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ABSTRACT 
 

The centromere is the chromosomal structure required for chromosome segregation 

during cell division. In different species, centromeric proteins show high levels of 

conservation while centromeric DNA sequences are highly variable. This 

discordance is related to the fact that the centromeric function is not defined by the 

DNA sequence but by epigenetic factors. The histone-H3 variant, CENP-A, is the 

main centromeric determinant. 

The molecular characterization of mammalian centromeres has been a challenge 

due to the repetitive nature of its DNA sequence (satellite DNA). Previous studies 

from our laboratory demonstrated that the ECA 11 centromere of Equus caballus 

(Wade CM et al. 2009) is devoid of satellite sequences, having acquired its 

function in recent evolutionary times. Recently we discovered that, in E. asinus, 16 

out of 31 centromeres are satellite-less (Nergadze SG et al. 2018). During my PhD 

thesis work, using an NGS approach (ChIP -seq with anti-CENP-A antibodies), we 

identified a total of 65 satellites-less neocentromeres in other species of the genus 

Equus: E. zebra hartmannae, E. grevyi, E. burchelli, E. kiang and E. hemionus 

onager. 

We then carried out a comparative analysis of the localization and sequence of 

satellite-less centromeres in the different Equus species revealing that 

“centromerization” hot spots may have been used for the formation of 

neocentromeres during evolution. 

We also mapped extra-centromeric CENP-A binding sites in horse, donkey, mouse 

and human cells. The results of this analysis strongly suggest that CENP-A may 

play a role in gene expression regulation. 

The analysis of several epigenetic markers at the horse and donkey satellite-less 

centromeres was previously carried out in our laboratory (Riccardo Gamba PhD 

thesis 2017) using NGS approaches. Two additional markers (H4k20me1 and 

H3k4me3) were recently studied during my thesis work. Taken together, the results 

of these experiments allowed us to define a peculiar epigenetic landscape of these 

loci. 

Finally, in the context of the FAANG (Functional Annotation of Animal Genomes) 

international collaboration, we evaluated the transcriptional status of the satellite- 

less centromere of horse chromosome 11 in different tissues of two horses. The 

preliminary results suggest that these regions are silent for polyA-RNA 

transcription and a few microRNAs are transcribed at a low level. 

Taken together, this analysis provides new insights into the nature, evolution and 

structure of the mammalian centromeric domain at molecular level and on new 

possible epigenetic regulatory function of CENP-A, confirming the remarkable 

plasticity of the genus Equus genomes. 
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ABBREVIATIONS 
 

BAC: Bacterial Artificial Chromosome 

BS-seq: Bisulfite sequencing 

CCAN: Constitutive Centromere Associated Network 

CEN: Centromere 

CENP: Centromeric Protein 

ChIP: Chromatin Immuno-Precipitation 

CR: Centromere Repositioning 

CREST: Calcinosis, Raynaud’s syndrome, Esophageal dismotility, 

Sclerodactyly and Telangiectasia 

DMEM: Dulbecco’s Modified Eagle Medium 

EAS: Donkey (Equus asinus) chromosome 

EBU: Burchell’s zebra (Equus burchelli) chromosome 

ECA: Horse (Equus caballus) chromosome 

EGR: Grevy’s zebra (Equus grevyi) chromosome  

EHO: Onager (Equus hemionus onager) chromosome  

EKI: Kiang (Equus kiang) chromosome 

ENC: Evolutionary New Centromere 

ERE-1: Equine repetitive element 1 

EZH: Hartmann’s zebra (Equus zebra hartmannae) chromosome 

FISH: Fluorescence In Situ hybridization  

H3K36me2: Histone H3 dimethylated at Lysine 36 

H3K4me2: Histone H3 dimethylated at Lysine 4  

H3K4me3: Histone H3 trimethylated at Lysine 4  

H3K9me3: Histone H3 trimethylated at Lysine 9 

H4K20me1: Histone H4 monomethylated at Lysine 20  

HJURP: Holliday Junction Recognition Protein  

LINE: Long INterspersed Element 

NGS: Next Generation Sequencing 

PCR: Polymerase Chain Reaction 

qPCR: quantitative Polymerase Chain Reaction 

RNA pol II: RNA polymerase II 

RNA-seq: RNA sequencing 

SNP: Single Nucleotide Polymorphism 
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INTRODUCTION 
 
1 The centromere 
The centromere is one of the most important cell structures in all eukaryotes. It is 

necessary for the faithful chromosome segregation during both mitosis and 

meiosis. 

It is the site for the kinetochore assembly, from which microtubules propagate 

during metaphase, allowing sister chromatids to correctly separate into the two 

daughter cells. Centromeres occur within a well characterized chromatin domain 

and surrounded by pericentromeric regions which are made of defined epigenetic 

markers. 

Centromere malfunction can lead to genome instability, missegregation of sister 

chromatids and chromosome breakage. All these negative outcomes lead to 

aneuploidy and sometimes to cancer. 

 

Centromeres could be grouped in three categories among eukaryotes [Figure I1]. 

They are divided in regional centromeres, point centromeres and holocentric 

centromeres: 
 

i) Regional centromeres, typical of higher eukaryotes, span large 

regions (0.1-0.4 MB) and form a well-defined structure during metaphase, defined 

as primary constrictions if observed microscopically through cytogenetics. These 

centromeres are typically characterized by long stretches of repeated DNA 

sequences (satellite DNA) and retrotransposable elements. Satellite DNA is made 

by large arrays of tandemly reiterated DNA assembled with a head-to-tail structure 

[Figure I2]. Centromeres characterized by satellite DNA are more competent, as 

compared to satellite-less centromeres, in recruiting the centromeric proteins. 

Furthermore, gene deserts associated with satellite DNA regions may form an 

advantageous environment for centromere formation. Thus, one role of satellite 

DNA may be to stabilize the centromeric core. 

 

ii) Point centromeres are typical of S. cerevisiae, span only few 

hundred nucleotides and the kinetochores bind only a single microtubule. DNA 

sequence specificity is a key factor in the formation and establishment of point 

centromeres in budding yeast unlike higher eukaryotes. 
 

iii) Holocentric centromeres, typical of nematodes, insects and some 

plants, usually span the entire chromosome and the centromeric function is spread 

across the whole chromosome. 
 

CENP-A is necessary for recruiting all the proteins required for the kinetochore 

assembly (Black BE and Cleveland DW 2011). CENP-A formation machinery is 

highly conserved during evolution (Maddox PS et al. 2012; Kato H et al. 2013). 

Proteins which form the centromere are highly conserved among different species 

https://en.wikipedia.org/wiki/Tandemly_arrayed_genes
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but the sequence underneath this structure greatly varies due to DNA 

recombination which leads to a rapidly evolving sequence (Bensasson D 2011). 

Highly divergent sequences and highly conserved centromeric proteins are 

commonly described as the “centromere paradox” (Henikoff S et al. 2001). 

This paradox is solved by the fact that now is known that the centromere is 

epigenetically defined (Black BE and Cleveland DW 2011), since CENP-A is the 

main centromeric determinant. 

The main difficulty for the centromere study is the presence of highly repeated 

DNA elements called satellite sequences (Plohl M et al. 2014). A detailed 

dissection of the epigenetic factors associated to this locus has been hindered by the 

typically repetitive nature of centromeric DNA (Amor DJ and Choo KH 2002). 

 
Figure I1: Centromere specification. A) different types of centromeres; B) α-satellite 

monomers are the DNA component of primate centromeres; C) macaque and human 

orthologous chromosomes (McKinley KL and Cheeseman IM 2016). 
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Figure I2 Centromere structure and organization. Schematic representation of 

centromeric DNA and nucleosomes in humans and mice, fruit flies and fission yeast 

(readapted from Allshire RC and Karpen GH 2008). 

 

 

2 The kinetochore 
Despite the different localization and sequence composition of centromeres, its 

unique function is shared across species, and it is the genome locus of the 

kinetochore machinery assembly. 

The kinetochore is the protein structure needed for the correct segregation of sister 

chromatids during cell division. 

It is made by two regions, the inner kinetochore which is tightly associated with the 

centromeric DNA, and the outer kinetochore which interacts with the microtubules 

[Figures I3 and I4]. Kinetochores lead chromosomal movements during cell 

division. Cohesion of sister chromatids is mainly compelled by cohesins, and each 

of the sister chromatids has its own kinetochore which is linked to the opposite 

pole of the mitotic spindle through microtubules. During anaphase, the opposite 

movement of the sister chromatids towards their facing mitotic spindle, ensures the 

correct division of the chromosomes between daughter cells. 
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Figure I3: Vertebrate kinetochore ultrastructure. A) representation of paired sister 

chromatids the chromatid attached to microtubules (right) and unattached (left). 

Kinetochore layers and inner centromere are shown. B) Electron micrograph of a human 

kinetochore (readapted from McEwen BF et al. 2007). 
 

Figure I4: The centromere–kinetochore region. Schematic representation of the proteins 

assembling into the centromeric region to form the kinetochore (Musacchio A and Salmon 

ED 2007). 
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3.1 CENP-A protein 
CENP-A is the one of the main component of the centromere structure. It is a 

histone H3-variant which replaces H3 in the nucleosomes at the centromere core. 

It is a constitutive component of the centromere and one of the leader protein in the 

segregation pathway. CENP-A over-expression in mutant cell lines causes its 

misincorporation in several other genomic regions, although not forming active 

centromeric sites (Van Hooser AA et al. 2001). Previous studies reported that, 

CENP-A is localized on active centromeres and not in inactive sites (Earnshaw WC 

and Migeon BR 1985; Choo KH 1997), so its localization and position is not 

sequence-related (Vafa O and Sullivan KF 1997; Warburton PE et al. 1997). 

CENP-A participates in the formation of an octameric nucleosomal structure 

[Figure I5], formed by one CENP-A/H4 heterotetramer and two H2A/H2B 

heterodimers, which bind to 120-150 bp DNA sequence (Allshire RC and Karpen 

GH 2008). Studies showed that CENP-A nucleosomes have more plasticity than 

nucleosomes containing the normal form of H3 protein meaning that this chromatin 

region is more prone to unwrapping and conformational changes in its 3D structure 

(Verdaasdonk JS and Bloom K 2011). 

Crucial, for understanding the propagation of centromere identity, is the study of 

CENP-A loading onto chromatin [Figures I6 and I7]. CENP-A is positioned at the 

centromeric locus by two mechanisms: a de novo pathway occurring in artificial 

chromosomes and a maintenance pathway occurring in new replicated cells where 

half of H3 protein is preloaded on the new synthetized DNA and then replaced by 

CENP-A (Buscaino A et al. 2010). 

The protein insertion and the nucleosome formation can have different kind of 

deposition models such as the looping model, the solenoid model, and the 

sinusoidal patch model (Verdaasdonk JS and Bloom K 2011). 

CENP-A-containing nucleosomes are usually displayed in the centromeric outer 

surface, thus having the spindle pole on the same side, facilitating the microtubule 

attachment to the kinetochore. The looping model proposes that CENP-A 

chromatin is looped out from the bulk chromatin towards the spindle pole. In the 

solenoid model, CENP-A and H3 nucleosomes occupy different sides of the 

arrangement of CEN chromatin, in which CENP-A is sorted towards the 

kinetochore and H3 faces the inner centromere. According to the sinusoidal patch 

model, alternating CENP-A and H3 domains fold in a sinusoidal fashion into 

various layers, stacked on the top of each other. Further studies will be required to 

demonstrate which model for the physical organization of eukaryotic centromeric 

chromatin is correct. 

CENP-A is just one the initial protein required for the kinetochore assembly. It 

recruits other centromeric proteins (CENP proteins, which will form the necessary 

scaffold for complete kinetochore formation) in that specific locus. 
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Figure I5: Crystal structure of the human CENP-A nucleosome. Three views of CENP-A 

nucleosome. a) frontal view of the DNA supercoil. b, c) side views of the DNA supercoil. 
CENP-A molecules are shown in magenta and green. The central 121 bp DNA region is 

shown in dark blue (Tachiwana H et al. 2011). 

 

 

Figure I6 Model of CENP- A nucleosome deposition at centromeres. CENP-A 

nucleosomes are distributed to sister chromosomes during DNA replication. Cells have half 

of the total number of CENP-A nucleosomes till mitosis. CENP-A nucleosomes are 

deposited during G1 phase through HJURP mediation (Foltz DR et al. 2009). 
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Figure I7 Maintenance of CENP-A chromatin. a) The priming step involves the action of 

different regulatory proteins such as RbAp46/48, RSF1, FACT, and RNAPII which create a 

feasible chromatin environment for new CENP-A recruitment and deposition through 

different histone modifications such as H3K4 methylation or H3K9 acetylation. b) The 

phosphorylated Mis18 complex (by PLK1) allows the HJURP complex to load new CENP- 

A. c) Mis18 complex is destroyed, inhibiting further CENP-A deposition. CENP-A 

nucleosomes are methylated at the lysine 40 of the H4 protein (Nagpal H and Fukagawa T 

2016). 

 

 

3.2 CENP-A in non centromeric regions 
CENP-A is present not only in the centromeric core, but also at genome-wide level 

(Bodor DL et al. 2014). Centromeric loci comprising CENP-A molecules are 

determined by the density of the histone H3 variant distributed on the DNA 

sequence unit (Bodor DL et al. 2014). Centromeric domains are highly enriched in 

CENP-A, although normal H3 histone variants are still present on the centromeric 

domain (Blower MD et al. 2002; Sullivan BA and Karpen GH 2004; Sullivan LL et 

al. 2011). CENP-A nucleosomes tend to localize on transcription factor sites in 

human cancer genome, being possibly involved in gene expression and regulation 

(Athwal RK et al. 2015) and they tend to nucleate around heterochromatin spots 

(Gonzalez M et al. 2014) 

CENP-A containing nucleosomes localized throughout the genome were 

demonstrated to be relevant for the epigenetic state of chromatin, influencing gene 

transcription and regulation 

 

 

4 CENP-B 
CENP-B is another important protein which localizes within centrochromatin 

(Cooke CA et al. 1990; Pluta AF et al. 1992) despite the presence or absence of 

CENP-A. Composed of 599 amino acids, it functions as a dimer (Earnshaw WC 

and Rothfield N 1985; Sullivan KF and Glass CA 1991) due to its C-terminal 

domain. Its two domains share high sequence homology among species (Sullivan 
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KF and Glass CA 1991; Pluta AF et al. 1992; Muro Y et al. 1992; Yoda K et al. 

1996). CENP-B is the only centromeric protein having a precise DNA binding 

specificity and recognizing a 17 bp long sequence (Fujita R et al. 2015). Only 9 out 

of the 17 bp of the CENP-B box are essential for binding specificity (Masumoto H 

et al. 1993). CENP-B boxes with those nine essential nucleotides were found 

within the satellite DNA of centromeres of different species (Kipling D et al. 1995; 

Yoda K et al. 1996). In human centromeres CENP-B seems to stabilize CENP-A 

and CENP-C at this locus, increasing the centromere strength and fidelity of 

chromosome segregation (Fachinetti D et al. 2015). However, centromeres lacking 

satellite DNA like active human neocentromeres lack the CENP-B box (Choo KH 

2000; Amor DJ and Choo KH 2002). Furthermore, it seems not to be essential also 

in CENP-B knock-out mice which live normally (Hudson DF et al. 1998). 

 

 

5 CENP-C 
CENP-C is necessary for the establishment of functional centromeres and is only 

detectable within active centromeres (Sullivan BA and Schwartz S 1995; 

Fukagawa and Brown WR 1997); its absence causes mitotic delay, chromosome 

missegragation, apoptosis (Fukagawa and Brown WR 1997). The atomic mass of 

CENP-C is 107 KDa and, like CENP-A and CENP-B, it is highly conserved during 

evolution (Henikoff S et al. 2001). CENP-C is expressed through the whole cell 

cycle (Knehr M et al. 1996). Its level increases during different cell cycles reaching 

its maximum in G1 before being partially degraded. CENP-C is a fundamental 

protein of the Constitutive Centromere Associated Network (CCAN). It is a 

molecular bridge between CENP-A nucleosomes and the NDC80 complex. CENP- 

C also appears to bind DNA directly. However, it lacks sequence specificity 

(Sugimoto K et al. 1994; Yang CH et al. 1996). 

 
 

6 Histone modification and centromere transcription 
CENP-A is not the only key factor for centromere identification, function and 

maintenance. Additional molecular markers contribute to the establishment of the 

centromere. These markers are known to be associated with centromeric DNA 

transcription, centromeric and pericentromeric chromatin and histone modifications 

(Summarized in Figure I8 and discussed below). 

Early studies identified centrochromatin as being associated with heterochromatin 

(Lima-De-Faria 1949), and later on studies have found out that pericentromeric 

regions are particularly rich in histone H3 trimethylated at Lysine 9 (H3K9me3), 

which is a marker of constitutive heterochromatin (Peters AH et al. 2003; Rice JC 

et al. 2003). Some studies in S. pombe and Drosophila (Partridge JF et al. 2000; 

Heun P et al. 2006;) suggested that, one of the possible roles of the heterochromatic 

environment at pericentromeric loci seems to be creation of a physical boundary to 

limit the propagation of CENP-A domains. 
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The existence of centromere transcription was first reported in mouse satellite 

DNA (Cohen AK et al 1973) 

At the centromeric core, CENP-A nucleosomes are interspersed with nucleosomes 

containing histone H3 modified with transcriptionally permissive markers, such as 

dimethylated Lysine 4 (H3K4me2) and dimethylated Lysine 36 (H3K36me2) in 

human and D. melanogaster. This strengthens the fact that satellite DNA at 

centromeres is transcribed. H3K4me2, found at centromeres, is characteristic of 

“poised” chromatin, “ready to be transcribed”. On the contrary, its trimethylated 

form (H3K4me3), associated with actively transcribed DNA, was not found at the 

centromeric core other transcription-associated modifications, such as acetylation 

of histone 3 and 4 have not been detected at centromeres (Bailey AO et al. 2015). 

Interestingly, in chicken centromeres which do not contain satellite DNA, the 

centromeric core lacks H3K4me2 and H3K36me2, suggesting that their presence is 

dispensable for centromeric function (Hori T et al. 2014). 

In CENP-A containing nucleosomes, CENP-A is known to associate to the 

H4K20me1 marker (histone H4 monomethylated at Lysine 20), which is essential 

for kinetochore assembly (Bailey AO et al. 2015). 

The different histone modifications that have been identified at the centromeric and 

pericentromeric regions are believed to assemble into a complex 3D structure, with 

specific histone marks making contact with the kinetochore machinery (Stellfox 

ME et al. 2013). Despite the accumulating evidence on several model systems, a 

comprehensive understanding of this aspect is far from clear. 
 

Figure I8: Schematic representation of the histone modifications associated to the 

centromeric region (McKinley KL and Cheeseman IM 2016). 
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7 Satellite DNA 
Mammalian centromeres are typically characterized by the presence of highly 

repetitive sequences, called satellite DNA, that make up the centromeric and 

pericentromeric heterochromatin (Gartenberg M 2009; Torras-Llort M et al. 2009). 

These sequences undergo rapid evolution, as the repeat monomers are extremely 

variable in sequence composition and length even in closely related species. 

However, they seem to have similar modes of evolution, maybe due to a possible 

role in the stabilization of the centromeric function (Melters DP et al. 2013). Often, 

sequence features in satellite repeats are different between the centromeric core 

region and the surrounding pericentromere. 

Concerning the homogeneity of the satellite repeat across the karyotype, different 

species may have different patterns.  For example, in humans, a defined number of 

monomers are organized into chromosome specific satellite DNA families 

(Schueler MG and Sullivan BA 2006). In other cases, satellite arrays may be nearly 

identical at centromeres of all the chromosomes (Macas J et al. 2010). 

In primates, the centromeric repeat has been termed α-satellite DNA and it was 

identified in all primates studied so far (Alexandrov I et al. 2001; Willard HF 

1991). Originally, the α-satellite array was characterized as divergent 170 bp 

monomers organized in a tandem head-to-tail fashion (Maio JJ 1971) [Figure I9]. 

This type of satellite is termed monomeric and has been identified in the 

centromeric and pericentromeric region of 21 human chromosomes (Alexandrov 

IA et al. 1993; Rudd MK and Willard HF 2004). In the centromere, α- satellite 

monomers arrange into homogeneous higher-order repeats (HORs), each spanning 

3-5 megabases. Functional centromeres form on a portion of the HOR region 

(Fukagawa T and Earnshaw WC 2014). The majority of data describing human α-

satellite arrays implicates unequal crossover between sister chromatids as the 

primary force driving change and evolution of these sequences (Warburton PE et al 

1996). Segmental duplication is also an important factor causing amplification of 

satellite DNA arrays (Horvath JE et al., 2005; Ma J and Jackson SA 2006). 

Since the biological role of satellite DNA remains elusive, several groups have 

tried to infer its function by identifying common features of the centromeric repeat 

in different species. As CENP-A is essential for kinetochore nucleation, it has been 

hypothesized that centromeric repeat monomers may tend to be about the size of 

DNA embedded in one nucleosome (Willard HF 1991; Shelby RD et al. 1997) 

which is another feature proposed as being common among satellite sequences of 

different species was low GC content (Henikoff S et al. 2001). However, these 

hypotheses were dismissed by an extended analysis of tandem repeats from 

hundreds of species (Melters DP et al. 2013), which showed an extreme variability 

both in length and in sequence composition of satellite repeats. In some species, 

monomers much longer than the size of DNA embedded in a nucleosome or with 

high GC content were identified. 

Therefore, the only common feature characterizing satellite DNA appears to be 

their repetitive nature. 

Several functions have been assigned to centromeric satellites specific roles. For 

example, they may act as “binding sequence donors”. In a number of species, 
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satellite repeats contain the CENP-B box motif, which allows binding of the 

protein CENP-B directly to DNA, thus improving chromosomal stability (Kipling 

D et al. 1995; Yoda K et al. 1996). Centromeric repetitive DNA is typically devoid 

of active genes, thus it may aid the formation of a heterochromatic environment 

which would favour the stability of the chromosome during mitosis and meiosis 

(Plohl M et al. 2008, 2014). Pericentromeric repetitive DNA might inhibit 

spreading of the centromere over neighboring genic regions (Sullivan BA 2002). It 

has also been proposed that the satellite DNA may improve the cohesion and the 

separation of sister chromatids. 

Finally, since regional centromere position is not strictly specified by the DNA 

sequence, it is possible that the kinetochore position on the underlying DNA might 

drift slightly. In this case, repetitive arrays could provide a safety buffer within 

which such drift would be harmless (Fukagawa T and Earnshaw WC 2014). 

Whatever their function, it is important to remember that centromeric DNA 

sequences are dispensable, and that satellite-free functional chromosomes exist 

(Plohl M et al. 2012) (see section 8 Neocentromeres). 

Centromeric satellite DNA is transcribed, and this transcription appears to be very 

important for centromere maintenance (Steiner FA and Henikoff S 2015). Indeed, 

transcription of repeat elements is part of the regulatory mechanisms of 

centromeres, and defects in transcriptional competence lead to chromosome 

missegragation (Hsieh CL et al. 2011; Ohkuni K and Kitagawa K 2011; Chan FL et 

al. 2012). Conversely, hypermorphic expression of centromeric RNAs impairs 

CENP-A loading (Carone DM et al. 2013). Transcripts of different length that are 

homologous to centromeric and pericentromeric repetitive sequences have been 

identified in several organisms such as yeast (Ohkuni K and Kitagawa K 2011; 

Choi ES et al. 2012), mouse (Ferri F et al. 2009), wallaby (Carone DM et al. 2009) 

and humans (Saffery R et al. 2003; Wong LH et al. 2007). 

