subfamilies. 

(b) Tribes and species of the Bovinae subfamily. These phylogenies were constructed based on the works of 

Robinson and Ropiquet (2011), Groves and Grubb (2011) and Khademi (2017).  
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In spite the many questions regarding satDNA sequences and their cellular role or roles, 

the evolutionary history of eukaryotic genomes seems to have been largely influenced by this 

dynamic and multifaceted genomic component (Adega et al. 2009). In the evolution of the 

Bovidae family, the genomes’ repetitive fraction played a central role in karyotype 

reorganization, and in the last decades several works have demonstrated and reinforced an 

association between centromeric satellite DNAs and the process of chromosome evolution in 

Bovidae species genome's remodelling (Chaves et al. 2000a; Chaves et al. 2003; Chaves et al. 

2005; Adega et al. 2006; Di Meo et al. 2006; Adega et al. 2009; Kopecna et al. 2012; Kopecna 

et al. 2014; Nieddu et al. 2015). 

I.1.1 Evolution of satellite DNA families in the cattle genome

The domestic cattle (Bos taurus) genome harbours several distinct centromeric satDNA 

families (Macaya et al., 1978) with interrelated evolutionary histories (Nijman and Lenstra 

2001), as previously referred. These sequences, that include both tandem satellite arrays and 

dispersed repeats, reveal a diversified and complex structure and organization (Pöschl and 

Streeck 1980; Gaillard et al. 1981; Streeck 1981; Pagés and Roizés 1984; Plucienniczak et al. 

1985), as well as a widespread chromosomal distribution (Modi et al. 1996; Chaves et al. 2000a; 

Modi et al. 2004). In 1999, Vaiman and colleagues reported that bovine satDNA sequences 

constitute around 25% of the total nuclear DNA content, and this value prevails despite the 

genome sequencing data already available. The analysis and comparative study of these bovine 

satDNA families demonstrated that sequence alterations in association with DNA 

amplification/contraction events from a common ancestor sequence could be in the origin of 

the present satDNA families (Taparowsky and Gerbi 1982b). The determination of the 

nucleotidic sequence and satDNAs’ structure reveal that long satellites are often composed of 

short tandemly variant repeats organized in complex patterns that reflect the evolutionary 

pathways leading to their generation (Skowronski et al. 1984). 

I.1.1.1 Molecular data

The eight known satDNA families present in the Bos taurus genome were isolated for 

the first time in 1978 by Macaya et al., by density gradient centrifugation from calf thymus 

DNA. The different satDNA families were designated according to their buoyant density in 
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Cs2SO4 and in CsCl (g/cm3) as SAT1.715, SAT1.706, SAT1.723, SAT1.709, SAT1.711a, 

SAT1.711b, SAT1.720a and SAT1.720b (Macaya et al. 1978). In this work, Macaya and 

colleagues identified two satDNA families with the same buoyant density in CsCl, but with 

different behaviours in Cs2SO4/Ag+ - 1.711 g/cm3 and 1.720 g/cm3 satDNAs. A restriction 

enzyme analysis confirmed that 1.711a and 1.711b as well as 1.720a and 1.720b were, in fact, 

different components.  

Thereafter, the bovine satDNA families have been molecularly characterized (Table I.1) 

by several authors (Pech et al. 1979; Roizes et al. 1980; Gaillard et al. 1981; Streeck 1981; 

Pages and Roizes 1982; Płlucienniczak et al. 1982; Taparowsky and Gerbi 1982a; Pagés and 

Roizés 1984; Plucienniczak et al. 1985), and the evolutionary relationship between them began 

to be unveiled (Kopecka et al. 1978; Taparowsky and Gerbi 1982b; Jobse et al. 1995; Chaves 

et al. 2000a; Adega et al. 2006). 

The nucleotide sequence of the bovine SAT1.715 monomeric unit, also named bovine 

SATI, reported and analysed in several works (Roizes et al. 1980; Gaillard et al. 1981; 

Płlucienniczak et al. 1982; Sano and Sager 1982; Taparowsky and Gerbi 1982b), is constituted 

by a 1.4 kb tandem repeat comprising 5-9% of the total cattle genomic DNA (Kurnit et al. 1973; 

Vaiman et al. 1999). Plucienniczak et al. (1982) performed an analysis of the nucleotide 

sequence of this satellite DNA family and reported the existence of a 31 bp periodicity (mers) 

across the entire length of the repeat unit, what indicates that the structure of the 1402 bp higher 

order unit of SATI resulted from 31 bp mers amplification with a considerable high degree of 

monomer divergence (similarity between the 31 bp subunits around 60%) (Taparowsky and 

Gerbi 1982a). Moreover, the use of restriction endonucleases has shown that this satDNA 

sequence possesses a higher complexity than initially expected, being classified as a long range 

periodicity satDNA with a presumed non-random distribution of methyl groups that could be 

essential for its putative role in chromatin organization and in the centromeric function (Roizes 

1976; Roizes et al. 1980; Pagés and Roizés 1984). In this repeat monomer, 12 highly conserved 

CpG sites were found (Kang et al. 2001; Yamanaka et al. 2011), and these seem to be highly 

methylated in most tissues (Schnedl et al. 1976; Sturm and Taylor 1981; Pages and Roizes 

1982; Adams et al. 1983). Additionally, it has been earlier suggested that this satDNA could be 

transcriptionally active (Su et al. 1982), being transcribed by RNA polymerase III.  

The structure of bovine SAT1.706 (or SATIII) was determined by gDNA cleavage with 

several restriction nucleases. This satDNA showed some similarity with the sequence from 
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SATI but a higher complexity (Streeck and Zachau 1978; Pech et al. 1979). SATIII is organized 

in an unusual structure of superimposed long- and short-range repeats, an unprecedented 

structure amongst satellite DNAs (Pech et al. 1979). The nucleotide sequence of SATIII consists 

of a long repeat unit of 2350 bp composed of complex repetitions of two motifs, the Sau and 

Pvu segments, which consist in variants of a basic 23 bp sequence derived by point-mutations 

in different nucleotide positions (Pech et al. 1979). SATIII comprises more than 4% of the 

bovine genome, and the Sau segments form the major part of this satDNA family (Pech et al. 

1979). The evolution of this satDNA cannot be explained by mechanisms of amplification and 

random divergence, rather it seems to have evolved by non-radom events, such as selection, 

favouring the Sau segment amplification, according to Streek and Zakau (1978). These authors 

considered that functional constraints for heterochromatin organization have been important 

factors in this satellite DNA expansion. 

In 1981, Streeck determined the nucleotide sequence of the bovine SAT1.711a, a 1413 

bp repeat unit that contains SATIII Sau segments. This repeat unit is composed by two segments 

representing variants of a basic 23 bp sequence (23-mer), which exhibits a high homology to 

the Sau monomers of SATIII; and by a third segment of 611 bp, unrelated to the SATIII sequence 

and not internally repeated that is, however, flanked by inverted repeats from the 23-mers 

(Streeck 1981). This structure suggests that the bovine SAT1.711a was originated from an 

insertion into a Sau repeat unit of SATIII (Streeck 1981), event that was postulated to had 

occurred 10 MY ago (Taparowsky and Gerbi 1982a). Interestingly, several remarkable 

sequences were identified inside the 611 bp segment of the SAT1.711a, such as a TATA box 

and a stretch of seven cytosines followed by seven adenines, whose presence suggests that this 

segment may be transcribed (Streeck 1981). Unfortunately, further analysis in this context 

haven’t received a special focus in the subsequent years. 

Later, the structure of the repeat unit of the bovine SAT1.711b was determined and 

analysed by Taparowsky and Gerbi in 1982 (1982b). SAT1.711b consists of a repeat unit of 

2600 bp containing a 1200 bp long sequence which exhibits structural similarities to retroviral 

long terminal repeats inserted into a stretch of tandemly arrayed 31 bp subrepeats (31-mer), 

which is, in turn, highly similar to the SATI repeat unit (Taparowsky and Gerbi 1982a; Modi et 

al. 1996). The total 1402 bp repeat unit of SATI is represented in the 2600 bp repeat unit of 

SAT1.711b with ~ 95% sequence similarity. These two satDNAs differ only in a 1200 bp DNA 

segment residing in the middle of the 1.711b repeat unit, suggesting that this satDNA was 
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originated by an amplification process of a SATI repeat modified by a 1200 bp segment insertion 

(Taparowsky and Gerbi 1982b). This segment is designated by INS-1.711b and shows 

similarity to an endogenous retrovirus ERV2, designated BTLTR1 (analysis performed using 

the Censor software tool of Repbase; Kohany et al. 2006). 

The SAT1.711b family is more abundant than the SAT1.711a; representing about 7.1% 

and 1.7% of the bovine genome, respectively and according to Streeck (1981) or Taparowsky 

and Gerby (1982b). Both satDNAs are complex structures, as both exhibit a unique sequence 

integrated into tandemly arrayed short repeats already present in other bovine satDNA families. 

A comparative study performed by Modi and colleagues (1996) suggested that the two 

segments of SAT1.711a (the Sau monomers of SATIII and the 611 bp segment unrelated to the 

SATIII repeat) originated simultaneously, as opposed to the two components of SAT1.711b 

repeat (the segment similar to SATI and the INS-1.711b) which had presumably been originated 

at different historical times (around 15 MY apart). This study revealed that SATI was apparently 

originated somewhere between the last common ancestor of the Tragulinas and Pecorans (40 

MY) and the time of divergence of modern Pecoran families (20-25 MY), as revealed by the 

presence of this satDNA family in all Pecoran. In contrast, SAT1.711b seems to have originated 

only after the divergence of Tragelaphini, Boselaphini and Bovini from the other tribes of the 

Bovinae subfamily (10-15 MY), as suggested by its apparent exclusivity in those genomes. On 

the other hand, SAT1.711a seems to have originated after the divergence of Bovini and 

Boselaphini from the Tragelaphini (6-10 MY) (Modi et al. 1996; Modi et al. 2004), as this 

satDNA family was found only in species from the two first tribes. 

The nucleotide sequence of bovine SAT1.720 was reported by Pöschl and Streeck in 

1980 and consists of a tandem array of 46 bp repeat units comprised by two related 23-mers 

with no detectable higher-order periodicity. This satDNA is largely similar to segments of 

another satellite of the bovine genome, SATIII, presenting a sequence similarity of 76% for the 

Pvu segment and 50% for the Sau segment (Pöschl and Streeck 1980), which indicates the 

existence of a common evolutionary pathway for these two bovine satDNA families (Pech et 

al. 1979; Pöschl and Streeck 1980). The analysis of SATIII and SAT1.720 showed for the first 

time that one basic sequence can originate large stretches of DNA of different complexities 

(Jobse et al. 1995). Whereas SATIII presents a complex patchwork structure of superimposed 

short- and long-range repeats with different variants of a basic sequence, SAT1.720 seems to 

have maintained the simple structure of a basic repeat unit tandem array with little sequence 
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divergence (Pöschl and Streeck 1980; Jobse et al. 1995). This aspect seems to be due to the 

self-complementarity of the two related 23-mers present in the SAT1.720 that can be considered 

an imperfect palindrome (Pöschl and Streeck 1980). Pöschl and Streeck (1980) considered 

SAT1.720 a molecular fossil because it seems the bovine satDNA family that undergone less 

evolutionary alterations.  

Table I. 1. Summary of the characteristics of the cattle satellite DNA families. 

(1) Bovinae tribes where the satDNAs have been detected (by PCR and/or FISH results).

(2) Bovinae tribes where the satDNAs have been looked for but not found (by PCR and/or FISH results).

In sum, the bovine SATI, SATIII, SAT1.711a, SAT1.711b and SAT1.720 exhibit basic 

internally repeated units with a complex organisation (Streeck and Zachau 1978; Pech et al. 

1979; Pöschl and Streeck 1980; Gaillard et al. 1981; Streeck 1981; Płlucienniczak et al. 1982; 

Taparowsky and Gerbi 1982a; Taparowsky and Gerbi 1982b). SATIII, SAT1.720 and 

SAT1.711a share a highly homologous 23 bp sequence suggesting a close relationship; SATI 

presents a 31 bp internal periodicity which is related to the 23 bp sequence referred above, since 

the 31-mer also contains an internal 23-mer which is also composed by two related sub-repeats 

– a dodecanucleotide and an undecanucleotide (Taparowsky and Gerbi 1982a). In turn,

SAT1.711b consists on the SATI repeat unit sequence plus an insertion (INS-1.711b). Therefore, 

all these satDNAs are closely associated with each other (Fig I.2), most probably sharing the 

Characteristics SAT1.715 SAT1.706 SAT1.711a SAT1.711b SAT1.720 SAT1.723 SAT1.709 

Monomeric 

Unit 
1402 bp 2350 bp 1413 bp 2600 bp 46 bp 680 bp 3800 bp 

Periodicity 

(mers) 
31 bp 23 bp 

23bp + 

611bp 

+23bp

31 bp + 

1200 bp +31 

bp 

23 bp + 

23 bp 
- - 

% of the Bos 

taurus genome 
5-9% 4% 1,7% 7,1% - - 4,3% 

Genbank 

reference 

sequence 

V00124.1 X03116.1 V00115.1 AF162499.1 - M36668.1 X00979.1 

Tribes where 

was detected1 

All 

Pecoran 

Bovini 

Tragelaphini 

Boselaphini 

Bovini 

Boselaphini 

Bovini 

Tragelaphini 

Boselaphini 

- - 

Bovini 

T.oryx

T.strepsiceros

(Tragelaphini)

Tribes where 

was not 

detected2 

- - Tragelaphini - - - 

Boselaphini, 

the other 

Tragelaphini 

Estimated age 
40-20

MY
10-15MY 6-10 MY 10-15MY - - 10 MY 
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same ancestral sequence and establishing a group of derivative yet related satDNA families 

(Płlucienniczak et al. 1982; Taparowsky and Gerbi 1982a; Jobse et al. 1995). 

Considering the sequence similarity between the 23-mer and the dodecanucleotide sub-

repeat, the five satDNA families can be divided in two distantly related groups (Fig I.2) with a 

common evolutionary origin: the first group contains SATIII, SAT1.711a and SAT1.720 and the 

other group comprises SATI and SAT1.711b (Płlucienniczak et al. 1982; Taparowsky and Gerbi 

1982b). Taparowsky and Gerbi (1982b) suggested that the 23 bp repeat unit was the ancestor 

of the 31 bp motif. However in 1995, Jobse et al. contradicted this idea, suggesting that the 23-

mer may have a more recent origin than the 31-mer (Jobse et al. 1995). The 31 bp repeat unit 

found in bovine SATI and SAT1.711b, is also present in the genomes of species like sheep and 

goat, indicating that this sequence motif predates the divergence of Bovinae and Caprinae 

subfamilies. The 23-mer, present in other bovine satDNAs such as SATIII, SAT1.711a and 

SAT1.720 sequences, seems to have emerged only after the split of the water buffalo and other 

cattle species in the Bovinae subfamily (Jobse et al. 1995). Jobse et al. (1995) demonstrated 

that bovine and ovine SATI sequences’ probes hybridize to each other and also to deer 

(Cervidae, Cervinae), but not to giraffe (Giraffidae, Giraffinae) and chevrotain (Tragulidae, 

Moschiola) DNA, suggesting that the 31 bp motif present in this satDNA have emerged after 

the initial radiation of ruminants, acquiring later a species-specific repeat unit organization. 

Furthermore, the absence of the 23 bp motif of water buffalo SATIII suggests that the 23-mer 

derived from the 31 bp repeat unit instead of the opposite (Jobse et al. 1995). Considering that 

the 31 bp and 23 bp repeats (found in all these satDNAs) share a common ancestral 

dodecanucleotide and considering the different evolutionary times of the bovine satDNAs, the 

ancestral repeat must have originated variant sequences and integrated DNA segments at 

different geological times, what clearly evidences the complex evolutionary history of the 

bovine satDNAs.   
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Figure I. 2. Scheme of the structure and evolution of the bovine satellite DNA families.  

This scheme was developed based on the work from Taparowsky and Gerbi (1982 a, b). The colour boxes 

representing the mers units are not designed to scale. 

In contrast to the five bovine satDNA families described so far, SAT1.723 and SAT1.709 

are not related to each other neither with the previously referred bovine satellite DNA families 

(Skowronski et al. 1984). 

Plucienniczak et al. (1985) demonstrated that bovine SAT1.723 is a monomer of 680 

bp, where short repetitive sequences do not show any systematic periodical structure 

(Plucienniczak et al. 1985). The SAT1.723 repeat unit seems to have evolved by several 

duplications of two 100 bp long sequences (Plucienniczak et al. 1985). Its molecular analysis 

does not show any internal repetition that could associate it with the other bovine satellites 

(Buckland 1985). There is, however, a region that shows some relation with the 
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dodecanucleotide ancestral sequence of the SATIII (Buckland 1985), what raises the possibility 

of SAT1.723 family share a common origin with SATIII.  

The bovine SAT1.709 (or SATIV) represents around 4.3 % of the bovine genome and 

presents a markedly different structure and organization (Skowronski et al. 1984; Jobse et al. 

1995). This sequence is considered the evolutionarily youngest satDNA family in Bovidae 

(Jobse et al. 1995; Modi et al. 1996; Modi et al. 2004; Adega et al. 2006), and probably 

undergone independent mutational and amplification events from the other bovine satDNA 

sequences (Lenstra et al. 1993). The repeat unit of 3800 bp exhibits a long-range periodicity 

and contains a GC rich domain, two clusters of di- or trinucleotide repeats (Skowronski et al. 

1984) and sequences homologous to other dispersed repeated sequences found in the bovine 

genome (Lenstra et al. 1993). A more detailed analysis of the 3800 bp monomer using the 

Censor software tool of Repbase (Kohany et al. 2006) revealed the presence of Endogenous 

Retroviral sequences (ERV1-1C-LTR_BT and ERV1-3I_BT), a SINE element (BovA2) and a 

Retrotransposable Element (BovB) in the monomeric unit of SATIV.  

The structure analysis of almost all the described bovine satDNAs suggests an 

evolutionary mechanism involving: the insertion of segments of DNA into repetitive sequences 

already present in an ancestral genome, and subsequent mutational and amplification events 

that originated new repeat units (Streeck 1981; Jobse et al. 1995). The analysis of bovine 

satDNAs in other ruminants, such as sheep, goat and deer, demonstrated that the amount and 

the variants of these satDNAs vary considerably (Reisner and Bucholtz 1983; Novak 1984; 

Buckland 1985; Jobse et al. 1995; Modi et al. 1996). The total copy number and the relative 

amounts of individual sequence variants of different satellites in several Bovini species were 

subject to large fluctuations (Nijman and Lenstra 2001). In the initial phase of a satellite life 

history interactions of homogeneous repeat units cause rapid expansions and contractions, 

resulting in variations in the number of copies (Fry and Salser 1977; Nijman and Lenstra 2001). 

The fluctuations in the relative amounts of satellite sequence variants support the second phase 

of the model, since mutations originate different sequence variants that amplify and contract 

independently. Considering that the emergence of a new homogeneous repeat does not require 

the immediate removal of previous satellite sequences, several satDNA families with different 

evolutionary origins can coexist in the bovid genome (Modi et al. 1993; Jobse et al. 1995; 

Nijman and Lenstra 2001). This feedback model proposed by Nijman and Lenstra (2001) has 
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been validated by several works analysing different satDNA families (Modi et al. 2004; Adega 

et al. 2006). 

The sequencing project of the bovine genome has begun to increase the knowledge of 

satDNA families’ genomic structure and organization, however this is still a slight explored 

area with respect to such repetitive sequences (Adega et al. 2009; Liu et al. 2009; Biscotti et al. 

2015; Miga 2015). The genome of Bos taurus has not yet reached a complete "telomere-to-

telomere" chromosome assembly, and the largest assembly gaps remain at the centromeric and 

acrocentric short arms (Miga 2015), which represent a challenge for the study of satDNA 

sequences that are often localized in these regions (Biscotti et al. 2015). Currently there are 

several bioinformatic tools allowing to identify abundant satDNA sequences, namely the use 

of software/algorithms that find k-mer motifs (DNA sequences of k nucleotides long, where k 

is usually 16 to 128 bp) occurring in a repeated fashion in the genomes (Biscotti et al. 2015). 

Other bioinformatic tools available to identify repeats in genome sequencing data is the 

Repbase (Kohany et al. 2006) and the RepeatExplorer (Novák et al. 2013). Despite these 

improvements, the assembly of satDNA sequences into long stretches continues to be extremely 

difficult due to the sequences’ homogeneity and repetitive nature. More recently, new 

technologies such as PacBio and Nanopore Minion are promising tools generating longer reads 

of several kb, however there is still no machine or technology capable to read continuous 

stretches of millions of bases of DNA (Biscotti et al. 2015). Considering these challenges in the 

analysis of sequencing data, cytogenetic studies are still essential to study the presence and 

distribution of repetitive sequences, such as satDNA, in the genomes (Biscotti et al. 2015), 

besides the fact that chromosome assemblies are still critical in the analysis of sequence-based 

models of evolution, cell biology and diseases (Miga 2015). 

I.1.1.2 Cytogenetic data

The physical mapping of bovine SATI, SATIII, SATIV, SAT1.711a and SAT1.711b was 

initially performed by Modi et al. (1993; 1996) using fluorescent in situ hybridization (FISH). 

The analysed bovine satDNA families revealed a (peri)centromeric location on the majority of 

the cattle autosomes (Modi et al. 1993; Modi et al. 1996; Chaves et al. 2003; Modi et al. 2004). 

SATI  (Fig. I.3 a) can be found in all the cattle autosomes, while SATIII (Fig. I.3 b) and SATIV 

(Fig. I.3 c) are present only in some of these (Chaves et al. 2003). SatDNAs 1.711a and 1.711b 

appear to be located at the centromeric regions of many chromosomes, being SAT1.711b (Fig. 
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I.3 e) clearly more abundant than SAT1.711a (Fig. I.3 d) (Modi et al. 1993). These satDNA 

families showed further a slight to intense interstitial hybridization in some chromosomes 

(Modi et al. 1993; Modi et al. 1996), what is indicative of an apparent variation in the number 

of monomer copies of the different satDNA families analysed (Modi et al. 2004). The 

observation of an interstitial location of the bovine satellites analysed was, at first glance, 

unexpected since restriction patterns and southern-blot analysis showed that these repetitive 

sequences are tandemly arrayed. These authors proposed that the interstitial hybridization 

signals could be produced by specific sequence segments showing similarity to transposable 

elements. The physical mapping of the SAT1.723 showed the presence of this satDNA family 

in more than half of the chromosomes (Fig. I.3 f). Finally, none of these satDNA sequences 

seem to be present on the sex chromosomes of Bos taurus (Modi et al. 1996; Modi et al. 2004). 