Although satellite transcription was proposed to promote the formation of a 

heterochromatic environment (Verdel A et al. 2004; Maida Y et al. 2014) or the 

deposition of CENP-A nucleosomes (Quénet AR and Dalal IM 2014) the precise 

function of these transcripts remains unclear. 
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Figure I9. Schematic representation of the centromeric alpha-satellite DNA showing the 

position of the A and B boxes at the centromere (readapted from Garavís M et al. 2015). 

 

 

8 Neocentromeres 
The centromere has so far escaped comprehensive molecular analysis due to its 

typical association with tandemly repeated DNA. It was clearly demonstrated that, 

although satellite DNA is usually associated with centromeres, it is not necessary 

for specifying centromeric function. Functional satellite-free centromeres resulting 

from a centromerization event have been described (Voullaire LE et al. 1993; Choo 

KH 2000; Amor DJ and Choo KH 2002; Marshall OJ et al., 2008; Piras MF et al. 

2010; Purgato S et al. 2015;). 

The term “centromerization” was coined by Choo to define the process of 

centromere formation in a chromosomal region. Centromerization normally 

concerns the propagation of an existing centromere during replication. Rarely, this 

phenomenon occurs in regions which are normally non-centromeric. The ectopic 

centromere that appears occasionally in otherwise non-centromeric chromosomal 

regions is called “neocentromere” (Amor DJ and Choo KH 2002; Choo KH 2000; 

Kalitsis J and Choo KH, 2012). Two different types of neocentromeres have been 

identified: clinical neocentromeres and evolutionary new centromeres. While 

clinical neocentromeres are sporadic cases that are not fixed in the population, 

evolutionary new centromeres are fixed in the species and represent an aspect of 

karyotype evolution. 

Such neocentromeres are different from the “classical” plant neocentromeres first 

described by Rhoades and Vilkomerson (Rhoades MM and Vilkomerson H 1942). 

Plant neocentromeres are accessory centromeres coexisting with the functional 
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normal centromere, their activity is confined to meiosis and they do not form a 

typical kinetochore (Rhoades MM and Vilkomerson H 1942; Amor DJ and Choo 

KH 2002; Dawe RK and Hiatt EN 2004). 

 

 

8.1 Clinical neocentromeres 
Since the discovery of the first neocentromere (Voullaire LE et al. 1993), more 

than 90 cases of human neocentromeres have been described (Kalitsis J and Choo 

KH, 2012; Marshall OJ et al. 2008). Generally, neocentromerization is a rare 

rescue mechanism to avoid the loss of an acentric chromosomal fragment 

originating from a chromosomal rearrangement. Beyond neocentromere formation, 

these chromosomal rearrangements result in karyotype instability and are usually 

detrimental to the individual, explaining why human neocentromeres are 

occasional and not fixed in the population (Amor DJ and Choo KH 2002; Marshall 

OJ et al. 2008). However, as previously mentioned, at least in one case, a clinical 

neocentromere was transmitted through three generations (Tyler-Smith C et al. 

1999), showing the possible inheritance of these ectopic centromeric domains. 

Human clinical neocentromeres are functional centromeres which are completely 

devoid of satellite DNA (Amor DJ and Choo KH 2002; Marshall OJ et al. 2008; 

Kalitsis J and Choo KH 2012). They typically arise in gene-poor euchromatic 

regions, although heterochromatic markers have been detected, suggesting that 

neocentromeres carry certain features of heterochromatin (Amor DJ and Choo KH 

2002; Kalitsis J and Choo KH, 2012). Despite the absence of sequence preference 

for neocentromere seeding, centromerization has not been reported at random sites 

along chromosomes. It has been hypothesized that genomic “hotspots” for 

centromerization exist in certain region of the genome. These genomic locations 

may favour neocentromerization because of specific epigenetic hallmarks or the 

persistence of recombinogenic duplicons. It has been proposed that regions of the 

genome with a high content of duplications are predisposed to rearrangements, 

which then lead to neocentromere formation through epigenetic changes in the 

chromatin after DNA repair (Marshall OJ et al. 2008). 

Despite their full functionality as centromeric domains, some differences have been 

identified when comparing neocentromeres to satellite containing centromeres. 

Irvine and colleagues (Irvine DV et al., 2004) demonstrated a decreased level of 

overall CENP-A binding at neocentromeres compared to typical centromeres. More 

recently, a neocentromere was shown to bind ~25% less CENP-A compared to the 

satellite containing centromeres within the same cell line (Bodor DL et al. 2014). 

According to several reports, the average size of the neocentromere is between 40 

and 500 kb (Lo AW et al. 2001; Alonso A et al. 2010; Hasson D et al. 2013; Shang 

WH et al. 2013), making them smaller than typical satellite-containing centromeres 

(04.-4.2 Mb according to (Sullivan LL et al. 2011). 

As with satellite containing centromeres, neocentromeres can be transcribed. A 

human neocentromere was found to be laying on a DNA region which is rich in 

transcriptionally active LINE retrotransposons (Chueh AC et al. 2009). 
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8.2 Satellite-free centromeres 
Neocentromeres are structures formed on unique regions containing no repetitive 

elements (differently from the active old centromeres) that can form spontaneously 

after sequence recombination or centromere damage. 

These new structures usually form following these sequence rearrangement events 

but they rarely can acquire autonomously centromeric function (Amor DJ et al. 

2004; Liehr T et al. 2010). They then can be transmitted to daughter cells 

maintaining the active function (Kalitsis P and Choo KH 2012). 

These structures seem to be formed on region with no relevant characteristics, 

especially in gene poor regions. Neocentromere formation does not randomly 

happen. For example some human neocentromeres form at sites that, in the past, 

had an active centromere function (Ventura M et al. 2003; Ventura M et al. 2004). 

Sometimes they form in regions that seem to have a high tendency for 

recombination. Chromosomal ends seem to be preferential genomic region for the 

neocentromere formation. 

This can be driven by some epigenetic marks helping the formation of an active 

centromere structure. Studies (Castillo AG et al. 2013) demonstrated that an over 

expression of the centromeric protein preferentially aggregates at the chromosome 

arms. 
 
 

9 The Equus model and discovery of the first natural satellite-

less centromere 
The karyotypes of the extant Equus species are characterized by the presence of a 

variable number of meta- and submetacentric chromosomes derived from fusions 

between ancestral acrocentric elements (Trifonov VA et al. 2008). Indeed, equids 

are considered a representative example of recently diverged organisms. The eight 

living species of the genus Equus comprise two horses (E. caballus and E. 

przewalskii), two Asiatic asses (E. kiang and E. hemionus), one African ass (E. 

asinus) and three zebras (E. grevyi, E. burchelli and E. zebra) (Steiner CC et al. 

2012). All these species recently divergence and their number of chromosomes 

greatly vary, from 32 in E. zebra to 66 in E. przewalskii. Our laboratory has 

focused on the cytogenetics and biology of the genus Equus, to investigate the 

biology of the centromere. We investigated the position of the centromere, with 

respect to flanking markers, in the horse, in the donkey, and in the Burchell’s 

zebra. The results of these early studies showed that at least eight centromere 

repositioning events occurred in the genus Equus. Surprisingly, at least five of 

these events arose in the donkey after its divergence from the zebra, which took 

place approximately 1 million years ago (Carbone L et al. 2006); subsequently the 

evolutionary history of horse chromosome 5q in seven species belonging to the 

genus Equus was investigated (Piras MF et al. 2009); two further centromere 

repositioning events were detected involving donkey chromosome 16 and 

Burchell’s zebra chromosome 17, respectively. 
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Previous work from our laboratory demonstrated that centromere repositioning 

played an important role in the rapid karyotype evolution of the species belonging 

to the genus Equus (horses, asses and zebras) (Carbone L et al. 2006; Piras MF et 

al. 2009, 2010). The chromosomal distribution of satellites was investigated by 

one-color FISH in Equus caballus, Equus asinus, Equus grevyi and Equus 

burchelli (Figure I10, Piras MF et al. 2010). Metaphases were hybridized with 

genomic DNA. Due to the different hybridization kinetics between single copy and 

highly reiterated sequences, this procedure identified regions containing very 

abundant tandem repeats, such as centromeric satellite repeats. All centromeres of 

the horse, except for the one of chromosome 11, were labeled. In the other species, 

several chromosomes lacked visible satellite DNA at centromeres, which is instead 

present at non-centromeric sites. 

The centromere of ECA11 was the only one in the horse lacking any hybridization 

signal in FISH experiments (absence of blue FISH signal in the horse chromosome 

11 as shown Figure I10 ) in which the two major horse satellites or total horse 

genomic DNA were used as probes. 
 

 
Figure I10 FISH distribution of total satellite repeats (blue spots) on horse, donkey, 

Grevy’s and Burchell’s zebras chromosomes (Piras MF et al. 2010). 

 



INTRODUCTION 

24  

As mentioned above, one centromere in the horse, and 16 centromeres in the 

donkey, 17 in Grevy’s zebra and 9 in Burchell’s zebra were devoid of satellite 

DNA. These data strongly suggested that, in equid species, centromere function is 

uncoupled from satellite DNA, and that the functional centromere coincides with 

the primary constriction in satellite-containing as well as in satellite-free 

centromeres (Wade CM et al. 2009; Piras MF et al. 2010). Thanks to the presence 

of such high number of satellite-free centromeres in the equids, this genus is a 

unique model for the study of centromere function, organization and evolution. 

To test, at sequence level, whether satellite DNA was completely missing at this 

centromere, the primary constriction of ECA11 was localized by performing two 

and three color hybridization experiments on horse metaphase spreads with a panel 

of BAC clones. Taking advantage of the horse genome sequence assembly, a 2.7 

Mb region predicted to contain the centromeric function was identified and an 

array covering this region was analyzed by ChIP-on-chip. The array was 

hybridized with DNA purified from chromatin immuno-precipitated with 

antibodies against CENP-A or CENP-C. With both antibodies, two peaks spanning 

about 135 and 100 kb, respectively, separated by a 

165 kb region were identified whereas no hybridization was observed in the 

flanking sequences. The 400 kb region comprising the two peaks did not show 

protein coding genes, normal levels of interspersed repetitive elements, and no 

evidence of accumulation of L1 transposons, which were previously hypothesized 

to influence ENC formation (Chueh AC et al. 2009). The absence of extended 

tandem repeat arrays demonstrated that our initial hypothesis was correct and that a 

normal, stable and functional mammalian centromere can be totally deprived of 

satellite DNA. Using a similar approach, a satellite-free ENC was then identified in 

orangutan, where it is present in a heterozygous state (Locke DP et al. 2011). 

Interestingly, centromere of horse chromosome 11 is contained in a large 

conserved synthetic region within many mammalian species. The fact that this 

region is conserved within many species but it is centromeric only in the horse, 

supports the idea the centromeric function is not related to DNA sequence. It was 

proposed that the ECA11 centromere is evolutionarily young and, although 

functional and stable in all horses, did not yet acquire all the marks typical of 

mammalian centromeres. As a result of this work it was possible for first time to 

identify a mammalian ENC in an immature state, as suggested by our previously 

proposed model [Figure I11]. 

In the horse, the coexistence of satellite-based and satellite-less centromere makes 

this species a particularly useful model for studies on the role of centromeric 

repeats. The physical relations among the major horse satellite DNA families 

(37cen, 2PI, and EC137) at satellite-based centromeres were investigated 

(Nergadze SG et al. 2014) taking advantage of two color FISH on stretched 

chromosomes and on combed DNA fibers. The 37cen sequence consists of a 221 

bp repeat, 2PI sequence is formed by 23 bp repeated units and EC137 satellite is 

composed of 137 bp long units. 37cen was demonstrated to be the most represented 

satellite DNA family in the horse genome. It colocalized the primary constriction 

on all chromosomes except ECA11 and it can spread in the pericentromere. On the 
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contrary, the 2PI and EC137 sequences are less abundant, EC137 being 

pericentromeric, and partially overlapping with 37cen. 

Nergadze and co-workers (2018) analysed mechanically stretched chromosome 

preparations and suggested that 2PI, being often present in pericentromeric 

uncoiled regions, could have a role in driving the pericentromeric heterochromatin 

supercoiling which is needed for the correct architectural organization of the 

centromere core (Blower MD et al. 2002), .Other cytogenetics analyses revealed 

that small arrays the 2PI and EC137 satellites (ranging in size from 2–8 kb) are 

strictly intermingled and immerged within blocks of the 37cen sequence extending 

for hundreds of kilobases (reference?). This organization highlights the plasticity of 

satellite DNA. ChIP-seq and high resolution immune-FISH experiments 

demonstrated that, in the horse, 37cen is bound by CENP-A (Cerutti F et al. 2016). 

Sequence analysis showed that 37cen sequence associated to CENP-A is organized 

in a head-to-tail fashion and is GC- rich. Moreover the horse seems to share the 

same CENP-A blocks organization (within arrays of satellite DNA) with other 

species (Blower et al. 2002). 

The satellite-less centromere of horse chromosome 11 was the first to be analyzed 

on a molecular level (Wade CM et al. 2009; Purgato S et al. 2015) by our 

laboratory, leading to the observation of a phenomenon named “centromere 

sliding” (see section 11 Centromere sliding). 
 

 
Figure I11: Schematic representation of the four-step mechanism for neocentromere 

formation during evolution. A) Acrocentric ancestral chromosome carrying satellite DNA 

(yellow) at its terminal centromere (red). B) Sub-metacentric chromosome derived from 

centromere repositioning; the chromosome maintains satellite DNA sequences at the 

terminal position, coinciding with the old centromere site, while the neocentromere is 

devoid of repetitive sequences. C) Sub-metacentric chromosome derived from (B) in which 

the terminal satellite sequences have been lost. D) Sub-metacentric chromosome in its full 

maturation stage carrying satellite DNA at the neocentromere site (Piras MF et al. 2010). 
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10 Centromere repositioning 
A fundamental step in understanding centromere biology was the discovery that the 

ENC at horse Chromosome 11 is completely devoid of satellite DNA (Wade CM et 

al. 2009). This observation revealed, for the first time, that a satellite-free 

centromere can be present in all individuals of a vertebrate species as a normal 

karyotype component. This centromere is established on a segment of DNA, 

conserved in vertebrates, which is free of genes as well as of satellite DNA, 

providing an example of an evolutionarily “young” ENC which has not acquired 

repetitive sequences. Satellite-free centromeres were subsequently observed in 

chicken (Shang WH et al. 2010), orangutan (Locke DP et al. 2011) and potato 

(Gong Z et al. 2012). In this context, centromere repositioning demonstrates the 

evolutionary plasticity of centromeres (Montefalcone G et al. 1999). Comparison 

of the karyotypes among primate species showed that centromere position can 

change without a corresponding change in DNA structural organization 

(Montefalcone G et al. 1999; Cardone MF et al. 2006; Ventura M et al. 2007). 

These Evolutionarily New Centromeres (ENCs) suggest that centromere evolution 

seems to be driven by forces other than the surrounding DNA, such as epigenetic 

markers. 

A relationship between ENCs and the analphoid neocentromeres observed in 

human clinical samples emerged from analysis of the positions in which these 

events occur. For example, human neocentromeres at Chromosome 3, 9 and 6 

occur in the same genomic regions as ENCs observed in some primates, indicating 

that certain regions of the genome have a propensity to form centromeres (Ventura 

M et al. 2004; Capozzi O et al. 2008, 2009). Thus, regions of the genome may 

harbour ‘latent’ centromere potential (Voullaire LE et al. 1993). The observation 

that the primate ENCs possessed typical arrays of alpha satellite DNA led to the 

hypothesis that epigenetic marks can drive the movement of centromere function to 

new genomic sites which can subsequently mature through the acquisition of 

satellite DNA sequences (Amor DJ and Choo KH 2002; Piras MF et al. 2010; 

Kalitsis J and Choo KH 2012). Following their original discovery in primates, a 

surprisingly large number of ENCs were identified in the genus Equus (Carbone L 

et al. 2006; Piras MF et al. 2009) and some examples were also observed in other 

animals (Ferreri GC et al. 2005; Kobayashi T et al. 2008) and in plants (Han Y et 

al. 2009), indicating that centromere repositioning is a widespread force for 

karyotype evolution. 

The horse karyotype was considered as the ancestral configuration to analyze 

chromosomal fusions across the equids. It was considered also the ancestral 

configuration for the analysis I reported in Results Part 2, particularly when 

centromere repositioning events were analyzed. 
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11 Centromere sliding 
The initial description of two, well defined peaks of CENP-A at the satellite free 

centromere of ECA11 did not determine whether the observation reflected a single 

chromosome with two peaks or two chromosomes each with a peak at a different 

location (Wade CM et al. 2009) Centromeric regions were characterized in five 

additional individuals and their positional analysis showed that one or two CENP-

A binding domains can be present in a single individual. The region comprising the 

localization of each peak varies within a 500 kb long region (Purgato S et al. 2015). 

The broader impact of these results suggests that the centromere function is not 

coupled to a specific sequence but can slide within a relatively wide region. SNP 

based approach and immune-FISH experiments on single chromatin fibers, 

demonstrated that the two CENP-A binding domains correspond to the localization 

of the centromeric function on the two homologs with high positional variation into 

the population giving rise to multi-allelic epigenetic polymorphism [Figure I12]. 
 

Figure I12 Positional shift of the horse centromere at chromosome 11. Different CENP-A 

binding profile, visualized as different peaks on five horse individuals are shown. Results 

are presented as the log2 ratio of the hybridization signals obtained with immuno- 

precipitated DNA versus input DNA (y axis); genomic coordinates on ECA11 are plotted on 

the x axis (adapted from Purgato S et al. 2015). 

 

 

This analysis also suggested that CENP-A nucleosomes displays high mobility and 

instability, a property that could be related to the evolutionary mobility of 

centromeres. In this scenario, satellite DNA may provide positional stability to this 

domain along the chromosome. Thus, centromeres exhibit large scale relocalization 
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(centromere repositioning) during evolution as well as short range relocalization 

(centromere sliding) within a population (Giulotto E et al. 2017). 

The mechanism underlying the centromere sliding remains unknown, as well as the 

timing of the movement. Our recent work (Nergadze SG et al 2018) proved that 

centromeric movement occurs in one generation. Taking advantage of equid 

hybrids (mule) we revealed that the centromeric domain can shift along the 

chromosome in one generation. Moreover, we did not detect any centromeric 

sliding when clonal cell lines were analyzed. 

 

 

12 Satellite-less Centromeres in other equid species 
Cytogenetic experiments (Figure I10) (Piras MF et al. 2010) suggested that 

chromosomes lacking satellite DNA are present in other equid species. Particularly, 

17 Grevy’s zebra chromosomes and 9 Burchell’s zebra chromosomes were 

negative for centromeric satellite as reported for one horse chromosome and 16 

donkey chromosomes. This peculiar feature (the presence of a high number of 

satellite-less centromeres) may be explained by the fact that equids recently 

diverged and underwent rapid karyotype evolution. 

The karyotype of different equid species was studied using chromosomal painting 

probes. Several chromosomal rearrangements were detected in different species of 

the genus Equus (Richard F et al. 2001; Yang F et al. 2003; Trifonov VA et al. 

2008; Musilova P et al. 2009, Figure I13-18). Following the reconstruction of a 

perissodactyl ancestral karyotype (Trifonov VA et al. 2008), its analysis suggested 

that the ancestral karyotype consisted of several acrocentric chromosomes, which 

underwent fusions during evolution, reducing the chromosome number. These 

events may be the force triggering the formation of a satellite-less centromere as 

the result of a tandem fusion of a chromosome with the centromeric region of an 

acrocentric chromosome, while satellite repeats are lost. Satellite-less centromere 

formation in equids is relatively frequent (Rocchi M et al. 2012) and has been well 

documented (Carbone L et al. 2006; Piras MF et al. 2009). 

53 fusion events were identified. For this study, the horse karyotype was 

considered closest to the ancestral configuration to analyze chromosomal fusions 

across the equids. It was considered also the ancestral configuration for the analysis 

I reported in Results Part 2, particularly when centromere repositioning events 

were analyzed. 

After centric fusion events some chromosomes maintained the centromere at the 

fusion site (and the satellite DNA), others underwent centromere repositioning 

(Musilova P et al. 2013). 
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Figure I13: Diagram summarizing subchromosomal comparative mapping between E. 

zebra hartmannae and E. caballus. Hartmann’s chromosomes are shown on the left of 

each pair, while horse chromosomes are shown on the right. The hybridization signal of 

horse distal/proximal region-specific probes and arm-specific painting probes on 

orthologous chromosomes are depicted by different colors: distal, red; proximal, green; p- 

arm, yellow, q-arm, blue. BAC clone locations are represented by double dots. Dashed 

lines connect the corresponding BAC signals in orthologous chromosomes. Capital letters 

refer to the used BACs (Musilova P et al. 2013). 
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Figure I14: Diagram summarizing subchromosomal comparative mapping between E. 

grevyi and E. caballus. Grevy’s chromosomes are shown on the left of each pair, while 

horse chromosomes are shown on the right. The hybridization signal of horse 

distal/proximal region-specific probes and arm-specific painting probes on orthologous 

chromosomes are depicted by different colors: distal, red; proximal, green; p-arm, yellow, 

q-arm, blue. BAC clone locations are represented by double dots. Dashed lines connect the 

corresponding BAC signals in orthologous chromosomes. Capital letters refer to the used 

BACs (Musilova P et al. 2013). 
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Figure I15: Diagram summarizing subchromosomal comparative mapping between E. 

burchelli and E. caballus. Burchell’s chromosomes are shown on the left of each pair, 

while horse chromosomes are shown on the right. The hybridization signal of horse 

distal/proximal region-specific probes and arm-specific painting probes on orthologous 

chromosomes are depicted by different colors: distal, red; proximal, green; p-arm, yellow, 

q-arm, blue. BAC clone locations are represented by double dots. Dashed lines connect the 

corresponding BAC signals in orthologous chromosomes. Capital letters refer to the used 

BACs (Musilova P et al. 2013). 
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Figure I16: Diagram summarizing subchromosomal comparative mapping between E. 

asinus and E. caballus. donkey’s chromosomes are shown on the left of each pair, while 

horse chromosomes are shown on the right. The hybridization signal of horse 

distal/proximal region-specific probes and arm-specific painting probes on orthologous 

chromosomes are depicted by different colors: distal, red; proximal, green; p-arm, yellow, 

q-arm, blue. BAC clone locations are represented by double dots. Dashed lines connect the 

corresponding BAC signals in orthologous chromosomes. Capital letters refer to the used 

BACs (Musilova P et al. 2013). 
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Figure I17: Diagram summarizing subchromosomal comparative mapping between E. 

kiang and E. caballus. kiang’s chromosomes are shown on the left of each pair, while 

horse chromosomes are shown on the right. The hybridization signal of horse 

distal/proximal region-specific probes and arm-specific painting probes on orthologous 

chromosomes are depicted by different colors: distal, red; proximal, green; p-arm, yellow, 

q-arm, blue. BAC clone locations are represented by double dots. Dashed lines connect the 

corresponding BAC signals in orthologous chromosomes. Capital letters refer to the used 

BACs (Musilova P et al. 2013). 
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Figure I18 Karyotype of onager (EHE) with Malayan tapir (TIN), horse (ECA) and 

Grevy’s zebra (EGR) homologies shown on either side of the EHE chromosomes 

(Trifonov VA et al. 2008). 
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AIMS OF THE RESEARCH 
 

 Previous work showed that some equid chromosomes lack satellite DNA at 

the centromeric locus. In particular, through ChIP-seq, one satellite-less 

centromere in the horse and 16 satellite-less centromeres in the donkey 

were identified. Therefore we wanted to test whether other equid species 

do bear satellite-less centromeres. To this purpose we tested the presence 

of satellite-less centromeres in 5 other equid species. We also aim to 

analyze the phylogenetic relationship among Equus species using the 

centromere as epigenetic marker. 