 

 

Figure I. 3 Physical mapping of bovine satDNAs on domestic cattle chromosomes.   

Representative images of fluorescent in situ hybridization of the described six satDNA families (red or green) on 

Bos taurus metaphasic chromosomes (blue, DAPI).  
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The three most studied bovine satellites, SATI, SATIII and SATIV, seem to be organized 

on Bos taurus autosomes ordered p-ter-SATIV-SATI-SATIII-q (Chaves et al. 2003). In the 

chromosomes where SATIII is not detected, the sequences are found as p-ter-SATIV-SATI-q; in 

the chromosomes lacking hybridization signal of SATIV the order is p-ter-SATI-SATIII-q (Fig. 

I.4).

The physical distribution of bovine satDNAs in other species has been also analysed. 

Several works reported the presence of bovine SATI within several species of the Bovidae 

family and even in other families of Pecoran ruminants (Modi et al. 1996; Chaves et al. 2000a; 

Chaves et al. 2005; Kopecna et al. 2012; Kopecna et al. 2014), although showing some 

ambiguities in some tribes. In 1996, Modi et al. did not detect hybridization signals in 

Hippotragini, Antilopini and Tragelaphini tribes, in contrast with the results reported by more 

recent works (Chaves et al. 2005; Kopecna et al. 2012; Kopecna et al. 2014). Although the high 

similarity between the clones used in the works by Chaves et al. (2005) and by Kopecna et al. 

(2012), the results obtained in the two works also diverged in respect to the presence of SATI 

in Caprini, Alcelaphini, Aepycerotini and Reduncini tribes. Also Nieddu et al. (2015) referred 

the presence of the SATI clone used only to members of the Bovini tribe and not to Caprini, 

claiming contradictory results to what has been widely reported (Modi et al. 1996; Chaves et 

al. 2003; Chaves et al. 2005; Kopecna et al. 2012; Kopecna et al. 2014). Later, Kopecna et al. 

(2014) and our own research group (unpublished data) analysed six species from the 

Tragelaphini tribe, revealing that SATI sequences isolated specifically from this tribe are present 

in the acrocentric chromosomes of six species. According to Kopecna et al. (2014) Tragelaphus 

Figure I.4. Scheme of three forms of 

Bos taurus chromosomes regarding the 

presence and organization of bovine 

SATI, SATIII and SATIV, as described 

by Chaves et al. (2003) 
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imberbis, T. angasii and Taurotragus oryx contain SATI in both acrocentric and in the bi-armed 

chromosomes, whereas in Tragelaphus spekii, T. strepsiceros and T. eurycerus no SATI 

hybridization signals were detected in the bi-armed chromosomes, indicating the loss or 

decrease of this repeat during the fusion events that originated these chromosomes. (Kopecna 

et al. 2014). In 2005, Chaves et al. had already analysed Tragelaphus strepsiceros and 

Taurotragus oryx, demonstrating the presence of SATI repeats in both acrocentric and bi-armed 

chromosomes, revealing some inconsistencies with the work of Kopecna et al. (2014). All the 

discrepancies of results regarding SATI may be due to differences in the experimental 

conditions of the different works, such as hybridization stringency and sequence/size of the 

probes used. Alternatively, the number of copies of this satDNA family in the different 

species/tribes may be contradicting the data, as the resolution of FISH, is, indeed, limited. Also, 

the presence of sequence variants with higher dissimilarity to the probe used than the stringency 

applied could mask the results obtained. Albeit belonging to the same satDNA family, different 

DNA sequences were isolated and used in the several studies, suggesting that the SATI family 

is constituted by different sequence variants not necessarily identical to each other. 

Regarding the Bovidae family sex chromosomes, it is well accepted that all acrocentric 

X chromosomes contain SATI, with the exceptions of the Caprini and Alcelaphini tribes 

(Chaves et al. 2005). On the other hand, all bi-armed X chromosomes do not show SATI 

hybridization signal (Chaves et al. 2005; Kopecna et al. 2012; Kopecna et al. 2014). In the 

majority of the Bovidae species, the Y chromosome do not present SATI, being the exception 

certain species from the Antilopini and Tragelaphini tribes (Chaves et al. 2005; Kopecna et al. 

2014).  

In contrast to the bovine SATI, the SATIV, SAT1.711a and SAT1.711b are not found in 

all the Bovidae analysed by FISH (Modi et al. 1996; Modi et al. 2004; Adega et al. 2006). 

According to Modi et al. (2004), the 1.711b repeat is detected in the genomes of Tragelaphini, 

Boselaphini and Bovini, and SAT1.711a is present in Boselaphini and Bovini. Regarding 

SATIV, although Modi et al. (2004) only found it in the Bovini genomes, Adega and colleagues 

(2006) proved that SATIV is also present in, at least, two Tragelaphini species, Taurotragus 

oryx and Tragelaphus strepsiceros, indicating that this sequence predates the divergence of the 

Bovini and Tragelaphini tribe, 10 MY ago. Once again, these apparently contradictory results 

can be explained by the possible isolation of different variants of this satDNA family and/or 

different hybridization stringencies in each FISH analysis. Furthermore, Adega et al. (2006) 
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also suggested the occurrence of amplification events in the sex-chromosome specific variants 

in the Tragelaphini species, considering the presence of the highly intense hybridization signals 

of SATIV sequences on the Tragelaphini X chromosome. Southern and in situ hybridization 

analysis performed by these authors indicated that the bovine satDNA sequences on the sex 

chromosomes and autosomes evolved independently from each other (Adega et al. 2006). The 

mechanism that lead to the fixation of a satDNA sequence variant in specific regions or even 

on different chromosomes could be constrained for functional reasons such as homologous 

chromosome pairing during meiosis (Roizes et al. 1980). 

The rapid evolution that characterizes the bovine satellite DNA families provides 

valuable information for studying the phylogeny of species. In fact, the study of bovine 

satDNAs and the comparison of homologous sequences between related and unrelated species 

has assisted in the resolution of the complex Bovidae phylogeny. The chromosomal distribution 

pattern of these sequences is especially informative for analysing alterations occurred during 

the divergence of tribes from a common ancestor (Adega et al. 2006), allowing to make 

inferences about phylogenetic relationships and understanding simultaneously satDNA 

evolution (Ugarković and Plohl 2002; Chaves et al. 2003; Adega et al. 2006; Adega et al. 2009). 

Although there are some studies on the bovine satDNA families, there is still a need for 

more comparative studies to assess the true evolutionary path of these sequences in the Bovidae. 

With the increasing data from sequencing projects of different species of this family and with 

more complete cytogenetic studies, we will certainly achieve great advances in our 

understanding on the evolutionary mechanisms and on the functional significance of these 

satellite DNA sequences.  

I.1.2 Satellite DNA- the engine of Bovidae species evolution through the occurrence of

“centric fusions” 

Satellite DNAs (satDNAs), among other repetitive sequences, are believed to be the 

‘engine’ triggering mammalian genome evolution (Adega et al. 2009), being the constitutive 

heterochromatin (CH) regions ”hotspots” for structural chromosome rearrangements (Chaves 

et al. 2004; Adega et al. 2006; Adega et al. 2009; Vieira-da-Silva et al. 2015). In the last decades 

a considerable collection of works have demonstrated that satDNA sequences promote 

chromosomal rearrangements due to their dynamic behaviour among non-homologous 
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chromosomes and between different chromosome fields (Wichman et al. 1991; Rossi et al. 

1995; Chaves et al. 2000b; Slamovits and Rossi 2002; Chaves et al. 2004; Chaves et al. 2005; 

Adega et al. 2006; Paço et al. 2013; Vieira-da-Silva et al. 2015), indicating their involvement 

in karyotype evolution, reproductive isolation and in the speciation process (Adega et al. 2009; 

Ferree and Barbash 2009; Paço et al. 2013; Rojo et al. 2015; Vieira-da-Silva et al. 2015). In 

Drosophila, the divergence of centromeric satDNA can inhibit chromosome segregation in 

hybrids, causing hybrid incompatibilities and postzygotic isolation (Ferree and Barbash 2009). 

Likewise, in Iberolacerta species the high copy number polymorphisms and the rapid shifts in 

centromeric sequences composition could have contributed and even triggered species radiation 

(Rojo et al. 2015). Furthermore, Paço et al. (2015) reinforced this role of satDNA, 

demonstrating that in two hamster species of the genus Phodopus, the high molecular dynamics 

of repetitive sequences are responsible for chromosomal instability and consequently for 

chromosome rearrangements, leading to the karyotypes divergence occurred since the ancestral 

Muroidea. 

The Bovidae genome is characterized by a relative high autosomal conservatism, since 

the number of autosomal arms has remained constant (NAA=56-58) for most species 

(Gallagher and Womack 1992; Gallagher et al. 1994) despite the high range in the diploid 

number reported (30-60), which is explained by the occurrence of a high number of centric 

fusions or Robertsonian translocations (robs) during karyotype evolution (Buckland and Evans 

1978; Gallagher and Womack 1992; Gallagher et al. 1994). Early was accepted that the 

ancestral karyotype of bovids had an all-acrocentric chromosomal complement with a diploid 

number of 60, reduced in many species by fusion events between different acrocentric 

chromosomes, thus originating the meta and submetacentric chromosomes today found in many 

karyotypes (Di Berardino and Iannuzzi 1981; Gallagher and Womack 1992; Gallagher et al. 

1999). 

Nevertheless, two karyotypes (cattle and goat) kept the ancestral condition and for that 

reason, have been used as references to study the evolution of the entire Bovidae family 

(Gallagher and Womack 1992). Bos taurus presents the most ancestral karyotype form with a 

diploid number of 2n=60 with all autosomes acrocentric and a submetacentric X and Y 

chromosome. In the Tragelaphini tribe, the diploid number ranges from 30 to 56. Most 

Tragelaphini species display a low chromosome number (varying from 30 to 33/34), being the 

autosomes mainly metacentric and/or submetacentric (Rubes et al. 2008). The karyotypes of 
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this tribe reflect the well-established theory of the Bovidae evolution by chromosome centric 

fusions, with some species carrying a larger number of fusions than others. Rubes and 

colleagues (2008), analysing chromosome homologies between Bos taurus and eight 

Tragelaphini species identified fifty-seven different autosomal fusions amongst the 

Tragelaphini species, encompassing almost all presumed ancestral acrocentrics in different 

combinations. Curiously, it was possible to detect that some of the robs are present in several 

or in all the eight species, while others are species-specific (Rubes et al. 2008). 

Considering the great variety, complexity and dynamism of the collection of bovine 

satDNAs families previously described, and the high diversity in karyotypes of the Bovidae 

species, it is thus reasonable to assume that both features are related. Here we postulate that the 

rapid evolution that occurred in this family was due in part to the contribution of these satDNA 

sequences facilitating the Bovidae karyotypes reshufflings. The illegitimate recombination 

between homologous sequences, such as satDNA on nonhomologous chromosomes, has been 

suggested as a possible path to the arrangement of rob chromosomes in mice and humans 

(Therman et al. 1989; Page et al. 1996). In fact, the high frequency of rob chromosomes related 

to genomes remodelling can be caused not only by the homology of the satDNA sequences 

shared by the acrocentric chromosomes involved in each rob, but also by the nicking activity 

of the CENP-B protein originating the double strand breaks preceding the fusion events 

(Garagna et al. 2001). CENP-B protein binds the CENP-B box motif present within centromeric 

satDNA repeats (Masumoto et al. 1989) and could play an important role in the recombination 

events leading to rob translocations (Kipling and Cooke 1990).  

Robertsonian translocations are complex rearrangements that require, in addition to the 

double strand breaks, mechanisms of repair, the silencing of possible additional centromeric 

sequences and the adjustment of the amount of CH/satDNA over time, in order to maintain 

chromosome viability (Chaves et al. 2003; Iannuzzi et al. 2009). This assigns a primordial task 

to satDNA in the control, success and viability of the rob events (Adega et al. 2009; Iannuzzi 

et al. 2009). The evolution of genomes inside the Bovidae family includes alterations in both 

nucleotide sequence and copy number of centromeric satDNA sequences (Chaves et al. 2000a; 

Chaves et al. 2003; Chaves et al. 2005; Adega et al. 2006; Kopecna et al. 2012; Kopecna et al. 

2014), what is not surprising as the breakpoints preceding rob rearrangements take place at the 

region harbouring most of these repetitive sequences.  
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SATI is largely present at the centromeres of all the acrocentric chromosomes and much 

reduced (in some cases microscopically apparently absent) from the bi-armed chromosomes in 

several Bovinae species from Bovini, Tragelaphini and Boselaphini tribes (Modi et al. 1996; 

Chaves et al. 2000a; Chaves et al. 2005; Kopecna et al. 2012; Kopecna et al. 2014), being 

considered primitive (Chaves et al. 2000a; Chaves et al. 2003). These results suggest the partial 

or total loss of these sequences during or after the fusion events (Chaves et al. 2000a; Chaves 

et al. 2003; Kopecna et al. 2012; Kopecna et al. 2014). Similarly, the amount of SATIV observed 

by Adega et al. (2006) seems to be lower in the submetacentric chromosomes of the 

Tragelaphini species analysed. Taken together, it seems probable that both satDNA families are 

involved in the robertsonian translocations originating the present bi-armed Bovinae 

chromosomes. Moreover, the Bovinae rob chromosomes show considerable variations in the 

amount of these satDNA sequences. If we consider that the loss of centromeric repetitive 

sequences after a centric fusion or during the process of homogenization is gradual, progressive 

and constant (Chaves et al. 2000a; Chaves et al. 2003), the data indicates different timings for 

the submetacentric chromosomes’ formation (Adega et al. 2009). The amount of satDNA 

sequences at the centromeric regions of the bi-armed chromosomes can be used as a “clock” 

for estimating the age of a particular robertsonian translocation/speciation event. 

 

I.1.2.1 The Rob(1;29) – a case of complex satDNA reshuffling 

As referred, robertsonian translocations are the main chromosome rearrangements 

triggering karyotype evolution in Bovidae, being the domestic cattle one of the exceptions 

(completely acrocentric autosomal complement). However, even in this species robs are 

commonly found but with a clinical/polymorphic meaning as chromosomal abnormalities 

(Ducos et al. 2008; Iannuzzi et al. 2009). Amongst these, the rob(1;29) assumes a special 

relevance, as it is the most widespread chromosome rearrangement occurring in the domestic 

cattle and studied since the 1960s (Gustavsson 1969; Dyrendahl and Guatavsson 1979; Rangel‐

Figueiredo and Iannuzzi 1991; Rangel‐Figueiredo and Iannuzzi 1993). Although being 

considered a chromosomal abnormality in Bos species, the rob(1;29) chromosome is commonly 

found as a constitutional chromosome in several wild bovid species, such as most of the 

Tragelaphini (Rubes et al. 2008). The fact that chromosome rob(1;29) is established in the 

Tragelaphini karyotype and is an occurring rearrangement in the Bos lineage represents a 

unique opportunity to study the mechanism of a translocation event occurred millions of years 
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ago. The analyses of the sequences at the breakpoint regions preceding a translocation are 

crucial in understanding the translocation event. As in robs, these correspond to centromeric 

satellite DNA, the detailed physical and organizational analysis of the different satDNA 

families in the rob(1;29) greatly contribute to the understanding of the mechanistic behind this 

rearrangement (Chaves et al. 2003; Di Meo et al. 2006). 

Initially, the rob(1;29) was considered of monocentric nature, involving the complete 

loss of the centromere from BTA29 and the retention of the that of BTA1 (Iannuzzi et al. 1987). 

In 2000, Chaves and colleagues suggested that this chromosomal abnormality might not be a 

simple single event and in 2003, using centromeric satDNA sequences, these authors showed 

that the rob(1;29) chromosome exhibit centromeric elements from both chromosomes BTA1 

and 29, evidencing for the first time the two-steps mechanism of this rearrangement (Chaves et 

al. 2003). It seems that SATI sequences from both BTA1 and BTA29 are eliminated during the 

rearrangement event, while SATIV from BTA29 and SATIII from BTA1 are retained and 

reorganized in the translocated chromosome. In this model, the first event is a reciprocal 

translocation whose breakpoints locate on SATIII centromeric block from BTA1 and SATIV 

block from BTA29 (Chaves et al. 2003). SATI from BTA1 and some SATIII and SATIV repeats 

from BTA29 are lost as a chromosomal fragment. A second event involves the elimination of 

SATI and some sequences of SATIV from the rob(1;29) chromosome (corresponding to 

BTA29). These authors refer the possibility of an additional step prior to the fusion event, 

involving a pericentric inversion in BTA29. Thus, SATI repeats from BTA29 would recombine 

with SATI from in BTA1, leading to satDNA loss during the fusion step (Chaves et al. 2003). 

After this work, where the rearrangement complexity of the rob(1;29) was evidenced for the 

first time, Di Meo and colleagues (2006) using both satDNA and BAC probes, validated the 

pericentric inversion proposed by Chaves et al. (2003). This pericentric inversion would be 

probably necessary for the satDNA reorganization at the centromeric level, which highlights 

the active role of satDNA sequences in the translocation mechanism and reinforces the 

functional meaning of these repetitive sequences in the genomes’ reorganization (Chaves et al. 

2003; Adega et al. 2009). A more recent analysis of the rob(1;29) genomic structure (De 

Lorenzi et al. 2012) confirmed the model reported by Chaves et al. (2003) and further specified 

that during the fusion process, around 5.4 Mb of the pericentromeric region of BTA29 move to 

the q-arm, close to the centromere of the translocated chromosome, and in this process this 

fragment further undergoes an inversion. Although no gene-coding sequences seem to have 
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been disrupted during these events, we cannot exclude that some of the sequences involved can 

take part in the regulation of coding genes (De Lorenzi et al. 2012), what would impact even 

more genomic stability. 

The frequency of a particular genetic alteration is usually maintained or increased in a 

population only if the carrier animals present some adaptive advantage (Joly 2011). However, 

in the case of cattle rob(1;29), this has not yet been demonstrated and the consequences of this 

“abnormality” on carrier animals are still a controversial subject (Rodero-Serrano et al. 2013). 

In fact, most of the data available are in agreement with a negative effect of this translocation 

on the fertility of the carriers (Dyrendahl and Guatavsson 1979; Rangel‐Figueiredo and 

Iannuzzi 1993; Bonnet-Garnier et al. 2008; Iannuzzi et al. 2009). Currently, despite the 

collection of studies involving the cattle rob(1;29), it is still unclear whether it is a "common" 

chromosomal abnormality or an ongoing evolutionary step leading eventually to a reduction in 

the diploid number of cattle from 60 to 58, which could provide the genome (or species) with 

an advantage derived from a new genetic linkage between chromosomes 1 and 29 (Buckland 

and Evans 1978; Rangel‐Figueiredo and Iannuzzi 1993). 

 

I.1.2.2 Involvement of satDNA on Bovidae Sex Chromosomes evolution  

Sex chromosomes are exposed to different evolutionary forces compared to autosomes 

(Adega et al. 2009), and Bovidae does not seem to be an exception. Also in the evolution of 

these chromosomes, several evidences suggest the involvement of satDNA sequences (Chaves 

et al. 2005; Adega et al. 2009; Cabelova et al. 2012; Kopecna et al. 2014). In contrast to the 

autosomal conservatism, the Bovidae X-chromosome presents a considerable variation between 

subfamilies and tribes (Buckland and Evans 1978; Gallagher and Womack 1992), mostly as a 

consequence of the constitutive heterochromatin (CH) amount and position variation, 

centromere transpositions (Gallagher et al. 1999; Iannuzzi et al. 2000), or molecular 

composition variation (Chaves et al. 2004; Chaves et al. 2005; Di Meo et al. 2005). Several 

authors suggested that the primitive condition for the Bovidae X-chromosome was most 

probably acrocentric (Gallagher et al. 1999; Iannuzzi et al. 2000). While in cattle, the X-

chromosome is submetacentric, in Tragelaphini it is found in both acrocentric and 

submetacentric forms (Rubes et al. 2008). In goat and sheep it is also acrocentric being the p-

arm particularly small (Iannuzzi et al. 2009). In 2005, Chaves et al. established that part of the 

CH variation observed in the Bovidae X-chromosome was due to SATI losses or gains during 
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chromosome evolution, accompanying its morphological metamorphosis. These authors 

described that the acrocentric form was the primitive one, harbouring SATI sequences at the 

centromere, being in this case, the X-chromosome from Tragelaphini the most primitive, in 

contrast to the Bovini X-chromosome (submetacentric), that apparently lacks this satDNA 

family (Chaves et al. 2005; Kopecna et al. 2014).  

Similarly to the X-chromosome, the Bovidae Y also evolved by complex chromosome 

rearrangements such as inversions and centromere transpositions (Iannuzzi et al. 2009). This 

chromosome also varies greatly in size, proportionally to the amount of heterochromatin present 

(Cabelova et al. 2012) and in morphology (Rubes et al. 2008; Iannuzzi et al. 2009). The 

domestic cattle (Bovini) Y-chromosome is submetacentric, the Bubalus and Syncerus (Bovini) 

Y is acrocentric and the Y from some Caprini such as goat and sheep is metacentric. Except for 

Tragelaphus imberbis and T. angasii, which present an acrocentric Y-chromosome, all the other 

Tragelaphini have a submetacentric Y originated from a fusion between the Y and the 

homologous BTA13 autosome, t(Y;13) (Cabelova et al. 2012). Benirschke et al. (1980) 

postulated that T. imberbis and T. angasii separated first and retained the original acrocentric 

Y-chromosome, and then, after the divergence of these two species, a pericentric inversion

resulted in a submetacentric Y shared by the remaining species. In the T. imberbis, unlike other 

Tragelaphini, not only the Y is fused with an autosome but also the X, suggesting that this 

species separated earlier from the other taxa in the Bovinae subfamily (Benirschke et al. 1982). 

During the evolution process of the Y-chromosome, the amplification and nucleotide 

variation of one or more repeats often leads to the establishment of species-specific satDNA 

repeats within the same tribe (Cabelova et al. 2012). Some centromeric repeats isolated from T. 

eurycerus showed to be specific only to the members of the Tragelaphini that present a 

submetacentric t(Y;13), suggesting that the fusion site of the chromosomes Y and 13 

determined its centromeric repeats content, once in species exhibiting an acrocentric t(Y;13) 

these repeats were not detected (Cabelova et al. 2012). The specific study of the Y-chromosome 

repetitive DNA sequences together with the karyotype analysis revealed to be a useful tool in 

disclosing Bovidae phylogenetic relationships (Cabelova et al. 2012). The existence of Y-

specific repeats suggests different phylogenetic results in comparison with other published 

works, evidencing the importance of including the repetitive fraction of the Y chromosome in 

studies of karyotype evolution within this family. All the studies mentioned here extensively 

suggest that the evolution of chromosomes, both autosomes and sex chromosomes, are 
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mediated by satDNA sequences and other repetitive sequences. However, the exact 

mechanisms underlying the alliance between satellite DNA and chromosome evolution is still 

matter of debate.  

 

I.1.2.3 Contribution of SatDNA transcription in chromosomal rearrangements 

The analysis of bovine satDNAs has revealed the complex nucleotide structure for these 

sequences, and suggested a dynamism that raises the hypothesis of these sequences being 

transcriptionally active (Streeck 1981; Su et al. 1982). In 1982, Su et al. suggested, for the first 

time, that transcription of SATI may in fact occur in the cattle genome and although it was not 

proved yet, several authors have been studied the methylation status of SATI DNA sequences 

(Hornsby et al. 1992; Kang et al. 2001; Yamanaka et al. 2011). In the recent years, numerous 

non-coding RNAs originated from centromeric and pericentromeric satDNAs have been 

discovered (Bouzinba-Segard et al. 2006; Pezer and Ugarković 2008; Carone et al. 2009; 

O’Neill and Carone 2009; Rošić et al. 2014) and these seem to be very important for the 

centromeric function, as alterations in their transcriptional status were related to chromosome 

segregation errors in several eukaryotic species. Recent experimental evidences support that a 

precise chromosome segregation is assured by the inhibition, degradation, or overexpression of 

satellite DNAs (Eymery et al. 2009; Gent and Dawe 2012; Ferreira et al. 2015; Cáceres-

Gutiérrez and Herrera 2017). Centromeric transcripts have been demonstrated to be essential 

for the deposition of CENP-A in human cells, as depletion of these transcripts leads to mitotic 

defects (Gent and Dawe 2012; Quénet and Dalal 2014). Studies in this field have clearly 

established that the satDNA centromeric transcriptional profile is tightly regulated and that 

both, its overexpression and repression, are crucial for a proper centromere function. 

Interestingly, the expression of the centromeric and pericentromeric regions is altered 

in cellular conditions associated to chromosomal instability (Eymery et al. 2009; Ting et al. 

2011; Zhu et al. 2011; Ferreira et al. 2015). It has been hypothesized that demethylation in 

certain DNA regions, including the pericentromeric satellite DNAs, assists pericentromeric 

chromosomal rearrangements in lymphoblastoid cells (Ji et al., 1997). Several other works 

evidence that DNA demethylation of repetitive DNA, might predispose cells to chromosomal 

rearrangements as translocations, deletions and isochromosomes’ formation (Narayan et al. 

1998; Ehrlich 2009; Tilman et al. 2012; Ferreira et al. 2015; Cáceres-Gutiérrez and Herrera 

2017). It is thus possible that the satDNAs transcriptional regulation may constitute the missing 
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piece to increase our understanding of the establishment of chromosomal instability that 

contribute to the occurrence of chromosomal rearrangements in the genomes remodelling 

leading to Bovidae speciation. 

I.2. Active centromeres and functional centromeric satDNAs

When tackling centromeres, it’s inevitable to discuss the segregation of sister 

chromatids during cell division. Despite the recognized role of the centromere and the 

kinetochore in the faithful distribution of genetic material in eukaryotic cells (Sandman and 

Lermontova, 2017), it continues to intrigue regarding its structural complexity (Plohl et al. 

2014). The centromere is the primary constriction of coupled sister chromatids and is the loci 

where the kinetochore is established (Schalch and Steiner 2017). In turn, the kinetochore is a 

multi-protein complex that regulates the binding of microtubules which pull sister chromatids 

from each other (Sandman and Lermontova, 2017). 

Despite specific DNA sequences seem to be dispensable for centromere functions in 

most eukaryotes, the invariable presence of tandem repeats at the centromere suggests that they 

have a function (Melters et al. 2013; Dumont and Fachinetti 2017). It seems that satDNA 

sequences provide a preferred chromatin environment for centromere maintenance (Plohl et al. 

2014). This idea is reinforced by the neocentromeres and evolutionary new centromeres (ENC) 

phenomena that involves the accumulation of satDNAs in the new centromere (Kalitsis and 

Choo 2012). It has been hypothesized that the repetitive DNA environment has the potential to 

preserve the stability of the functional centromere, and at the same time, to provide a reservoir 

of new functional sequences (Plohl et al. 2014). 

In most organisms, the centromere region could be separated into two sub-regions, 

distinguished by different epigenetic marks: the centromere core and the pericentromere 

(Schalch and Steiner 2017). The centrochromatin is characterized by the presence of the 

centromeric specific variant of histone H3 (cenH3 or CENP-A in mammals) and by the 

H3K4me2 and H3K36me2. In the other hand, the pericentromeric heterochromatin is 

characterized by the presence of the heterochromatic protein 1 (HP1) and by H3K9me3 and 

H4K20me3. Functional studies have shown that disruption of the specialized chromatin in both 

regions leads to defects in chromosome segregation, even though the sequences that directly 
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interact with centromeric proteins for the kinetochore establishment are present in the 

centromere core (Schalch and Steiner 2017). Interactions among centromeric sequences and 

centromeric proteins (CENPs) are essential to the centromeric specification and function (Plohl 

et al. 2014). CENP-B is the only CENP with a DNA binding domain specific for a centromeric 

sequence (the CENP-B box) (Masumoto et al. 2004). This sequence is a short motif of 17 bp 

frequently found within centromeric satDNA monomers, and that shows a high conservation in 

all the mammalian consensus sequences (Alkan et al. 2011). The involvement of CENP-B 

boxes in centromere location and function has been studied for many years, and CENP-B, 

together with the CENP-B box, may constitute a link between the genetic and epigenetic 

centromere identities (Dumont and Fachinetti 2017). CENP-B supports kinetochore formation 

and contributes to the maintenance of chromosome segregation fidelity (Fachinetti et al. 2015), 

through the interaction with other centromeric proteins, such as CENP-A and CENP-C (Schalch 

and Steiner 2017). The CENP-A defines the location of the kinetochore, being recruited to the 

centromeric sequences by the CENP-B (Fujita et al. 2015). This centromeric protein is almost 

universally conserved and plays a key role in specifying the centromere, where it replaces H3 

in centromeric nucleosomes (McKinley and Cheeseman 2016) and forms the three-dimensional 

structure that link to kinetochores (Allshire and Karpen 2008). CENP-A proteins are clearly 

required for kinetochore assembly in all eukaryotes studied so far, and is observed at discrete 

sites within satDNA domains in many genomes (Hayden and Willard 2012). In contrast with 

other CENPs, CENP-A is considered the most reliable mark of active centromeres, since it is 

present only at active centromeric sequences (Plohl et al. 2014; McKinley and Cheeseman 

2016). Considering all the centromeric components, it is well accepted that centromeres are 

defined by epigenetic factors and through interactions between centromeric satDNA sequences 

and protein components (Plohl et al. 2014).  In the majority of eukaryotes, the centromeric 

identity could be defined epigenetically, by the presence of CENP-A in the centromeric 

nucleosomes, and genetically by the presence of satDNA sequences with the CENP-B box motif 

(Dumont and Fachinetti 2017).  

In several genomes, the pericentromeric heterochromatin and the centromeric chromatin 

could be both composed by several satDNA sequences belonging to different satDNA families 

(Chaves et al. 2003; Cerutti et al. 2016; Rošić and Erhardt 2016; Schalch and Steiner 2017). In 

these cases, it could be interesting to determine which of these satDNA families are 

centromerically active. Several strategies could be employed to distinguish from several 
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satDNA sequences located at the (peri)centromeric regions of chromosomes that play a 

centromeric function. Looking for interactions between a specific satDNA sequence with 

centromeric proteins, as CENP-A has been pointed as a reliable approach (Melters et al. 2013; 

Cerutti et al. 2016), where immunofluorescence and CHIP experiments are often chosen (Piras 

et al. 2010; Hayden and Willard 2012; Melters et al. 2013; Cerutti et al. 2016). Recently, 

Hayden and Willard (2012) showed that CENP-A-associated centromeric sequences are 

clustered within centromeric domains in the dog genome. These authors analysed the 

centromeric sequences from the canine genome and constructed a satellite sequence library 

from which they search for sequence features that distinguish functional centromeres from 

related (but non-functional) sequences. The main feature that determined the functional 

meaning was the presence of CENP-A-containing nucleosomes (Hayden and Willard 2012). 

An ever-growing number of studies on the centromere core domain further reveal the 

transcription of centromeric satDNA sequences, suggesting a contribution of these transcripts 

to centromere/kinetochore assembly and maintenance (Gent and Dawe 2012; Rošić and Erhardt 

2016), as referred. Only in the last decade, the centromere transcription has been considered 

essential for maintaining centromere integrity in various species, through the interaction of non 

coding RNAs with centromeric components, as CENP-C, INCENP, Aurora B and CENP-A 

(Dumont and Fachinetti 2017). It has been hypothesized that it is the tandem nature of repeats 

that represents the selective feature that determines the role of centromeric RNAs in centromere 

function (Melters et al. 2013). 

I.3 Human rob(14;21) mechanism regarding (peri)centromeric satDNAs

reorganization 

Also in all human populations, robertsonian translocations are the most common 

structural chromosome abnormality (Gravholt et al. 1992; Wang et al. 2017). They are 

originated by centric fusions between the short arms of the acrocentric chromosomes HSA13, 

14, 15, 21, and 22, however their occurrence seems to be highly non-random, being rob(13;14) 

and rob(14;21) the most frequents (Therman et al. 1989). Malsegregation of a rob chromosome 

and their corresponding homologs often leads to aneuploidy, contributing therefore to fetal 

wastage, malformation and mental retardation syndromes (Bandyopadhyay et al. 2001b; Kim 

and Shaffer 2002).  
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During several decades, aspects such as the high frequency of de novo robs in the human 

population, their origin during oogenesis, and the non-random participation of the acrocentric 

chromosomes have supported the hypothesis that there must be a specific mechanism leading 

to the formation of rob(13;14) and rob(14; 21) (Therman et al. 1989; Page et al. 1996; Kim and 

Shaffer 2002). However, and despite the high frequency of this rearrangement and their health 

implications, there isn’t yet enough insight about its molecular formation mechanism and exact 

breakpoints location (Jarmuz-Szymczak et al. 2014). To date have been suggested that HSA13, 

14, and 21 share a homologous segment in the short arms, which is inverted in chromosome 14 

in relation to chromosomes 13 and 21 (Choo et al. 1988; Therman et al. 1989). This would be 

the feature that favours the formation of rob(13;14) and rob(14;21), instead of the rob(13;21), 

for instance, which presents a relatively lower incidence in the populations (Kim and Shaffer 

2002). Illegitimate recombination between homologous sequences, such as satDNAs, on 

nonhomologous chromosomes has been proposed as a feasible mode of formation of rob 

chromosomes in both mouse and humans (Therman et al. 1989; Page et al. 1996).  

The centromeres and pericentromeres of the human chromosomes, including the five 

pairs of acrocentrics, are composed of tandemly ordered repetitive DNA composed of various 

families of satDNA, namely SATI, SATIII, α-SAT and β-SAT (Choo 1990; Trowell et al. 1993; 

Bandyopadhyay et al. 2001a; Warburton et al. 2008). Overall, the order of these satDNA 

families in the acrocentrics is: p-ter-βSAT-rDNA-βSAT-αSAT-SATIII-αSAT-SATI-ter-q 

(Gosden et al. 1975; Gravholt et al. 1992; Kalitsis et al. 1993; Trowell et al. 1993; Han et al. 

1994). α-SAT constitutes up to 5% of the total human genome and has a monomeric unit of 171 

base pairs (bp) (Choo et al. 1988), which is present in all human centromeres. It is the 

centromeric functional satDNA sequence on human and monkeys chromosomes (Trowell et al. 

1993; Kugou et al. 2016; McNulty and Sullivan 2018). β-SAT is organized as tandem arrays of 

68 bp repeat units, flanking the ribosomal DNA domain in all acrocentrics (Gravholt et al. 1992) 

(fig I.5a). Similarly, SATIII is also present at the centromeric region of all the acrocentric 

chromosomes (Gosden et al. 1975; Bandyopadhyay et al. 2001b; Jarmuż et al. 2007). This 

satDNA is composed by repeated tandem arrays of the basic repeating pentameric sequence – 

GGAAT or GGAGT (Bandyopadhyay et al. 2001a; Warburton et al. 2008), and comprises 

seven different subfamilies (Trowell et al. 1993; Jarmuż et al. 2007). The SATIII domain seems 

to be flanked on both sides by alphoid DNA in chromosomes 13, 14 and 21 (fig I.5a). Finally, 

SATI consists in two repeat units, sequence A (17 bp) and sequence B (25 bp) arranged in 
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alternating tandem arrays (Meyne et al. 1994). A SATI subfamily, designated pTRI-6, has been 

reported on the pericentric region of all the acrocentric chromosomes at low stringency and on 

chromosomes 13 and 21 at high stringency (fig I.5a) (Trowell et al. 1993). To date, a range of 

reports have presented contradictory results regarding the presence or absence of this satDNA 

sequence on centromeric regions of HSA14 (Gravholt et al. 1992; Kalitsis et al. 1993; Trowell 

et al. 1993; Han et al. 1994; Meyne et al. 1994).  

Analysing the pericentromeric satDNA sequences, Gravholt et al. (1992) showed the 

dicentric nature of rob(14;21) where only one of the centromeres is active. Human rob 

chromosomes seem to be devoid of rDNA and β-SAT (Gosden et al. 1981; Gravholt et al. 1992; 

Wolff and Schwartz 1992; Han et al. 1994), being some SATIII subfamilies retained and others 

deleted, suggesting that the breakpoints that lead to the translocation occur at these repeats’ 

blocks (Earle et al. 1992; Gravholt et al. 1992; Bandyopadhyay et al. 2001a) (fig I.5b). The 

exact sequence of the breakpoint is however difficult to ascertain due to the high degree of 

sequence identity between different SATIII subfamilies (Bandyopadhyay et al. 2001a). 

Figure I.5. Schematic representation of the satDNA sequences organization at the (peri)centromeric regions 

of human chromosomes 14, 21 and rob(14;21).  

Most probable representation of the satDNAs organization on chromosomes 14 and 21(a) and rob(14;21) (b) was 

inferred through the analysis and combination of the results reported by several works (Earle et al. 1992; Kalitisis 

et al. 1993; Trowell et al. 1993; Han et al. 1994; Bandyopadhyay et al. 2001a). 
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Regarding the centromeric sequences retained on rob(14;21), it harbours two blocks of 

α-SAT (from each of the acrocentric chromosomes involved) flanking one block of SATIII 

(Gravholt et al. 1992) (fig I.5b), that belong, most probably, also to both acrocentrics. Despite 

the presence of α-SAT sequences from each acrocentric, it seems that only the sequences from 

chromosome 14 are the ones centromerically active (Gravholt et al. 1992). SATI sequences were 

also detected on this rob (Kalitsis et al. 1993), but Trowell et al. (1993) reported a significant 

loss of the SATI domain.  

Although the efforts made, further studies are still needed to clarify the exact 

translocation mechanism of human robs. The exact breakpoints in robs are not properly 

characterized mainly due to the complex nature of the centromeric regions of chromosomes, in 

general. To date, in the Human Genome Project the noncoding heterochromatic regions, 

including the centromeres of chromosomes 13, 14, 15, 21, and 22, are still poorly represented 

due to the challenges these sequences pose for assembly, alignment, and data interpretation 

(Jarmuz-Szymczak et al. 2014; Miga 2017; Jain et al. 2018).  

 

 

I.4 Aims and outline of the thesis work 

 

In this work, we tried to approach the different aspects on the molecular nature and 

genome behaviour of all the satDNA families identified so far in the bovine genome in an 

integrative perspective, including their organization, abundance, chromosome localization, 

variation in sequence, functional significance and evolutionary history in the Bovidae family 

and in particular in the Bovinae subfamily. The subject “evolution and satDNA” can and should 

be addressed in two individual yet complementary views: the satellite DNA sequences’ 

evolution per se and the genome’s evolution and karyotype reorganization promoted by the 

satDNA dynamism, highlighting the phylogenetic information provided by the presence, 

absence or alteration of a given satDNA family. Additionally, the involvement of satDNA 

sequences in chromosomal rearrangements, as robertsonian translocations was also highlighted. 

The work presented in this thesis attempts to answer one major biologic questions: What is the 

impact of (peri)centromeric satDNAs in genomes regarding the essential centromeric function 

and chromosomal rearrangements origination and stabilization? 
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In order to answer these complex question, an integrative approach was carried out, 

focusing on the following steps: 

- Analyse the presence of five satDNA families in Bos taurus, seven Tragelaphini

species, Capra hircus and Ovis aries genomes;

- Relate the satDNAs sequences homogeneity/heterogeneity with the evolutionary

history of the Bovidae family;

- Disclose the satDNA family displaying a centromeric function in these genomes;

- Characterize the order of the several satDNA families in species’ centromeres;

- Analyse the robertsonian translocations – rob(1;29) and rob(14;21) – mechanisms

regarding the satDNAs organization in the centromere of the rob chromosome.

Following the general introduction, the chapter II describes the presence, abundance 

and evolutionary history of five satDNA families, originally described in cattle genome, in other 

species from the Bovidae family, namely six species from the Tragelaphini tribe, Capra hircus 

and Ovis aries. Sequence features as the GC content, dinucleotides frequencies, bendability and 

curvature propensity, were determined for all the satDNAs studied. In this chapter, the satDNA 

family displaying a centromeric function was further identified using an interactomic approach. 

Finally, an in silico mapping of these satDNA sequences was also performed in the species’ 

genomes sequencing data, which allowed to analyse the monomer-flanking regions 

characterizing the environment where the different satDNAs are soaked.    

To further understand the involvement of satDNAs in genomes remodelling and 

chromosomal rearrangements, the order of the (peri)centromeric satDNAs isolated from cattle, 

the Tragelaphini species and human were determined in chapter III. The Bovinae rob(1;29) and 

the human rob(14;21) were the special focus of this chapter. Analysing the organization of 

satDNAs at the (peri)centromeric regions from the originally acrocentric chromosomes and the 

translocated ones, the mechanism underling the robertsonian translocations in these species was 

described. 

Finally, chapter IV was dedicated to discuss all the main achievements of the present 

work. A general discussion integrating all the data, the main conclusions and some future 

perspectives were presented in this last chapter.  
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II. Conservation, divergence and functions

of centromeric satellite DNA families in

the Bovidae 

This chapter was based on: 

Research Article 

Escudeiro A., Adega F., Robinson TJ., Heslop-Harison JS., Chaves R. (2019) 

Conservation, divergence and functions of centromeric satellite DNA 

families in the Bovidae. Genome Biology and Evolution. DOI: 

10.1093/gbe/evz061. 

II.1 Abstract 

Repetitive satellite DNA (satDNA) sequences are abundant in eukaryote genomes, with 

a structural and functional role in centromeric function. We analysed the nucleotide sequence 

and chromosomal location of the five known cattle (Bos taurus) satDNA families in seven 

species from the tribe Tragelaphini (Bovinae subfamily). One of the families (SAT1.723) was 

present at the chromosomes’ centromeres of the Tragelaphini species, as well in two more 

distantly related bovid species, Ovis aries and Capra hircus. Analysis of the interaction of 

SAT1.723 with centromeric proteins revealed that this satDNA sequence is involved in the 

centromeric activity in all the species analysed and that it is preserved for at least 15-20 My 

across Bovidae species. The satDNA sequence similarity among the analysed species reflected 

different stages of homogeneity/heterogeneity, revealing the evolutionary history of each 

satDNA family. The SAT1.723 monomer-flanking regions showed the presence of transposable 

elements, explaining the extensive shuffling of this satDNA between different genomic regions. 
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II.2 Introduction 

 

Tandemly repeated or satellite DNA (satDNA) represents a major fraction of most 

eukaryotic genomes, as one of the classes of repetitive sequence (Biscotti et al. 2015a; Biscotti 

et al. 2015b; Charlesworth et al. 1994; Slamovits and Rossi 2002). Consisting of tandemly 

repeated DNA motifs, typically arranged in large arrays of hundreds or thousands of copies, 

satDNA is often (although not exclusively) located in blocks at the heterochromatic regions of 

chromosomes, at centromeres, near telomeres or in interspersed locations (Garrido-Ramos 

2015; Plohl et al. 2012; Vourc’h and Biamonti 2011). 

Most eukaryotic species include multiple, unrelated, families of satDNA that differ in 

sequence, nucleotide composition, monomer unit length, abundance and chromosomal location 

(Garrido-Ramos 2015; Rojo et al. 2015). Each satellite DNA family consists in a library of 

monomer variants that can be shared by related species. Expansions and/or elimination of 

different variants from this library may result in rapid changes in satDNA distribution and 

abundance profiles, even among closely related species (Kuhn et al. 2008; Plohl et al. 2012; 

Rojo et al. 2015). Consequent on the dynamic changes in satellite DNA during an evolutionary 

period, these sequences can be species- or genus-specific (Garrido-Ramos 2015). Nevertheless, 

some satDNA sequences seem to have been preserved over long evolutionary periods in some 

genomes, being considered as “frozen” satDNAs (Biscotti et al. 2015a; Chaves et al. 2017; 

Kuhn and Heslop-Harrison 2011; Mravinac et al. 2002; Mravinac et al. 2005; Petraccioli et al. 