 

 As previously reported in the PhD thesis of Riccardo Gamba (2017), we 

analyzed the epigenetic and transcriptional profile of the horse and donkey 

satellite-less centromeres. In this work we further investigated on the 

epigenetic state of the centrochromatin analyzing H4k20me1 and 

H3k4me3 histone markers on the centromeric regions of the horse and the 

donkey which were not previously analyzed. 

 

 We know that CENP-A is one of the most important determinant of 

centromere function but it is also present on non-centromeric loci 

throughout the genome. Very little or none is known about the possible 

role of this protein on loci other than the centromere. However it may play 

a role on the epigenetic control of some molecular pattern, as for gene 

expression. To this aim we planned to identify CENP-A secondary binding 

domains, characterize its distribution on functional genomic elements and 

possibly find new epigenetic regulatory functions of the Centromere 

Protein A. 

 

 Transcription at centromeric level was first reported for mouse satellite-

based centromeres but evolutionarily new centromeres and human 

neocentromeres were found to arise in gene desert regions. Thanks to the 

equid model system, we can evaluate the transcriptional profile of 

centromeres which are lacking satellite DNA and, unlike the clinical 

neocentromeres, are fixed in a species. To this aim we wanted to evaluate 

the transcriptional status of the satellite-less centromere of horse 

chromosome 11 in different tissues of two horse individuals. 
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MATERIAL AND METHODS 

 
1 Cell cultures and animals used in this work 
Primary fibroblast cell lines from HorseS and DonkeyA were previously 

established in our laboratory from the skin of slaughtered animals and used in Part 

1-2-3-4. The DonkeyB, HorseA and HorseC, cell lines used in Part 1 kindly 

provided to us by Professor Douglas F. Antczak from the Cornell University 

(Ithaca, NY, USA), were obtained from skin samples collected using a 2mm punch 

biopsy tool. Tissue was digested in 0.25% Trypsin-EDTA (Gibco, Grand Island, 

NY) for 10 minutes at 37° C, so the epidermal layer could be scraped off with a 

scalpel and discarded. Remaining tissue was minced and digested with 0.25% 

Trypsin-EDTA at 37 o C for 10 minutes. Digested tissue was gently triturated and 

passed through a cell strainer to yield a single cell suspension. Cells were washed 

in DMEM (Gibco) and plated in tissue culture flasks with DMEM supplemented 

with 10% FBS (Hyclone, Logan, UT) and Penicillin-Streptomycin (Gibco). 

The hybrid cell lines were obtained from embryos derived from in vitro 

fertilization and used in Part 1. To this purpose sperm cells from a single male 

donkey were used to fertilize oocytes from three different female horses. The 

resulting hybrid embryos were implanted and, after 32-34 days, three mule 

conceptuses were obtained via uterine lavages, as described in (Adams and 

Antczak 2001). Conceptuses were dissected under a microscope into discreet 

tissues, including the tail/hind quarter region which is comprised of primarily 

fibroblasts at this stage of development. The tail region was minced, spun down, 

washed in 1x Phosphate Buffered Saline (PBS) and resuspended in DMEM 

(Invitrogen) plus 10% FBS for culture. 

Mule immortalized fibroblasts were grown in the same medium of primary 

fibroblasts supplemented with G418 sulphate (Invivogen) at the final concentration 

of 0.4 mg/ml. 

Burchell’s and Grevy’s zebra fibroblasts were purchased from Coriell Repositories. 

Hartmann’s zebra, kiang and onager fibroblasts, derived from skin biopsies, were 

kindly provided by Dr. Oliver Ryder (Center for Reproduction of Endangered 

species, Zoological Society of San Diego). These cell lines were used for Part 2. 

The fibroblasts used for all the experiments were isolated and established from skin 

biopsies under sterilized conditions. Primary fibroblasts were cultured in high- 

glucose DMEM (EuroClone) medium supplemented with: 20% fetal calf serum 

(EuroClone), 2x NEAA (non-essential amino acids, EuroClone), 2mM L-glutamine 

(SIGMA), 1x penicillin/streptomycin (SIGMA). 

Here is a list of the Latin and common names of species used in this work. Equus 

caballus, horse. Equus kiang, kiang. Equus hemionus onager, onager, Equus 

asinus, donkey. Equus grevyi, Grevy’s zebra. Equus burchelli, Burchell’s zebra. 

Equus zebra hartmannae, Hartmann’s zebra. 
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All cells were maintained in a humified atmosphere of 5% CO2 at 37°C. 
 
 

2 Chromatin Immunoprecipitation (ChIP) 
For each IP reaction, at least 10 million cells were collected, centrifuged at 1700 

rpm for 7 minutes and pooled. Formaldehyde at the final concentration of 1% was 

directly added to the pool of cells and left rocking 100 rpm at 26°C for 15 minutes. 

To quench formaldehyde, glycine was added to the final concentration of 0,125 M 

and left rocking at 26°C for 10 minutes. The pool was then centrifuged at 800 rcf 

for 5 minutes at 4°C to obtain a pellet, which was stored at -80°C for at least one 

night. The pellet was thawed gradually on ice and washed twice with PBS 1x 

supplied with Protease Inhibitor Cocktail (Roche). 

The pellet was resuspended in ChIP lysis buffer (SDS 0,25%, 50 mM Tris-HCl pH 

8, 10 mM EDTA pH 8) with PIC (Protease Inhibitor Cocktail) and divided into 

aliquots of 20 million cells per 650 ul. Resuspended cells were sonicated with 

Branson Sonifier 250 to obtain fragments of 200-800 bp. The fragments size was 

checked on agarose gel. 

Samples were centrifuged for 10 minutes at maximum speed at 4°C to collect the 

cross-linked sonicated chromatin. Each IP reaction was performed in 1250 ul of 10 

million cells each. Then, supernatant was brought to volume with Dilution buffer 

(0,5% Nonidet P40, 10 mM Tris-HCl pH 7,5, 2,5 mm MgCl2, 150 mM NaCl) 

supplied with PIC inhibitor. 

Pre-clearing was performed with A/G beads (Protein A SepharoseTM 4 Fast 

Flow/Protein G SepharoseTM 4 Fast Flow, GE Healthcare), previously treated with 

a blocking buffer (phosphate-buffered saline containing sonicated E. coli genomic 

DNA 500 ng/ul and BSA 10 mg/ml) for 1 hour at 4°C on shaking. Then, after 

centrifugation at 4000 rpm for 5 minutes at 4°C, the supernatant was recovered and 

beads discarded. 240 ul of the supernatant were saved as Input (20% of the total 

chromatin used for each IP). The remaining part was divided into aliquots and 

incubated first with the selected antibody, followed by incubation with previously 

treated A/G beads for 3 hours at 4°C on the rocket. Samples were then centrifuged 

for 2 minutes at 1200 g at 4°C and the supernatant was removed. The beads were 

washed 5 times with cold ChIP wash buffer (0,25% SDS, 1% TritonX-100, 2 mM 

EDTA pH 8, 150 mM NaCl, 20 mM Tris-HCl pH 8) and the last wash with cold 

ChIP final wash buffer (0,25% SDS, 1% TritonX-100, 2 mM EDTA pH 8, 500 mM 

NaCl, 20 mM Tris-HCl pH 8). After completely discarding the last wash, the 

immunocomplexes were eluted adding ChIP elution buffer (1% SDS, 100 mM 

NaHCO3, 40 ug/ml RNase A). Samples were incubated at RT for 15 minutes, then 

at 37°C for 1 hour and finally reverse cross-linked at 65°C, over-night. The day 

after the DNA was purified and eluted using the kit Promega (Wizard SV Gel and 

PCR Clean-up System) according to the manufacturer's instructions. 

After purification, the DNA was quantified using the QuantusTM Fluorometer 
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(Promega) with the QuantiFluor® ONE dsDNA System (Promega) according to 

manufacturer’s instruction. 

These experiments (Cell cultures and ChIPs) were carried out by a collaborator of 

mine, Dr Francesca Piras (University of Pavia). 

Cytogenetic experiments and analysis were carried out by Dr Francesca Piras and 

the PhD student Eleonora Cappelletti. 

 

 

3 Antibodies 
Chromatin from the Immortal Parental MuleA cell line and from its clones was 

immuno-precipitated with a human CREST serum, provided by Dr. Claudia Alpini 

(health institute “Fondazione I.R.C.S.S.-Policlinico San Matteo”), whose CENP-A 

specificity was previously demonstrated (Purgato S et al. 2015). 

ChIP-seq experiments of Part 1 and 5, targeted at the protein CENP-A, were 

performed with a purified polyclonal antibody against human CENP-A protein, 

kindly provided by Prof. Mariano Rocchi (University of Bari). 

ChIP-seq experiments of Part 2 and 5, targeted at the protein CENP-A, were 

performed with an antibody against the horse CENP-A raised in sheep (called 

Bleed3), which was kindly provided by Prof Kevin Sullivan (University of 

Galway). 

The ChIP-seq experiments described in Part 3 were performed with commercially 

available antibodies: anti-H3K9me3 (Abcam ab8898), anti-H3K4me3 (Abcam 

ab12209), anti-H3K4me2 (Abcam ab32356), anti-H4K20me1 (Novus NBP1- 

30091PCP). 

 

 

4 ChIP sequencing and bioinformatic analysis 
Immuno-precipitated and input DNAs were paired-end sequenced through an 

Illumina HiSeq2000 or HiSeq2500 platform by IGA Technology Services, Udine, 

Italy. Sequence reads were aligned to the horse reference genome (EquCab2.0, 

Equcab3.0) or to the EquCabAsi references with Bowtie 2.0 (Langmead B and 

Salzberg SL 2012). The method used to assemble the EquCabAsi reference 

genome is described in the attached paper. 

To identify contigs that are significantly enriched after immuno-precipitation with 

anti-CENP-A, peak-calling was performed through the software MACS version 

2.0.10 (Zhang Y et al. 2008), using default parameters. Then, stringent criteria 

(Bailey T et al. 2013) were applied to identify significantly enriched regions: fold 

enrichment > 5, pile-up > 100, -log10(p-value) > 100, -log10(q-value) > 100. 

To define the start and end position of the peaks and compare their location 

between different datasets, peak-calling was performed with MACS software 

version 2.0.10 (Zhang Y et al. 2008). When the peak-calling identified a single 

region underlying one centromeric peak, the coordinates of that region were used 
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as coordinates of the peak. When more than one region was identified 

corresponding to one centromeric peak, the start coordinate of the firs region was 

used as start coordinate of the peak. The end coordinate of the last region was used 

as end coordinate of the peak. 

All ChIP-seq plots of Parts 2-5 were obtained with the Integrative Genome Viewer 

(IGV) software (Robinson JT et al. 2011). 

Is it important to remind that the reads used in Part 2 were mapped on the horse 

reference genome (Equcab3.0), so species specific sequences are absent from the 

analysis. For this reason some reads obtained from the different species(asses and 

zebras) could have been not mapped, therefore some information from the ChIP-

seq datasets could have been missed. Also different reference genome assembly 

(Equcab2.0 and Equcab3.0) may give different results when reads are mapped. For 

example, in Burchell’s zebra chromosome 9 no FISH signals, corresponding to 

satellite DNA, were detected (Piras MF et al. 2010) and no CENP-A binding 

domains were mapped when EquCab2 was used as reference. However, when we 

mapped the same reads on the new version of the genome, EquCab3, we found a 

ChIP-seq signal for that centromere, whose horse orthologous sequence was in 

ECA21 (Figure R2-20).  

 

 

5 RNA bioinformatic analysis 
RNA-seq datasets presented in Part 5 were obtained from the horse community 

within the FAANG consortium in which we are associated with. Datasets were 

downloaded from a cloud storage and analyzed. RNA-seq datasets were analyzed 

for quality check and trimmed through TrimGalore 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), then reads 

were mapped on the horse reference genome Equcab3 through TopHat software 

version 2.1.0 (Kim D et al. 2013). Mapped read files were converted using 

BedTools (https://github.com/pezmaster31/bamtools) and Samtools (Li H et al. 

2009). Bigwig files were loaded and visualized on the Integrative Genome Viewer 

(IGV) software (Robinson JT et al. 2011). 

MiRNA-seq datasets presented in Part 5 were also obtained from the horse 

community within the FAANG consortium. Datasets were downloaded from a 

cloud storage and analyzed. MiRNA-seq datasets were analyzed for quality check 

and trimmed through TrimGalore 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), then reads 

were mapped on the horse reference genome Equcab3 through Bowtie2 (Langmead 

B and Salzberg SL 2012). Mapped read files were converted using 

BedTools(https://github.com/pezmaster31/bamtools) and Samtools (Li H et al. 

2009). Bigwig files were loaded and visualized on the Integrative Genome Viewer 

(IGV) software (Robinson JT et al. 2011). 

 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/)
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6 Peak calling annotation 
Since we are interested in secondary CENP-A binding sites, we deleted all the 

peaks mapping on neocentromeres and Unplaced Chromosome of the different 

datasets (the Unplaced chromosome is a fictional one that contains all that contigs 

that were located on actual physical chromosomes 

The analysis performed on the secondary CENP-A binding sites was done through 

HOMER (Hypergeometric Optimization of Motif Enrichment)(Heinz S et al. 

2010), which is a suite for de novo Motif Discovery and next-generation 

sequencing analysis. Through this software, we can annotate peak-calling results 

using species-specific transcriptomes, to get the genomic context of each peak (e.g. 

if it is within promoter-TSS, exon, intron, TTS or intergenic regions). HOMER 

needs the output of the MACS software and a list of genes present in the genome as 

input; we retrieved the lists of the genes present in the horse, mouse and human 

genes from UCSC Genome Browser: Ensembl Genes for the horse and donkey, 

GENECODE VM9 (Ensembl 84) for the mouse and NCBI RefSeq genes for the 

human. 

 

 

7 Gene expression analysis 
Gene expression analysis was performed using the human transcriptome (Human 

Protein Atlas available from www.proteinatlas.org, Uhlen M et al. 2015) and 

mouse transcriptome(Söllner JF et al. 2017). 

The RNA-seq data was used to classify all genes according to their tissue specific 

or cell line specific expression into one of six different categories, defined based on 

the total set of all TPM values: 

 Tissue/Cell line enriched (expression in one tissue at least five-fold 

higher than all other tissues/cell lines) 

 Group enriched (five-fold higher average TPM in a group of two to seven 

tissues/cell lines compared to all other tissues/cell lines 

 Tissue/Cell line enhanced (five-fold higher average TPM in one or more 

tissues/cell lines compared to the mean TPM of all tissues/cell lines) 

 Expressed in all (≥ 1 TPM in all tissues/cell lines) 

 Not detected (< 1 TPM in all tissues/cell lines) 

 Mixed (detected in at least one tissue/cell line and in none of the above 

categories) 

 

Tissue specificity for each gene was assigned only if a single gene was found into 

the first three categories. Once obtained all this data, the table of gene-associated 

peaks was crossed with the one contained tissue-specificity for each gene, in order 

to assess the tissue profile expression of each gene-associated peak. For the cancer 

http://www.proteinatlas.org/
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related gene’s analysis, we obtained a list of 1,571 manually curated protein-coding 

cancer genes(An O et al. 2016) that we crossed with the list of gene-associated 

CENP-A peaks obtained through HOMER. 

 

 

8 Motif analysis 
Motif analysis was performed using HOMER as a de-novo motif discovery tool. It 

uses the starting and ending point of the sequences that we want to analyze as 

input, formatted in a .bed file. We looked for motif in all the secondary CENP-A 

binding sequences (target sequences) divided in each genomic region (e.g. 

promoter-TSS, intron, exon, TTS and intergenic regions). Standard parameters 

were used for the motif discovery analysis 

(http://homer.ucsd.edu/homer/ngs/peakMotifs.html): the motif should be present 

within a 500 bp region around the center of ectopic CENP-A peaks. The 

frequencies of target sequences containing the motif were calculated as well as the 

frequencies of random sequences (background, chosen matching C+G-content of 

target sequences) containing the motif. The p-value was calculated as the 

probability that the frequency observed in the target sequences was significantly 

different from the one observed in the background sequences by chance. We used 

as statistically significant threshold a p-value < 1.0x10
-50

. 

These experiments (Peak calling annotation, Gene expression analysis and Motif 

analysis) were carried in collaboration with the master student Antonio Rausa. 

  

http://homer.ucsd.edu/homer/ngs/peakMotifs.html)
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PART 1 BIRTH, EVOLUTION AND TRANSMISSION 

OF SATELLITE-LESS MAMMALIAN 

CENTROMERIC DOMAINS 
 

Here I briefly report the results and the discussion of the attached manuscript in 

which I am co-first author. 

The study of the chromatin domain of mammalian centromeres has so far been 

hindered by the presence of satellite DNA, highly repetitive DNA. The histone H3 

variant CENP-A is the main centromeric determinant, therefore, centromeres are 

epigenetically specified. 

In previous work from our laboratory (Piras MF et al. 2010) 16 donkey 

centromeres were reported of lacking satellite DNA sequences through cytogenetic 

analysis. The first example of a natural satellite-less centromere was identified in 

the Equus caballus on Chromosome 11 (Wade CM et al. 2009). To assess the exact 

CENP-A centromeric binding domain and to confirm the absence of repetitive 

sequence at molecular level we performed ChIP-seq experiments on donkey 

primary skin fibroblasts. We investigated the satellite-less centromeres of Equus 

asinus by using ChIP-seq with anti-CENP-A antibodies. Through bioinformatic 

analyses, we identified an extraordinarily high number of centromeres lacking 

satellite DNA: 16 out of 31. 

First, we mapped the ChIP-seq reads obtained by the donkey cell lines to the horse 

reference genome, Equcab2, since it was the only well assembled genome at 

chromosomal level among equids. Figure 1 of the paper shows the graphical 

representation of the enrichments profile of peaks corresponding to the satellite less 

centromeres in the donkey and the peak corresponding to the centromere of horse 

chromosome 11. Peaks showed different type of enrichment profile. While some 

peaks showed a Gaussian-like regular shape (such as EAS4 and EAS30), other 

peaks were irregular (such as EAS8 and EAS14), contained gaps (such as EAS7 

and EAS14) or exhibited a narrow, spike-like distributions, such as EAS9 and 

EAS19. The 16 donkey centromeric regions spanned 54-345 kb and contained one 

or two CENP-A binding domains. 

Since we mapped donkey reads on the horse reference genome we wondered if the 

peak profile heterogeneity was due to differences in DNA sequence between the 

two species. We sequenced the donkey centromeres by assembling Illumina reads 

and carrying out Sanger sequencing of regions amplified by PCR to resolve gaps in 

the assembly. For each centromeric region, genomic segments ranging in size 

between 157 and 358 kb were assembled. To avoid bias due to read mapping on 

short sequences (our assembled centromeres), instead of an entire reference 

genome, we constructed a chimeric reference genome by inserting the assembled 

centromeric donkey contigs in EquCab2.0 to replace their orthologous horse
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sequences. This reference genome was named EquCabAsiA. Reads were then 

mapped on the newly assembled genome and a comparison of the peak profiles 

obtained with the two reference genomes was performed. The comparison analysis 

showed that large gaps and irregular peak profiles disappeared on the chimeric 

genome, proving that CENP-A binds uninterruptedly the centromeric region of the 

satellite-less donkey centromeres similarly to horse Chromosome 11 (Wade CM et 

al. 2009). 

We performed a sequence analysis to detect what kind of rearrangements occurred 

between the donkey and horse sequence of the 16 satellite-less centromeres. 

Analysis of the centromeric domains of EAS8, EAS9, EAS16, EAS18 and EAS19 

suggested the presence of donkey specific tandem repetitions that are in single  

copy in the horse orthologous non-centromeric regions. Specific experiments were 

done to confirm the presence of sequence amplification at these five loci. 

Southern blotting, qPCR and read count experiments were carried out on four 

individuals: one horse (HorseS), two donkeys (DonkeyA and DonkeyB) and a mule 

(MuleA), offspring of DonkeyB were used to prove that a subset of these 

centromeres is associated with DNA amplification. Figure 2 of the paper shows the 

results of this analysis done on EAS9 EAS18 and EAS19. All these three 

independent experiments proved the presence of tandem sequence amplification at 

a subset of centromeres in the donkey, with evidence for marked inter-individual 

variation in copy number at some of these loci 

We analyzed DNA sequence features within the satellite-free donkey assembled 

centromeres in comparison with the corresponding regions in the horse genome. 

SINEs, LINEs, LTR-derived sequences, transposable DNA elements and GC 

content at the donkey centromeric domains did not differ from the orthologous 

horse sequences, thus indicating that no significant modification of transposable 

elements and GC content occurred after centromere formation. We then compared 

the percentage of transposable elements at this loci compared to the average 

genome wide values using previously published data on the donkey (Huang J et al. 

2015). Surprisingly the assembly of donkey centromeres showed to be poor in 

SINE, LINE rich and with same abundance of LTR and DNA elements when 

compared to the rest of the genome. GC content analysis reveals instead that the 

satellite-less centromeres are AT rich. 

The double peaks observed on several chromosomes (EAS5, EAS10, EAS12, 

EAS14 and EAS18) suggested the presence of different epialleles on the two 

homologs in the donkey as previously reported for horse Chromosome 11 (Purgato 

S et al. 2015). To detect and prove the presence of epialleles we used a Single 

Nucleotide Variation (SNV) based approach. Thanks to both ChIP and input reads, 

we were able to discriminate between nucleotide variants present in the two alleles. 

Figure 3 of the paper shows the result of this  analysis. Red and green dots under 

the peaks represent nucleotide variants present only in one of the two homologs, 

while yellow dots indicate variants present in both alleles. We were able to prove 

that in 8-total satellite-less centromeres analyzed (the only informative ones), 

extensive positional allelism occurs at most donkey centromeres with specific 

CENP-A binding pattern on each homolog. 
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To further investigate the individual variability of the donkey satellite-free 

centromeric domains, we analyzed an additional unrelated donkey (DonkeyB) by 

ChIP-seq with the same anti CENP-A antibody used for the first donkey. After read 

mapping on the horse reference genome EquCab2, we identified 15 satellite-less 

centromeres in this donkey individual. Centromere on EAS8 was not detected, 

maybe because it is positioned on a satellite-containing sequence, possibly 

highlighting some interindividual polymorphism. We carried out a positional 

allelism analysis between the two-donkey individual to better characterize how 

centromeric CENP-A binding domains shift along the chromosome. 

A marked variability in the position of CENP-A binding domains between the two 

individuals was observed at the six chromosomes. No positional variability was 

detected on the other 9 chromosomes. 

For instance we reported the presence of one peak in EAS4 and EAS7 only in the 

DonkeyA individual. Two peaks were detected instead on the DonkeyB individual 

(Figure 3 of the paper). 

In conclusion, comparison of the satellite-free centromeres between the two 

donkeys showed that CENP-A binding domains can shift within regions of up to 

600 kb. 