2015). This long-term conservation of ancestral repeats can be explained by the influence of 

selective constraints imposed on functional motifs, or on structural features of satellites 

monomers possibly involved in any of the putative roles of satDNAs (Chaves et al. 2017; Plohl 

et al. 2012; Rojo et al. 2015), including heterochromatin formation and maintenance, 

chromosome pairing and segregation, chromatin elimination, chromosome rearrangements’ 

promoters, cell cycle control or gene expression regulation (Adega et al. 2009; Enukashvily and 

Ponomartsev 2013; Ferreira et al. 2015; Louzada et al. 2015; Paço et al. 2013; Pezer et al. 2012; 

Plohl et al. 2008; Slamovits and Rossi 2002; Ugarkovic 2009). Evolutionary changes in satDNA 

can drive population and species divergence (Adega et al. 2009; Feliciello et al. 2015; López-

Flores and Garrido-Ramos 2012; Paço et al. 2013; Ugarković and Plohl 2002; Vieira-da-Silva 

et al. 2015). We found that centromeric satDNA was involved in the mechanics of chromosomal 

fusion in Bovidae (Adega et al. 2006; Adega et al. 2009; Chaves et al. 2003; Chaves et al. 2000; 
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Chaves et al. 2005; Di Meo et al. 2006; Kopecna et al. 2014; Kopecna et al. 2012; Nieddu et al. 

2015). SatDNA sequences are also useful phylogenetically where changes in composition, 

organization and/or physical location can allow inference of evolutionary relationships (Adega 

et al. 2006; Adega et al. 2009; Chaves et al. 2005; Chaves et al. 2004; Kopecna et al. 2014; 

Kopecna et al. 2012). 

The Bovidae is one of the most important mammalian families in the Cetartiodactyla 

order, comprising approximately 140 species, whose evolutionary relationships are often 

obscure (Groves and Grubb 2011; MacEachern et al. 2009).  Chromosome evolution studies 

use the domestic cattle (Bos taurus, 2n=60) karyotype as a reference (Gallagher and Womack 

1992). In the cattle genome, eight abundant centromeric satDNA families were initially 

described (Macaya et al. 1978), representing nearly 25% of all the DNA, with interrelated 

evolutionary histories (Chaves et al. 2000; Chaves et al. 2005; Macaya et al. 1978; Modi et al. 

1996; Taparowsky and Gerbi 1982a, b). Some families are ancient and shared by descent in 

other bovid species (Adega et al. 2006; Chaves et al. 2000; Chaves et al. 2005; Chaves et al. 

2004; Kopecna et al. 2014; Kopecna et al. 2012; Modi et al. 1993, 1996; Modi et al. 2004); the 

bovine SATI is present in all Pecoran genomes (Chaves et al. 2000; Chaves et al. 2005; Modi et 

al. 1993, 1996), unlike families named SAT1.723, SATIV, SAT1.711a and SAT1.711b that are 

not in all Pecora, although results are somewhat equivocal (Escudeiro et al. 2019). 

Study of the structure and function of centromeric satDNAs (Adega et al. 2009; Cerutti 

et al. 2016; Giannuzzi et al. 2012; Plohl et al. 2008; Schmidt and Heslop-Harrison 1998) at the 

primary constriction (centromere) of mammalian chromosomes shows the  sequences 

interacting with the centromere-specific histone H3 variant (CENP-A) (Aldrup-Macdonald and 

Sullivan 2014). The ability to bind CENP-A is considered a marker of active centromeres 

(Cerutti et al. 2016; Henikoff et al. 2015; Plohl et al. 2014; Purgato et al. 2015; Steiner and 

Henikoff 2015; Talbert et al. 2018; Zhang et al. 2013). 

To understand the nature, conservation, evolution and functional role of  cattle satDNA, 

we selected the most abundant families (SATI, SATIV, SAT1.723, SAT1.711a and SAT1.711b) 

and studied these in seven species representative of the genera Tragelaphus and Taurotragus; 

all were medium- to large-bodied taxa distributed through the savannah and forested regions of 

sub-Saharan Africa (Groves and Grubb 2011). The orthologous sequences and the differences 

in sequence similarity, chromosome location, and distribution provide important information 

on the evolutionary history of these species since their divergence from a common ancestor. 
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We also investigated the association with the CENP-A histone protein to test the involvement 

of specific sequences in centromeric function. 

 

 

II.3 Material and Methods 

 

Cell culture, chromosome preparation and genomic DNA isolation 

Our investigation included representatives of three bovid tribes (Hassanin and Douzery 

1999): cattle (Bos taurus, BTA, tribe Bovini), the spiral horned antelope species (tribe 

Tragelaphini), Tragelaphus angasii (TAN, Nyala), Tragelaphus imberbis (TIM, Lesser kudu), 

Tragelaphus scriptus (TSC, Bushbuck), Tragelaphus spekii (TSP, Sitatunga), Tragelaphus 

strepsiceros (TST, Greater kudu), Taurotragus derbianus (TDE, Derby Eland) and Taurotragus 

oryx (TOR, Common Eland). The third tribe, the Caprini, was represented by the sheep Ovis 

aries (OAR) and goat Capra hircus (CHI). Cell lines were maintained in DMEM supplemented 

with 13% AmnioMax C-100 Basal Medium, 2% AmnioMax C-100 supplement, 15% FBS, 100 

U/mL and 100 μg/mL of Penicillin/Streptomycin antibiotic mixture, and 200 mM L-Glutamine 

(all from Gibco, Thermo Fisher Scientific). Chromosome harvesting and metaphase 

preparations followed routine procedures. Genomic DNA isolation was performed using Quick-

Gene DNA Tissue Kit S (Fujifilm Life Science) according to the manufacturer’s instructions. 

 

SatDNA isolation, cloning and sequencing from Bovidae species 

We choose the most abundant cattle satellite DNA sequences to study in other Bovinae 

species. Five satellite DNA families (SATI, SATIV, SAT1.723, SAT1.711a and SAT1.711b) of 

the domestic cattle genome and the orthologous satDNAs of seven species from the 

Tragelaphini were isolated in the current work by PCR amplification of genomic DNA obtained 

from cryopreserved cells of these species using specific primers (Supplementary Table II.1) 

designed following Nijman and Lenstra (2001). Between 100 and 300 ng of genomic DNA 

from each species was used as template with an initial denaturing step at 94ºC for 10 min, 

followed by 30 cycles of 94ºC for 1 min (denaturation), 55/57/59ºC for 45 s (annealing) and 

72ºC for 45 s (extension). The reaction terminates with a final extension at 72ºC for 10 min. 

The annealing temperature was optimized for each set of primers used: 55ºC for the SATI and 

SATIV primers, 57ºC for the SAT1.723 and SAT1.711b primers and 59ºC for the SAT1.711a 



Chapter II 

45 

primers. PCR products were cloned and 20 clones of each SatDNA from each species were 

sequenced and submitted to GenBank with the references MK499473 to MK499615. 

SatDNAs clones sequences analysis 

Sequence analysis was performed using BLAST in the NCBI database. Multiple 

alignments were obtained with the CLUSTALW cost matrix in Geneious R9 version 9.1.2 

(Biomatters); parameters were set to default values. For the in silico analysis we used the B. 

taurus satellite sequences with NCBI accession numbers: SATI – AJ293510.1; SATIV – 

AF446392.1; SAT1.711a – AF162491.1; SAT1.711b – AF162499.1; SAT1.723 – M36668.1. 

The GC content and distribution of the satDNAs monomers was calculated using the 

Biologicscorp facility (https://www.biologicscorp.com/tools/GCContent/). 

Bendability/curvature propensity plots were determined using the bend.it server, applying the 

DNase I based bendability parameters (Brukner et al. 1995) and the consensus bendability scale 

(Gabrielian et al. 1996). Monomer-flanking regions of the satDNAs sequences clones from each 

Tragelaphini species were screened for the presence of repetitive elements in the Eukaryota 

Repbase using the Censor software, and the repetitive elements found were mapped in the 

satDNAs clones sequences using Geneious program. The presence of the mammalian CENP-B 

box motif (17 bp - YTTCGTTGGAAACGGGA) in these satDNA sequences was also 

investigated using Geneious tools.  

Fluorescent in situ hybridization with SatDNA clones 

Physical mapping of Bovidae SatDNA sequences (SATI, SATIV, SAT1.723, SAT1.711a 

and SAT1.711b) onto the chromosomes used standard in situ hybridization methods 

(Schwarzacher and Heslop-Harrison 2000). Metaphases from BTA and the Tragelaphini 

species were hybridized with cloned sequences isolated from the same species except OAR and 

CHI were hybridized in situ with SAT1.723 clone isolated from BTA. The sequences 

corresponding to the SatDNAs analysed were labelled with digoxigenin-11-dUTP or biotin-16-

dUTP (both from Roche Biochemical reagents, Sigma-Aldrich) by PCR. The most stringent 

post-hybridization wash was 50% formamide/2×SSC at 42°C. Digoxigenin-labelled probes 

were detected with antidigoxigenin-5’-TAMRA (Roche Biochemical reagents, Sigma-Aldrich) 

and biotin-labelled probes were detected with FITC-conjugated avidin (Vector Laboratories). 
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Preparations were mounted with Vectashield containing 4’-6-diamidino-2-phenylindole 

(DAPI) (VectorLaboratories) to counterstain chromosomes. 

 

CENP-A immunolocalization and FISH  

Immunostaining on metaphase chromosomes from BTA, the Tragelaphini species, CHI 

and OAR was performed as described by Piras et al. (2010) with slight modifications. 

Fibroblasts were incubated overnight with 40 ng/ml Colcemid (Gibco, Thermo Fisher 

Scientific). The cells were harvested, washed once with phosphate-buffered saline and re-

suspended in 0.075M KCl for 20 minutes at 37ºC following which 200 µl of cell suspension 

was cyto-spun (Hettich rotofix 32A Benchtop) onto slides at 1400 rpm for 10 minutes. Slides 

were incubated in KCM (120 mM KCl, 20 mM NaCl, 10 mM Tris-HCl, 0.5 mM NaEDTA, 

0.1% (v/v) Triton X-100) for 10 minutes at room temperature. A cross-linking treatment was 

performed with UVs radiant exposure of 150 mJ/cm3. The primary antibody, mouse anti-human 

centromere protein A (CENP-A) monoclonal antibody (ab13939, Abcam) was added at a 

concentration of 1:100 and the slides were incubated at 37ºC for 1 hour. Slides were then 

washed in KCM for 10 minutes at room temperature. The secondary antibody, anti-mouse 

monoclonal FITC (81-6511, Zymed) was added at a concentration of 1:200 and the slides 

incubated for a further hour at 37ºC. Following another wash in KCM, slides were fixed in 4% 

formaldehyde for 10 minutes at room temperature and washed again in KCM. Chromosomes 

were mounted with coverslips and counterstained with DAPI (Vector laboratories). For 

combined immunofluorescence/FISH, the slides were washed in 4xSSC, 0.05% Tween 20 at 

room temperature for 4 hours with agitation and equilibrated in 50% formamide/2×SSC for 7 

days at 4ºC.  Collocalization analysis was performed with AutoQuant X3 software (Media 

Cybernetics) using Pearson’s Correlation and Manders’ Overlap Coefficients. 

 

Image Capture and Processing 

FISH images were observed using a Zeiss ImagerZ microscope coupled to an Axiocam 

digital camera using AxioVision software (version Rel. 4.5, Zeiss). Digitized photos were 

prepared for printing in Adobe Photoshop (version 7.0). 

 

Chromatin immunoprecipitation assay 

Chromatin immunoprecipitation (ChIP) assays were performed for all the species using 

the Pierce Agarose ChIP Kit (Thermo scientific), following the manufacturer’s 
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recommendations. Immunoprecipitation was carried out using 2 µg of mouse anti-human 

CENP-A monoclonal antibody (ab13939, Abcam) and normal rabbit IgG to control non-

specific binding. One-tenth of starting material was reserved as input DNA control. DNA 

immunoprecipitated (IP) and input samples were analysed by a PCR amplification with specific 

primers for the several satellite DNA sequences (Supplementary Table II.1). The input/IP ratio 

was quantified using Image J software.  

Statistical analysis 

GraphPad Prism 6 (version 6.01) was used in the statistical analysis. The Pearson’s 

correlation and Manders’ overlap test was performed to determine the presence of 

collocalization between CENP-A antibody signals and the studied satDNA sequences in each 

species’ centromeres. As the samples did not present a Gaussian distribution, the values were 

transformed with the log function in order to normalize the values distribution. 

II.4 Results 

Bos taurus satDNA families and their chromosomal locations in the Bovidae 

In the present study, five previously characterized satDNA families, SATI, SATIV, 

SAT1.723, SAT1.711a and SAT1.711b (Macaya et al. 1978), were isolated by PCR (Figure II.1a; 

Supplementary table II.1), cloned, sequenced, and physically mapped by in situ hybridization. 

The five satDNA sequences showed that all bovine satDNAs analysed display a pericentromeric 

to centromeric location in BTA cattle autosomes (Figure II.1b). The orthologous SATI, SATIV, 

SAT1.723, SAT1.711a and SAT1.711b sequences were amplified from seven species of the 

Tragelaphini using the same PCR primers (Figure II.1a; Supplementary table II.1). The 

amplicons were subsequently cloned and sequenced. All showed high sequence similarity to 

the corresponding BTA satellites. The satellite clones were mapped by in situ hybridization to 

the chromosomes of the seven Tragelaphini species (Figure II.1c-i). All species shared the 

(peri)centromeric location of SATI and SAT1.723 families with BTA chromosomes. SATI was 

found in all the chromosomes from T. angasii (2n=55/56) (Figure II.1c), T. strepsiceros 

(2n=31/32) (Figure II.1g), T.derbianus (2n=31/32) (Figure II.1h) and T. oryx (2n=31/32) 

(Figure II.1i), and it was also found in some of the chromosomes from T. spekii (2n=30) (Figure 
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II.1f), a species with a large block of SATI in a submetacentric chromosome (Figure II.1f). 

SAT1.723 was found at the (peri)centromeric regions of all the chromosomes in T. angasii, T. 

imberbis (2n=38) (Figure II.1d), T. spekii, T. strepsiceros, T.derbianus and T. oryx. In T. 

scriptus (2n=33/34) (Figure II.1e), the SAT1.723 was present only in about half of the 

chromosomes. In contrast to the cattle genome, where no satellite signals were detected on 

either sex chromosomes, the other seven Tragelaphini species carried SATI and SAT1.723 

sequences on the X chromosome. Two species of Taurotragus similarly presented SATIV at the 

(peri)centromeric regions (Figure II.1h, i). In T. derbianus and T. oryx, SATIV orthologous 

sequences were on more than half of the chromosomes.  After finding SAT1.723 in all seven 

Tragelaphini species, we tested its presence in Capra hircus (CHI) and Ovis aries (OAR) 

(Figure II.1j, l). SAT1.723 present in these distant species, exhibiting also a (peri)centromeric 

location.  
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Figure II. 1 SatDNA isolation and mapping onto Bos taurus (BTA), Tragelaphini, Capra hircus (CHI) and 

Ovis aries (OAR) chromosomes.  

(a) satDNAs amplicons obtained by PCR from the genomic DNA of the species analysed. PCR amplicons were:

SATI- 400 bp, SATIV – 604 bp, SAT1.723 – 680 bp, SAT1.711a – 400 bp, SAT1.711b – 975 bp SATI amplicons

from the Tragelaphini genomes are 500 bp long. SAT1.723 amplicons from TAN, TIM, TDE and TOR are
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approximately 600 bp in length, and those of the SAT1.723 amplicons from TSC, TSP and TST are approximately 

750 bp. TOR and TDE SATIV sequences revealed an amplicon size of 700 bp. (b-l) Physical mapping of the 

satDNAs present at pericentromeric and centromeric regions by in situ hybridization (red or green) in the 

respective species chromosomes (blue, DAPI). The name and color of each probe were indicated within each 

metaphase. Scale bar represents 10 μm. 

 

SatDNAs variation across species  

An analysis of the intrinsic features of the nucleotide sequences of the satDNA families 

isolated in each species was performed. The GC distribution in SAT1.723, SATI and SATIV 

monomers showed substantial differences (Fig II.2a, b, c): SAT1.723 from 57 to 67%; SATI 

from 51 to 54% and SatIV from 40 to 45%. In fact, the GC distribution is significantly higher 

and more constant across SAT1.723 monomer length (Fig II.2a), in comparison with the other 

two satDNAs (Fig II.2b,c). Moreover, the GC periodicity across the SAT1.723 monomer seems 

to be approximately 10-bp, which is in agreement with the nucleosomal organization (Kaplan 

et al. 2009; Kogan and Trifonov 2005; Zhang et al. 2013).  

Differences were also detected in the curvature-propensity and bendability of SAT1.723, 

SATI and SATIV across the monomers (Fig II.2d, e, f). SAT1.723 monomer presents the higher 

values of bendability (fig. II.2d), while those of SATIV were lower (Fig II.2f). Examination of 

the curvature-propensity plot calculated with DNase I-based trinucleotide parameters, reveals 

only one peak of a potential curvature around the 120 bp position in SAT1723 monomer (Fig 

II.2d). In SATI (Fig II.2e) and SATIV (Fig II.2f) monomers, at least two peaks with similar 

curvature propensity were detected.  

 

Figure II. 2 Intrinsic features of satDNAs monomers. GC content distribution across SAT1.723  

(a), SATI (b) and SATIV (c) monomers. Curvature/bendability propensity plots of SAT1.723 (d), SATI (e) and 

SATIV (f) monomers. The sequences used in these analyses were M36668, AJ293510 and AF446392.  
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A pairwise alignment of the cloned satDNA sequences isolated from each Tragelaphini 

species was performed with the related BTA sequences deposited in Genbank (Figure II.3a, b, 

c and Supplementary Figures II.1, II.2 and II.3). SATI is conserved among the species analysed, 

revealing low intra- and intersequence variability overall (Figure II.3 a; light and medium blue 

coloring showing sequence similarity >70%; Supplementary table II.2). SAT1.723 sequences 

show higher discrepancies in similarity values when comparing the clones from all the species 

(Figure II.3b; dark blue, dark green and yellow showing a sequence similarity range of 100-

40%; Supplementary table II.2). This color palette shows that this sequence is much more 

conserved in some of the species. SATIV monomers (Figure II.3c) revealed to be highly 

different between TDE and TOR (39-20% similarity; Supplementary table II.2). Finally, SATIV 

from BTA is more similar to the monomer from TDE than from the one of TOR. 

 

Figure II. 3 Orthologous bovine satDNA sequence identity.  

Distance matrix of pairwise alignments of SATI (a), SAT1.723 (b) and SATIV (c) clones from BTA and the 

Tragelaphini species analysed in the present study. Cells showing nucleotide identities of 90-100% are in dark 

blue; 80–89%, medium blue; 70–79%, light blue, 60-69%, dark green; 50-59%, light green; 40-49%, yellow; 30-

39%, orange; and <30% in red. The multiple alignment of all the clones is shown in Supplementary Fig S1, S2, 

S3. 
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SAT1.723 is associated with CENP A protein across the Bovidae family 

We used immunofluorescence (IF) with an anti-CENP-A antibody combined with in 

situ hybridization using probes for each isolated satDNA family to characterize the association 

of sequences and CENP-A in metaphase chromosomes (Fig II.4a). SAT1.723 colocalized more 

closely with CENP-A antibody signals compared to the hybridization signals of the other 

satDNA families (Supplementary Fig II.4). These results are similar both for BTA and 

Tragelaphini species’ genomes analysed. The phylogenetically more distant species CHI and 

OAR genomes were also analysed and revealed analogous results. Pearson’s correlation 

coefficient (Fig II.4b) and Manders’ overlap coefficient (Supplementary Fig II.5) confirmed the 

existence of a strong colocalization between SAT1.723 and CENP-A in the combined IF-FISH 

experiment. 

To further confirm the association of SAT1.723 with centromeric function, chromatin 

from all the species analysed was immunoprecipitated with the anti-CENP-A antibody. The 

CHIP assay showed that the satDNA sequence was able to form DNA-protein complexes with 

CENP-A in living cells (Cerutti et al. 2016; Hayden and Willard 2012; Henikoff et al. 2015; 

Khademi 2017; Melters et al. 2013; Piras et al. 2010; Talbert et al. 2018; Zhang et al. 2013). 

The input DNA and the immunoprecipitated sample (IP CENP-A) from each species was 

analysed by PCR using specific primers for each satDNA family in our study (Supplementary 

Fig II.6). As shown in Fig II.4c, the ratio between IP CENP-A and input values for SAT1.723 

ranged between 5.0 and 16.6, confirming that this satDNA is enriched in CENP-A bound 

chromatin for all taxa. On the contrary, no enrichment of the other satDNA families was 

observed, as reflected by the IP CENP-A/Input ratio values which ranged from 0.1 to 0.4. 

In order to identify features of centromeric activity, an in silico search for the CENP-B 

box-like motifs (a conserved short sequence acting as the binding site for CENP-B, which 

directly interacts with CENP-A to maintain kinetochore nucleation) (Dumont and Fachinetti 

2017; Schalch and Steiner 2017) was also performed in SAT1.723 sequence monomers from 

BTA and the seven Tragelaphini species. In fact, this analysis revealed the presence of a CENP-

B box-like motif in the monomers of this satDNA family in all species examined (Fig II.4d). 

The in silico search was performed allowing the occurrence of a maximum of 4 mismatches 

within the 17 bp CENP-B box motif used.  
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Figure II. 4 The centromeric function of SAT1.723 in BTA, Tragelaphini, CHI and OAR genomes. 

(a) Representative images of IF with CENP-A antibody (green; DNA DAPI blue) followed by DNA-FISH with

SAT1.723 (red) in BTA, Tragelaphini, CHI and OAR species. A colocalization spot was amplified 300% (top,

right). Scale bar represents 10 μm. (b) Graphic validation of the co-localization of the CENP-A antibody signals

with the satDNA sequence signals in BTA, the Tragelaphini species, CHI and OAR. Each colocalization spot in
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each cell was analysed by Pearson’s correlation coefficient. A minimum of 15 spots per cell in at least 10 images 

of each species and satDNA FISH experiment were analysed (a minimum of 150 spots per variable). As the 

samples did not present a Gaussian distribution, the values were transformed with the log function in order to 

normalize the values ‘distribution. The correlogram was made with GraphPad Prism 6 (version 6.01). All values 

are expressed as mean ± SD (standard deviation). (c) Relative quantification of band intensity from CHIP sample 

analysis by PCR with specific primers for the satDNA sequences isolated in each species’ (peri)centromeric 

regions. This analysis was performed using the software Image J. The area of each band was determined, and the 

value of each IP sample was compared with the value of Input band. (d) In silico search for the CENP-B box-like 

motif in the SAT1.723 monomer from BTA and the seven Tragelaphini species. 

 

 

SAT1.723 monomer-flanking regions are enriched in transposable elements 

The conservation of SAT1.723 in the Bovidae family suggests an essential function, so 

a detailed analysis of the genomic context of ends of satellite sequences was made. An in silico 

analysis of SAT1.723 was performed on the assembled genomes of BTA (Btau_5.0.1 assembly, 

Genbank assembly accession GCA_000003205.6), CHI (ARS1 assembly, GenBank assembly 

accession: GCA_001704415.1) and OAR (Oar_V4.0, GenBank assembly accession: 

GCA_000298735.2) as there are no Tragelaphini genome sequence assemblies currently 

available. This analysis showed an interspersed presence of SAT1.723 in the three species’ 

genomes (~300, 30 and 50 BLAST hits distributed on all the autosomes and on the X 

chromosome from BTA, CHI and OAR, respectively) (Supplementary table II.3, II.4, II.5). The 

SAT1.723 neighbor sequences revealed that the monomers from this satDNA family present in 

the genome assemblies are flanked by transposable elements, both in the isolated and clustered 

SAT1.723 BLAST hits (Fig II.5a). The global annotation revealed that non-LTR sequences are 

the most represented TEs in all the SAT1.723 BLAST hits-flanking regions of all the 

chromosomes of the three species (Fig II.5b). An additional BLASTN search for SATI, SATIV, 

SAT1.711a and SAT1.711b was also performed using BTA, CHI and OAR sequencing data, 

and this revealed that these satDNAs present an interspersed distribution pattern in these 

genomes (Supplementary Table II.3, II.4, II.5), being similarly flanked by TEs (Supplementary 

Fig II.7). 

The SAT1.723 monomer-flanking regions were also analysed in the sequenced clones 

of the seven Tragelaphini species. Only the flanking regions of the SAT 1.723 repeats with 

centromeric location were analysed, as these were the ones isolated by PCR due to their higher 

abundance. SAT1.723 clone sequences from each species were screened for the presence of 

repetitive elements in the Eukaryota Repbase using Censor software. This revealed that a 

sequence of 26 bp from a specific LTR, the TCR1_LTR was present in almost all SAT1.723 
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clones from TAN, TSC, TSP, TDE and TOR (Fig II.5c, d). The LTR sequence was found in 

the terminal region of SAT1.723 monomers and the 26 bp of the LTR corresponded to the last 

26 bp of the complete sequence of TCR1_LTR (164 bp) (Fig II.5e). No significant sequence 

similarity was found between the primers used for isolating SAT1.723 sequences with the 

sequence of TCR1_LTR. 

The presence of the TCR1_LTR in the monomer flanking regions of SAT 1.723 clone 

sequences in almost all Tragelaphini species (except for TIM and TST), may be due to the 

biased character of the PCR technique which may not have allowed the isolation of terminal 

monomers in these two genomes. No transposable elements were found in the monomers-

flanking regions of the other satDNAs sequence clones (SATI and SATIV). 
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Figure II. 5 In silico analysis of the flanking regions of SAT1.723 hits mapped in BTA, CHI and OAR 

genomes and the Tragelaphini clones. 

(a) Representative image of a BTA, CHI and OAR chromosome showing the annotation of SAT1.723 BLAST hits 

(in red) on the top line and the annotation of the repetitive sequences found in the flanking sequences of SAT1.723 
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on the bottom bar (Repbase). (b) Quantification of the different classes of repetitive sequences flanking the 

SAT1.723 monomers along the BTA, CHI and OAR genomes. The flanking regions of all the BLAST hits of 

SAT1.723 mapped onto BTA, CHI and OAR chromosomes were screened for the presence of repetitive elements 

in the Eukaryota Repbase using the Censor software. (c) Representative SAT1.723 clones from TAN, TDE, TOR, 

TSC and TSP with the TCR1_LTR motif mapped in the monomer sequence. The SAT1.723 clones’ sequences 

from each species were screened for the presence of repetitive elements in the Eukaryota Repbase using the Censor 

software, and the TCR1_LTR elements found were mapped in clone sequences. (d) Multiple alignment of the 

TCR1_LTR motifs found in the SAT1.723 clones analyzed. (e) Location of the TCR1_LTR motif in the 

representative SAT1.723 monomers from TAN, TDE, TOR, TSC and TSP. 

II.5 Discussion 

SatDNA families and their chromosomal location 

We present an analysis of the five most abundant satDNAs families in bovid species not 

restricted to Bos. Orthologous bovine satDNA sequences were isolated from seven Tragelaphini 

genomes, molecularly characterized and mapped (Fig II.1a-i). SAT1.723 has not previously 

been analysed outside BTA; the presence of bovine SATI (Kopecna et al. 2014; Kopecna et al. 

2012) and SATIV (Adega et al. 2006) in species from the Tragelaphini has previously been 

reported. Nevertheless, the SATI isolated from cattle and used for FISH analysis by Kopecna et 

al. (2012) produced only a weak hybridization signal on the Tragelaphini chromosomes, and 

later the same authors reported that SATI sequences isolated specifically from Tragelaphini 

genomes were present in all the acrocentric chromosomes of those species (Kopecna et al. 

2014), but not the bi-armed chromosomes in T. spekii and T. strepsiceros.  This contrasts with 

the results obtained from the newly isolated sequences from these species (Fig II.1f, g). 

Although of the same satDNA family, different sequence variants were probably isolated in 

each study, suggesting that SATI family is composed of  subfamilies/variants of sequences that 

are not necessarily identical to each other: studies on the Bovinae initially suggested that SATIV 

was specific for Bovini genomes (Modi et al. 2004) but Adega et al. (2006) reported the 

presence of this sequence in Tragelaphini indicating that the ancestral sequence most likely 

predates the divergence of the Bovini and Tragelaphini. In addition to the expected presence of 

SATI (considered the oldest bovine satDNA and present in all pecorans), and the confirmation 

of a SATIV presence in Taurotragus, we found SAT1.723 sequences at the (peri)centromeric 

region in all the genomes exhibiting typical satellite DNA sequence features i.e., characterized 

by a tandemly repetitive pattern at the constitutive heterochromatin regions (Fig II.1). This 

suggests that this satDNA family was likely preserved in other subfamilies of Bovidae 
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(including Caprini, subfamily Caprinae, as well as Bovini and Tragelaphini, subfamily 

Bovinae). Modi et al. (1996) dated the origin of SATI family to 20–40 Mya, while Adega et al. 

(2006) reported the origin of SATIV at 10 Mya. We now propose that SAT1.723 family predated 

the separation of the Bovidae subfamilies Bovinae and Caprinae (Chaves et al. 2005) by at least 

15-20 Mya. 

 

SatDNA evolution on Bovidae reflects the different stages of the library model  

The sequence similarity among the satDNAs isolated sequences from BTA (Bovini) and 

the Tragelaphini revealed significant differences in the homogeneity/heterogeneity of each 

satDNA family, probably reflecting different stages of in their evolution (Fig II.6). The high 

sequence conservation among SATI clones (Fig II.3a) suggested that this sequence is the oldest 

bovine satDNA (Fig II.5) and is moving into the ‘homogenization’ stage. The multiple 

alignment of SAT1.723 clone-sequences (Fig II.3b) showed that this family has not yet reached 

the homogenization stage, being much more similar between some species than in others. The 

high discrepancy in the similarity values when comparing the clones from all the species 

strongly suggests that this satDNA family is in a ‘degeneration’ stage of the satDNA nucleotide 

sequence evolutionary process (Fig II.6).  

The nucleotide sequence variability of SATIV monomers (Fig II.3c), even between 

phylogenetically related species, reflects its dynamic evolution and mutation rate which 

generally characterizes the initial, ‘amplification’, stage of satDNA evolution (López-Flores 

and Garrido-Ramos 2012). Bovine SATIV is considered the evolutionarily youngest satDNA 

family in the Bovinae (Adega et al. 2006; Jobse et al. 1995; Modi et al. 1996; Modi et al. 2004) 

and being in the amplification/contraction stage has probably undergone independent 

amplification events from the other bovine satDNA sequences (Lenstra et al. 1993) (Fig II.6).  

Despite the overall level of homogeneity, we found some intra- and interspecific 

variability in the clones of the three satDNAs (Supplementary table II.2), a finding that is 

consistent with the existence of different satDNA sequence variants as allowed for in the library 

model (Fry and Salser 1977; Mestrović et al. 1998; Ugarković and Plohl 2002). Each satDNA 

family consists in a library of monomer variants shared by related species, and each species 

presents a specific repeats’ profile shaped by expansions and/or elimination of different variants 

from the library (Fry and Salser 1977; Mestrović et al. 1998; Ugarković and Plohl 2002). In 

agreement with this model, the three satDNA families analysed presented distinct subfamilies 
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differing by sequence length and composition (Supplementary figure II.1, II.2, II.3). Moreover, 

different turnover rates of each satellite repeat, even among closely related species, can result 

in profound differences in overall sequence homogeneity. Genomic constraints such as 

karyotype architecture as well as the evolutionary age of a satDNA family may influence the 

turnover rates of satellite DNA sequences (Louzada et al. 2015; Paço et al. 2013; Plohl et al. 

2010). 

Figure II. 6 Schematic representation of the different stages of satDNA evolutionary process.  

SATI, SAT1.723 and SATIV are represented in the scheme as satDNAs families in different stages of the 

evolutionary process. The origin of each families was inferred considering the presence/absence in Bovinae and 

Caprinae analysed species.  

SAT1.723 has a centromeric function in the Bovidae family 

The localization of SAT1.723 at the centromeres in all the species analysed suggested 

an involvement in centromeric function. It is accepted that centromeres are defined by 

epigenetic factors and through interactions between centromeric satDNA sequences and 
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proteins (Heslop-Harrison and Schwarzacher 2013; Plohl et al. 2014; Purgato et al. 2015; 

Rocchi and Archidiacono 2006). In the majority of eukaryotes, the centromere identity is 

defined epigenetically by the presence of the histone H3 variant centromere protein A, CENP-

A in the centromeric nucleosomes (McKinley and Cheeseman 2016; Plohl et al. 2014; Steiner 

and Henikoff 2015; Talbert et al. 2018), and genetically by the presence of satDNA sequences 

containing CENP-B box motifs (Dumont and Fachinetti 2017). Our analysis of the interaction 

of SAT1.723 sequences with CENP-A (Fig II.4a, b, c) and CENP-B (Fig II.4d) shows 

centromeric activity of this satDNA in BTA (Bovini), the seven Tragelaphini species and the 

two Caprini species suggesting that this satDNA may have been retained (conserved) due to 

functional constrains in bovid evolution. The CENP-B boxes found in the SAT1.723 monomers 

were demonstrated to be functional as these monomers interact with CENP-A (see IF-FISH and 

CHIP experiments). Despite the existence of different satDNA families at the centromeric and 

pericentromeric regions of these species’ chromosomes, only SAT1.723 seems to be involved 

with centromeric function. Although the finding that only one specific satDNA family is 

capable of binding CENP-A has been described in other species (humans - (Plohl et al. 2014) 

and horses - (Cerutti et al. 2016)), ours is the first report of this functional satDNA sequence in 

the centromeres of bovids. Additionally, since SAT1.723 seems to be associated with 

centromere function, this satDNA is most probably located at the centromeric region (at least 

in some of the monomers). Thus, only a fraction of SAT1.723 monomers may be associated 

with CENP-A, similar to the alpha-satellite in the human genome, where only a few sequences 

are associated to CENP-A (Sullivan et al. 2011). 

The mechanism responsible for the activity of the SAT1.723 centromeric sequence is 

unknown. In humans, alpha-satellite is the preferred component of the active centromeres 

(Aldrup-MacDonald et al. 2016). Recent studies on the architecture of centromeres have 

reported the presence of specific secondary structures such as DNA loops suggesting that active 

centromeric sequences were selected for their ability to form secondary structures, rather than 

for the nucleotide sequence itself (Aze et al. 2016; Kasinathan and Henikoff 2017). In fact, a 

bioinformatic analysis on the prediction of secondary structures showed that SAT1.723 can 

indeed form DNA loops and G-quadruplexes (data not shown; see (Kejnovsky et al. 2015). 

Moreover, the high GC content of SAT1.723 is in agreement with recent reports that GC 

richness is compatible with the centromeric function (Cerutti et al. 2016; Melters et al. 2013). 
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Models for predicting nucleosomes have been developed using DNA sequence 

properties, such as dinucleotide periodicity (Ioshikhes et al. 2011; Kaplan et al. 2009; Segal et 

al. 2006; Zhang et al. 2013) and curvature pattern (Liu et al. 2011; Liu et al. 2008). The 

observation of a 10-bp periodicity of GC dinucleotides (in agreement to the DNA helical repeat 

~10.4 bp) across the SAT1.723 monomer (Fig II.2a) could be considered as a facilitator of DNA 

bendability and nucleosome formation (Ioshikhes et al. 2011; Kaplan et al. 2009; Kogan and 

Trifonov 2005). Moreover, the predicted curvature for the SAT1.723 monomer (Fig II.2d) 

resembles the “curvature pattern” for the nucleosomal DNA helix proposed by Liu et al. (2008). 

In this satDNA monomer, the two ends have a large curvature, whereas the middle has a small 

curvature which provides powerful evidence for a periodicity characteristic of core DNA (Liu 

et al. 2011; Liu et al. 2008). The less variable and higher bendability values detected across the 

SAT1.723 monomer (Fig II.2d), in contrast with the other two satDNAs (Fig II.2e, f), suggest 

this monomer to comprise the more bendable and flexible sequence, a factor which could 

facilitate CENP-A nucleosomal organization (Heslop-Harrison and Schwarzacher 2013; 

Steiner and Henikoff 2015; Zhang et al. 2013). The differences in curvature/bendability patterns 

of the three satDNA sequences could potentially reflect different modes of nucleosomes 

packaging, suggesting a more relaxed conformation of the SAT1.723 monomer. We propose 

that the SAT1.723 sequence intrinsically favours the translational and rotational phasing of the 

CENP-A nucleosomes in bovids, similar to that proposed for CentO on rice by Zhang et al 

(2013). 

SAT1.723 monomer-flanking regions 

Current whole genome assemblies collapse most copies of the satellite sequences and 

do not show the long arrays present at the centromeres of chromosomes. However, assembly 

algorithms would be expected to assemble regions flanking satellite monomer fragments 

correctly, regardless of the ability to assemble either satellite arrays, or small contigs including 

satellite fragments into larger scaffolds. Thus, the analysis of satDNA monomer-flanking 

regions can provide important insights on the organization and mode of evolution of these 

sequences (Chaves et al. 2017; Satović et al. 2016). An analysis of the flanking regions of the 

SAT1.723 monomers identified the frequent presence of transposable elements with both non-

LTR and LTR sequences (Fig II.5). Moreover, the in silico mapping of the bovine satDNAs 

(Supplementary table II.3, II.4, II.5) showed that these sequences are present not only at the 
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(peri)centromeric regions, but they also occur in an interspersed fashion on the chromosomes 

of BTA, CHI and OAR (although in too low copy numbers and density to be detected by in situ 

hybridization). These findings point to an intense intragenomic reshufling of satDNAs mediated 

by the TEs found in the satDNAs monomer-flanks. Several studies have reported a physical 

association between satDNAs and TEs (Chaves et al. 2017; Heslop‐Harrison and Schwarzacher 

2011; Louzada et al. 2015; Petraccioli et al. 2015), suggesting a role for these elements in 

satDNA evolution probably by promoting their intragenomic movement and expansion in the 

genomes (Biscotti et al. 2008; Chaves et al. 2017; Kuhn et al. 2008; López-Flores et al. 2004; 

Macas et al. 2009; Petraccioli et al. 2015; Šatović and Plohl 2013; Satović et al. 2016; Scalvenzi 

and Pollet 2014). Our analysis reveals that the TE association seems to be the rule for all the 

bovine satDNAs analysed, as all are embedded in TEs, with a particular emphasis for non-LTR 

elements (Supplementary Fig II.7). The presence of the same class of TEs in the monomer-

flanking regions of all the five satDNAs suggests that their movement may occur by the same 

transposition mechanism.  

The presence of LTR sequences flanking the SAT1.723 monomers (Fig II.5c) reinforces 

the centromeric activity of this sequence. It has been hypothesized that retrotransposons, 

particularly LTRs, may accumulate at active centromeres because of their favored integration 

into an epigenetically modified centromeric “environment” or, alternatively, due to the 

preferred association with CENP-A nucleosomes in both animals and plants (Plohl et al. 2014; 

Wolfgruber et al. 2009). Similarly, as reported for maize and wheat (both of which present 

species-specific centromeric retrotransposons), the TCR1_LTR sequence found in the 

SAT1.723 monomer-flanking regions could be a specific centromeric retrotransposon in several 

of the Tragelaphini species (Fig II.5d, e). However, additional work is needed to disclose if 

there are any specific centromeric retrotransposon. 

It is important to highlight that the different classes of TEs associated with the dispersed 

SAT1.723 hits mapped in the BTA, OAR and CHI genomes (Fig II.5a, b), and at the flanking 

regions of the SAT1.723 centromeric monomers in Tragelaphini (Fig II.5c), could reflect their 

different chromosome locations. Alternatively, these differences could be due to the limited 

length of flanking sequences present in the SAT1.723 cloned monomers. Our data for 

transcriptional activity of SAT1.723 agrees with reports of transcription of other centromeric 

repetitive sequences (Carone et al. 2009; Gent and Dawe 2012; Hall et al. 2012; Quénet and 

Dalal 2014), potentially having a role in kinetochore assembly and maintenance. Centromeric 
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transcripts have been shown to be required for CENP-A loading in humans, as depletion of 

these transcripts leads to mitotic defects (Quénet and Dalal 2014).  

Bovids are ecologically, economically, and biologically important animals. Whole 

genome sequencing generally gives information on low copy sequence evolution, but the data 

here show the value of understanding the evolution of repetitive DNA copy number, sequence 

motif, and chromosomal location, on both autosomes and sex chromosomes from different 

Bovidae species.  
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Supplementary Information 

Supplementary Figures 

Supplementary Figure II. 1 SAT1.723 clones’ alignment.  

Alignment of SAT1.723 clones isolated from the seven Tragelaphini species with the Bos taurus SAT1.723 

monomer (GenBank M36668). 
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Supplementary Figure II. 2 SATI clones’ alignment. 

Alignment of SATI clones isolated from the seven Tragelaphini species with the Bos taurus SATI monomer 

(GenBank AJ293510).  
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Supplementary Figure II. 3 SATIV clones’ alignment.  

Alignment of SATIV clones isolated from T. derbianus and T. oryx 

with Bos taurus SATIV monomer (GenBank AF446392). 
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Supplementary Figure II. 4 Combined immunofluorescence/FISH  

CENP-A (green) and satDNAs (red) signals on chromosomes from BTA (a), TAN (b), TIM (c), TSC (d), TSP (e), 

TDE (f), TST (g) and TOR (h).  
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Supplementary Figure II. 5 Validation of the co-localization analysis. 

Graphic showing the validation of the co-localization of CENP-A antibody signals with satDNA sequences’ 

signals in BTA, Tragelaphini species, CHI and OAR. Each colocalization spot in each cell was analysed using 

Manders’ overlap coefficient. A minimum of 15 spots per cell in at least 10 images of each species and satDNA 

FISH experiment were analysed (a minimum of 150 spots per variable). As the samples did not present a Gaussian 

distribution, the values were transformed with the log function in order to normalize the values ‘distribution. The 

correlogram was made with GraphPad Prism 6 (version 6.01). All values are expressed as mean ± SD (standard 

deviation). 

Supplementary Figure II. 6 PCR of CHIP samples 

PCR results from CHIP samples (Input, negative and positive control, IP CENP-A) amplification with primers for 

the satDNAs (peri)centromeric sequences isolated from each species: BTA (a), TAN (b), TIM (c), TSC (d), TSP 

(e), TST (f), TDE (g), TOR (h), CHI (i) and OAR (j). 
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Supplementary Figure II. 7. In silico analysis of the satDNA monomers flanking regions. 

Quantification of the different classes of repetitive sequences flanking  the SATI (a), SATIV (b), SAT1.711a (c) and 

SAT1.711b (d) monomers along the BTA, CHI and OAR genomes. The flanking regions of all the satDNAs 

BLAST hits mapped on BTA, CHI and OAR chromosomes were screened for the presence of repetitive elements 

in the Eukaryota Repbase using the Censor software. 

 

  



Chapter II 

75 

Supplementary Tables 

Supplementary Table II. 1 Sequences of the primers used for satDNA amplification from genomic DNA. 

The primer pairs were used for each satDNA in all the species analysed.  

Forward Reverse 

SATI CCCAGGCAAGTCCAATCTTC GAATTCCCCGTCGTAACTCG 

SATIV CTGTCTAGAATTCAGGGATCCAA TAAGCTTGTGACAGATAGAACGAT 

SAT1.723 CTGTGCTAGGGAGCCCAAA AGTGAGCTCGGGCAGTTAC 

SAT1.711a AGGAAGGAGGCTCGGCATAC TGAGGAGAGCTCAGTAGGAAAA 

SAT1.711b CCAGAGTCTGCCTACTTTCTGC GTAGGCGAAGATCAGGAAACC 

Supplementary Table II. 2 Satellite DNA sequences intraspecific and interspecific variability. 

(*) The interspecific variability was calculated considering all the clones isolated from each Tragelaphini species 

and the satDNA monomer isolated from Bos taurus genome. 

Supplementary Table II. 3 Number of mapped hits of each satDNA family in each chromosome from Bos 

taurus.  