We then investigated the germ-line and somatic transmission of the centromeric 

domains since we wondered how and when such centromeric movement occurs. 

The stability of centromeres across generations was examined by crossing 

DonkeyB with three mares (HorseA, HorseB and HorseC) by in vitro fertilization. 

Embryonic fibroblasts were established from the resultant mule concepti (MuleA, 

MuleB and MuleC). Adult skin fibroblast cell lines were established from 

DonkeyB and from two of the three mares (HorseA and HorseC; cells from HorseB 

were not available). Since we proved sequence positional variability between the 

centromeric domains of DonkeyA and DonkeyB, we thus constructed a new 

chimeric genome (EquCabAsiB) containing the assembled satellite-less 

centromeres of DonkeyB, using the same approach previously applied to DonkeyA. 

We ChIP-sequenced all the established cell lines using the same anti- CENP-A 

antibody. We mapped all the reads on the newly assembled reference genome and 

carried out a positional variability analysis of the centromeric loci among the 

above-mentioned individuals. Figure 4 in the paper shows the family trees of the 

individuals and the analysis done on EAS4 and EAS7. Both centromeres have two 

distinct peaks in DonkeyB while each mule inherited only one, revealing 

independent assortment of epialleles and normal monoallelic transmission. No 

variations were observed among replicates indicating absence of experimental 

variability. Regarding EAS4, MuleA inherited the left peak in the same position, 

MuleB inherited the right peak but shifted by about 50 kb and MuleC inherited the 

left peak with little to no movement. In chromosome 7 all three mules inherited the 

left with a major shift of about 50 kb in MuleB. Analyzing 30 segregation events 

in three mules (donkey centromeres with sequence amplification were discarded 

from the analysis) we observed clear positional movement in 5 out of 33 (including 

3 horse centromeres) transmission events. In the remaining cases, little or no 

movement was detected. We then wondered if this centromere sliding occurs 
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during propagation in culture, so we examined centromeric positional stability in 

six clonal cell lines isolated from immortalized fibroblasts derived from MuleA. 

Applying the same ChIP-seq technique and after mapping the reads on the chimeric 

genome (EquCabAsiB), we localized the satellite-less centromeres and performed a 

positional variability analysis. Figure 5 in the paper shows that no relevant changes 

in peak position were detected among the clones and between the clones and the 

immortal parental cell line; this analysis proves that centromeric position in the 

immortal cell population was homogeneous despite the high number of cell and 

sliding did not occur. We were able to prove that centromere sliding, observed in 

the families, does not occur in vitro cell culturing. 

The analysis of epiallele transmission in hybrids (three mules and one hinny) 

showed that centromeric domains are inherited as Mendelian traits but their 

position can slide in one generation. Conversely, centromere location is stable 

during mitotic propagation of cultured cells. Our results demonstrate that the 

presence of more than half centromeres devoid of satellite DNA is compatible with 

genome stability and species survival. The presence of amplified DNA at some 

centromeres suggests that these arrays may represent an intermediate stage towards 

satellite DNA formation during evolution. Figure 6 of the paper shows a possible 

model for maturation of centromeres during evolution. The observation of the 

presence of sequence amplification in five donkey centromeres may represent an 

intermediate stage toward satellite DNA. According to the model, the presence of 

amplified sequences at a neocentromere is an indication of its more mature stage 

compared to non-amplified centromeres although it remains to be demonstrated 

whether amplification is a necessary step towards centromeric satellite DNA 

formation. 
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PART 2 COMPARATIVE ANALYSIS OF CENP-A 

BINDING DOMAINS IN 7 EQUID SPECIES 
 

RESULTS 
 

At the conclusion of the study reported in part 1 (Nergadze SG et al. 2018), we 

investigated the satellite-free centromeres of Equus asinus and identified 16 

centromeres lacking satellite DNA in the donkey. We also proved that the location 

of CENP-A binding domains can vary in different individuals giving rise to 

epialleles.  However, we did not characterize the situation for other equid species.  

Previous studies in this laboratory (Piras MF et al 2010)  already demonstrated that 

satellite-less centromeres were found also in Grevy’s zebra and Burchell’s zebra. 

For this reason we carried out ChIP-seq experiments with the anti-CENP-A 

antibody in 5 other equid species: E. zebra hartmannae, E. grevyi, E. burchelli, E. 

kiang and E. hemionus onager. We then compared the position and sequence of all 

satellite-less centromeres in the different species. The previously analyzed ChIP-

seq datasets from E. caballus and E. asinus (Nergadze SG et al. 2018) were used as 

part of this comparative analysis. The molecular characterization of several 

satellite-less centromeres could help us to unravel when, and possibly how, 

centromere repositioning occurred throughout evolution. Furthermore, the analysis 

of the centromeric loci could suggest how such important events (seeding and 

formation of satellite-less centromeres) may have influenced speciation in the 

genus. 

We performed a chromatin immunoprecipitation on these other equid species using 

anti-CENP-A antibodies, which target the histone H3 variant at centromeres on 

chromatin. Purified DNA from each sample (immunoprecipitated DNA and control 

DNA) was sent to the IGA Technologies Service to perform library preparation and 

sequencing through Illumina HiSeq2500 platform. Raw read datasets were 

collected and processed through a bioinformatic pipeline to check reads quality and 

to map them to the horse reference genome. We used the horse genome as 

reference (Equcab3) mainly for two reasons: 

 

 Complete reference genomes, assembled at chromosome level, of the equid 

species, other than E. caballus are not available yet 

 •Comparative analysis of satellite-less centromeres of equids is done in 

respect to the horse, which is considered the species with the karyotype 

configuration closest to the perissodactyla among the equid species here 

studied  

 

The karyotypes of the extant Equus species are characterized by the presence of a 

variable number of meta- and submetacentric chromosomes derived from fusions 

between ancestral acrocentric elements (Trifonov VA et al. 2008). Their 
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chromosome number goes from 32 in E. zebra to 66 in E. przewalskii. Following 

the reconstruction of a perissodactyl ancestral karyotype (Trifonov VA et al. 2008), 

its analysis suggested that the ancestral karyotype consisted of acrocentric 

chromosomes (2n=74), which underwent fusions during evolution, reducing the 

chromosome number. For this reason, the horse karyotype (2n=64) was considered 

the closest to the ancestral configuration. 

After having mapped reads from the ChIP and input datasets obtained from 7 

equids, we identified and localized (as described in Material and Methods) on the 

horse genome, satellite-less centromeres in each one of the species as reported in 

figures R1-1 through R1-28. 

By comparing the ChIP dataset and the input dataset we were able to identify an 

exceptionally high number of satellite-less centromeres in all the analyzed species. 

 

We detected, though the ChiP-seq approach a total of 82 satellite-less centromeres 

assigned as follows: 

 

 1 in Equus caballus (Wade et al. 2009; Nergadze et al. 2018) 

 16 in Equus asinus (Nergadze et al. 2018) 

 10 in Equus zebra hartmannae 

 11 in Equus grevyi 

 14 in Equus burchelli 

 15 in Equus kiang 

 15 in Equus hemionus onager 

 

With such large number of centromeres devoid of tandemly repeated DNA 

sequences, a molecular detailed dissection of the centromeric loci is possible. 

In the PhD thesis of Francesco Gozzo (2018), sequences of 44 neocentromeres 

from 4 equid species (Hartmann’s zebra, Grevy’s zebra, Burchell’s zebra and 

kiang) were assembled and sequence rearrangement analysis was performed. That 

analysis was done using Equcab2 as reference sequence. In my thesis, reads from 

all the species were remapped on Equcab3 reference sequence and onager was 

added to this analysis. Several neocentromeres which were not detected in the 

previous analysis were identified following the remapping process (EZH14, 

EBU18, EGR8, EGR11, EBU9, EBU17). 

In this thesis we report some features already recognized in the donkey satellite- 

less centromeres (Nergadze et al. 2018), specifically sequence rearrangements or 

amplification, epiallelism and repositioning respect to the horse centromeres. 

Centromeric loci were identified by comparing the ChIP dataset to the control; 

peaks represent the read distribution of the ChIP datasets across the reference 

genome. 

Satellite-less centromeres cover a wide spectrum of peak shapes, but they are 

mainly divided in three groups: Gaussian-like peaks, irregular peaks and spike-like 

peaks (as shown in Figure 1 of the attached paper). 

From the donkey study (Nergadze SG et al 2018) we now know the biological 

reason behind these differences in terms of reads distribution and consequently, of 
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peak shape. Gaussian-like peak is the typical distribution of reads at the satellite-

less centromeres in which the beneath sequence did not exhibit major 

rearrangements compared to the horse orthologues non centromeric regions (e.g. 

Hartmann’s zebra centromere mapped on ECA4 showed in Figure R2-2A). 

Irregular peaks are a consequence of sequence rearrangements compared to the 

horse reference genome (e.g. Donkey centromere mapped on ECA11 showed in 

Figure R2-10A). Spike-like peaks may reflect a sequence amplification of the 

centromeric domain (e.g. Burchell’s zebra centromere mapped on ECA15 in Figure 

R2-14A) as previously demonstrated in the donkey (Nergadze SG et al 2018). 

Another feature we identified throughout the centromeric domain analysis, as 

previously seen in the donkey and in the horse, is the presence of epialleles, 

different CENP-A binding domains in the two homologs [e.g. Burchell’s zebra 

centromere in Figure R2-5A]. Read mapping was performed on all ChIP and input 

datasets, using the alignment software Bowtie2.0 (Langmead B and Salzberg SL 

2012). We then executed a bioinformatic pipeline previously used in our work 

(Nergadze et al. 2018) and described in Material and Method section. We loaded 

the read coverage file (bigwig) obtained by converting the BAM file of each of the 

six equids (zebras and asses) on the EquCab3 reference genome on the IGV 

software (Robinson et al. 2011). 

We then compared the presence and position of neocentromeres in the different 

equids trying to infer when neocentromeres formation occurred during equid 

speciation. To this purpose we created three different phylogenetic tree models 

[Figure R2-29-31] and positioned the putative events of neocentromere formation 

on the appropriate nodes of each model. It is important to point out that this 

analysis is based only on ChIP-seq data without taking into account chromosome 

rearrangements that may have occurred during the evolution of the different 

lineages. A detailed comparison of ChIP-seq and cytogenetic data is under way in 

the laboratory. 

The following Figures (R1-1 through R1-28) show the position of the CENP-A 

binding sites for each of the different equid species in context of the homologous 

region on the horse genome assembly. The top line in panel A identifies the horse 

chromosome region which is homologous to the centromeric region in the other 

species based on DNA sequence. Panel A also shows the shape of the CENP-A 

binding peaks for each of the species obtained from the ChIP-seq read mapping. 

Panel B includes a blue bar at the bottom which represents the chromosome for the 

domestic horse and identifies its length and the relative position of the horse 

centromere. The positions of the neocentromeres of the other species are identified 

with colored shapes and with numbers designated the position with respect to the 

sequences in Equcab3.0 

  



PART 2  

49  

Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 1 

In the orthologs of horse chromosome 1 [Figure R2-1A] only one species shows 

the presence of CENP-A binding domain: E. kiang. 

Kiang satellite-less centromere localizes almost 14 Mb away [Figure R2-1B] from 

the horse satellite-based centromere, and shows a Gaussian-like peak shape, 

suggesting no sequence rearrangements. 

The presence of a satellite-less centromere in the donkey ortholog only suggests 

that this Centromere Repositioning event occurred in the kiang lineage after its 

separation from the other equids. 

Figure R2-1: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 1. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 4 

In the orthologs of horse chromosome 4 [Figure R2-2A] four species show the 

presence of CENP-A binding domains on satellite-less sequences: E. zebra 

hartmannae, E. burchelli, E. kiang and E. hemionus onager. 

The satellite-less centromeres of Burchell’s zebra, kiang and onager are located on 

the same region relative to the horse reference genome [Figure R2-2B], adjacent to 

the genomic region of the horse satellite-based centromere. The satellite-less 

centromere of Hartmann’s zebra is about 500 kb away [Figure R2-2B] from the 

other neocentromeres. In Figure R2-2B a sketch of horse chromosome 4 is shown 

and different symbols are used to indicate the position, on the horse reference 

sequence, of the satellite-less centromeres in the different species. 

In this chromosome, CENP-A binding domains of Hartmann’s zebra and Kiang 

have a Gaussian-like shape, reflecting little to no sequence rearrangements, while 

in Burchell’s zebra the CENP-A peak displays a spike-like shape suggesting that 

sequence amplification is present at this locus compared to the horse reference 

sequence, as previously demonstrated in the donkey (Nergadze SG et al 2018). The 

peak shape in Onager shows a gap possibly reflecting a sequence deletion in 

respect to the horse genome. 

In Grevy’s zebra a narrow spike-like peak was observed (7kb in length). This peak 

is present also in the input sample (data not shown) but shows a 10-fold enrichment 

in the CENP-A ChIP. Based on our previous observations from the donkey 

(Nergadze SG et al 2018), this peak possibly corresponds to a neocentromere 

located  on a 7kb sequence that is amplified only in the Grevy’s zebra genome. 
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hh  

Figure R2-2: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 4. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 4. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 5 

In the orthologs of horse chromosome 5 [Figure R2-3A] only two species show the 

presence of CENP-A binding domains: E. burchelli and E. asinus. 

The Burchell’s zebra neocentromere colocalizes with the donkey centromere 

almost 28 Mb away [Figure R2-3B] from the horse satellite-based centromere. The 

CENP-A binding peak shows a spike-like shape, suggesting sequence amplification 

in respect to the horse orthologous sequence. The donkey centromere localizes 

almost 28 Mb away [Figure R2-3B] from the horse centromere. As previously 

reported (Nergadze et al. 2018) and discussed in Part 1 of this thesis, this 

centromere displays a sequence amplification in respect to the horse orthologous 

sequence although CENP-A partially binds a non-repetitive sequence flanking the 

3’ end of the amplified region. The amplified sequence structure of this centromere 

was confirmed by NGS and specific experiments (Nergadze et al. 2018). The spike 

like shape of this peak is due to the fact that it is amplified in the donkey and is 

single copy in the horse. 

 

Figure R2-3: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 5. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 5. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 6 

In the orthologs of horse chromosome 6 [Figure R2-4A] only one species shows 

the presence of CENP-A binding domain: E. asinus. 

It localizes almost 10 Mb away [Figure R2-4B] from the horse centromere. As 

previously reported (Nergadze et al. 2018) and discussed in Part 1 of this thesis, 

this centromere displays a sequence amplification in respect to the horse 

orthologous sequence. This was confirmed by NGS and specific experiments. The 

presence of a satellite-less centromere in the donkey ortholog only suggests that 

this centromere repositioning occurred in the donkey lineage after its separation 

from the other asses. 

 

 
Figure R2-4: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 6. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 6. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0.  
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 7 

In the orthologs of horse chromosome 7 [Figure R2-5A] three species show the 

presence of CENP-A binding domain: E. grevyi, E. burchelli, and E. hemionus 

onager. 

The satellite-less centromere of Burchell’s zebra and one of the domains of 

Grevy’s zebra are located in the same position relative to the horse reference 

sequence. A second peak of Grevy’s zebra is located in the same position as the 

peak of Hartmann’s zebra, while in onager a satellite-less centromere is positioned 

700 kb away [Figure R2-5B]. 

Hartmann’s zebra and onager neocentromeres, and one of the peaks of Grevy’s 

zebra are located relatively near the horse satellite-based centromere. 

Burchell’s zebra centromere and the second Grevy’s zebra peak are located almost 

8 Mb apart [Figure R2-5B] from the horse satellite-based centromere. Burchell’s 

zebra neocentromere shows two different CENP-A binding domains with a 

Gaussian like peak shape, indicative of epiallelism. The localization of the two 

peaks of the two CENP-A binding domains in Grevy’s zebra is peculiar: the two 

different peaks are located 8 Mb from each other [Figure R2-5B]; this particular 

localization of the peaks may be due to sequence rearrangements in Grevy’s zebra 

compared to the horse reference genome. 

In Hartmann’s zebra a narrow spike-like peak was observed (23kb in length). This 

peak is present also in the input sample (data not shown) but shows a 10-fold 

enrichment in the CENP-A ChIP. According to our previous data from the donkey 

(Nergadze SG et al 2018), this peak probably corresponds to a neocentromere 

located on a 23kb sequence that is amplified only in the Hartmann’s zebra genome. 

This situation is similar to the one described above for Grevy’s zebra 

neocentromere in the ortholog of horse chromosome 4 (Figure R2-2A). 
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Figure R2-5: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 7. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 7. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 8 

In the orthologs of horse chromosome 8 [Figure R2-6A] only one species shows 

the presence of CENP-A binding domain: E. asinus. 

It is localized 12 Mb away [Figure R2-6B] from the horse centromere. This 

centromere has a Gaussian-like peak shape, indicating no rearrangements between 

the horse and the donkey sequence (Nergadze et al. 2018). 

The presence of a satellite-less centromere in the donkey ortholog only suggests 

that this centromere repositioning occurred in the donkey lineage only. 

 

Figure R2-6: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 8. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 8. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 9 

In the orthologs of horse chromosome 9 [Figure R2-7A] six species show the 

presence of CENP-A binding domain: E. zebra hartmannae, E. grevyi, E.  

burchelli, E. asinus, E. kiang and E. hemionus onager. 

All satellite-less centromeres are in a different position respect to the horse 

satellite-based centromere. In Hartmann’s zebra two CENP-A binding domains 

were observed; in the horse reference genome, one of these domains is located near 

the satellite-based centromere in the p-arm, the other domain in the q-arm. 

Therefore, the horse centromere lays in between these two peaks. Consequently, 

the distance between the two peaks may be due to the fact that the horse 

centromere is not assembled and that this region in Hartmann’s zebra underwent 

extensive rearrangement. Grevy’s and Burchell’s zebra have their CENP-A binding 

domains located almost 2 Mb away [Figure R2-7B] from the horse centromere on 

the p-arm of the horse reference genome. Donkey centromere is located 4 Mb away 

[Figure R2-7B] from horse centromere in the p-arm. The two Gaussian-like peaks 

indicate no sequence rearrangements and epiallelism. 

Kiang and onager centromeres are located 1 Mb away [Figure R2-7B] from the 

horse centromere in the q-arm. In both cases the peak shape suggests some 

sequence rearrangement (as shown previously in our laboratory for kiang 

centromere in Francesco Gozzo PhD thesis 2018) and possibly epiallelism.  

 
Figure R2-7: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 9. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 9. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 10p 

For horse chromosome 10 the analysis is presented separately for the p and for the 

q-arm since they have a different evolutionary history (Musilova P et al. 2013) and 

both bear satellite-less centromeres in different species. In the orthologs of horse 

chromosome 10p [Figure R2-8A] two species show the presence of CENP-A 

binding domain: E. kiang and E. hemionus onager. 

These satellite-less centromeres are about 17 Mb away [Figure R2-8B] from the 

horse satellite-based centromere. 

The presence of two domains in both species suggests epiallelism. 
 

 

Figure R2-8: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 10. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 10p. The 

central panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 10q 

In the orthologs of horse chromosome 10q [Figure R2-9A] four species show the 

presence of CENP-A binding domain: E. zebra hartmannae, E. grevyi, E. burchelli 

and E. kiang. 

All satellite-less centromeres are in a different position respect to the horse 

satellite-based centromere. Hartmann’s zebra centromere has a CENP-A binding 

domain with a regular peak shape located about 3 Mb away [Figure R2-9B] from 

the horse centromere. 

Grevy’s and Burchell’s zebra have their CENP-A binding domains co-localizing 

almost 5 Mb away from the horse centromere [Figure R2-9B]. The peak shape of 

both neocentromeres suggests no sequence rearrangements and the presence of two 

peaks in Burchell’s zebra indicates epiallelism. 

Kiang chromosome 11 has a neocentromere located about 1 Mb away [Figure R2- 

9B] from the horse centromere, and has a peak shape suggesting the presence of 

two epialleles partially overlapping.  

 

Figure R2-9: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 10q. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 10q. The 

central panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 11 

In the orthologs of horse chromosome 11 [Figure R2-10A] only three species show 

the presence of CENP-A binding domain: E. caballus, E. asinus and E. hemionus 

onager. 

In this chromosome, the horse has a satellite less centromere as previously reported 

in Part 1 and in previous work (Wade CM et al. 2009; Nergadze et al. 2018). 

Neocentromeres of donkey and onager both colocalize in the same genomic region, 

which is 20 Mb away [Figure R2-10B] from the horse centromere. 

The CENP-A binding domain in the donkey has a peculiar irregular shape that is 

due to sequence rearrangements in the donkey compared to the horse reference 

sequence as previously described in Part 1 and in the attached paper (Nergadze et 

al. 2018). 

The onager centromere is represented as a Gaussian-like peak, suggesting no 

sequence rearrangements. 

 

Figure R2-10: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 11. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 11. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 12 

In the orthologs of horse chromosome 12 [Figure R2-11A] only one species shows 

the presence of CENP-A binding domain: E. burchelli. 

It localizes 2 Mb away from the horse centromere [Figure R2-11B]. This 

centromere has two Gaussian-like peaks, highlighting no sequence rearrangements 

compared to the horse sequence. Moreover, the two peaks are indicative of the 

presence of epialleles. 

The presence of a satellite-less centromere in the Burchell’s zebra ortholog only 

suggests that this Centromere Repositioning event occurred in this zebra lineage 

after the separation from the other zebras. 

 

Figure R2-11: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 12. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 12. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 13 

In the orthologs of horse chromosome 13 [Figure R2-12A] four species show the 

presence of CENP-A binding domain: E. grevyi, E. asinus, E. kiang and E. 

hemionus onager. 

All satellite-less centromeres detected colocalize in the same genomic region which 

is 5 Mb away [Figure R2-12B] from the horse centromere. 

Grevy’s zebra centromere has an irregular CENP-A binding domain due to 

sequence rearrangements as shown previously in our laboratory (Francesco Gozzo 

PhD thesis 2018). Donkey centromere has two peaks with minor sequence 

deletions and displays epiallelism. 

Kiang centromere has a regular Gaussian-like peak shape indicative of no sequence 

rearrangements while onager centromere has a more irregular peak shape 

suggesting some sequence rearrangements. Centromere repositioning analysis 

based only on ChIP-seq data of this chromosome, inferred over three different 

equid phylogenetic trees, is reported below in Figures R2-29-31. A detailed 

analysis to describe the formation and evolution of these neocentromeres, taking 

into account cytogenetic and ChIP-seq data, as shown in Figure D2-1 for ECA4, is 

underway. 
 

Figure R2-12: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 13. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 13. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 



PART 2 

63  

Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 14 

In the orthologs of horse chromosome 14 [Figure R2-13A] only two species show 

the presence of CENP-A binding domain: E. asinus and E. kiang. 

Donkey centromere is localized about 29 Mb away [Figure R2-13B] from the horse 

centromere. The presence of the spike-like shaped peak indicates sequence 

amplification as previously reported (Nergadze et al. 2018). 

Kiang centromere is 1 Mb away [Figure R2-13B] from the horse centromere. It has 

a Gaussian-like peak shape with no major sequence rearrangements. 

 

Figure R2-13: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 14. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 14. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 15 

In the orthologs of horse chromosome 15 [Figure R2-14A] only two species show 

the presence of CENP-A binding domain: E. burchelli and E. hemionus onager. 

Burchell’s zebra centromere is localized about 2 Mb away [Figure R2-14B] from 

the horse centromere. The presence of the spike-like shaped peak indicates partially 

sequence amplification at the 3’ end of this centromere as shown previously in our 

laboratory (Francesco Gozzo PhD thesis 2018). 