Chromosome SATI SAT1.723 SATIV SAT1.711a SAT1.711b 

BTA 1 (AC_000158) 177 8 1 109 156 

BTA 2 (AC_000159) 82 3 0 97 110 

Species 
SATI SAT1.723 SATIV 

Maximum 

Identity % 

Minimum 

Identity % 

Maximum 

Identity % 

Minimum 

Identity % 

Maximum 

Identity % 

Minimum 

Identity % 

TAN 98,9 74 99,4 91 - - 

TDE 98,2 75,2 99,1 90,8 99,1 71,2 

TIM 99,8 72,4 98,1 88,3 - - 

TOR 98 53,5 96,8 89,3 98,5 72,5 

TSC 99,7 52,7 99,4 63,7 - - 

TSP 98,3 92,0 97,2 91,9 - - 

TST 99,6 73,6 97,2 60,1 - - 

SATs 

Interspecific 

Variability* 

98,1 32,3 94,8 33,2 98,3 26,0 
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BTA 3 (AC_000160) 210 54 3 72 96 

BTA 4 (AC_000161) 252 55 7 112 108 

BTA 5 (AC_000162) 52 4 2 204 111 

BTA 6 (AC_000163) 199 1 7 75 119 

BTA 7 (AC_000164) 179 0 1 149 91 

BTA 8 (AC_000165) 340 0 5 283 81 

BTA 9 (AC_000166) 139 0 0 90 102 

BTA 10 (AC_000167) 55 0 1 62 112 

BTA 11 (AC_000168) 94 0 2 76 66 

BTA 12 (AC_000169) 22 0 0 61 102 

BTA 13 (AC_000170) 22 53 0 45 48 

BTA 14 (AC_000171) 34 4 0 65 75 

BTA 15 (AC_000172) 58 0 0 67 101 

BTA 16 (AC_000173) 56 11 0 57 60 

BTA 17 (AC_000174) 29 0 0 38 49 

BTA 18 (AC_000175) 31 0 0 47 60 

BTA 19 (AC_000176) 101 0 0 26 37 

BTA 20 (AC_000177) 39 0 0 45 53 

BTA 21 (AC_000178) 77 1 0 34 69 

BTA 22 (AC_000179) 78 6 0 28 42 

BTA 23 (AC_000180) 7 13 0 32 54 

BTA 24 (AC_000181) 27 0 0 38 44 

BTA 25 (AC_000182) 143 0 0 21 24 

BTA 26 (AC_000183) 28 0 1 40 49 

BTA 27 (AC_000184) 112 0 12 320 26 

BTA 28 (AC_000185) 106 0 1 29 42 

BTA 29 (AC_000186) 14 75 1 30 37 

BTA X (AC_000187) 143 0 1 105 153 
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Supplementary Table II. 4 Number of mapped hits of each satDNA family in each chromosome from Capra 

hircus.  

Chromosome SATI SAT1.723 SATIV SAT1.711a SAT1.711b 

CHI 1 (NC_022293) 2 0 3 28 61 

CHI 2 (NC_022294) 36 1 1 22 65 

CHI 3 (NC_022295) 0 0 2 14 50 

CHI 4 (NC_022296) 0 0 0 15 44 

CHI 5 (NC_022297) 69 0 0 16 62 

CHI 6 (NC_022298) 1 0 1 12 53 

CHI 7 (NC_022299) 0 0 5 16 27 

CHI 8 (NC_022300) 13 0 1 23 30 

CHI 9 (NC_022301) 15 0 1 7 20 

CHI 10 (NC_022302) 61 10 2 20 38 

CHI 11 (NC_022303) 25 0 1 13 28 

CHI 12 (NC_022304) 0 0 4 9 23 

CHI 13 (NC_022305) 0 4 1 14 21 

CHI 14 (NC_022306) 4 2 2 12 51 

CHI 15 (NC_022307) 0 0 2 14 32 

CHI 16 (NC_022308) 0 0 0 11 20 

CHI 17 (NC_022309) 1 0 1 9 16 

CHI 18 (NC_022310) 21 0 3 8 24 

CHI 19 (NC_022311) 70 0 1 5 19 

CHI 20 (NC_022312) 0 0 0 14 16 

CHI 21 (NC_022313) 0 0 2 11 37 

CHI 22 (NC_022314) 19 0 3 7 20 

CHI 23 (NC_022315) 39 0 1 5 11 

CHI 24 (NC_022316) 10 1 0 11 13 

CHI 25 (NC_022317) 0 0 3 3 9 

CHI 26 (NC_022318) 3 0 1 8 12 
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CHI 27 (NC_022319) 1 0 0 8 21 

CHI 28 (NC_022320) 2 0 0 8 17 

CHI 29 (NC_022321) 13 0 1 3 17 

CHI X (NC_022322) 0 2 6 29 57 

 

 

 

Supplementary Table II. 5 Number of mapped hits of each satDNA family in each chromosome from Ovis 

aries.  

 

Chromosome SATI SAT1.723 SATIV SAT1.711a SAT1.711b 

OAR 1 (NC_019458) 3 1 8 47 121 

OAR 2 (NC_019459) 0 0 4 44 96 

OAR 3 (NC_019460) 86 0 2 31 88 

OAR 4 (NC_019461) 5 1 0 18 49 

OAR 5 (NC_019462) 5 0 2 19 32 

OAR 6 (NC_019463) 28 0 0 20 62 

OAR 7 (NC_019464) 38 13 1 18 38 

OAR 8 (NC_019465) 0 0 1 14 25 

OAR 9 (NC_019466) 47 0 1 18 55 

OAR 10 (NC_019467) 2 0 4 13 30 

OAR 11 (NC_019468) 70 0 0 9 23 

OAR 12 (NC_019469) 0 0 0 9 27 

OAR 13 (NC_019470) 0 4 2 15 26 

OAR 14 (NC_019471) 20 0 2 4 24 

OAR 15 (NC_019472) 55 0 2 10 36 

OAR 16 (NC_019473) 0 0 1 11 20 

OAR 17 (NC_019474) 0 0 0 5 24 

OAR 18 (NC_019475) 33 0 3 9 34 

OAR 19 (NC_019476) 16 0 3 9 26 

OAR 20 (NC_019477) 46 0 3 5 8 

OAR 21 (NC_019478) 13 0 0 5 19 
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OAR 22 (NC_019479) 3 0 0 9 18 

OAR 23 (NC_019480) 5 1 0 11 15 

OAR 24 (NC_019481) 0 0 0 2 12 

OAR 25 (NC_019482) 29 0 0 4 18 

OAR 26 (NC_019483) 2 0 0 6 22 

OAR X (NC_019484) 14 30 8 17 72 
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III. Robertsonian translocations are not a

single event of centric fusion: mechanistic

insights driven by two model systems, the

Bovinae rob(1;29) and human rob(14;21) 

This chapter was based on: 

Research Article 

Escudeiro A., Adega, F., Robinson TJ., Gama-Carvalho M., Heslop-Harison 

JS., Chaves R. Robertsonian translocations are not a single event of 

centric fusion: mechanistic insights driven by two model systems, the 

Bovinae rob(1;29) and human rob(14;21). In preparation. 

III.1 Abstract

The interest in the study of robertsonian translocations (robs) derives not only from their 

high frequency in mammalian karyotype evolution, but also from their influence on fertility and 

disease. The formation of a rob chromosome implies the occurrence of double strand breaks at 

the peri(centromeric) constitutive heterochromatin of two acrocentric chromosomes, being the 

satellite DNA (satDNA) sequences the core hotspot for these breaks. In this work, using 

(peri)centromeric satDNA families, two robertsonian translocations were analysed: the cattle 

rob(1;29) as a chromosomal abnormality and as an evolutionary fixed rearrangement on other 

species from the Bovinae subfamily and, the most frequent human rob, rob(14;21). The focal 

aim of our study was determining the molecular mechanism(s) underling these frequent 

translocations. Analysing how satDNAs reorganized in the centromere of the translocated 

chromosomes, we were able to show that the analysed robs are multistep complex 

rearrangements involving a precise elimination and reorganization of specific peri(centromeric) 
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satDNA sequences. Our results suggest a common mechanism for robs occurrence in mammals, 

at least in Bovinae and human. 

 

Key words: robertsonian translocations; (peri)centromeric regions; satellite DNA reshuffling; 

two-step mechanism.    

 

 

III.2 Introduction 

 

Robertsonian translocations (robs) or centric fusions are the structural chromosomal 

rearrangement most often found in several animal species, including humans (Therman et al. 

1989). This rearrangement is also considered the main responsible for chromosome evolution 

in mammals (King 1992). In the Bovidae family, the biarmed chromosomes commonly found 

in several species are believed to have originated through robs involving different acrocentric 

chromosomes of the ancestral karyotype, which is believed to have been composed by an all-

acrocentric chromosome complement with a diploid number of 60 (Chaves et al. 2005; Adega 

et al. 2006; Di Meo et al. 2006; Adega et al. 2009). 

In the Bovinae subfamily, Bos taurus (BTA, cattle; Bovini tribe) presents the most ancestral 

karyotype form with 58 acrocentric chromosomes and a submetacentric X and Y chromosomes. 

In the Tragelaphini tribe (Bovinae subfamily), the diploid number ranges from 30 to 56, with 

most Tragelaphini species displaying a low chromosome number (varying from 30 to 33/34) 

(Benirschke et al. 1982; Rubes et al. 2008). Fifty-seven different autosomal fusions were 

reported by the analysis of chromosome homologies between Bos taurus and eight Tragelaphini 

species (Rubes et al. 2008). Despite almost all presumed ancestral acrocentric chromosomes 

are involved in the centric fusions reported, it was possible to detect that some of the robs are 

common in several or in all the eight species, while others are species-specific (Rubes et al. 

2008). The rob(1;29), the most common chromosomal abnormality found in domestic cattle 

(Ducos et al. 2008; Iannuzzi et al. 2009), is present in almost all these species,  with only two 

exceptions that present the homologous chromosomes BTA1 and BTA29 in the conserved 

acrocentric form (Rubes et al. 2008).  

Cattle rob(1;29)  had been associated with decreased fertility (Dyrendahl and 

Guatavsson 1979; Rangel‐Figueiredo and Iannuzzi 1993; Bonnet-Garnier et al. 2008; Iannuzzi 

et al. 2009) but despite the application of several eradication programs, this rearrangement 
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continues to occur in domestic cattle populations all over the world, suggesting the existence 

of an advantage to the carriers (Bonnet-Garnier et al. 2008). The fact that this rearrangement 

can be found in other species from the Bovinae subfamily, not as a chromosome abnormality 

or polymorphism, but as a constitutive chromosome of the karyotype represents a unique 

opportunity to study a highly frequent chromosomal abnormality also from an evolutionary 

perspective, establishing a useful Rob model system.  

The formation of a rob chromosome involves the fusion of two acrocentric usually non-

homologous chromosomes (Chaves et al. 2003), with the occurrence of double strand breaks 

occurring at the (peri)centromeric constitutive heterochromatin of both chromosomes involved, 

being the centromeric satellite DNA (satDNA) sequences the main hotspots for these breaks 

(Chaves et al. 2004; Adega et al. 2006; Adega et al. 2009; Vieira-da-Silva et al. 2015). 

Therefore, the analysis of the satDNAs present at the centromeric regions of the translocated 

chromosomes in comparison to the acrocentric homologous represent an excellent model to 

understand how these rearrangements occurred. Rob(1;29) in the domestic cattle is the result of 

a multistep complex rearrangement (Chaves et al. 2000b; Chaves et al. 2003; Di Meo et al. 

2006; De Lorenzi et al. 2012) occurring in two separate sequential events that involve not only 

the loss of (peri)centromeric satDNA sequences, but also a complex reorganization of these 

sequences in the centromere of the translocated chromosome. Indeed, a pericentric inversion 

revealed to be necessary for the satDNA reshuffling at the centromeric level, which highlights 

the active role of satDNA sequences in the translocation mechanism and reinforces the 

functional meaning of these repetitive sequences in the chromosomes’ stability (Chaves et al. 

2003; Adega et al. 2009).  

In the human population, robs are the most common balanced structural chromosome 

abnormality, with an incidence of approximately 1/1000 individuals (Gravholt et al. 1992). 

Usually they are originated by exchanges between the short arms of the acrocentric 

chromosomes HSA13, HSA14, HSA15, HSA21, and HSA22. Exchanges within these five 

chromosomes may form ten nonhomologous robs, however interestingly their distribution is 

highly non-random with the predominance of rob(13;14) and rob(14;21) (Therman et al. 1989). 

This scenario is very similar to that reported above for cattle species. 

In the last decades, several works tried to narrow the breakpoints of rob(14;21) using 

satDNA sequences and genes’ BAC clones (Earle et al. 1992; Kalitsis et al. 1993; 

Bandyopadhyay et al. 2001a), however the determination of the exact location of the double 
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strand breaks is still a difficult issue mainly because the short arms of acrocentric chromosomes 

are still poorly known regions of the genome. 

In order to disclose the rob mechanism(s), we analysed different centromeric satDNAs 

in a broad number of “translocated genomes”, namely from: Homo sapiens, Bos taurus and four 

Tragelaphini species: Tragelaphus scriptus (TSC, Bushbuck), Tragelaphus spekii (TSP, 

Sitatunga), Taurotragus derbianus (TDE, Derby Eland) and Taurotragus oryx (TOR, Common 

Eland). 

Analysing how satDNAs reorganize in the centromere of the cattle rob(1;29), the 

Tragelaphini rob(1;29) and the human rob(14;21), we suggested quite similarities in the 

underlying translocation mechanism. 

 

 

III.3 Material and Methods 

 

Cell culture, chromosome preparations, genomic DNA isolation 

The biological material used in this work was obtained from normal cell lines of the 

domestic cattle Bos taurus (BTA, Bovini tribe, Bovinae subfamily, Bovidae family), several 

wild species from the Tragelaphini tribe (Bovinae subfamily, Bovidae family): Tragelaphus 

scriptus (TSC, Bushbuck), Tragelaphus spekii (TSP, Sitatunga), Taurotragus derbianus (TDE, 

Derby Eland) and Taurotragus oryx (TOR, Common Eland) and from a commercial available 

human (HSA) cell line (GM03417, Coriell Institute) that presents the balanced rob(14;21) in 

32% of the cells. For the animal species, cell lines were used or primary cultures were 

established by the group. In the case of BTA, two different cell lines were used, one displaying 

a diploid number of 2n=60, and other presenting the rob(1;29) chromosome.  Cell lines were 

maintained in DMEM supplemented with 13% AmnioMax C-100 Basal Medium, 2% 

AmnioMax C-100 supplement, 15% FBS, 100 U/mL and 100 μg/mL of Penicillin/Streptomycin 

antibiotic mixture, and 200 mM L-Glutamine (all from Gibco, Thermo Fisher Scientific). 

Chromosome harvesting and metaphase preparations were accomplished by routine procedures. 

Genomic DNA isolation was performed using the commercial Quick-Gene DNA Tissue Kit S 

(Fujifilm Life Science) according to the manufacturer’s instructions. 
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Satellite DNA probes preparation 

For Bos taurus or the Tragelaphini species, the satDNA probes used were the ones 

presented by Escudeiro et al. (2019). Five satellite DNA families (SATI, SATIV, SAT1.723, 

SAT1.711a and SAT1.711b) of the domestic cattle genome and the respective orthologous 

satDNAs from the seven wild Tragelaphini species were isolated by PCR amplification using 

specific primers (Supplementary Table S1) from the genomic DNA previously purified from 

these species. For the human study, SATα and SATIII sequences were isolated also by PCR from 

reference human genomic DNA (see primers sequences in supplementary Table S1). Between 

100 and 300 ng of genomic DNA was used as template with an initial denaturing step at 94ºC 

for 10 min, followed by 30 cycles of 94ºC for 1 min (denaturation), 57ºC for 45 s (annealing) 

and 72ºC for 45 s (extension). The reaction terminates with a final extension at 72ºC for 10 min. 

PCR products were then cloned into the plasmid pUC19 and the sequenced DNA fragments 

were analysed using BLASTN searches in Genbank and EMBL databases. The sequences 

corresponding to the satDNA families wanted were labelled with digoxigenin-11-dUTP or 

biotin-16-dUTP (both from Roche Biochemical reagents, Sigma-Aldrich) by PCR. The 

deoxyoligomer biotinylated probe for SATI was designed based on the work of Meyne et al. 

(1993).  

Fluorescent in situ hybridization with SatDNA clones 

Physical mapping of bovine satDNAs sequences (SATI, SATIV, SAT1.723, SAT1.711a 

and SAT1.711b) onto the chromosomes was performed by FISH using standard methods 

(Schmidt and Heslop-Harrison 1998). Metaphase chromosome preparations from BTA and the 

Tragelaphini species were in situ hybridized with the satDNAs’ clones isolated from the 

respective species. Metaphase chromosome preparations from the human cell line GM03417 

(Coriell Institute) were hybridized in situ with HSA SATα and SATIII positive clones, and a 

deoxyoligomer biotinylated probe designed for SATI DNA family (Supplementary Table S1). 

The most stringent post-hybridization wash was 50% formamide/2×SSC at 42°C. Digoxigenin-

labelled probes were detected with antidigoxigenin-5’-TAMRA (Roche Biochemical reagents, 

Sigma-Aldrich) and biotin-labelled probes were detected with FITC-conjugated avidin (Vector 

laboratories). Chromosomes were mounted with coverslips and counterstained with 

Vectashield mounting medium containing 4’-6-diamidino-2-phenylindole (DAPI) (Vector 

Laboratories). After image acquisition, the slides were washed, dehydrated and denatured as 
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described by Chaves et al. (2003), following a second round of FISH with chromosome 

paintings. 

 

Chromosome painting 

The chromosome-specific paintings for cattle chromosomes 1 and 29 and for human 

chromosomes 14 and 21 were prepared by primary DOP-PCR amplification (Rabbits et al., 

1995) using universal primers 6MW (Supplementary Table S1) followed by a labelling DOP-

PCR with the incorporation of digoxigenin-11-dUTP or biotin-16-dUTP (both from Roche 

Biochemical reagents, Sigma-Aldrich). The probes BTA1 and BTA29 were then hybridized to 

fixed metaphase chromosomes from Bos taurus and the four Tragelaphini species, and the 

probes HSA14 and HSA21 were used on fixed metaphase chromosome preparations from the 

human cell line GM03417 (Coriell Institute), following the method described by Chaves et al., 

(2003). The most stringent post-hybridization wash was 50% formamide/2× SSC at 37 ° C. 

 

Image Capture and Processing 

FISH images were observed in a Zeiss ImagerZ microscope coupled to an Axiocam 

digital camera with AxioVision software (version Rel. 4.5, Zeiss). Digitized photos were 

prepared for printing in Adobe Photoshop (version 7.0), and image optimization functions as 

overlaying, color and contrast adjustments were used to affect the whole image equally. 

 

 

III.4 Results  

 

(Peri)centromeric satDNAs organization in Bos taurus chromosomes 1 and 29, and 

rob(1;29) 

Recently our group isolated, sequenced, in silico analysed and physically mapped five 

(peri)centromeric satDNA families (SATI, SATIV, SAT1.723, SAT1.711a and SAT1.711b) from 

the Bos taurus (BTA) genome (Escudeiro et al. 2019). In the present work we analysed the 

order of these satDNA sequences on BTA chromosomes from a primary cell line with the 

chromosome complement of 60,XY, and other with 59,XY,t(1;29). Our proposal was to 

compare the satDNAs organization on the centromeric and pericentromeric regions of 

chromosomes 1, 29 and rob(1;29), in order to disclose the mechanism underling the centric 

fusion between BTA1 and BTA29. Thus, we isolated by PCR (specific primers described in 
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supplementary Table S1) and physically mapped the satDNA sequences onto BTA metaphase 

chromosome preparations obtained from the two BTA cell lines by in situ hybridization using 

pools of two probes. Since the satDNA sequences order in BTA1 and BTA29 showed to be the 

same in the two cell lines, here we only show the results obtained with metaphase chromosome 

preparations from the BTA cell line carrying the rob(1;29) (fig. III.1a). 

In 2003, our group had already reported that the three most studied bovine satellites, 

SATI, SATIII and SATIV, are organized on BTA autosomes in the order p-ter-SATIV-SATI-

SATIII-q (in the chromosomes presenting the three satDNA sequences). In this work we 

additionally analysed the organization of SAT1.723, SAT1.711a and SAT1.711b and showed by 

FISH that SAT1.723 repeats are located between SAT1.711b and SAT1.711a sequences (fig 

III.1a), being the SAT1.711b closer to SATI, as anticipated by Chaves et al. (2003).

Analysing in particular the BTA1 and BTA29 (fig. III.1b), we showed that the satDNAs 

are organized as p-ter-SATI-SAT1.711b-SAT1.723-SAT1.711a-q in BTA1, whereas in BTA29 

the order is p-ter-SATIV-SAT1.723-SATI-q (fig. III.1c). In what concerns the satDNAs 

organization in the rob(1;29) (peri)centromeric region (fig. III.1a, b), the order detected was: p-

ter-SATIV-SAT1.723-SAT1.711b-SAT1.711a-q (fig. III.1c). The apparent absence of SATIV in 

BTA1, SATIII repeats in BTA29 and SATI in the rob(1;29) are in agreement with the data 

reported by Chaves et al. (2003).  
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Figure III. 1 SatDNAs organization in BTA1, BTA29 and rob(1;29). 

(a) BTA metaphase chromosome preparations (blue, DAPI) with in situ hybridization of satDNA probes (red and 

green) and sequential hybridization with chromosome paintings for BTA 1 (red) and 29 (green). The squares 

highlight the chromosomes marked by the painting probes. (b) Representative images of BTA1, BTA29 and 

rob(1;29) showing fluorescent in situ hybridization of SAT1.723, SATI,  SATIV, SAT1.711a and SAT1.711b. Scale 

bar represents 10 µm. (c) Schematic representation of the order of the analysed satDNAs in chromosomes 1, 29 

and rob(1;29).   
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(Peri)centromeric satDNAs organization in the evolutionary rob(1;29) in Tragelaphini 

species  

In this work we further analysed four species from the Tragelaphini tribe (Tragelaphus 

scriptus, T. spekii, Taurotragus oryx and T. derbianus) that present the rob(1;29) as an 

constitutive autosome (Rubes et al. 2008). Using these species’ genomes, we had the 

opportunity to study the translocation also from an evolutionary perspective, analysing how the 

rob(1;29) differ structurally and mechanistically between domestic cattle and the Tragelaphini 

species. The recent characterization of bovine SATI, SATIV and SAT1.723 orthologous 

sequences from Tragelaphini (Escudeiro et al. 2019) provided useful tools for the analysis of 

the structural organization of the (peri)centromeric regions of the acrocentric and 

submetacentric chromosomes. Similarly, to what was done for domestic cattle, satDNA 

sequences were isolated by PCR (primers described on supplementary Table III.1) and 

physically mapped onto the chromosomes of each species, showing a (peri)centromeric 

location, as previously reported by Escudeiro et al. (2019) (Supplementary fig. III.1). Three 

satDNA sequences, SATI, SAT1.723 and SATIV were mapped in TDE (fig. III.2a) and TOR 

chromosomes (fig. III.2b), whereas in TSC (fig.III.2d) and TSP (fig. III.2e) karyotypes we only 

analysed the SATI and SAT1.723 families once in these species the SATIV was not detected. 