Onager centromere is 25 Mb away [Figure R2-14B] from the horse centromere. 

Two Gaussian-like peaks, located about 600 kb apart from each other, are 

indicative of epiallelism.  

 

Figure R2-14: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 15. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 15. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0.
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 16 
In the orthologs of horse chromosome 16 [Figure R2-15A] only two species show 

the presence of CENP-A binding domain: E. kiang and E. hemionus onager. 

Both neocentromeres colocalize in the same genomic region, which is 51 Mb away 

[Figure R2-15B] from the horse centromere. 

Kiang centromere in this chromosome displays a CENP-A binding domain of two 

peaks partially overlapping; no major sequence rearrangements are present. 

Onager centromere, although being present in the same genomic region of kiang, 

displays two different CENP-A binding domains positioned 400 kb apart from each 

other [Figure R2-15B] in the horse genome. We do not know whether this large 

distance between the epialleles is related to centromere sliding only or to some 

rearrangement that occurred in the onager genome.  
 

Figure R2-15: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 16. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 16. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 17 

In the orthologs of horse chromosome 17 [Figure R2-16A] only one species shows 

the presence of CENP-A binding domain: E. asinus. 

It localizes almost 18 Mb away [Figure R2-16B] from the horse centromere. This 

centromere has the peculiar Gaussian-like peak shape, highlighting (Nergadze et al. 

2018) little to no rearrangements between the horse and the donkey sequence. 

The presence of a satellite-less centromere in the donkey ortholog only suggests 

that this centromere repositioning event occurred in the donkey lineage after the 

separation from all other equids. 

 

 
Figure R2-16: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 17. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 17. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 18 

In the orthologs of horse chromosome 18 [Figure R2-17A] four species show the 

presence of CENP-A binding domain: E. zebra hartmannae, E. grevyi, E. burchelli 

and E. hemionus onager. 

All satellite-less centromeres are in a different position respect to the horse 

satellite-based centromere. Hartmann’s zebra centromere shows a CENP-A binding 

domain with a regular peak shape, thus displaying no sequence rearrangement, and 

is distant about 1.5 Mb [Figure R2-17B] from the horse centromere. Grevy’s and 

Burchell’s zebra have their CENP-A binding domain located almost 7 Mb away 

[Figure R2-17B] from the horse centromere and they both show no major sequence 

rearrangements. 

Onager centromere is located 8 Mb away [Figure R2-17B] from the horse 

centromere. Two CENP-A binding domains are present at this locus, which 

correspond to two epialleles separated by about 100 kb; no major sequence 

rearrangements are present. 

 

Figure R2-17: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 18. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 18. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 19 

In the orthologs of horse chromosome 19 [Figure R2-18A] only one species shows 

the presence of CENP-A binding domain: E. asinus. 

It localizes almost 7 Mb away [Figure R2-18B] from the horse centromere. This 

centromere shows two Gaussian-like peaks, highlighting (Nergadze et al. 2018) 

little to no rearrangements between the horse and the donkey sequence and 

epiallelism. 

The presence of a satellite-less centromere in the donkey ortholog only suggests 

that this Centromere Repositioning event occurred in the donkey lineage after its 

separation from the other equids. 

 
 

 
Figure R2-18: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 19. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 19. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0.  
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 20 

In the orthologs of horse chromosome 20 [Figure R2-19A] four species show the 

presence of CENP-A binding domain: E. zebra hartmannae, E. grevyi, E. asinus, 

E. kiang and E. hemionus onager. 

All satellite-less centromeres detected localize in a different genomic region 

compared to the horse centromere. 

Hartmann’s zebra centromere localizes almost 0.7 Mb [Figure R2-19B] from the 

horse centromere and displays a spike-like peak configuration which suggests that 

sequence amplification occurred in the Hartmann’s zebra genome as shown 

previously in our laboratory (Francesco Gozzo PhD thesis 2018). 

Donkey and kiang centromeres and one peak of onager centromere reside in the 

same genomic region which is 27 Mb away [Figure R2-19B] from the horse 

centromere. Donkey centromere displays an irregular peak shape and is located 

into an amplified region which is single copy in the horse as previously 

demonstrated (Nergadze SG et al 2018). 

Kiang centromere, although being present in the same genomic locus, shows a 

Gaussian-like peak shape, indicative of little to no sequence amplification. 

Onager centromere presents a peculiar situation: two Gaussian-like peaks are 

present. One epiallele is located on the same genomic region of the donkey and 

kiang centromeres, while the other epiallele is 2 Mb away [Figure R2-19B] from 

the first one. Being mapped on the horse reference genome and not on the proper 

kiang reference genome (not available), we do not know whether this distance is 

related to centromere sliding only or also to sequence rearrangement.  
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Figure R2-19: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 20. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 20. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 21 

In the orthologs of horse chromosome 21 [Figure R2-20A] five species show the 

presence of CENP-A binding domain: E. zebra hartmannae, E. grevyi, E.  

burchelli, E. kiang and E. hemionus onager. All satellite-less centromeres are in a 

different position respect to the horse satellite-based centromere. Hartmann’s, 

Grevy’s and Burchell’s zebra localize almost 1 Mb away [Figure R2-20B] from the 

horse centromere. Hartmann’s zebra centromere has a CENP-A binding domain 

with an irregular peak shape, with a gap between the two CENP-A enriched 

regions, reflecting a large sequence deletion compared to the horse reference 

genome (Francesco Gozzo PhD thesis). Grevy’s zebra centromere displays an 

irregular peak shape, reflecting some sequence rearrangements, while Burchell’s 

zebra centromere has a Gaussian-like shape, indicative of no sequence 

rearrangements. Kiang centromere presents a peculiar situation: two Gaussian-like 

peaks are present. One epiallele is located on the same genomic region of the 

zebras’ centromeres, while the other epiallele is 4 Mb distant [Figure  R2-20B] 

from the first one. Being mapped on the horse reference genome and not on the 

proper kiang reference genome (not available), we do not know whether this 

distance is related to centromere sliding only or also to sequence rearrangement. 

Onager centromere displays two Gaussian-like peaks, two epialleles, and is located 

10 Mb away [Figure R2-20B] from the horse centromere. No major sequence 

rearrangements are present.  

Figure R2-20: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 21. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 21. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0.  
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 22 

In the orthologs of horse chromosome 22 [Figure R2-21A] three species show the 

presence of CENP-A binding domain: E. burchelli, E. kiang and E. hemionus 

onager. 

Burchell’s zebra centromere is localized almost 12 Mb away [Figure R2-21B] from 

the horse centromere and displays a Gaussian-like peak which suggests no 

rearrangements compared to the horse reference sequence. 

Kiang centromere is present almost 24 Mb away [Figure R2-21B] from the horse 

centromere and displays two CENP-A binding domains with an irregular peak 

shape indicative of epiallelism and sequence rearrangements as shown previously 

in our laboratory (Francesco Gozzo PhD thesis 2018). 

Onager centromere displays two Gaussian-like peaks: one epiallele is located on 

the same genomic region of the kiang centromere. The other epiallele is 1.5 Mb 

distant [Figure R2-21B] from the first one. Being mapped on the horse reference 

genome and not on the proper kiang reference genome (not available), we do not 

know whether this distance is related to centromere sliding only or also to sequence 

rearrangement. 
 

Figure R2-21: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 22. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 22. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 24 

In the orthologs of horse chromosome 24 [Figure R2-22A] only two species show 

the presence of CENP-A binding domain: E. grevyi and E. burchelli 

Grevy’s zebra centromere localizes almost 17 Mb away [Figure R2-22B] from the 

horse centromere. This centromere has an irregular peak shape,  highlighting 

several sequence rearrangements between Grevy’s zebra sequence and the horse 

sequence as shown previously in our laboratory (Francesco Gozzo PhD thesis 

2018). 

Burchell’s zebra centromere colocalizes with Grevy’s zebra centromere. Similarly 

to donkey chromosome 19 (Nergadze SG et al 2018), the spike-like peak suggests 

that sequence amplification occurred in the Burchell’s zebra lineage after its 

separation from Grevy’s zebra.  

 

Figure R2-22: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 24. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 24. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 25 

In the orthologs of horse chromosome 25 [Figure R2-23A] only two species show 

the presence of CENP-A binding domain: E. zebra hartmannae and E. asinus. 

Hartmann’s zebra centromere displays two major peaks (epialleles): one peak is 

present almost 9 Mb away [Figure R2-23B] from the horse centromere, the other 

one 10 Mb away [Figure R2-23B]; the two epialleles are separated by 1 Mb [Figure 

R2-23B] from each other, however being mapped on the horse reference genome 

and not on the proper Hartmann’s zebra reference genome (not available), we do 

not know whether this distance is related to centromere sliding only or also to 

sequence rearrangement. Both peaks present a Gaussian-like shape, indicative of 

little to no sequence rearrangements 

Donkey centromere is located 9 Mb away [Figure R2-23B] from the horse 

centromere, co-localizing also with one peak of Hartmann’s zebra centromere. It 

displays two adjacent Gaussian-like peaks, indicative of epiallelism, and no 

sequence rearrangements between the donkey and the horse genome. 

 

Figure R2-23: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 25. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 25. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 26 

In the orthologs of horse chromosome 26 [Figure R2-24A] five species show the 

presence of CENP-A binding domain: E. grevyi, E. burchelli, E. asinus, E. kiang 

and E. hemionus onager. 

All satellite-less centromeres are in a different position respect to the horse 

satellite-based centromere. 

Grevy’s zebra centromere is located 6.4 Mb away [Figure R2-24B] from the horse 

centromere. It comprises two CENP-A binding domains with a Gaussian-like peak 

shape, suggesting epiallelism. 

Burchell’s zebra centromere colocalizes with Grevy’s zebra centromeric position 

[Figure R2-24B] but it displays only one epiallele in this individual. Donkey and 

kiang centromeres colocalize in the same genomic region, 23 Mb away [Figure R2- 

24B] from the horse centromere. As previously reported (Nergadze et al. 2018), 

this donkey centromere partially resides on an amplified sequence; donkey peak 

showed in figure R2-23A is composed by a Gaussian like peak flanked by a spike- 

like peak, so CENP-A partially binds an amplified region. Kiang centromere 

displays two Gaussian-like peaks, indicating epiallelism and no major sequence 

rearrangements. Onager centromere is localized almost 22 Mb away [Figure R2- 

24B] from the horse centromere showing one Gaussian-like peak, indicative of no 

major sequence rearrangements.  

Figure R2-24: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 26. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 26. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 27 

In the orthologs of horse chromosome 27 [Figure R2-25A] four species show the 

presence of CENP-A binding domain: E. zebra hartmannae, E. burchelli, E. asinus 

and E. kiang. 

All satellite-less centromeres are in a different position respect to the horse 

satellite-based centromere. 

Hartmann’s and Grevy’s zebra centromeres are co-localized 1 Mb away [Figure 

R2-25B] from the horse centromere. Hartmann’ zebra centromere comprises one 

Gaussian-like peak in which a large sequence deletion occurred compared to the 

horse sequence as shown previously in our laboratory (Francesco Gozzo  PhD 

thesis 2018). Grevy’s zebra centromere shows an irregular peak shape indicative of 

major sequence rearrangements (also reported in Francesco Gozzo PhD thesis). 

Donkey centromere is localized in 20 Mb away [Figure R2-25B] from the horse 

centromere. As previously reported (Nergadze et al. 2018) this centromere shows 

two Gaussian-like peaks partially overlapping, indicative of epiallelism and no 

major sequence rearrangements. Kiang centromere localized almost 1 Mb away 

[Figure R2-25B] from the horse centromere, in the same genomic region of 

Hartmann’s and Burchell’s centromeres and displays one Gaussian-like peak; 

minor to no sequence rearrangements are present in this locus.  

 
Figure R2-25: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 27. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 27. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 28 

In the orthologs of horse chromosome 28 [Figure R2-26A] only two species show 

the presence of CENP-A binding domain: E. burchelli and E. asinus. 

Burchell’s zebra centromere is located 3 Mb away [Figure R2-26B] from the horse 

centromere and displays two adjacent Gaussian-like peaks, indicative of epiallelism 

and no sequence rearrangements. 

Donkey centromere localizes 14 Mb away [Figure R2-26B] from the horse 

centromere and displays one Gaussian-like peak, indicative of no sequence 

rearrangements. 
 

Figure R2-26: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 28. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 28. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome 30 

In the orthologs of horse chromosome 30 [Figure R2-27A] three species show the 

presence of CENP-A binding domain: E. asinus, E. kiang and E. hemionus onager. 

All satellite-less centromeres detected colocalize in the same genomic region which 

is about 18 Mb away [Figure R2-27B] from the horse centromere. 

Donkey centromere has one Gaussian-like peak indicative of no sequence 

rearrangements. 

Kiang and onager centromeres share the same features: two colocalized Gaussian- 

like peaks, indicative of epiallelism and no major sequence rearrangements. 

 
 

Figure R2-27: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome 30. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome 30. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Mapping of CENP-A binding domains on the orthologs of horse 

chromosome X 

In the orthologs of horse chromosome X [Figure R2-28A] six species show the 

presence of CENP-A binding domain: E. zebra hartmannae, E. grevyi, E. 

burchelli, E. asinus, E. kiang and E. hemionus onager. Satellite-less centromeres of 

Hartmann’s, Grevy’s, Burchell’s zebra, kiang and onager are localized adjacent to 

the genomic region of the satellite-based centromere of the horse [Figure R2-28B]. 

Hartmann’s zebra centromere displays two peaks. One is irregular, indicating 

genomic rearrangements as shown previously in our laboratory (Francesco Gozzo 

PhD thesis 2018) and the other one has a Gaussian-like shape. Grevy’s zebra 

centromere displays one Gaussian-like peak, indicative of no major sequence 

rearrangements. Burchell’s zebra centromere shows three irregular peaks; two 

localizing in the same genomic region of the other zebras’ centromeres [Figure R2- 

28B], the other one 2 Mb away, suggesting major sequence rearrangements (also 

reported in Francesco Gozzo PhD thesis). Donkey centromere localizes 20 Mb 

away [Figure R2-28B] from the horse centromere, thus not colocalizing with the 

other neocentromeres; its Gaussian-like peak indicates no major sequence 

rearrangements. Kiang and onager centromeres share the exact genomic location 

[Figure R2-28B] and peak conformation. Peak shape of both neocentromeres 

suggests sequence rearrangements respect to the horse genome as shown 

previously in our laboratory (Francesco Gozzo PhD thesis 2018).  

 
Figure R2-28: Comparative analysis of neocentromeres in the orthologs of horse 

chromosome X. A) Table showing colors and symbols used to identify chromosomes in 

different species compared to the orthologous region on horse chromosome X. The central 

panel shows CENP-A binding sites obtained by ChIP-Seq using the horse genome 

(EquCab3) as sequence reference; B) Schematic representation of the horse chromosome 1 

(blue bar) with symbols and numbers indicating the position (Mb) of the neocentromeres in 

the other species with respect to the sequences in Equcab3.0. 
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Analysis of putative centromere repositioning events during the 

evolution of the genus Equus 
 

Changes in genome organization, insertions of DNA sequences, deletions, 

duplications or other types of rearrangements are frequently used as phylogenetic 

markers. Genomic rearrangements involving chromosomes of a common ancestor 

are usually conserved and inherited in the orthologous chromosomes of the 

descendent species. The analysis of the presence/absence of such rearrangements is 

a potential approach to determine the phylogeny of evolutionarily related species. 

For instance, a comparative study previously applied to retrotransposons allowed to 

reconstruct the mammalian evolutionary tree (Usdin K et al. 1995; Kriegs JO et al. 

2006). Centromere repositioning has been proposed as useful phylogenetic marker 

(Rocchi M et al. 2012, Piras MF et al. 2009, Piras MF et al. 2010, Nergadze SG et 

al. 2018). Here we dated CR events during the evolution of the genus Equus 

considering the sole presence of satellite-less centromeres identified through ChIP- 

seq. 

 

Figures R2-29-31 show three different putative phylogenetic trees in which the 

centromeric repositioning events for each of the chromosomes are inferred; based 

on the presence of ChIP-seq signals and species relationship, we suggest a date for 

each repositioning event during the genus Equus radiation. These three 

phylogenetic models have been proposed in order to identify the evolutionary 

relationships giving rise to the lowest possible number of repositioning events 

compatible with our ChIP-seq data. 

 

It is important to underline that this analysis does not take into account 

chromosomal rearrangements that may have modified the neocentromere position. 

Lineage sorting may have also played a role in the inheritance of the 

neocentromeres in the different equid lineages as described in the discussion. 

 

Orthologs of horse chromosomes 1, 6, 8, 12, 17, 19, are not reported since a 

neocentromere was observed only in one species suggesting that a repositioning 

event occurred only in that lineage. 

Here I report some examples of the results of the analysis on the first proposed tree. 

As shown in Figure R2-29, the neocentromeres observed in the orthologs of ECA 9 

were probably generated in the common ancestor of all asses and zebras as a single 

repositioning event. A similar situation can be proposed to explain the origin of the 

neocentromeres identified on the X chromosomes. These events should have 

occurred after the separation of the asses and zebras ancestor from the horse 

lineage. 

For the neocentromeres observed on the orthologs of ECA7, the absence of a 

neocentromere in the donkey and kiang, suggests that two repositioning events may 
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have occurred. The first one in the common ancestor of zebras and the second one 

in the onager lineage. 

In the orthologs of ECA22 neocentromeres are present in Burchell’s zebra, kiang 

and onager while no neocentromeres were observed in Hartmann’s zebra, Grevy’s 

zebra and donkey. These results suggest that two independent repositioning events 

may have occurred. One in the common ancestor of kiang and onager and the other 

one only in Burchell’s zebra, after its divergence from the other zebras. 

The presence of neocentromeres on the orthologs of ECA26 in all species, except 

for Hartmann’s zebra, suggests that two repositioning events may have occurred. 

One in the common ancestor of the asses and the other one in the common ancestor 

of Grevy’s and Burchell’s zebra. An alternative hypothesis is that chromosomal 

rearrangements took place in the Hartmann’s zebra lineage displacing the satellite- 

less centromere. 

Neocentromeres identified in the orthologs of ECA24 in only two species (Grevy’s 

zebra and Burchell’s zebra) suggest that only one repositioning event occurred in 

the common ancestor of the two zebras. 

According to this evolutionary tree and taking into account only ChIP-seq data, in 

the orthologs of ECA27 four repositioning events may have occurred. One in 

Hartmann’s zebra, one in Grevy’s zebra, one in the donkey and one in kiang. If this 

was true, this hypothesis suggests that this genomic region may act as hotspot for 

the centromere formation. It is important to underline that the evolution of these 

centromeres is particularly complex because in the two zebras and in kiang the 

CENP-A binding domains colocalize in the same position while in the donkey the 

domain lays 19 Mb away [Figure R2-25]. 

The total number of centromere repositioning events [Table R2-1] according to this 

model is 40. In many cases more than one repositioning event occurred suggesting 

that neocentromeres may have been seeded at “centromerization” hotspots. 
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Figure R2-29: Analysis of centromere repositioning events, based on the presence of 

satellite-less centromeres, in the lineages of the classical Equus phylogenetic tree. This 

phylogenetic tree was previously proposed by Jónsson H et al. (2014). E. caballus is 

considered as the outgroup. Each chromosome in which a satellite-less centromere was 

mapped is reported over the corresponding evolutionary lineage. Chromosome numbers 

correspond to those of the horse reference genome. Superscript numbers indicate 

neocentromeres observed in more than one lineage. According to this phylogenetic tree and 

taking into account only the results of ChIP-seq analysis, these neocentromeres should 

derive from multiple repositioning events. 

 

Table R2-1: Number of putative centromere repositioning events based only on ChIP-seq 

data and deduced from the phylogenetic tree in Figure R2-29. 
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Also, in the second tree [Figure R2-30] proposed for this work, like the first tree 

[Figure R2-28], the satellite-less centromeres observed in the orthologs of ECA 9 

were probably originated in the common ancestor of all asses and zebras as a single 

repositioning event, early in the equid speciation. Neocentromeres present on the 

orthologs of ECAX suggest a similar scenario: a single repositioning event that 

occurred in the common ancestor of asses and zebras. 

Here some examples of other repositioning events are reported. 

Neocentromeres identified in all the orthologs of ECA4 except for the donkey, 

suggest that two repositioning events may have occurred. One in the common 

ancestor of the zebras and asses and the other one in Burchell’s zebra. 

According to this tree, the presence of satellite-less centromeres only in the donkey 

and Burchell’s zebra orthologs of ECA5, suggests that only one repositioning event 

occurred in their common ancestor. 

Within this model, three repositioning events are necessary to explain the 

neocentromere formation in the orthologs of some horse chromosomes such as 

ECA13 and ECA27. 

The total number of centromere repositioning events [Table R2-2] according to this 

model is 45. 
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Figure R2-30: Analysis of centromere repositioning events, based on the presence of 

satellite-less centromeres, in the lineages of the Equus phylogenetic tree proposed by 

Piras MF et al. (2009). E. caballus is considered as the outgroup. Each chromosome in 

which a satellite-less centromere was mapped is reported over the corresponding 

evolutionary lineage. Chromosome numbers correspond to those of the horse reference 

genome. Superscript numbers indicate neocentromeres observed in more than one lineage. 

According to this phylogenetic tree, these neocentromeres should derive from multiple 

repositioning events. 

 

Table R2-2: Number of centromere repositioning events deduced from the phylogenetic 

tree in Figure R2-30. 
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Finally, the last model proposed for the repositioning event analysis is reported 

[Figure R2-31]. Unlike the other two proposed models, in the orthologs of ECA9 

and ECAX repositioning events are not single events. Since the donkey, in this 

tree, separated early in the equid speciation, for these two chromosomes, two 

repositioning events can be proposed. One in the common ancestor of asses and 

zebra, and the other one in donkey. On chromosome X, the donkey neocentromere 

was observed in a different position compared to all other species. This observation 

supports this phylogenetic tree in which the donkey lineage separated early during 

the evolution of the genus Equus [Figure R2-28B]. 

Here some examples of other repositioning events are reported. 
Presence of neocentromeres in the orthologs of ECA7 in all the zebras and in 

kiang, suggests that two repositioning events may have occurred. One in the 

common ancestor of the zebras and the other one only in the onager lineage. 

Satellite-less centromeres identified in the orthologs of ECA22 in kiang, onager 

and Burchell’s zebra, and absence in the other species suggest that two independent 

repositioning events occurred. One before the divergence of kiang and onager, and 

the other one after the zebras’ divergence and only in the Burchell’s zebra lineage. 

This model better explains the repositioning event for the orthologs of ECA4 and 

ECA21 since the absence of the donkey neocentromere in the orthologs of these 

two chromosomes. In both cases only one repositioning event occurred in the 

common ancestor of zebras and asses. 

The total number of centromere repositioning events [Table R2-3] according to this 

model is 44. 
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Figure R2-31: Analysis of centromere repositioning events, based on the presence of 

satellite-less centromeres, in the lineages of a newly proposed Equus phylogenetic tree. 

This phylogenetic tree was newly proposed to better explain some centromere repositioning 

event. E. caballus is considered as the outgroup. Each chromosome in which a satellite-less 

centromere was mapped is reported over the corresponding evolutionary lineage. 

Chromosome numbers correspond to those of the horse reference genome. Superscript 

numbers indicate neocentromeres observed in more than one lineage. According to this 

phylogenetic tree, these neocentromeres should derive from multiple repositioning events. 