FISH results from TDE (fig. III.2a) and TOR (fig. III.2b) revealed that the satDNAs 

organization is similar in both species and in each chromosome type. In acrocentric 

chromosomes the satDNAs are organized as p-ter-SAT1.723-SATI-SATIV-q, and in the 

submetacentrics the order is p-ter-SAT1.723-SATIV-SATI-q (fig. III.2c). In both species, the 

submetacentric chromosome homologous to cattle rob(1;29) presents the same satDNAs 

organization of all the other submetacentrics of these species’ karyotypes (fig. III.2 a,b). 

Regarding TSC and TSP FISH results (fig. III.2d, e), we found that the acrocentric 

chromosomes present the same satDNA organization with SAT1.723 next to the p-arm, and 

SATI with a closer location to the q-arm. The acrocentric chromosomes of TDE and TOR also 

presented SAT1.723 and SATI in the same order (fig. III.2a, b). However, in the submetacentric 

chromosomes from TSC and TSP we found differences in the satDNAs presence and order 

among chromosomes (fig. III.2d, e). In TSC karyotype we found two types of bi-armed 

chromosomes in what concerns to the (peri)centromeric satDNAs organization: 

submetacentrics chromosomes showing only SAT1.723 centromeric satellite (submetacentric 

type 1); and submetacentrics that exhibit both SAT1.723 and SATI signals (submetacentric type 
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2) in the following order p-ter-SATI-SAT1.723-q (fig. III.2d). Similarly, in TSP there are three 

different types of bi-armed chromosomes: chromosomes presenting only SAT1.723 FISH 

signals (submetacentric type 1); chromosomes with the two satDNA families in the order p-ter-

SATI-SAT1.723-q (submetacentric type 2); and chromosomes presenting also the two satDNAs 

in the same order, but with a notoriously larger SATI block (submetacentric type 3) (fig. III.2e). 

Despite this, the bi-armed chromosome homologous to BTA1 and BTA29 presents the same 

satDNAs constitution in TSC and TSP, showing only SAT1.723 hybridization signals (fig. 

III.2f). Moreover, it is clear that SAT1.723 is present in all chromosomes from these species 

karyotypes, unlike SATI, what reinforces the functional importance of SAT1.723 family (firstly 

evidenced by Escudeiro et al., 2019).  

 

Figure III. 2 SatDNAs organization on acrocentric, submetacentric and rob(1;29) chromosomes from TDE, 

TOR, TSC and TSP.  

Representative images of acrocentric, submetacentric and rob(1;29) chromosomes from TDE (a), TOR (b), TSC 

(d) and TSP (e), showing fluorescent in situ hybridization of SAT1.723, SATI and SATIV. Scale bar represents 10 

µm. The shematic representations highlight the order of the analysed satDNAs in rob(1;29) chromosomes from 

TDE and TOR (c) and TSC and TSP (f).  
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(Peri)centromeric satDNAs organization in Human chromosomes 14, 21 and rob(14;21) 

Considering the high complexity of the Bovinae rob(1;29), we wondered if in other 

robertsonian translocations a similar scenario of (peri)centromeric satDNA sequences 

reshuffling could also occur. To answer this question, the well-known human rob(14;21) 

translocation was chosen. This translocation is present in about 32% of the cells (45,XX, 

rob(14;21)) in the human cell line GM03417 (Coriell Institute). A similar approach was thus 

used in these cells to analyse the translocation mechanism through the analysis of 

peri(centromeric) satDNAs. Thus, different satDNA families were isolated by PCR (primers 

described on supplementary Table III.1) and physically mapped onto the human cell line 

chromosomes. The α-SAT amplicons obtained by PCR isolation presented 160 bp, and the 

SATIII amplicons 180 bp. 

SATI, SATIII and α-SAT showed to be present at the peri(centromeric) regions of the 

human acrocentric chromosomes. Figures III.3a and III.3b show the organization of these three 

satDNA families in human chromosomes, with a special emphasis for HSA14, HSA21 and 

rob(14;21). SatDNAs in situ hybridization results showed that the satDNAs order in HSA14 

and HSA21 is different (Fig. III.3a, b), being in HSA14 p-ter-SATI-αSAT-SATIII-q, whereas in 

HSA21 p-ter-SATIII-SATI-αSAT-q (fig. III.3c). The presence/absence of SATI sequences at the 

human acrocentric chromosomes has been contradictory (Gravholt et al. 1992; Kalitsis et al. 

1993; Trowell et al. 1993; Han et al. 1994; Meyne et al. 1994), however here we clearly show 

the presence of this satDNA family in the (peri)centromeric regions of both HSA14 and HSA21. 

Our analysis shows also that the (peri)centromeric region of rob(14;21) is organized as p-ter-

SATI-αSAT-SATIII-q (fig. III.3c).  
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Figure III. 3. SatDNAs organization in HSA14, HSA21 and rob(14;21) from Human.  

(a) HSA metaphase chromosome preparations (blue, DAPI) with in situ hybridization of satDNAs probes (red and 

green) and sequential hybridization with paints probes for HSA chromosomes 14 (red) and 21 (green). In the 

squares are highlighted the chromosomes marked by the painting probes. (b) Representative images of HSA14, 

HSA21 and rob(14;21) showing fluorescent in situ hybridization of SATI, SATIII, SATα. Scale bar represents 10 

µm. (c) Schematic representation of the order of the analysed satDNAs in chromosomes 14, 21 and rob(14;21).  
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III.5 Discussion

The interest in robertsonian translocations, the most frequent chromosome 

rearrangement in mammals, derives not only from its influence on genomes’ evolution, but also 

on fertility and disease. During karyotype evolution, robs may contribute to speciation as 

reproductive barriers (Gallagher et al. 1994; Rubes et al. 2008). However, when occurring in 

domestic animals, it may lead to economic losses, as heterozygotes for rob chromosomes often 

present reduced fertility (Ducos et al. 2008; Iannuzzi et al. 2009), and thus, loss of productivity. 

In humans, these events may be responsible to severe clinical conditions both at the germinal 

and at the somatic levels (Kim and Shaffer 2002). This work encompasses the comparative 

analysis of robertsonian translocations in different species and, apparently, with different 

biological implications (reduced fertility, evolution and disease). We used the Rob Bovinae 

model system, where is possible to analyze a rob involving the same chromosomes (1 and 29) 

both as a chromosomal alteration with negative effects on fertility in cattle and as an 

evolutionary rearrangement already fixed in some species of Tragelaphini. Then, we revisit one 

of the most frequent human robs, the 14;21 trying to disclose its translocation mechanism. The 

work was structured in the organizational analysis of different satDNA families located at the 

centromeres of chromosomes, the regions of the breakpoints preceding the translocation events. 

The Bovinae rob(1;29) mechanism regarding (peri)centromeric satDNAs reorganization 

The foundation of this analysis relied on the satellite DNA families residing at the 

centromeres of BTA1, BTA29 and in the rob(1;29) chromosomes from cattle (Bos taurus, 

Bovini, Bovidae) presenting the karyotypic complement of 59,XY,t(1;29) (fig. III.1a, b). In 

addition to the previous analysis of SATI, SATIII and SATIV families in that chromosomes 

(Chaves et al. 2003), we extended the study to three other satDNA families, namely,SAT1.723, 

SAT1.711a and SAT1.711b, thus increasing the resolution of the centromeric map of the 

chromosomes in study (fig. III.1c). The analysis of these data allowed to conclude that a single 

centric fusion between chromosomes 1 and 29, could not explain the Robertosonian 

chromosome 1;29. In 2003, Chaves et al. proposed for the first time that this translocation is a 

multistep complex rearrangement occurring in two separate sequential events. Now our analysis 

further confirmed and refined its outstanding complex centromere reorganization, including an 

improved resolution at the breakpoint regions. The first event is a reciprocal translocation 
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involving the regions of the chromosomes with SAT1.711b in chromosome 1 and SATIV in 

chromosome 29. SATI of chromosome 1 origin, probably with some SAT1.711b and SATIV 

repeats from chromosome 29, are lost in this first step as a chromosomal fragment. A second 

step occur in the intermediate chromosome and involves elimination of the SATI and SAT1.723 

blocks (proximal to the 29 chromosome arm) and an inversion involving the blocks of 

SAT1.711b and SAT1.723 (fig. III.4a). As suggested by Chaves et al. (2003) these two steps 

are pre-programmed and controlled, once the intermediate chromosome was never found. The 

translocation scenario suggested (fig. III.4) is one of the most parsimonious, but alternative 

models can be drawn. However, the need of at least a two-step model is evident in all possible 

mechanistic explanations with a step of a translocation event and another step encompassing 

centromeric satellite DNA reorganization. If we hypothetically preview other putative 

robertsonian translocations in Tragelaphini species, where this type of chromosome 

rearrangements is more stable, is also possible to perceive that this chromosome event will also 

require two-steps to occur (Supplementary fig. III.2). Regarding this centromere satellite 

reorganization is important to add two more considerations. First, the elimination of satellite 

repeats could be due to turnover processes of satDNAs (Chaves et al. 2003), considered a 

general occurring event in genomes due to selective pressure to reduce the number of copies of 

repetitive sequences and thus to maintain the overall genome size (Nijman and Lenstra 2001). 

Second, the inversion suggested between SAT1.711b and SAT1.723 seems to be important to 

reorganize the position of satDNAs, especially of SAT1.723. As proved by Escudeiro et al. 

2019, this satellite family is crucial to ensure the centromeric activity, and hence the viability 

of the rob(1;29) chromosome. This mandatory inversion, that probably re-locate SAT1.723, thus 

ensuring the centromeric activity of the translocated chromosome, is one of the most important 

findings of the present work. 

To increase the understanding of the rob(1;29) mechanism, we further analysed this rob 

in an evolutionary context. This was possible because some Tragelaphini species exhibit the 

homologous “rob(1;29)” in their constitutive karyotypes, such as Taurotragus derbianus, T. 

oryx, Tragelaphus scriptus and T. spekii, here analysed.  

In fig. III.2 is possible to conclude that none of the homologous 1;29 chromosomes of 

the Tragelaphini species analysed have the same panel of satellite DNA families as the one of 

cattle 1;29 chromosome. But all the homologous 1;29 robertsonian chromosomes analysed have 

SAT1.723 repeats, reinforcing the crucial role of this satellite DNA family in the centromeric 
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function. In fact, in Bovinae species, the functional centromere is at SAT1.723 repeats 

harbouring the CENP-B box, the binding site of the CENP-B protein, which induce the 

translational positioning of CENP-A nucleosomes (Escudeiro et al., 2019). The presence of this 

satDNA in the rob(1;29) is probably crucial for the long-term stability of the centromeric locus, 

and this is the reason why SAT1.723 is preserved in these rob chromosomes over time. Also in 

the house mouse, metacentric chromosomes maintain the centromeric functional satDNA in 

order to ensure the chromosome stability (Garagna et al. 2014). 

Figure III. 4 Bovinae rob(1;29) translocation mechanism regarding the (peri)centromeric satDNAs 

reorganization.  

(a) Schematic representation of the hypothesized two steps translocation mechanism of rob(1;29) in BTA. The

order of the analysed (peri)centromeric satDNAs are represented on chromosomes. A theoretical intermediate
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stage of the satDNAs’ resshuffling during the translocation process is also illustrated. The arrows indicate the 

breakpoint regions, the circles present the satDNAs that are eliminated and the term “Inv” indicates the inversion 

event. (b) Diagram showing the cattle rob(1;29) and the homologus rob chromosomes from TSC/TSP and 

TOR/TDE, with information about the probable evolutionary date (not to scale) of each rob occurrence in these 

Bovinae species. 

 

 

Furthermore, the satellite DNA composition in all the homologous 1;29 chromosomes 

analysed in Taurotragus derbianus (fig. III.2a,c), T. oryx (fig. III.2b,c), Tragelaphus scriptus 

(fig. III.2d,f) and T. spekii (fig. III.2e,f) seems to be correlated with the time of occurrence of 

each robertsonian translocation (fig. III.4b). Considering that in Bovidae karyotypic homoplasy 

predominates (Robinson and Ropiquet 2011) and that Bos taurus originated around 1 Mya, 

Taurotragus derbianus and T. oryx about 2.5 Mya and Tragelaphus scriptus and T. spekii about 

3.5 Mya (Bibi 2013), is possible to extrapolate that the robs homologous to cattle rob(1;29) in 

T. scriptus and T. spekii are older than the ones of T. oryx and T. derbianus species. The fusion 

originating cattle rob(1;29) is undoubtedly the most recent, as still today, it continues to occur 

as a de novo event. When analysing the homologous 1;29 robertsonian chromosomes in this 

time line (fig. III.4) is possible to suggest that the elimination of satellite DNA is a dynamic 

event that occurs over time. This idea was already suggested by our group (Chaves et al. 2000) 

regarding the satDNAs distribution on sheep biarmed chromosomes. In this work we reported 

the lack of SATI on sheep chromosome 1 was consistent with its older origin. Chromosomes 2 

and 3 exhibited a substantial intense satellite hybridization signal, indicating the more recent 

origin of these fused chromosomes (Chaves et al. 2000a). We highlighted that the loss of 

satDNA sequences is a gradual process that continues to happen after the time of the fusion 

events (Chaves et al. 2000a). Thus, if loss of satellite sequences is an ongoing process in rob 

chromosomes, we believe that the cattle rob(1;29) and the homologous chromosomes on T. 

derbianus and T. oryx will probably evolve by losing satDNA families except SAT1.7123, 

resembling the homologous rob(1;29) from T. scriptus and T. spekii. The presence of SAT1.723 

(and the lack of all the others satDNA families) on rob chromosome from T. scriptus and T. 

spekii is consistent with its older origin (fig. III.4b). Overall, our suggestion is that rob(1;29) 

and its homologous is most probably still evolving in cattle, T. derbianus and T. oryx by 

progressive losses of centric heterochromatin. We can hypothesize that the presence of several 

satDNA families in the centromeric regions of the biarmed chromosomes in Bovinae species 

give them a certain degree of instability. In cattle standard karyotype only the acrocentric 

chromosomes seem to exhibit several satDNAs, including SATI. Chaves et al (2003) proposed 
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that SATI would confer instability to the metacentric chromosomes, and for that reason, was 

eliminated from the submetacentric X and from the rob(1;29) (Chaves et al. 2003). Similarly, 

in Tragelaphini species, the amount of satDNAs is lower in the submetacentric chromosomes 

and even between them, indicating different timing for the submetacentric chromosome 

formation (Adega et al. 2009), as it is accepted that the amount of satDNA at the breakpoint 

regions decreases with time, in the process of homogenization (Chaves et al. 2000a; Chaves et 

al. 2003). 

Human rob(14;21) shows also satDNAs reorganization during the centric fusion event 

Considering the evidences that strongly suggest that satellite repeats indeed facilitate 

the molecular mechanism for the Bovinae translocation events and seems to be involved in 

post-translocation mechanisms that ensures the centromeric activity of the robertsonian 

chromosome, we wondered if the same is verified in other species. Thus, we analysed one of 

the most frequently found robs in humans, the rob(14;21). The human satDNA sequences have 

been already used to investigate the regions containing the breakpoints in human robs. 

Generally it is accepted that rob(14;21) is dicentric with only one of the centromeres active, and 

that no rDNA and β-SAT sequences are present (Gosden et al. 1981; Gravholt et al. 1992; Wolff 

and Schwartz 1992; Han et al. 1994). The analysis of several rob(14;21) chromosomes further 

revealed that some SATIII subfamilies are deleted whereas others are retained, suggesting that 

the breakpoints that lead to this rob occur in these repeats (Earle et al. 1992; Gravholt et al. 

1992; Bandyopadhyay et al. 2001a). Comparing the satDNAs order at the (peri)centromeric 

regions of HSA14 and HSA21 with rob(14;21) (fig. III.3b) it is possible to note a lower intensity 

of SATIII hybridization signals on the translocated chromosome, corroborating the reduction in 

SATIII repeats copy number. Furthermore, analysing the possible rob translocation mechanism, 

we could hypothesize that during the fusion all (peri)centromeric sequences from HSA21 were 

lost, being retained in the rob chromosome all the (peri)centromeric sequences from HSA14 

(fig. III.3c). This would be, at first sight, the most parsimonious hypothesis, however the well 

accepted dicentric nature of the rob(14;21) (Gosden et al. 1981; Gravholt et al. 1992), as well 

as the accepted occurrence of the DSBs at SATIII (Earle et al. 1992; Bandyopadhyay et al. 

2001a), contradict this theory. We thus suggest that this rob might occur in two sequential steps 

(fig. III.5). The first event is a reciprocal translocation involving the regions of SATIII from 

both chromosomes 14 and 21. Some repeats of SATIIII of chromosome HSA21 origin, probably 
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with some SATIII repeats and SATI and α-SAT blocks from chromosome HSA14, are lost in 

this first step as a chromosomal fragment. A second step occur in the intermediate chromosome 

and involves the inversion between SATI and the α-SAT blocks (fig. III.5). 

According to the two-steps translocation mechanism that we suggest (fig. III.5), SATIII 

repeats retained in the rob chromosome most probably belong to both HSA14 and HSA21, 

reflecting the dicentric nature of this rob. Moreover, the α-SAT repeats retained in the 

translocated chromosome are responsible for its centromeric function (Trowell et al. 1993). 

Thus, similar to the rob Bovinae model, a reorganization of the centromeric satellite sequences 

with the re-location of the satellite responsible for centromeric activity (in this case the α-SAT) 

is needed to guarantee this important function on the chromosomes.  

The human rob(14;21) have been extensively studied in the 80-90 decade but the great 

gap remained until now was the dubious presence of SATI on HSA14 and HSA21 (Earle et al. 

1992; Gravholt et al. 1992; Kalitsis et al. 1993; Trowell et al. 1993; Han et al. 1994; Meyne et 

al. 1994; Page et al. 1996; Bandyopadhyay et al. 2001a; Bandyopadhyay et al. 2001b). Here we 

demonstrate the presence of SATI on both chromosomes HSA14 and HSA21, and its 

participation in the pericentric inversion that occurs in the rob(14;21) translocation (fig. III.5). 

We strongly suggest that this satDNA sequence should be further analysed in order to fine tune 

the translocation mechanism underlined. 

 

Figure III. 5 Human rob(14;21) Translocation mechanism regarding the (peri)centromeric satDNAs 

reorganization.  

Schematic representation of the hypothesized two-steps translocation mechanism of HSA rob(14;21). The order 

of SATI, SATIII, SATα in HSA14, HSA21 and rob(14;21) chromosomes are represented. A theoretical intermidiate 

stage of the satDNAs resshuffling during the centric fusion process is also showed. The arrows indicate the 

breakpoint regions, the circles present the satDNAs that are eliminated and the term “Inv” indicates the inversion 

event. 
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A similar mechanism underlying robs in Bovinae species and in humans 

In the present work we strongly suggest that the robertsonian translocations need a 

multistep mechanism that comprehend not only the fusion event, but also an additional step that 

allows the centromere satellite reorganization to guarantee the centromeric function of these 

translocated chromosomes. Moreover, it seems plausible to recognize that this centromere 

satellite reorganization does occur over time, probably making the translocated chromosome 

more stable and therefore being responsible for its fixation on a given karyotype. On this 

respect, the Bovinae robertsonian model constitute a unique opportunity to analyse a 

translocation that is still occurring as a de novo rearrangement in cattle and is already 

constitutively acquired in species of the Tragelaphini. It is thus a perfect scenario that allows 

us today to almost witness an evolutionary event occurring, to uncover how the 1;29 

robertsonian translocation occurred and to hypothesize how it will be stabilized over time.  

Another issue that need to be taken into account is that the high frequency of the 

rob(1;29) and rob(14;21) in cattle and human populations suggests the existence of a bias, 

where the apparent propensity of some chromosomes to underwent rob translocations raises the 

hypothesis that it may be due to specific centromeric features shared by some chromosomes of 

the complement leading to a specific mechanism (Jarmuz-Szymczak et al. 2014). Illegitimate 

recombination between homologous sequences, such as satDNAs, on nonhomologous 

chromosomes has been proposed as a feasible mode of formation of rob chromosomes in both 

mouse and humans (Therman et al. 1989; Page et al. 1996). The non-random participation of 

specific acrocentrics in the translocations could be explained by the tendency that acrocentris 

sharing the same centromeric satDNA sequences or centromeric features/structures caused by 

satDNAs pair and recombine, leading to errors that sometimes result in whole-arm transfer 

(Choo et al. 1988). Indeed, the high GC content of human SATIII was already related with the 

formation of tetraplex structures (Gravholt et al. 1992) that can eventually promote 

recombination between non-homologous chromosomes. 

Despite the high frequency of robs and their implications in reproduction and health, 

there isn’t yet enough insights about their molecular formation mechanism and breakpoints 

location due to the fact that (peri)centromeric regions are usually excluded from the mapping 

efforts in the sequencing projects. The new technologies that are being developed, as the 

Nanopore sequencing, present a new hope to sequence and assemble the centromeric regions 

of chromosomes. Maybe then, the elucidation of the robs’ mechanisms will be a reality that will 
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certainly assist in understanding the genome architecture required for chromosomal 

rearrangements in the speciation and disease processes. 
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Supplementary Information 

Supplementary Figures 

Supplementary Figure III. 1. SatDNAs in situ hybridization and chromosome painting.  

TDE (a), TOR (b), TSP (c) and TSC (d) metaphase chromosome preparations (blue, DAPI) showing in situ 

hybridization of satDNAs probes (red and green) and sequential hybridization with chromosome paintings for 

BTA chromosomes 1 (red) and 29 (green). In the squares are highlighted a representative acrocentric, 

submetacentric and rob(1;29) chromosome. Scale bar represents 10 µm. 
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Supplementary Figure III. 2. Tragelaphini centric fusions mechanism regarding the (peri)centromeric 

satDNAs reorganization.  