 

Table R2-3: Number of centromere repositioning events deduced from the phylogenetic 

tree in Figure R2-31. 
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DISCUSSION 
 

Following the identification of 16 evolutionarily new centromeres in E. asinus 

through a ChIP-seq approach we wanted to further investigate the molecular details 

of this enigmatic locus. In fact, lack of satellite sequences at these loci allowed us 

to dissect at molecular level this important site which is of vital importance for cell 

segregation and survival. 

A first cytogenetic analysis conducted in our laboratory revealed the presence of 

several centromeres uncoupled from satellite DNA in E. grevyi and in E. burchelli 

(see Introduction). We wanted to extend the study to other equid species and 

decided to use the molecular approach applied to horse and donkey. In particular 

we included in our work three zebras and two wild asses: E. zebra hartmannae, E. 

grevyi, E. burchelli, E. kiang and E. hemionus onager. 

We demonstrated that an incredible number of satellite-less centromeres is present 

in a different genomic location compared to the horse centromere in the above- 

mentioned species: a total of 82 satellite-less centromeres. 
 

In E. zebra hartmannae we detected 10 evolutionarily new centromeres. Four out 

of 

10 neocentromeres [EZH1-5-11-X] displayed some sequence rearrangements 

relative to the horse reference sequence, as shown previously in our laboratory 

(Francesco Gozzo PhD thesis 2018); two neocentromeres displayed sequence 

amplification [EZH10-14]; the remaining four neocentromeres displayed no major 

sequence rearrangements [EZH2-4-7-13]. We detected only one clear case of 

epiallelism [EZH2]. 

 

In E. grevyi 11 satellite-less centromeres are present. Five out of 11 [EGR4-5-11-

16- 19] showed some sequence rearrangements relative to the horse reference 

sequence (Francesco Gozzo PhD thesis 2018), one displayed sequence 

amplification [EGR8], while the remaining four showed no sequence 

rearrangements [EGR9-15- 20-X]. We identified only one clear case of epiallelism, 

on Grevy’s zebra centromere mapped on horse chromosome 26. 
 

In E. burchelli we identified 14 evolutionarily new centromeres. 9 did not show 

any major sequence rearrangements [EBU4-9-10-12-14-15-16-20-21], four are 

characterized by sequence amplification [EBU7-8-17-18] similarly to some donkey 

centromeres. Finally, the E. burchelli centromere in the ortholog of ECAX 

displayed a peculiar sequence rearrangement. Three main peaks where identified, 

one of which is located almost 2 Mb away the others. This could suggest a 

sequence translocation compared to the horse reference sequence. Four satellite- 

less centromeres clearly showed the presence of epialleles [EBU10-14-15-21]. 

E. asinus centromeres were deeply discussed at molecular level in the previous 

chapter and in the attached paper (Nergadze SG et al 2018). Genomic positioning 

of these centromeres respect to the horse and to centromeres of other equid species 

will be discussed later. 
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In E. kiang 15 satellite-less centromeres were identified. In three cases [EKI14-17- 

X] we found sequence rearrangements relative to the horse reference sequence, as 

shown previously in our laboratory (Francesco Gozzo PhD thesis 2018). Twelve 

centromeres showed a Gaussian-like peak shape thus reflecting no sequence 

rearrangements [EKI1-2-4-5-9-10-11-13-16-18-20-25], while 5 of these 

centromeres showed epiallelism [EKI9-11-18-20-25]. Horse chromosome 10 is a 

peculiar case, since two satellite-less centromeres were identified: one in EKI11, 

ortholog to ECA 10q and one in EKI20 corresponding to ECA 10p. Moreover, the 

positions of the two satellite-less centromeres are really far away respect to each 

other and in the two different horse chromosome arms, which is explained by the 

fact that the two neocentromeres belong to two different kiang chromosomes. 
 

In E. hemionus onager a total of 15 satellite-less centromeres localized in a 

different position respect to the horse centromeres. Five satellite-less centromeres 

showed major sequence rearrangements [EHO3-10-12-16-X], while the remaining 

showed a Gaussian-like peak shape [EHO2-9-11-14-18-19-21-22-23-27], therefore 

no major sequence rearrangements. Onager is characterized by the presence of 

many satellite-less centromeres in which two clearly distinct epialleles are present: 

8 out of 15 showed epiallelism [EHO2-9-11-14-18-19-23]. This may be a 

peculiarity of the onager lineage since it’s the equid species with the highest 

number of neocentromeres clearly displaying positional epialleles. 
 

The cytogenetic and the molecular approaches gave some different results in the 

identification of the satellite-less centromeres although the majority of them are 

void of satellite with both methods. 9 out of the 11 Grevy’s zebra neocentromeres 

and 7 out of the 14 Burchell’s zebra neocentromeres here detected were 

demonstrated to be devoid of satellite DNA also at cytogenetic level (Piras et al 

2010). We can divide the remaining cases in two groups: neocentromeres identified 

by ChIP-seq but marked with satellite DNA at FISH level (EBU4, 10, 12, 14, 15, 

20, 21, X. EGR19, 20) and centromeres uncoupled from satellite DNA at 

cytogenetic level but not revealed by ChIP-seq (EBU6, 9. EGR1, 2, 3, 6, 13, 4, 17, 

18, 22). These discrepancies are probably caused by a different resolution power of 

FISH experiments compared to ChIP-seq. In the first case, a possible explanation is 

that satellite sequences are not really centromeric but reside very close to the 

centromere even if they are detectable at the primary constriction of metaphasic 

chromosomes at FISH level. In the second case, the absence of ChIP-seq signal for 

FISH negative centromeres may be due to the fact that relatively short stretches of 

satellite repeats, not detectable by FISH, may impair the detection of centromeres 

through Next generation sequencing. Alternatively, species-specific sequences not 

present in the horse reference genome may be present at these centromeres or are 

not well assembled on chromosomes. This case was proved at least for one 

satellite- less centromere. In Burchell’s zebra chromosome 9 no FISH signals, 

corresponding to satellite DNA, were detected (Piras MF et al. 2010) and no 

CENP-A binding domains were mapped when EquCab2 was used as reference.  

However, when we mapped the same reads on the new version of the genome, 
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EquCab3, we found a ChIP-seq signal for that centromere, whose horse 

orthologous sequence was in ECA21 (Figure R2-20). This example suggests that 

some discrepancies between the two experimental approaches will be overcome 

when an accurate assembly of all equids genomes will be available. 

It is important to keep in mind that the centromere repositioning analysis discussed 

in this thesis, was carried out on the basis of the sole presence of the satellite-less 

centromeres detected through ChIP-seq. An integration with the observation of the 

major cytogenetic rearrangements that contributed to the karyotype of these species 

will be needed to unravel the details of the centromere repositioning events 

occurred during the equid speciation. 

The results presented in Figures R2-19-31 show, in several cases, that a 

neocentromere can be present in different lineages while absent in related lineages. 

To explain this puzzling observation, three different hypotheses can be proposed. 

 
1) Chromosome rearrangement hypothesis: Following the formation of a 

neocentromere, various types of rearrangements (such as fusions, 

fissions, inversions, translocations) gave rise to chromosomes in which 

the centromere function moved to a different position. 

2) Centromerization hotspot hypothesis: The formation of the same 

neocentromere in different lineages is due to independent centromere 

repositioning events driven by a genomic sequence acting as preferential 

seeding site for centromeric formation. 

3) Incomplete lineage sorting: It is known that the equid species diverged 

recently and that their populations encountered bottle-necks during their 

evolution. This type of population structure and evolution may have 

favored the transmission of neocentromeres to some lineages and their 

disappearance in other lineages. 

 

We think that these hypotheses are not mutually exclusive. 
 

In Figure D2-1 the analysis of the orthologs of horse chromosome 4 is shown, in 

which ChIP-seq data from our laboratory and karyotype analysis from the literature 

(Musilova P et al. 2013, Trifonov VA et al. 2008, Figures I13-18) are taken into 

account. The absence of the neocentromere on the donkey ortholog of ECA4 may 

be explained by an inversion event that specifically occurred in the donkey lineage, 

which moved the centromere in a satellite-containing region (Figure I10). This 

information suggests that the centromere repositioning event occurred in the 

common ancestor of the genus Equus, and then a specific rearrangement occurred 

in the donkey lineage, displacing its centromere. 
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Figure D2-1: Phylogenetic tree of ECA 4 and its orthologous chromosomes. This image 

shows the different orthologs of horse chromosome 4 in the different equid lineages; N 

indicates the presence of a neocentromere detected through ChIP-seq. Different colors 

indicate different arm-specific painting probes used to characterize orthologies between 

different species (Musilova et al 2013). 

 

The same type of analysis was carried out on the orthologs of ECA5. Figure D2-2A 

shows that, following a fission, two independent centromere repositioning events 

may have occurred: one generating a neocentromere on Burchell’s zebra 

chromosome 17 and the other one on donkey chromosome 16. As reported in 

figure R2-3, the two neocentromeres colocalize in the same genomic region, 

suggesting that this is a preferential centromerization hotspot. Also previous data 

(Ventura M et al. 2004; Rocchi M et al. 2012) showed that some genomic regions 

have the potential of being latent centromere hotspots, and can be activated and 

used as seeding sites for neocentromeric formation. An alternative hypothesis is 

that a neocentromere was formed in the ancestor of all zebras and asses on the 

sequence corresponding to horse chromosome 5q. Several rearrangements then 

occurred in all lineages except E .asinus and E. burchelli, where the neocentromere 

was maintained (Figure D2-2B). A third hypothesis, previously proposed by our 

group (Piras MF et al. 2009), is that a single centromere repositioning event 

occurred in a putative common ancestor of E. asinus and E. burchelli, according to 

the phylogenetic tree shown also in Figure R2-30. 
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A 

B 

 

 
Figure D2-2: Phylogenetic tree of ECA 5 and its orthologous chromosomes. The two 

panels show the different orthologs of horse chromosome 5 in the different equid lineages 

based on two different hypotheses. A) phylogenetic tree of ECA5 and its orthologs based on 

centromerization hotspot hypothesis. B) phylogenetic tree of ECA5 and its orthologs based 

on the chromosome rearrangement hypothesis. N indicates the presence of a  

neocentromere detected through ChIP-seq. Different colors indicate different arm-specific 

painting probes used to characterize orthologies between different species (Musilova et al 

2013). 
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These examples point out that an analysis integrating different approaches (ChIP- 

seq and karyotype analysis) is the correct experimental way to proceed to shed  

light on the formation of the satellite-less centromeres. A comparative analysis of 

all Equus chromosomes in which we observed satellite-less neocentromeres is 

under way in our laboratory. 

Some of the neocentromeres here detected formed upon fission or fusion events 

that occurred in some equid lineage, as previously shown in our laboratory 

(Francesco Gozzo PhD thesis 2018). Many equid chromosomes deriving from an 

ancestral fusion event (such as EBU4-10-12, EGR4-9, EZH1-2-4-7-10-13, EKI2-9-

; Musilova et al 2013) had gone through centromere repositioning, since a satellite-

less centromere was identified by ChIP-seq. Moreover, since these neocentromeres 

map on the orthologous sequence of one of the two chromosomes involved in the 

fusion event, we can conclude that satellite-less centromeres do not reside exactly 

on the fusion point but they tend to be repositioned on one side of the fusion point. 

As shown in Figure D2-2 a fission event may have induced the formation of the 

neocentromere in donkey and Burchell’s zebra orthologs of horse chromosome 5. 

This case suggests that after a fission event, centromere repositioning can occur, 

generating a neocentromere in a really distant position compared to the ancestral 

centromere, as previously reported (Ventura M et al. 2003; Ventura M et al. 2004). 

The reason behind the centromere repositioning upon fusion or fission events could 

be that the old centromere is functionally destroyed and, to rescue this damaging 

event, a neocentromere will form in a different position. Molecular data suggest 

that, events in which DNA double-strand breaks occur (like chromosomal 

rearrangements) are resolved and rescued also by recruiting CENP-A (Zeitlin SG et 

al. 2009). It was demonstrated that CENP-A and other centromeric proteins are 

involved in DNA repair mechanisms, and since chromosomal rearrangements 

involve DNA breaks, loci in which DNA repair mechanisms are active may act as 

seeding genomic regions for centromeric formation due to the presence of CENP-A 

which bears this dual functional nature. However this last hypothesis must be more 

investigated since other studies demonstrate no correlation between 

neocentromeres and breakpoints (Warburton PE et al. 2000). 

We also observed several centromere repositioning events uncoupled from obvious 

chromosome rearrangements, as for the donkey ortholog of ECA13 (Figure R2-12, 

Nergadze SG et al 2018). 

During the identification of the neocentromeres formed by CR we were able to 

detect some features already recognized in the donkey satellite-less centromeres 

(Nergadze et al. 2018), sequence rearrangements and/or amplification and 

epiallelism. 

Many neocentromeres displayed sequence rearrangements, relative to the horse 

reference sequence (e.g. Grevy’s zebra centromere of the ortholog of ECA21,
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Figure R2-20A), as shown previously in our laboratory (Francesco Gozzo PhD 

thesis 2018). 

Other neocentromeres exhibited sequence amplification (e.g. Burchell’s zebra 

centromere of the ortholog of ECA15, Figure R2-14A) which was previously 

identified in the donkey by NGS and specific experiments (Nergadze SG et al 

2018). We propose that sequence amplification may be the first step towards the 

establishment of satellite DNA. 

We also detected many cases in which two distinct epialleles were clearly visible 

within the same neocentromere (e.g. EZH2, EBU14, EKI20, EHO19). As 

previously reported (Purgato S et al. 2015, Nergadze SG et al. 2018) the 

centromeric position can vary among individuals but also on the two homologs of a 

chromosome in the same individual. Interestingly, the onager was the species in 

which we identified the highest number of epialleles. We don’t know whether this 

peculiarity is to be ascribed to the onager species itself or to that individual. Our 

data suggest that some species differences in epiallelism may be present. We go 

from the lowest number of epialleles in the Grevy’s zebra (1 out of 11 

neocentromeres clearly displays epiallelism) to the highest number in onager (7 out 

of 15 neocentromeres clearly display epiallelism). It would be necessary to analyze 

several individuals from each species to test this hypothesis. 

With the results shown in this thesis we can also correlate two different 

phenomena. The first one is the centromere repositioning, described as events of 

centromere movement during species evolution. The second is centromere sliding, 

a phenomenon of centromeric repositioning at smaller scale, which may occur from 

one generation to another (Nergadze SG et al. 2018). In this study we were able to 

detect both of these phenomena. 

So, the distance of the neocentromeres respect to the ancestral centromere (here 

represented by the horse centromeres) may have been influenced by centromere 

repositioning only but also by centromere sliding as well. Some neocentromeres 

repositioned very close to the horse centromeric regions such as in ECA4 or 

ECA21 orthologs (less than 1 Mb), while other repositioned very far away from 

horse centromeres such as in ECA16 (almost 50 Mb away) or ECA30 orthologs 

(almost 19 Mb away). However chromosomal rearrangements may have further 

influenced the distance of the neocentromeres which are always measured on the 

horse reference sequence. 

To establish a phylogenetic history of those chromosomes carrying repositioned 

centromeres we inferred multiple models of equid evolutionary tree using 

neocentromeres as markers. The lineage of the horse diverged from the ancestor of 

asses and zebras, about 2 MYA (Oakenfull EA et al. 2000). Other equid species 

recently and rapidly evolved and their karyotype went through a great number of 

chromosomal rearrangements (Trifonov VA et al. 2008). In particular, CR 

importantly contributed to their evolution (Carbone L et al. 2006, Giulotto E et al 

2017). It has been suggested that centromere repositioning may be a major cause of 
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the genome plasticity observed in this genus. Taking into account the criterion of 

maximum parsimony, a lower number of CR events is more probable respect to a 

higher number of the same event occurring multiple times. In our case, the classical 

phylogenetic tree model revealed the lowest number of CR events as 40 in total 

versus the 44 of the new model and the 45 of the model proposed with this study. 

This suggests that the classical tree could represent a best-fit evolutionary 

reconstruction giving the lowest number of centromere repositioning events. 

However, since each chromosome has its own unique evolutionary history, also the 

other two models fit quite well if not better with some case. 

In conclusion, thanks to the analysis of so many ENCs in the equids, we report data 

and  suggest interpretations and  insights about the evolution of centromeric loci 

that had been so far hindered by the presence of satellite DNA. Moreover, we can 

use the satellite-less centromeres as markers to investigate the genus Equus 

evolution, tracking their speciation history. 
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PART 3 GENOME-WIDE EPIGENETIC ANALYSIS 

OF SATELLITE-LESS CENTROMERES IN HORSE 

AND DONKEY 
 

RESULTS 
 

As previously reported in the PhD thesis of Riccardo Gamba (2017), we analyzed 

the epigenetic and transcriptional profile of the horse and donkey satellite-less 

centromeres. We immunoprecipitated chromatin of fibroblast cell lines from horse 

and donkey with antibodies against different histone modifications and, through 

Next generation sequencing (NGS) approach, we retrieved information about the 

centromeric loci by analyzing the genomic regions surrounding the CENP-A 

binding domains. 

In particular we investigated the presence of H3K9me3 (histone H3 trimethylated 

at Lysine 9), H3K36me2 (histone H3 dimethylated at Lysine 36), H3K4me2, 

H3K4me3 (histone H3 dimethylated or trimethylated at Lysine 4) and H4K20me1 

(histone H4 monomethylated at Lysine 20). These results were reported in the PhD 

thesis of Riccardo Gamba. In my thesis I report the newly analyzed markers in the 

donkey (H4K20me1 and H3K4me3) and, for comparison, I report again the results 

of CENP-A, H3K4me2 and H3K9me3. 

Thanks to our model system and exploiting the high homology between the horse 

and the donkey genome, we were able to analyze and compare orthologous 

genomic regions, which are identical at DNA level, but different at functional  

level, being centromeric in one species and not centromeric in the other species. 

After a ChIP-seq assay, horse reads were mapped on the EquCab2.0 reference, 

while donkey reads were mapped on the EquCabAsiA chimeric reference genome 

as described in Material and Method section. 

The results of these experiments are summarized in figures R3 1-17. Each image 

comprises the CENP-A dataset, the newly analyzed markers (H4K20me1 and 

H3K4me3) and a couple of the previously analyzed markers (H3K9me3 and 

H3H4me2). Each figure is divided in two panels. In Figure R3-1, Panel A shows 

the epigenetic status of the centromeric domain region of the horse chromosome 11 

(Equcab2). Panel B shows its orthologous non centromeric region on the donkey 

(EquCabAsiA). Figure R3-2 through Figure R3-17 are also divided in two panels. 

Panel A shows the epigenetic status of the centromeric domain region of the 

donkey (EquCabAsiA). Panel B shows its orthologous non centromeric region on 

the horse (Equcab2.0). 

 

The blue tracks represent CENP-A peaks and allow the identification of the region 

in which the centromeric function resides. 

The cyan track shows the results of the ChIP-seq assay with the H4K20me1 
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marker. In vertebrates, the H4K20me1 histone modification was previously 

identified in the centromeric nucleosomes that contain the CENP-A histone variant 

(Hori T et al. 2014; Bailey AO et al. 2015). 

The green and the pink tracks show the H3K9me3 (an histone modification 

associated to constitutive heterochromatin Barski A et al. 2007) and H3K4me2 (an 

histone modification associated to transcriptionally competent, “open” chromatin 

Vakoc CR et al. 2006) datasets, respectively, already described in the thesis of 

Riccardo Gamba. 

The purple track shows the H3K4me3 dataset, a histone modification typically 

associated to transcriptionally active chromatin in vertebrates and, in particular, to 

transcription starts sites of active genes (Ruthenburg AJ et al. 2007). 

Finally, the black one is the Input track, used as control. Since the input sequencing 

represents the sequencing of non-immuno-precipitated DNA (like a whole genome 

sequencing), it helps us to unravel possible bioinformatic biases. This is 

particularly useful when we analyze sequencing data mapped on the EquCabAsiA 

reference, since only the centromeric portions of the donkey genome are 

assembled, while the rest of the genome is essentially the horse sequence. Since 

unnormalized reads are reported we use the input dataset as control. The profile of 

the input dataset should be flat, and when a peak is present in both ChIP and in the 

input, it should not be considered enriched. 

The two newly generated markers were firstly preliminarily analyzed at genome- 

wide level and then the analysis focused on the centromeric regions as here 

described. 
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The centromere of horse chromosome 11 

A 
 

B 

 

Figure R3-1: Epigenetic profile of the centromeric locus of horse chromosome 11 on 

Equcab2.0 (panel A) and its orthologous non centromeric region on donkey chromosome 

13 on EquCabAsi (panel B). Colored tracks correspond to the different sequencing 

datasets obtained with the antibodies listed on the left. For all the datasets, unnormalized 

read count is plotted. 
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Figure R3-1 shows the analysis of the epigenetic markers at the centromeric locus 

of the horse chromosome 11. A region of about 4 Mb is displayed. Analysis on the 

H4K20me1 marker reveals the presence of two peaks exactly at the same location 

of the CENP-A domain (about 200 kb), confirming the association between CENP- 

A and H4 monomethylated in Lysine 20. Interestingly, a visible signal depression 

of this marker seems to surround the centromeric locus, which corresponds in 

length to the heterochromatic domain. 

On the contrary, the marker for open chromatin, H3K4me3, is absent in the region 

corresponding to the heterochromatin (H3K9me3), confirming once again the 

transcriptional silent state of the centromeric domains in our model system. 

Figure R3-1A shows that the centromeric peak is embedded in a ~2.8 Mb wide 

heterochromatic region marked by an abundant enrichment in H3K9me3 which is 

also present in the donkey (Figure R3-1B). 

Transcriptionally silent status of this region is also supported by the absence of 

ChIP-seq signal of H3K4me2 both in the centromere of horse chromosome 11 and 

in the orthologous region on donkey chromosome 13. 

Figures R3-2-17 report the results of the epigenetic analysis of the 16 satellite-less 

centromeres of the donkey (panels A) and at their orthologous regions on the horse 

(panels B). 
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The centromere of donkey chromosome 4 
A 
 

B 

Figure R3-2: Epigenetic profile of the centromeric locus of donkey chromosome 4 on 

EquCabAsi panel A) and its orthologous non centromeric region on horse chromosome 

28 on Equcab2.0 (panel B). Colored tracks correspond to the different sequencing datasets 

obtained with the antibodies listed on the left. For all the datasets, unnormalized read 

count is plotted.  
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Figure R3-2 shows the results of the analysis at the satellite-less centromere of EAS 

4 (panel A) and its orthologous region on ECA 28 (panel B). A ChIP-seq signal 

(about 180kb) of the H4K20me1 marker is present in correspondence of the CENP- 

A binding domain. A signal depression of the marker is not clearly visible. 

H3K4me3 signal is absent from the centromeric locus confirming the 

transcriptional silent status of this centromeric region. 

Only in the donkey sample, we detected a ~ 1.5 Mb wide heterochromatic region 

defined by the H3K9me3 peak (panel A), asymmetrically surrounding the CENP-A 

binding domain and transcriptional activity absence. 