Schematic representation of the hypothesized two steps translocation mechanism that originated the bi-armed 

chromosomes in TDE and TOR (a), the submetacentrics type 1 from TSC and TSP (b), the submetacentrics type 

2 from TSC and TSP (c) and the submetacentrics type 3 from TSP (d). The order of the analysed (peri)centromeric 

satDNAs, in each species, are represented on the chromosomes. A theoretical intermidiate stage of the satDNAs’ 

resshuffling during the translocation process is also illustrated. The arrows indicate the breakpoint regions, the 

circles present the satDNAs that are eliminated and the term “Inv” indicates the inversion event. 
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Supplementary Tables 

Supplementary Table III. 1. Sequences of the primers used for satDNA sequences’ genomic isolation and 

chromosome painting probes amplification.  

The deoxyoligomer biotinylated probe used for human SATI physical mapping was also described.  The same sets 

of primers were used for each satDNA isolation in all the species analysed.  

Forward Reverse 

SATI CCCAGGCAAGTCCAATCTTC GAATTCCCCGTCGTAACTCG 

SATIV CTGTCTAGAATTCAGGGATCCAA 
TAAGCTTGTGACAGATAGAACGAT 

SAT1.723 CTGTGCTAGGGAGCCCAAA AGTGAGCTCGGGCAGTTAC 

SAT1.711a AGGAAGGAGGCTCGGCATAC TGAGGAGAGCTCAGTAGGAAAA 

SAT1.711b CCAGAGTCTGCCTACTTTCTGC GTAGGCGAAGATCAGGAAACC 

HSA SATα TGCAAGTGGATATTTGGACCT CAAAAAGAGTGTTTCAAACCTGAAC 

HSA SATIII ATCGGAGTGCAGTGGAAAGG CACTCGATTCCCACTGCACT 

HSA SATI 
ACATAAAATATCAAAGTACACAAAAT

ATATATTATATACTGT 

6MW CCGACTCGAGNNNNNNATGTGG 
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IV. General Discussion

Heterochromatin formation and maintenance, chromosome pairing and segregation, 

centromeric function, chromatin elimination, chromosome rearrangements’ promotion, cell 

cycle control or gene expression regulation are some of the processes/functions that have been 

ascribed to satellite DNAs/RNAs (Slamovits and Rossi 2002; Plohl et al. 2008; Adega et al. 

2009; Ugarkovic 2009; Pezer et al. 2012; Enukashvily and Ponomartsev 2013; Paço et al. 2013; 

Ferreira et al. 2015; Louzada et al. 2015). It is thus accepted that the evolutionary history of 

eukaryotic genomes was largely influenced by this genome component, no more than a 

consequence of the rapid evolution of satDNAs, acting as drivers of population and species’ 

divergence (Ugarković and Plohl 2002; Adega et al. 2009; López-Flores and Garrido-Ramos 

2012; Paço et al. 2013; Feliciello et al. 2015; Vieira-da-Silva et al. 2015). 

This last chapter is dedicated to the involvement of satDNAs on genomes’ evolution, 

centromeric function and chromosomal rearrangements promotion/facilitation, topics discussed 

in an integrated perspective, summarizing the main achievements of this work presented in the 

previous chapters. 

IV.1 SatDNAs evolution across Bovidae genomes is phylogenetically

informative and reflects the different stages of the library model

The complexity and impact of satellite DNAs in the Bovidae family evolution was 

initially exposed in chapter I (Escudeiro et al., 2019 a). Eight satDNA families were earlier 

isolated from Bos taurus (Bovini tribe) genome (Macaya et al. 1978), and some of these 

sequences’ motifs have been interestingly found in other species from the Bovidae (Modi et al. 

1993; Modi et al. 1996; Chaves et al. 2000a; Chaves et al. 2004; Modi et al. 2004; Chaves et al. 

2005; Adega et al. 2006; Kopecna et al. 2012; Kopecna et al. 2014). One of these examples is 

the primitive bovine SATI that is present in all Pecoran genomes (Modi et al. 1993; Modi et al. 

1996; Chaves et al. 2000a; Chaves et al. 2005). In chapter II (Escudeiro et al., 2019 b), we 



General Discussion 
 

116 
 

showed the presence of other bovine satDNAs families besides SATI in seven species from the 

Tragelaphini (Bovinae) and in two species from the Caprinae subfamily (Capra hircus and Ovis 

aries). The cytogenetic analysis of SATI, SAT1.723, SATIV, SAT1.711a and SAT1.711b 

evidenced the presence of the first two satDNAs in all the species under analysis, and the 

presence of SATIV in BTA and two Tragelaphini species (TDE and TOR). Until now the few 

works that analysed the presence of SATI, SATIV, SAT1.711a and SAT1.711b gathered 

contradictory data regarding their presence in the tribes that constitute the Bovinae subfamily 

(Modi et al. 1996; Modi et al. 2004; Adega et al. 2006). The results presented in chapter II agree 

with Modi et al. (1996) that dated the origin of SATI family to 20–40 Mya, a satDNA shared by 

all pecoran. Also, the results for SATIV meet those of Adega et al. (2006) that estimated the 

origin of this satDNA family 10 Mya, being present only in the Taurotragus genus. Moreover, 

it became clear that SAT1.723 family predated the radiation of Bovidae, before the divergence 

of the Bovinae and Caprinae subfamilies (Chaves et al. 2005), at least 15-20 Mya. 

As reviewed in chapter I (Escudeiro et al., 2019 a), the study of bovine satDNAs and 

the comparison of homologous sequences between related and unrelated species has improved 

the resolution of the Bovidae phylogeny (Ugarković and Plohl 2002; Chaves et al. 2003; Adega 

et al. 2006; Adega et al. 2009). In chapter II, the analysis of sequence similarity amongst 

orthologous satDNA sequences revealed that SAT1.723 is a superior phylogenetic marker in 

comparison to SATI and SATIV (fig. IV.1), since the phylogenetic relationships inferred by its 

analysis is consistent with the current taxonomy of the Bovinae subfamily (fig IV.1 d) (Groves 

and Grubb 2011; Khademi 2017). In this work, the phylogenetic analysis of SAT1.723 (fig. IV.1 

b) revealed the existence of four distinct groups. T. scriptus, T. spekii, and T. strepsiceros 

clustered together into the first group, reported phylogenetically as the closest species within 

the tribe Tragelaphini (Khademi 2017). Other three species constitute the second group, T. 

angasii, T. oryx, and T. derbianus, confirming the very close phylogenetic relationship between 

the Taurotragus and Tragelaphus genus members, already suggested by other authors using 

cytochrome b gene (Matthee and Robinson 1999), cross-species chromosome painting (Rubes 

et al. 2008), complete mitochondrial genome (Khademi 2017) and repetitive sequences 

(Kopecna et al. 2014) analysis. Lastly, T. imberbis and Bos taurus constitute the third and fourth 

groups, being these completely separated from each other and from the other Tragelaphini 

species (fig. IV.1 b). Previous studies using different nuclear and mitochondrial genes failed in 

providing a strong genetic support for the recognition of a new genus for T. imberbis or for the 
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elimination of the Taurotragus genus (Willows-Munro et al. 2005; Robinson and Ropiquet 

2011). SAT1.723 analysis thus constitute a good molecular marker to further improve the 

Bovidae taxonomic classification. The comparison of SAT1.723 homologous sequences 

isolated in BTA and in the seven Tragelaphini species clearly evidenced the closest relation 

between the two Taurotragus species with the other Tragelaphus species, and even highlighted 

TIM as the less related with all the other wild species (fig IV.1 b).     

Figure IV. 1. Orthologous bovine satDNA sequences phylogenetic relationships. 

Tree built with the SATI (a), SAT1.723 (b) and SATIV (c) consensus sequences from each of the seven Tragelaphini 

species and the respective BTA satDNA sequences deposited in Genbank, using the software Geneious R9 version 

9.1.2, the genetic distance model Jukes-Cantor and the tree build method Neighbor-joining. Cost matrix was 

defined for 65% similarity (5.0/-4.0). (d) Phylogenetic tree representing the currently accepted taxonomy of the 

Bovinae subfamily based on Groves and Grubb (2011) and Khademi (2017). 

Furthermore, the analysis of the orthologous satDNA sequences presented in chapter II 

revealed to be very useful to study the evolutionary history of these satDNA families (Escudeiro 

et al., 2019 b). As detailed described in chapter I (Escudeiro et al., 2019 a), the different known 
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satDNA sequences in the domestic cattle genome are highly complex in structure and 

organization, variable in number of copies and chromosomal distribution, (Macaya et al. 1978; 

Taparowsky and Gerbi 1982a; Taparowsky and Gerbi 1982b; Modi et al. 1996), thus 

constituting a good model to study the evolution mode of satellite DNA. The differences in the 

homogeneity/heterogeneity of each satDNA family amongst BTA and Tragelaphini genomes 

seems to represent different stages of these satDNA families’ evolution, being SATI in the 

homogenization phase, SAT1.723 in the degeneration phase and SATIV in the more initial 

amplification phase (Escudeiro et al., 2019 b). Additionally, the intra and inter-specific 

variability of each satDNA family reflects the existence of sequence variants. Overall the 

Bovinae satDNAs evolutionary history reflects well the accepted library model (Fry and Salser 

1977; Mestrović et al. 1998; Ugarković and Plohl 2002). 

 

 

IV.2 SAT1.723 as the centromeric active sequence on Bovidae genomes 

 

The interest in the study of satDNA has not only been due to their abundance and 

extensive distribution, but also and mainly to their structural and functional role in the 

centromeric function (Schmidt and Heslop-Harrison 1998; Plohl et al. 2008; Adega et al. 2009; 

Giannuzzi et al. 2012; Ferreira et al. 2015). The invariable presence of these sequences in the 

primary structure of mammalian chromosomes was one of the first clues pointing to a crucial 

role in genomes (Plohl et al. 2008). The detection of SATI and SAT1.723 families at the 

centromeres in all the species analysed in chapter II, suggested that at least one of these 

sequences might be involved in the centromeric function. In fact, an interatomic assay and an 

in silico analysis showed that SAT1.723 interacts with centromeric proteins as CENP-A and 

CENP-B in cattle, seven Tragelaphini, and two Caprinae genomes (CHI and OAR), strongly 

evidencing that this is the satDNA family displaying the centromeric function in all the genomes 

analysed, and probably preserved across the Bovidae family evolution (Escudeiro et al., 2019 

b). The data presented in chapter II evidenced that despite the presence of different satDNA 

families at the centromeric and pericentromeric regions of these species’ chromosomes, only 

one is involved in the centromeric function. This is also verified in humans (Plohl et al. 2014) 

and horses (Cerutti et al. 2016).  
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In order to explain the “selection” of SAT1.723 as the centromeric functional satDNA 

on Bovidae genomes, some intrinsic features of the monomer nucleotide sequence were 

investigated in chapter II. The ability to form DNA loops and G-quadruplexes, the high GC 

content, the dinucleotide periodicities and the bendability and curvature propensities seem to 

be compatible with the centromeric function, probably facilitating a CENP-A nucleosomal 

organization (Heslop-Harrison and Schwarzacher 2013; Zhang et al. 2013; Steiner and 

Henikoff 2015). The detection of LTR sequences flanking SAT1.723 monomers also reinforce 

the centromeric activity of this sequence, since retrotransposons may accumulate in active 

centromeres because of favoured integration into an epigenetically modified centromeric 

“environment” or due to the preferred association with CENP-A nucleosomes (Wolfgruber et 

al. 2009; Plohl et al. 2014).  

IV.3 (Peri)centromeric satDNAs present an intense interspersed distribution

on Bovidae species’ chromosomes

A BLASTN search for SATI, SAT1.723, SATIV, SAT1.711a and SAT1.711b performed 

in BTA, CHI and OAR sequencing data (chapter II; Escudeiro et al., 2019 b) revealed the 

interspersed presence of the five cattle satDNAs in these three species’ genomes. SatDNAs in 

silico mapping produced a variable number of BLAST hits distributed by all the autosomes and 

on the X chromosomes. In contrast, the initial FISH experiments (chapter II) showed 

hybridization signals only at the (peri)centromeric regions, namely, the five analysed satDNA 

families in BTA and two satDNA families (SATI and SAT1.723) in CHI and OAR. The 

comparison between the in silico and the cytogenetic analysis (fig IV.2) clearly shows that the 

in silico mapping does not reveal all the cytogenetic satDNA locations given the low number 

of satDNAs hits at the (peri)centromeric regions, known as the richest chromosomal locations 

in these sequences. This is not surprising once the richest satDNA chromosomes’ regions are 

centromeres (not yet represented in these sequencing projects data). On the contrary, the in 

silico approach allowed to find innumerous satDNA sequence hits that cannot be resolved with 

FISH alone. The combination of the FISH data with the in silico mapping (fig. IV.2), thus 

allowed to identify the large satDNAs’ heterochromatic clusters (by FISH) and their low copy 

number repetitions at interspersed chromosome locations (by BLASTN search). These results 
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clearly evidenced that bovine satDNA families also occur at other chromosome regions than 

the centromere. This interspersed pattern could be due to intragenomic movements, as recently 

reported for a cat satDNA (Chaves et al. 2017), for instance. SATI, SAT1.711a and SAT1.711b 

are those showing the greatest number of BLAST hits on the three species (fig. IV.2), revealing 

that these families probably underwent more intragenomic movements than SATIV and 

SAT1.723. The differences in the number of BLAST hits of each satDNA family could be also 

a reflection of their different evolutionary ages (chapter I and II). Evolutionary younger 

sequences as SATIV and SAT1.723 most probably didn’t yet underwent the intense shuffling of 

the older sequences. 

 

 

Figure IV. 2. Physical mapping of satDNA families in Bovidae genomes - In silico and cytogenetic 

approaches.  

In silico and in situ satDNAs physical mapping onto the chromosome graphic image and metaphases of each of 

the species BTA (a), CHI (b) and OAR (c).   
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Additionally, the analysis of the satDNAs monomer-flanking regions performed in 

chapter II further revealed that the transposable elements (TE) association seems to be the rule 

for all the bovine satDNAs analysed, as all are embedded in these TEs, with a particular 

emphasis for non-LTR elements (Escudeiro et al., 2019 b). Several studies have reported a 

physical link between satDNAs and TEs (Heslop‐Harrison and Schwarzacher 2011; Louzada 

et al. 2015; Petraccioli et al. 2015; Chaves et al. 2017). These findings could explain the 

intragenomic movements observed as TEs have the ability to transpose themselves and 

sometimes to carry sequences on their flanking regions, suggesting a role of these elements in 

satDNA evolution and consequently, of genomes, by promoting their movement and expansion 

(López-Flores et al. 2004; Biscotti et al. 2008; Kuhn et al. 2008; Macas et al. 2009; Šatović and 

Plohl 2013; Scalvenzi and Pollet 2014; Petraccioli et al. 2015; Satović et al. 2016; Chaves et al. 

2017). Furthermore, the presence of the same class of TEs in the monomer-flanking regions of 

all the five satDNAs suggests that the satDNAs movement may occur by the same transposition 

mechanism. Moreover, the near position of the different satDNAs BLAST hits may reflect that 

the five satDNAs are moved together through different chromosomal locations in the three 

genomes analyzed, or alternatively the satDNAs intragenomic movements might have occurred 

previously in an ancestral genome shared by these three species.  

The sequencing project of the bovine genome has begun to increase the knowledge of 

satDNA families’ genomic structure and organization, however this is still a slight explored 

area with respect to such repetitive sequences (Adega et al. 2009; Liu et al. 2009; Biscotti et al. 

2015; Miga 2015). The genome of Bos taurus, Capra hircus and Ovis aries haven´t yet reached 

a complete "telomere-to-telomere" chromosome assembly, and the largest assembly gaps 

remain at the centromeres and the acrocentrics’ short arms (Miga 2015), which represents a 

challenge for the study of satDNA sequences that are often localized at these regions (Biscotti 

et al. 2015). The assembly of satDNA sequences into long stretches is extremely difficult due 

to sequences’ homogeneity and repetitive nature, however newly developed technologies such 

as PacBio and Nanopore Minion are promising tools generating longer reads of several kbs 

(Biscotti et al. 2015) that can eventually help to uncode the centromeric entity. 
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IV.4 The cattle rob(1;29) as a model to study the robs translocation 

mechanism 

 

The extensive impact of robertsonian translocations (robs) on species evolution, fertility 

and disease was one of the main motivations to study these rearrangements in the present thesis. 

Here we used the highly frequent bovinae rob(1;29) as a model to study other robertsonian 

translocations, namely the human alteration rob(14;21). A comparative analysis of robs in 

different species and with different biological implications (reduced fertility, evolution and 

disease) was thus conducted. The choice of the cattle rob(1;29) as a model, was mainly due to 

different reasons: it is the most widespread chromosome rearrangement occurring in the 

domestic cattle (even despite the application of several eradication national programs) and is 

associated with reduced fertility (Rangel‐Figueiredo and Iannuzzi 1993); the 

orthologous/homologous chromosome to this rob is commonly found as a constitutional 

chromosome in several wild bovid species (Rubes et al. 2008), representing a unique 

opportunity to study the mechanism of a translocation event occurred million years ago. 

Moreover, several works had already evidenced the outstanding complexity of the mechanism 

leading to this rearrangement (Chaves et al. 2003; Di Meo et al. 2006). 

The richness of the genomes under study in different (peri)centromeric satDNAs 

evidenced in chapters I and II, allowed to develop a centromeric map encompassing the physical 

organization of these sequences in each species’ chromosomes. Therefore, the comparative 

analysis of the satDNAs present at the centromeric regions of the translocated chromosomes 

with the acrocentric homologous was the outlined approach to study the translocation 

mechanism in chapter III.  

Globally and interestingly, the elimination, maintenance and reorganization of 

centromeric sequences, namely, the different satDNA families under analysis showed 

remarkable similarities among cattle rob(1;29), the homologous Tragelaphini rob(1;29) and the 

human rob(14;21). In chapter III, we strongly suggest the possible existence of a 

specific/common mechanism for the origin of the most frequent robs, involving the reshuffling 

of (peri)centromeric satDNA sequences on the three robs (fig. IV.3). In fact, the studied robs 

showed to occur in more than one step, involving a pericentric inversion and/or a satDNAs 

elimination event during the centric fusion process (chapter III), that seems to be a required step 

for the satDNAs reorganization, probably to adjust the position of the satDNA sequences at the 
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active centromere region (chapter II). This complex reshuffling might be crucial to ensure 

centromeric activity/function and viability of the rob chromosomes. 

Additionally, the comparative analysis of the rob(1;29) from cattle and the homologous 

chromosome of the Tragelaphini species allowed to draw a time line for the robs occurrence, 

highlighting  that the loss of satDNA sequences is a gradual process that continues to happen 

time after the fusion events (chapter III). Overall, our suggestion is that rob(1;29) and its 

homologous is most probably still evolving in cattle, T. derbianus and T. oryx by a gradual loss 

of satDNA families, except for SAT1.7123, similarly to what occurred in the older homologous 

rob(1;29) in T. scriptus and T. spekii. In fact, the results presented in chapter III highlight the 

active role of satDNA sequences in the translocation mechanism and reinforces the functional 

meaning of these repetitive sequences in chromosomal rearrangements promotion and in the 

translocated chromosomes’ stability. In the last decades a considerable collection of works have 

demonstrated that satDNA sequences promote chromosomal rearrangements due to their 

dynamic behaviour among non-homologous chromosomes (Wichman et al. 1991; Rossi et al. 

1995; Chaves et al. 2000b; Slamovits and Rossi 2002; Chaves et al. 2004; Chaves et al. 2005; 

Adega et al. 2006; Paço et al. 2013; Vieira-da-Silva et al. 2015). In fact, the high frequency of 

robs can be caused not only by the homology of the satDNA sequences shared by acrocentric 

chromosomes, but also by the nicking activity of the CENP-B originating the double strand 

breaks preceding the fusion events (Garagna et al. 2001). In contrast, the reduction of satDNA 

repeats in evolutionary rob chromosomes over time has been pointed out as crucial in stabilizing 

the derived chromosomes, as we reported regarding the satDNAs reshuffling in the Bovinae 

rob(1;29) mechanism model. 
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Figure IV. 3. Schematic representation of the proposed two-steps translocation mechanism of Robs.  

Three hypothetical satDNA families (A, B and C) are represented in the (peri)centromeric regions of two 

acrocentric chromosomes and in the rob chromosome originated by the acrocentrics’ centric fusion. Two 

alternative intermediate stages of the translocation mechanism are also shown. * highlights the centromeric 

functional satDNAs. 
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IV.5 Concluding remarks and future perspectives

In the present thesis, we characterized satDNA families in several species from the 

Bovidae family, collecting clues and evidences of the sequences’ evolutionary history, 

disclosing phylogenetic relationships, and clarifying putative functions of these ubiquitous 

DNA sequences. The invariable presence of a particular satDNA family in the centromeres of 

all the analysed species and an interatomic assay revealed SAT1.723 as the centromeric 

functional satDNA in Bovidae. Another primordial task had been assigned to satDNA in the 

control, success and viability of rob events, and here we refined our knowledge about the robs 

translocation mechanisms, evidencing that that the Bovinae rob(1;29) and the human 

rob(14;21) are multistep complex rearrangements that involve a precise elimination and 

reorganization of specific peri(centromeric) satDNA sequences, namely the centromeric active 

satDNA, suggesting further the existence of a common mechanism for robs occurrence in 

mammals. Nevertheless, more studies are required to particularly analyse this hypothesis.  

In the forthcoming works, it will be important to specifically analyse the transcriptional 

activity of SAT1.723 in several Bovidae genomes, as our data strongly suggest this hypothesis. 

An ever-growing number of studies demonstrates the transcription of centromeric repetitive 

sequences and suggests a contribution of these transcripts to the centromere/kinetochore 

assembly and maintenance (Carone et al. 2009; Gent and Dawe 2012; Hall et al. 2012; Quénet 

and Dalal 2014).  

The increasing data from the sequencing projects and complete annotation of different 

species genomes complemented with the analysis of the repetitive fraction of these genomes 

using new technologies as Nanopore sequencing will certainly allow us to better understand 

satDNAs structure and function, as well as the centromeres composition. The ultra-long reads 

generated by nanopore-based sequencing could be used to detailed characterize the centromeric 

sequence of cattle rob(1;29), the Tragelaphini rob(1;29) and the human rob(14;21), as well as 

the associated epigenetic marks and ncRNA transcripts. To map the exact breakpoint sequence 

and identify specific changes in satDNA transcription that emerge from it are one of the most 

ambitious future goals.  
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