In the horse, H4K20me1 marker is absent from the corresponding orthologous non- 

centromeric region, while H3K4me3 marker is equally absent in the two species. 
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The centromere of donkey chromosome 5 
A 

B 

Figure R3-3: Epigenetic profile of the centromeric locus of donkey chromosome 5 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 19 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-3 shows the analysis of the epigenetic markers at the centromere of EAS 

5 (panel A) and its orthologous region on ECA 19 (panel B). In both species, the 

input sample showed a complex peak localized very close to the centromeric site of 

donkey chromosome 5. This peak, which may be due to sequence duplication 

present in both species, is displayed also in all the ChIP-seq datasets of the 

epigenetic markers. This could be indicative of a bioinformatic bias, so H4K20me1 

signal is not easily detectable, despite a slight enrichment in a ~ 100 kb region 

corresponding to the right centromeric epiallele may be present. H3K4me3 shows 

the same enrichment pattern of the other transcriptional marker. 

Only in the donkey sample, we detected a ~ 3.5 Mb wide heterochromatic region 

defined by an H3K9me3 peak, surrounding the CENP-A binding domain, and 

absence of transcriptional activity. 

Also, in the horse we observe the similar pattern of the newly analyzed datasets 

(H4K20me1 and H3K4me3), although being the analysis impaired by the 

duplication. Similarly to the donkey, we observed lack of transcriptional activity in 

the horse but also lack of heterochromatin signal. 
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The centromere of donkey chromosome 7 
A 

B 

Figure R3-4: Epigenetic profile of the centromeric locus of donkey chromosome 7 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 8 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-4 shows the epigenetic profile of the EAS 7 centromere (panel A) and its 

orthologous region on ECA 8 (panel B). An H4K20me1 peak (~ 200 kb) is present 

in correspondence of the CENP-A binding domain, while a signal depression of 

this marker, corresponding to the heterochromatin domain is visible surrounding 

the centromeric locus. H3K4me3 signal is absent from the centromeric region 

confirming the transcriptional silent status of this centromeric region. 

Only in the donkey sample, a ~1.2 Mb wide heterochromatic region is observed 

(panel A, green track) surrounding the CENP-A binding domain (panel A, blue 

track), while lack of signals of H3K4me2 reflects absence of transcriptional 

activity. 

In the horse we observe lack of signals of both H4K20me1 and H3K4me3 markers. 

Moreover, we observed lack of transcriptional activity but also lack of 

heterochromatin signal in the horse. 
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The centromere of donkey chromosome 8 

A 

B 

 

Figure R3-5: Epigenetic profile of the centromeric locus of donkey chromosome 8 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 20 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted. 
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Figure R3-5 shows the results of the analysis at the centromere of donkey 

chromosome 8 (panel A) and its orthologous region on horse chromosome 20 

(panel B). 

In the donkey centromeric region, the input shows a complex peak, consequence of 

a poorly assembled reference sequence and of the presence of duplicated sequences 

as previously discussed in Part 1 and in previous work (Nergadze et al. 2018) . This 

organization is not present in the orthologous horse region. This situation 

influenced the data analysis, so an epigenetic profile of this region is hardly 

trackable. 

In the horse orthologous non centromeric region H4K20me1 signal seems to be 

absent, although some minor peaks are present in the region. H3K4me3 marker 

seems to concord with H3K4me2. 

Overall, due to mapping artefacts in the donkey, little information can be obtained 

from this centromere. 
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The centromere of donkey chromosome 9 
A 

 

B 

 

Figure R3-6: Epigenetic profile of the centromeric locus of donkey chromosome 9 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 14 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-6 shows the results of the analysis at the centromere of donkey 

chromosome 9 (panel A) and its orthologous region on horse chromosome 14 

(panel B). 

As previously reported in Part 1, a sequence duplication (represented by the narrow 

peak in all datasets) is present in this donkey region and is absent in the horse 

(panel B). This situation influenced the data analysis, so an epigenetic profile of 

this region is hardly trackable; H4K20me1 seems to have a lower enrichment in the 

region surrounding the centromere exactly corresponding to the heterochromatic 

domain. H3K4me3 signal is absent in the centromeric locus but also in the 

surrounding area H3K4me2. In the donkey sample, we detected a ~700 kb wide 

heterochromatic region. 

In the horse we observe lack of signal of both H4K20me1 and H3K4me3 markers. 

Moreover, we observed lack of heterochromatin signal in the horse. 

  



PART 3  

109  

The centromere of donkey chromosome 10. 
A 

 

B 

 

Figure R3-7: Epigenetic profile of the centromeric locus of donkey chromosome 10 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 25 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-7 shows the results of the analysis at the centromere of donkey 

chromosome 10 (panel A) and its orthologous region on horse chromosome 25 

(panel B). 

A ChIP-seq signal (~ 200 kb) of the H4K20me1 marker is present in 

correspondence of the CENP-A binding domain. Moreover, a slight signal 

depression of the marker is observable surrounding the centromeric locus and 

coinciding with the heterochromatic domain. 

H3K4me3 signal is absent from the centromeric locus confirming the 

transcriptional silent status of this centromeric region as shown previously in our 

laboratory (Riccardo Gamba PhD thesis 2017). A ~2 Mb wide heterochromatic 

region surrounding the CENP-A binding domain is present. 

In the corresponding orthologous non centromeric region of the horse sample, a 

slight H4K9me3 enrichment seems to be present, although it is difficult to 

distinguish it from the input. H3K4me3 signal is absent also in the horse but 

H4K20me1 signal is not present either. 
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The centromere of donkey chromosome 11 
A 

B 

Figure R3-8: Epigenetic profile of the centromeric locus of donkey chromosome 11 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 17 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-8 shows the results of the analysis at the centromere of donkey 

chromosome 11 (panel A) and its orthologous region on horse chromosome 17 

(panel B). 

A ChIP-seq signal (~ 100 kb) of the H4K20me1 marker is present in 

correspondence of the CENP-A binding domain. Moreover, a signal depression of 

the marker is visible surrounding the centromeric locus and coinciding with the 

heterochromatic domain. A ~800 kb wide heterochromatic region surrounds the 

CENP-A binding domain; it is briefly interrupted outside the right border of the 

CENP-A peak by the site of transcription of a gene (UFM1) as shown previously in 

our laboratory (Riccardo Gamba PhD thesis 2017. This gene is transcribed both in 

the horse and in the donkey. 

H3K4me3 signal is absent from the centromeric locus confirming the 

transcriptional silent status of this centromere. In the corresponding horse 

orthologous non centromeric region, both markers seem not to be enriched (apart 

from the H3K3me3 peak corresponding to the UFM1 gene). 

  



PART 3  

113  

The centromere of donkey chromosome 12 
A 

B 

 

Figure R3-9: Epigenetic profile of the centromeric locus of donkey chromosome 12 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 9 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-9 shows the results of the analysis at the centromere of donkey 

chromosome 12 (panel A) and its orthologous region on horse chromosome 9 

(panel B). 

In the donkey sample, we observed a 2.5 Mb wide heterochromatic region that 

surrounds the CENP-A binding domains. In the same region of the horse sample, a 

slight enrichment seems to be present, although it is difficult to distinguish it from 

the input. 

A ChIP-seq signal of the H4K20me1 marker is present in correspondence of the 

CENP-A binding domain; two H4K20me1 peaks (~ 100 kb each) are present and 

perfectly matching the two centromeric epialleles. H4K20me1 signal is absent in 

the horse sample. 

In both species, H3K4me3 is absent from this region confirming the lack of 

transcriptional activity reported also by the analysis of H3K4me2 as previously 

shown (Riccardo Gamba PhD thesis 2017). 
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The centromere of donkey chromosome 13 
A 

B 
 

Figure R3-10: Epigenetic profile of the centromeric locus of donkey chromosome 13 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 11 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted. 
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Figure R3-10 shows the centromeric locus of donkey chromosome 13 (panel A) 

and its orthologous region on horse chromosome 11 (panel B). 

A ~500 kb wide heterochromatic region surrounds the CENP-A binding domain. 

A ChIP-seq signal (~ 110 kb) of the H4K20me1 marker is present in 

correspondence of the CENP-A peak. Moreover, a signal depression of the marker 

is visible surrounding the centromeric locus and coinciding with the 

heterochromatic domain. 

No H3K4me3 signals are present in this region. H3K4me2 is absent as well, both 

in the horse and in the donkey orthologous sequence. 

In the horse orthologous non centromeric region H4K20me1 is not enriched. 
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The centromere of donkey chromosome 14 
A 

 

B 
 

Figure R3-11: Epigenetic profile of the centromeric locus of donkey chromosome 14 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 13 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted. 
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Figure R3-11 shows the results of the analysis at the centromere of donkey 

chromosome 14 (panel A) and its orthologous region on horse chromosome 13 

(panel B). 

The peaks in the donkey input dataset suggest the presence of some sequence 

duplication. Despite the bioinformatic bias a heterochromatic region of about 500 

kb surrounding the CENP-A peaks was identified. 

H4K20me1 profile is hard to track in the donkey, due to the sequence duplication, 

although some degree of enrichment is present in the positions of the two 

centromeric epialleles. No enrichments of this marker are visible in the horse 

orthologous non centromeric region. 

H3K4me3 enrichment is hard to establish, but comparing the ChIP sample to the 

input, it seems not to be enriched. 

In the horse orthologous non centromeric region H4K20me1 and H£K3me3 are not 

enriched. 
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The centromere of donkey chromosome 16 
A 
 

B 
 

Figure R3-12: Epigenetic profile of the centromeric locus of donkey chromosome 16 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 5 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-12 shows the results of the analysis at the centromere of donkey 

chromosome 16 (panel A) and its orthologous region on horse chromosome 5 

(panel B). 

This centromeric locus partially resides on an amplified genomic sequence as 

reported in Part 1. This situation impairs the analysis due to a poor sequence 

assembly. A narrow heterochromatic peak (~100kb) was detected and mostly 

overlaps the CENP-A binding site; however, the heterochromatic region is 

probably extended on the array of duplicated sequences. 

H4K20me1 seems not to be enriched in this region, but this result may be impaired 

by the presence of the sequence duplication, which is present only in the donkey. 

Except from this narrow heterochromatic domain, the donkey centromere seems to 

be present in a transcriptionally open environment as shown previously in our 

laboratory (Riccardo Gamba PhD thesis 2017) and confirmed by H3K4me3. This 

chromatin status seems to be similar also in the horse orthologous region. 
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The centromere of donkey chromosome 18 
A 

 

B 
 
 

Figure R3-13: Epigenetic profile of the centromeric locus of donkey chromosome 18 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 26 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-13 shows the results of the analysis at the centromere of donkey 

chromosome 18 (panel A) and its orthologous region on horse chromosome 26 

(panel B). 

As previously reported in Part 1 (Nergadze et al. 2018), part of this centromere 

resides on an amplified sequence in the donkey genome which is represented by  

the narrow spike peak in the input. We identified a ~6 Mb wide heterochromatic 

region which embeds the CENP-A peaks at its end proximity. 

Two H4K20me1 peaks are present colocalizing with the Gaussian-like CENP-A 

peak (~ 100 kb) and with the spike peak (~30 kb). This marker is  completely 

absent in the horse orthologous region. 

H3K4me3 marker is absent in both species. 
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The centromere of donkey chromosome 19 
A 
 

B 
 

Figure R3-14: Epigenetic profile of the centromeric locus of donkey chromosome 19 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 6 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.. 
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Figure R3-14 shows the centromeric locus of donkey chromosome 19 (panel A) 

and its orthologous region on horse chromosome 6 (panel B). 

This centromeric locus partially resides on an amplified genomic sequence as 

reported in Part 1. This situation impairs the datasets analysis since the lack of a 

well-defined sequence assembly. Possibly for this reason, we detected a narrow 

heterochromatic region around the centromeric peak. 

H4K20me1 seems to be enriched as well in the amplified sequence; however a 

precise data analysis could not be executed. 

H3K4me3 signal seems to have the same enrichment of the input peak; therefore 

no enrichment of this marker is present. 
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The centromere of donkey chromosome 27 
A 
 

B 

 

Figure R3-15: Epigenetic profile of the centromeric locus of donkey chromosome 27 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 27 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-15 shows the results of the analysis at the centromere of donkey 

chromosome 27 (panel A) and its orthologous region on horse chromosome 27 

(panel B). 

At this centromere, we detected a short heterochromatic domain of ~200 kb in 

width which corresponds almost exactly to the centromeric domain. On the horse 

orthologous region, no heterochromatin was detected. 

A slight enrichment seems to be present for H4K20me1 in the regions exactly 

corresponding to the CENP-A peaks (~180 kb), despite being present also in the 

surrounding region. In the horse this epigenetic marker is absent from this region. 

H3K4me3 signal is completely absent both from this region and from the horse 

orthologous non centromeric region. 
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The centromere of donkey chromosome 30 
A 

 

B 

 

Figure R3-16: Epigenetic profile of the centromeric locus of donkey chromosome 30 on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome 30 on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-16 shows the results of the analysis at the centromere of donkey 

chromosome 30 (panel A) and its orthologous region on horse chromosome 30 

(panel B). 

We detected a ~6 Mb wide heterochromatic region that surrounds the CENP-A 

binding domain. 

An H4K20me1 signal (~100 kb) is present on the corresponding region of the 

centromeric domain; another H4K20me1 enriched region is also present in the 

transcription site of a predicted gene (KCTD3) which interrupts the 

heterochromatic domain on the left. 

H3K4me3 is absent from the centromeric locus, which is transcriptionally silent, as 

well as in the horse orthologous non centromeric region. 

In the horse, there is a slight notable enrichment in the H3K9me3 marker, but it 

hard to distinguish it from the background, but we still could identify the active 

transcriptional site of the predicted KCTD3 gene. 
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The centromere of donkey chromosome X 
A 
 

B 
 
 

Figure R3-17: Epigenetic profile of the centromeric locus of donkey chromosome X on 

EquCabAsiA (panel A) and its orthologous non centromeric region on horse 

chromosome X on Equcab2.0 (panel B). Colored tracks correspond to the different 

sequencing datasets obtained with the antibodies listed on the left. For all the datasets, 

unnormalized read count is plotted.  
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Figure R3-17 shows the results of the analysis at the centromere of donkey 

chromosome X (panel A) and its orthologous region on horse chromosome X 

(panel B). 

At this centromere we roughly identified a putative heterochromatic region of 500 

kb around the CENP-A peak. The signal may be lower because only one copy of 

the X chromosome is present in this cell line, which derives from a male 

individual. 

An H4K20me1 peak (~100 kb) is detectable in correspondence of the CENP-A 

binding region, which is absent in the horse orthologous region. 

H3K4me3 seems to not to be present similarly to the other transcription marker. 

In the horse this region lacks the heterochromatic H3K9me3 marker; moreover, 

neither H3K4me3 nor H4K20me1 were detected. 
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DISCUSSION 
 

The centromeric and pericentromeric regions of satellite-based centromeres are 

characterized by the presence of extended arrays of satellite repeats and therefore 

very difficult to assemble. As far as satellite-free centromeres are concerned, the 

identification of the centromeric core (CENP-A binding domain) is easier but the 

exact limits of the pericentromere cannot rely on any particular DNA sequence 

feature. Through a ChIP-seq analysis of the H3K9me3 histone modification, 

marker for constitutive heterochromatin, we demonstrated that heterochromatic 

domains surround all the 16 donkey satellite-less centromeres (Riccardo Gamba 

PhD thesis 2017) as well as the one of horse chromosome 11. For this reason, 

satellite-free centromeres offer a good model to unravel the epigenetic landscape of 

the centromeric and pericentromeric chromatin. 

Our data demonstrate that the extension of pericentromeric heterochromatic 

domains is highly variable: from 100-200 kb, such as for donkey chromosome 27, 

up to several megabases, such as 3.5 Mb at donkey chromosome 5 and 6 Mb at 

donkey chromosome 30. For other centromeres, where sequence amplification is 

present (such as in donkey chromosome 16), the precise size of the  

heterochromatic region could not be assessed. 

The presence of the heterochromatic domain surrounding the centromere strongly 

suggests that it is a requirement for the centromeric function. This observation is 

consistent with previous studies demonstrating that the heterochromatic state 

facilitates CENP-A binding in both Drosophila and humans (Henikoff S et al. 

2001). 

In some cases, the orthologous non centromeric regions in the donkey or in the 

horse are also enriched for the heterochromatic marker. For example, the satellite- 

less centromere of horse chromosome 11 and its orthologous region on donkey 

chromosome 13 are comprised within a ~2.8 Mb region enriched for H3K9me3. 

Centromere of donkey chromosome 30 and its orthologous non-centromeric 

sequence display the same profile. This intriguing observation suggests that these 

genomic regions were already embedded in heterochromatin before neocentromere 

formation. However, other centromeric regions do not share the same pattern with 

their orthologous non centromeric regions. Therefore, it is possible that a 

heterochromatic environment may favour neocentromere formation. However, in 

some cases, the centromerization process may induce the establishment of a 

heterochromatic domain. 

In many cases, heterochromatic boundaries seem to be limited by transcribed 

flanking regions, as for donkey chromosome 12, donkey chromosome 7 and horse 

chromosome 11. 

Interestingly, in donkey chromosome 11 and donkey chromosome 30, the 

heterochromatic domain is interrupted by the transcription of predicted genes, 

KCTD3 and UFM1, respectively. These genes map near the CENP-A binding 
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domain. The evidence of transcription at these sites, in both species, was provided 

by RNA-seq, H3K4me2, H3K36me2 and RNApol II ChIP-seqs as previously 

described in our laboratory (Riccardo Gamba PhD thesis 2017). 

The H3K4me2 marker is absent in the majority of the neocentromeres in both 

species, suggesting that this feature is not required. These results are in agreement 

with the previous observation that satellite-less human clinical neocentromeres 

(Alonso A et al. 2010) and chicken evolutionary new centromeres (Hori T et al. 

2014; Bailey AO et al. 2015) lack markers of “open” and transcriptionally active 

chromatin, such as H3K36me2 and H3K4me3. However, several authors proved 

that these markers are interspersed with CENP-A nucleosomes, at satellite 

containing centromeres of humans and Drosophila (Sullivan BA and Karpen GH 

2004; Bailey AO et al. 2015). Moreover, at centromeres of donkey chromosomes 9, 

16 and 19, it seems that they are closely surrounded by open chromatin. We 

previously demonstrated that, at these centromeres, the CENP-A binding fragment 

is amplified in the donkey (Nergadze SG et al. 2018), therefore, the size of the 

actual genomic sequence enriched for the various markers is larger than the one we 

can estimate by mapping the reads on the corresponding horse single copy 

sequence. 

In this thesis I mainly analyzed two other markers (H3K4me3 and H4K20me1) 

whose analysis was not presented in Riccardo Gamba PhD thesis (2017). 

H3K4me3 is an histone modification that has been typically associated with 

transcriptionally active chromatin in vertebrates and, in particular, to transcription 

start sites of active genes (Ruthenburg AJ et al. 2007). The analysis revealed that 

satellite-less centromeres are not enriched for this marker, as expected, since its 

enrichment is associated to active genes. On the contrary, regions which were 

proved to be transcribed outside the centromeric domain are enriched for this 

marker. Another interesting aspect is that also the orthologous non-centromeric 

regions are not enriched for H3K4me3, confirming the same trend of the H3K4me2 

and H3K36me2. Moreover, its general enrichment pattern profile is more similar to 

those obtained with the RNApol II ChIP-seq (Riccardo Gamba PhD thesis 2017), 

according to the fact that these genomic regions are actively transcribed. 

Interestingly, in donkey chromosome 11 a transcription site within the 

heterochromatic region, next to the CENP-A peak is present. The H3K4me3 

marker is enriched in correspondence of this site. 

We can conclude that H3K4me3, similarly to the other markers for open and 

transcribed chromatin, is not necessary for the centromeric function. 

In vertebrates, the H4K20me1 histone modification was previously showed to be 

present in the centromeric nucleosomes that contain the CENP-A histone variant 

(Hori T et al. 2014; Bailey AO et al. 2015). Studies on the chicken neocentromeres 

(Hori T et al. 2014) showed that this histone modification is fundamental for the 

kinetochore assembly and centromeric function. They found that H4K20me1 

marker, although being present genome-wide, was particularly enriched at the 
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neocentromeric regions, colocalizing with the CENP-A nucleosomes. 

In our model we observed a different distribution of this marker. We observed that 

this histone modification exactly co-localizes with the CENP-A binding domains in 

most of the satellite-less centromeres, as in the case of donkey chromosome 10, 

even if this is not the genomic region with the highest enrichment. On the other 

hand, the orthologous non centromeric regions lack this marker. Interestingly, the 

region corresponding to the H3K9me3 heterochromatin environment, around the 

CENP-A binding domain, shows an overall “de-enrichment” (described as signal 

depression) of H4K20me1 level compared to the surrounding region. 

We advance the hypothesis that, although the centromeric core strictly requires the 

presence of H4K20me1, lysine 20 of histone 4 has to be demethylated within the 

surrounding pericentromeric domain. This modification may contribute to the 

stabilization of the pericentromeric boundaries. 

H4K20me1 modification is also present at genome-wide level and, in accordance 

with the work of Beck DB et al. (2012). There is a correspondence between gene 

transcription and H4K20me1 enrichment, as visible for example, in donkey 

chromosome 12 and 14. 

In conclusion, in agreement with previous data (Hori T et al. 2014) we demonstrate 

that the H4K20me1 histone modification is coupled with the centromeric function. 

In addition, thanks to our model system, we can propose that this marker is absent 

before the establishment of the centromere. 
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PART 4 ECTOPIC CENP-A BINDING SITES 

 
RESULTS 
 

We know that centromere protein A (CENP-A) is one of the most important 

determinant of centromere function (Palmer DK et al. 1991; Mendiburo MJ et al. 

2011). CENP-A is a histone H3 variant occupying the centromeric locus, but it is 

also present on non-centromeric loci throughout the genome. Very little or none is 

known about the possible role of this protein on loci other than the centromere 

(Bodor DL et al. 2014). However it may play a role on the epigenetic control of 

some molecular pattern, as for gene expression. 

In this work, we isolated and analyzed CENP-A binding sites mapping outside the 

centromeres, called ectopic or secondary CENP-A binding sites. As we identified 

satellite-less centromeres through ChIP-seq using an antibody against CENP-A on 

horse chromatin we also identified signals present in different genomic location 

other than the neocentromere on horse chromosome 11. It was already known that 

CENP-A binds the centromeric DNA, but also that CENP-A nucleosomes are 

present all across the genome (Bodor et al. 2014). The centromeric function  

determines  the abundance of the histone H3 variant distributed on the DNA 

sequence unit (Bodor DL et al. 2014). Centromeric domains are highly enriched for 

CENP-A containing nucleosomes, although normal H3 histone variants are still 

present on the centromeric domain (Blower MD et al. 2002; Sullivan BA and 

Karpen GH 2004; Sullivan LL et al. 2011). Furthermore CENP-A nucleosomes, 

tend to localize to transcription factor genome sites in human cancer genome, 

possibly involved in gene expression and regulation (Athwal RK et al. 2015) and 

they tend to nucleate around heterochromatin spots (Gonzalez M et al. 2014). 

Presence of CENP-A throughout the genome was verified with this experimental 

setup: we performed a peak calling with MACS software (Zhang Y et al. 2008) 

using reads from the ChIP and from the input to identify enriched non-centromeric 

CENP-A binding sites (as described in Material and Methods). 

 

Secondary CENP-A peaks mapping and identification 
ChIP-seq reads obtained from skin primary fibroblasts from four different horses 

(HSF-C, Sparky, CrowdPleaser, Locketaway) and one donkey (Asino Nuovo) 

using an anti-CENP-A antibody, were mapped on the horse reference genome 

EquCab2.0. We performed peak calling with MACS software (Zhang Y et al. 

2008) using reads from the ChIP and from the input to identify enriched non- 

centromeric CENP-A binding sites. The majority of mammalian centromeric 

regions are not assembled at chromosome level because of the high amount of 

satellite DNA sequences in the regions. Instead those sequences are unmapped and 
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placed into an extrachromosomal contig called Unplaced Chromosome (chrUN). 

Because of a satellite-less centromere in the horse we excluded from the analysis 

CENP-A peaks enriched in the centromeric region of horse CHR11 as well as  

chrUN for the horse dataset, while 16 centromeric regions and the chrUN where 

excluded from the donkey dataset [Table R4-1]. 

For the HSF-C horse (thereafter referred as “HorseC”), two experimental replicas 

were done. 43.4 million and 70.2 million of paired-end reads were obtained 

respectively from the first and from the second replicas. After peak-calling and 

subsequent trimming of primary CENP-A sites, we obtained 352 and 771 

secondary CENP-A peaks from the first and second replica, respectively. 

From Sparky, CrowdPleaser and Locketaway (three different horse individuals) 

fibroblast cell lines 42.9 M, 34.3 M and 39.5 M of paired-end reads respectively 

were obtained. Reads from these three datasets were pooled together since their 

ChIP efficiency was low. Read mapping, peak-calling and centromeric region 

trimming produced 146 ectopic CENP-A peaks in this read mixed dataset (referred 

to as “pooled horses dataset”). 

From the ChIP-seq experiment performed on Asino Nuovo fibroblasts (referred to 

as “donkey”), used for the previous work (Part 1, Part 2, Part 3 and Nergadze et al. 

2018), 28.9 M of paired-end reads were obtained allowing us to identify 988 

CENP-A secondary binding sites. 
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Table R4-1: Chromosomal regions removed from the HorseC replicas, pooled horses and 

donkey CENP-A datasets. 

 

To further investigate on the CENP-A role in genome wide positioning on different 

mammal species we decided to use also ChIP-seq datasets retrieved from the 

Sequence Read Archive (SRA) obtained from mouse and human cells. 

Reads obtained (Iwata-Otsubo A et al. 2017) from a ChIP-seq experiment, using an 

anti-CENP-A antibody on mouse liver chromatin, were mapped on the mouse 

reference genome (mm10). The same pipeline analysis, applied for the datasets 

above, was used for this dataset. We were able to identify 309 ectopic CENP-A 

peaks in the mouse reference genome after deleting the peaks mapped on the 

Unplaced Chromosome. 

We searched for CENP-A ChIP-seq datasets also on human noncancerous cell 

lines. A data set was found and analyzed (Hayden KE et al. 2013) however 
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revealed no ectopic CENP-A sites. We then analyzed a CENP-A ChIP-seq dataset 

obtained from HeLa human cancer cell line (Lacoste N et al. 2014). These authors 

performed two experimental replicas obtaining 85.9 M and 112.4 M of paired-end 

reads, respectively. We proceeded into the data analysis as above. After read 

mapping on the human reference genome (hg38) and peak calling, satellite-based 

centromeric regions (assembled in the hg38 reference genome) and chrUN were 

removed from the analysis [Table R4-2]. We identified 3615 and 4250 ectopic 

CENP-A peaks from the two replicas. The number of secondary CENP-A binding 

sites in all datasets is reported in Table R4-3. 
 

Table R4-2: Chromosomal regions removed from the HeLa CENP-A datasets. 
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Table R4-3: Description of the raw data used to perform the work described here. * 

Datasets pooled together. 

Figure R4-1 shows an example of ectopic CENP-A peaks on the horse sample 

compared to the centromeric peak on horse chromosome 11. Ectopic CENP-A 

peaks tend to have a Gaussian-like shape read distribution, however read count is 

much lower when compared to centromeric regions. 

 

 
 

Figure R4-1: Representation of a typical secondary CENP-A peak compared to a 

centromeric peak: A) 10 Mb region of the horse chromosome 11 containing three 

secondary CENP-A peaks (pointed by blue arrows) and the peak corresponding to the 

satellite-less centromere (from 27,643,400 bp to 28,050,000 bp). The number under each 

peak is the number of reads that aligned on that region. B) Gaussian-like shape of one 

secondary peak is visualized. 
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Localization of secondary CENP-A binding sites 
Here three examples of chromosomal representation are reported to which all the 

datasets were mapped on. Four chromosome examples showing the localization of 

ectopic CENP-A of Horse replica 1, Horse replica 2, pooled horses dataset and 

donkey (since they were all mapped on the horse reference genome Equcab2) 

[Figure R4-2]. Five chromosome examples showing the localization of ectopic 

CENP-A for the mouse dataset [Figure R4-3]. Three chromosome examples 

showing the localization of ectopic CENP-A of HeLa replica 1 and HeLa replica 2 

[Figure R4-4]. 
 

 
 

 
 

 
Figure R4-2: Ectopic CENP-A mapping on horse chromosomes 4, 5, 6 and 7. Secondary 

CENP-A peaks are represented as coloured lines: red for HorseC replica 1, green for 

HorseC replica 2, pink for the pooled horses dataset and blue for donkey dataset. Horse 

centromeres are shown as head-to-head red arrows, donkey neocentromeres as green 

arrows. 

 

 
Figure R4-2 shows the distribution of ectopic CENP-A on horse chromosome 4-5- 

6-7. CENP-A is scattered across all the chromosomes in all the four datasets 

analyzed. To evaluate the conservation of the peaks among different replica and 

from different datasets we took advantage of the BED tools software (Quinlan AR 

and Hall IM 2010). 

Table R3-4 reports the number of shared and conserved CENP-A peaks in each 

dataset. The number of conserved peaks mapping in genic loci is indicated within 

parenthesis. The dataset comparison between HorseC replica 1 (352 peaks) and 

HorseC replica 2 (750 peaks) showed that 266 peaks are shared. Among the shared 

peaks, 103 mapped in sequences related to genes. In the pooled horse dataset out of 

146 peaks, 100 are shared between the two replicas of the HorseC datasets. 48 of 

these peaks are within genic regions. Donkey and HorseC replica 1 shared 257 

peaks (105 within genes), while donkey and HorseC replica 2 shared 429 peaks 
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(182 within known genes). The pooled horses dataset shared 122 peaks with 

donkey (60 within known genes). Among the two HorseC replicas, the pooled 

horses dataset and the donkey, 95 out of 100 peaks were found in common (47 

within known genes). This comparative analysis demonstrates that a great 

proportion of secondary CENP-A peaks, as highlighted by Figure R4-2, is shared 

not only between replicas but also between Equus species. 

 
 

 
 

Table R4-4: Comparison of the CENP-A peaks found in HorseC replicas, pooled horses 

dataset and donkey. 

Figure R4-3 shows the ectopic CENP-A sites of the mouse dataset mapped on 

mouse chromosome 1-2-3-4-5. Similarly to the horse and donkey results, the 309 

secondary CENP-A binding sites of this mouse dataset are scattered along all 

chromosomes. 
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Figure R4-3: Ectopic CENP-A mapping on the mouse chromosome 1, 2, 3, 4 and 5 

(mm10). Secondary CENP-A peaks are represented as red lines. The red head-to-head 

arrows indicate the position of the mouse centromeres. 

 
Figure R4-4 shows the secondary CENP-A peaks of HeLa cells mapped on human 

chromosome 1-2-3. A high number of ectopic CENP-A peaks is located in the 

pericentromeric regions of most chromosomes as shown in Figure R4-4. Authors of 

this work (Lacoste N et al. 2014) reported that CENP-A density decreases with 

centromeric distance, possibly due to CENP-A spreading out of the centromeric 

core. However, we also detected genome wide ectopic CENP-A. Based on 

comparison of peaks between the two replicas we established that 2036 out of 3615 

secondary CENP-A peaks of replica one are shared with replica 2. 

 

 
 

Figure R4-4. Ectopic CENP-A localisation on the human chromosome 1, 2 and 3 (hg38). 

Secondary CENP-A peaks are represented as coloured lines red lines for HeLa replica 1, 

blue lines for HeLa replica 2. The red head-to-head arrows indicate the position of the 

human centromeres. 
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Characterization of loci bound by CENP-A 
Ectopic secondary CENP-A was reported to preferentially map on promoter-TSS 

regions of active genes in cell lines overexpressing the CENP-A protein (Athwal 

RK et al. 2015). So, we investigated whether ectopic CENP-A also preferentially 

binds some functional genomic region in our datasets using cell lines expressing 

normal levels of CENP-A. We used the HOMER software (Heinz S et al. 2010), a 

ChIP-seq annotation tool, to run a comparison analysis of ectopic CENP-A peaks 

with respect to the nearby genes and/or regulatory elements within the tested 

genome. HOMER provides an annotation for each peak as output, indicating  their 

location with respect to exons, introns, promoter-TSS regions (defined as the 

region that starts from -1000 bp from the TSS site and ends to +100 bp), 

Transcription Terminating Site regions (TTS, defined as the region that starts from 

-100 bp and ends to +1000 bp around the TTS). Homer also identifies intergenic 

peaks and the distance to the closest gene. 

Table R4-5 reports the peak summary analysis. For each species analyzed, numbers 

and frequencies of secondary CENP-A peaks found in each genomic region is 

reported. HorseC replica 1 and replica 2 data were pooled together since they share 

the great majority of the peaks. 

Pooled horse dataset comprises three horses (Sparky, CrowdPleaser and 

Locketaway), while HorseC datasets where analyzed separately. 
 

Table R4-5: Analysis of CENP-A peaks with respect to nearby protein-coding genes. The 

number of peaks is organized based on the genomic regions assigned by HOMER. Within 

parenthesis, peak frequency (%) is reported, which is calculated as the number of peaks in 

that region divided by the total number of peaks found in that dataset. 

 

The expected frequency of peaks in each type of genomic region was calculated as 

the fraction of the genome occupied by such sequences. Figure R4-5 shows the 

frequencies of ectopic CENP-A peaks in the HorseC related to each genomic 

region compared to the expected values. 

Since the HOMER annotation requires a gene dataset we used the Ensembl Genes 

dataset for the analysis done on the datasets mapped on the horse genome. We did 

not use the NCBI RefSeq horse gene dataset mainly for two reasons: 

 

1. Because the horse RefSeq annotation contains very few entries 

2. Because Ensembl annotation is more suitable when conducting a more 

exploratory research (Zhao S and Zhang B 2015) 
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When choosing an annotation database, it’s important to keep in mind that there is 

no perfect database. Some could miss gene annotations, others may overestimate 

the number of genes or transcripts. Based upon RNA-Seq data analysis (Zhao S 

and Zhang B 2015), if robust gene expression estimation must be done (e.g. clinical 

data), databases such as RefGene are preferred, since they are less complex 

genome annotations. In our case (a more pilot and exploratory driven study) we 

could miss some information if databases such as RefGene were used, especially 

because the low level of ectopic CENP-A. For this reason we chosen the Ensembl 

annotation database. It has more entries, so we can get more information. 

Only one isoform per gene was maintained in the gene dataset (the isoform with  

the highest number of exons). Ectopic CENP-A peaks in the HorseC bind the 

promoter-TSS region way more frequently than the expected (7.1% vs 0.9%, p- 

value = 1.2x10
-81

), almost 7 times more. Also, promoter regions showed higher 

frequencies in CENP-A binding (2.8% vs 1.4%, p-value = 2.8x10
-04

). Frequency of 

intergenic peaks is significantly lower than the expected value (59.7% vs 68.2%, p- 

value = 3.5x10
-07

), probably due to the downscaling factor gave by promoter-TSS 

and exons regions [Figure R4-5]. The most likely interpretation of this finding is 

that CENP-A may play a role in gene regulation since it preferentially binds 

promoter regions.  
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Figure R4-5: Distribution of secondary CENP-A in HorseC. HorseC secondary peaks 

analyzed by HOMER (Heinz S et al. 2010). * and **, statistically significant differences 

referred to the expected distribution with a p-value < 10
-3

 and < 10
-81

, respectively. 

 

 

The same analysis performed on the pooled horses dataset (14.4% vs 0.9%, p-value 

= 1.1x10
-66

) an on the donkey (6.4% vs 0.9%, p-value = 5.2x10
-91

) showed same 

enrichment profile when comparing ectopic CENP-A to promoter-TSS regions 

(data not shown). 

For the mouse analysis, the GENECODE VM9 (Ensembl 84) dataset was used. 

Only one isoform per gene was maintained in the gene dataset (the isoform with 

the highest number of exons). As observed in the Equus species, in mouse liver 

cells the frequency of ectopic CENP-A peaks in the promoter-TSS region is higher 

than expected (4.5% vs 0.9%, p-value = 1.4x10
-11

). Other frequencies were similar 

to the expected ones (data not shown). 

For the HeLa CENP-A datasets, the NCBI RefSeq Genes dataset was used since in 

the human species this annotation dataset is well assembled and revised. Only one 

isoform per gene was maintained in the gene dataset (the isoform with the highest 

number of exons). In both replicas of HeLa cells, the frequency for the promoter- 

TSS region is more than 10-times higher than the expected distribution. The great 

number of peaks obtained with these samples raises the statistical significance of 

the observed difference (replica 1 and 2 respectively 8.3% and 7.6% vs 0.7% of the 

expected distribution, p-values <<< 10
-134

); enrichment also in the exon regions 

was observed. Intergenic peak distribution was similar to the expected values. 
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However peak distribution for the intronic regions is lower compared to the 

expected distribution, maybe due to a consequence of the high frequencies 

observed in the promoter-TSS and exon categories. (Data not shown). 

We then performed a positional analysis of the ectopic CENP-A peaks respect to 

the promoter-TSS region to test whether CENP-A containing nucleosomes 

preferentially reside in a specific DNA position. Again, through the HOMER 

software tool, we performed a positional analysis “Distance from TSS”. Figure R4- 

6 shows the plot of the distance in bp of each peak from the closest TSS. In all 

samples the graphs show a greater concentration of peaks in the -1000 +1000 bp 

around TSSs compared to more distant regions. 
 

 
Figure R4-6. CENP-A peaks distribution around TSS in the HorseC. This plot represents 

the distribution of the CENP-A peak respect to the closer TSS in the HorseC. On the X-axis 

we have the distance measured in base pairs, while on the Y-axis we have the number of 

peaks sharing the same distance from TSS. 

 

 

There is clearly a greater concentration of ectopic CENP-A peaks -1000 +1000 bp 

around the TSSs. Same results were obtained when the same analysis was done on 

the pooled horse dataset, on donkey dataset and on both HeLa cells replicas. A 

clear result was hard to establish in the mouse probably due to the low number of 

total ectopic CENP-A peaks, or to the annotation database used (Data not shown). 

 

 
Gene expression analysis 
We focused then on the task of revealing any type of connection between ectopic 

CENP-A and specific gene expression. Using the ATLAS database 

(https://www.proteinatlas.org/) we obtained the expression profiles from 37 human 

tissues (Uhlen M et al. 2015) and 13 mouse tissues (Söllner JF et al. 2017) and 

calculated the expected frequencies of genes belonging to the following classes: 1) 

tissue-specific genes, 2) genes expressed in all tissues, 3) genes with a mixed 

pattern of expression and 4) genes whose expression was not described in the 

database. We then analyzed the expression pattern of the genes associated with 

CENP-A sites, calculated their frequencies and compared them with the expected 

frequency values. When more than one CENP-A binding site was associated to a 

http://www.proteinatlas.org/)
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single gene, this gene was counted only once. For the horse, donkey and human 

analysis we used the human ATLAS proteome database (due to lacking same data 

for the equids and since high protein sequence homology between species), while 

for the mouse analysis we used the mouse ATLAS proteome database. Genes were 

also classified according to the genomic position of the CENP-A peaks (i.e. 

promoter-TSS, exon, intron, TSS, and “more than 1 peak per gene” genes that have 

more than 1 peak along their sequences). 

 

 

Gene expression analysis in the HorseC and donkey 
The results of the gene expression analysis in the HorseC and donkey are reported 

in Figure R4-7. A chart for each genomic region was created. In each chart the 

frequencies of each expression profile are shown, calculated as the number of 

genes with that particular expression profile divided by the total number of genes 

found in the same genomic region. As an example, the first chart on the upper left 

corner represents the frequencies of each expression profile calculated on HorseC 

(orange) and donkey (grey) genes that have at least 1 ectopic CENP-A peak in their 

promoter-TSS region. 

We only reported cerebral cortex and testis tissue-specific genes since very few 

genes, bound by ectopic CENP-A, were expressed specifically in other tissues. 

Therefore, we classified the gene expression as follows: cerebral cortex, testis, 

other tissues, expressed in all, not detected and mixed. In all the considered 

genomic categories, except for the TTS region, we have found that genes expressed 

exclusively in the human cerebral cortex are significantly more represented than 

the expected distribution. While the expected frequency of the cerebral cortex’s 

genes is 4.4%, in the promoter-TSS category for both species we found frequencies 

of 28.3% (HorseC, p-value = 8.8x10
-17

) and 22.4% (donkey, p-value = 2.6x10
-09

);  

in the exon category for both species we found frequencies of 29.2% (HorseC, p- 

value = 1.8x10
-04

) and 50.0% (donkey, p-value = 1.8x10
-20

); in the intron category, 

for both species we found frequencies of 31.9% (HorseC, p-value = 4.4x10
-68

) and 

25.0% (donkey, p-value = 1.3x10
-38

); in the “more than 1 peak per gene” category 

for both species we found frequencies of 34.6% (HorseC, p-value = 2.0x10
-07

) and 

25.9% (donkey, p-value = 2.0x10
-04

). 
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Figure R4-7: Gene expression analysis for the secondary CENP-A peaks present in the 

HorseC and donkey. In these charts, the frequencies of expression profile of genes 

associated to each CENP-A category are shown (horse C, orange bars; donkey, grey bars). 

The “N” present in the legend represents the number of genes present in that functional 

genomic region. The expression profiles marked with * are significantly different from the 

expected values (blue bars). 

 

We performed the same gene expression analysis (data not shown) in the pooled 

horse dataset after combining all the genes from the different functional genomic 

regions (promoter-TSS, exon, intron and TSS regions) due to the low number of 

ectopic CENP-A peaks found. Genes expressed exclusively in the human cerebral 

cortex were found to be more represented than the expected (38.8% vs 4.4%, p- 

value = 1.4x10
-26

), while genes expressed in all tissues were less represented (6.3% 

vs 37.3%). We performed the same gene expression analysis (data not shown) in 
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the mouse dataset after combining all the genes from the different functional 

genomic regions (promoter-TSS, exon, intron and TSS regions) due to the low 

number of ectopic CENP-A peaks found. Genes expressed exclusively in the 

mouse brain were more represented than expected (17.2% vs 8.1%, p-value = 

2.9x10
-03

), while no differences in other expression profiles were detected. 

All these results indicate that, at least in these species, the ectopic CENP-A seems 

to be loaded preferentially at loci associated with genes which are exclusively 

expressed in the brain. 

When we tested, with the same gene expression analysis, datasets from HeLa 

replica 1 and replica 2, we did not detect any association of ectopic CENP-A and 

brain-related genes. Since HeLa cells are immortalized tumoral cells, maybe 

ectopic CENP-A is not physiological regulated as it is in other cell lines. We 

performed a correlation analysis between ectopic CENP-A associated genes and 

proto-oncogenes and tumor-suppressor genes, however we obtained no significant 

results (data not shown). 

 

 

Motif analysis 
We proceeded on the identification of putative sequence motifs present within 

regions of 500 bp spanning the center of secondary CENP-A peaks. The de novo 

motif discovery tool of the HOMER software was used to perform this analysis. 

When we performed this analysis on the HorseC, donkey and pooled horse 

datasets, we identified a specific sequence motif which is common in all functional 

genomic regions bound by ectopic CENP-A. The identified motif is the REST 

binding motif, also called neuron-restrictive silencer element NRSE [Figure R4- 

8A]. The significance of this enrichment is reported in Table R4-6. Figure R4-8 

shows the REST logo motif and the frequencies of secondary CENP-A binding 

sequences containing this motif compared to frequencies of random background 

sequences in the HorseC, in the donkey and in the pooled horse dataset. We used as 

statistically significant threshold a p-value < 1.0x10
-50

, as suggest by the HOMER 

manual. In the HorseC [Figure R4-8] we have a 266-fold enrichment of this motif 

within the promoter-TSS (p-value = 1.0x10
-67

), 400-fold in the intron (p-value = 

1.0x10
-473

) and 356-fold in the intergenic (p-value = 1.0x10
-67

) regions. As shown  

in Figure R3-8C-D this motif was found to be also enriched in the pooled horse 

dataset (no significant enrichment for exon and TTS categories) and on the donkey 

dataset. The REST binding motif identified by HOMER software shared almost 

identical consensus homology the one previously described (Bessus A et al. 1997), 

as well as with those found in the TRANSFAC online motif database (http://gene-

http://gene-/
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regulation.com/cgi-bin/pub/databases/transfac/getTF.cgi?AC=T01974#2). Mouse 

and HeLa datasets however, did not exhibit enriched motifs with a statistically 

significant p-value. 

 
Figure R4-8: REST motif enrichment in the HorseC, pooled horses dataset and donkey 

secondary CENP-A binding sequences.  A) the logo is the motif bounded by REST protein. 

The dimension of each letter is proportional to the probability of finding that nucleotide in 

that position. B) For each genomic category considered, the frequencies of HorseC 

secondary CENP-A binding sequences containing the REST binding motif (orange bars) 

are compared to the frequency of random sequences that contain the REST binding motif 

(blue bar). C) The same comparison as in B, for the pooled horses dataset. D) The same 

comparison as in B for the donkey. 
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Table R4-6: REST motif analysis in the HorseC, pooled horses dataset and donkey 

secondary CENP-A binding sequences. This table reports the interval of confidence for the 

REST motif enrichment (p-value), the number of secondary CENP-A binding sites 

containing the motif, the % of ectopic CENP-A binding sequences that contain the motif, 

the number of background sequences containing the motif and the % of background 

sequences that contains the motif for each genomic category considered. 
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DISCUSSION 
 

CENP-A is the main centromeric variant of the H3 histone protein, thus being the 

main epigenetic marker for the centromeric function (Drinnenberg IA et al. 2014; 

Fachinetti et al. 2013; Perpelescu M and Fukagawa T 2011). Since its importance 

during the cell cycle for proper chromosome segregation, most of the scientific 

studies addressed their effort on the characterization of this protein at the 

centromeric core. Very few studies focused on the identification and functional 

characterization of CENP-A in non-centromeric regions. Recent work suggested 

new secondary roles for this protein beside its centromeric function (Athwal RK et 

al. 2015; Lacoste N et al. 2014). For this reason we investigated the possible role of 

ectopic CENP-A in horse, donkey, mouse and human cell lines, expressing an 

endogenous level of this protein. A high number of non-centromeric relatively 

short (up to few hundreds of nucleotides) CENP-A peaks scattered on the genome 

was observed [Figure R4-1]. We identified very large number of ectopic CENP- A 

peaks,  352 in the “HorseC” replica 1, 771 in HorseC replica 2, 146 in the pooled 

horse dataset and 988 in donkey dataset. We also analyzed ChIP-seq reads obtained 

from mouse liver chromatin using an anti-CENP-A and we identified 309 ectopic 

CENP-A peaks. When we analyzed an anti-CENP-A ChiP seq dataset generated 

from HeLa human cancer cell, we identified 3615 and 4250 ectopic CENP-A sites 

respectively in two HeLa cells replicas. 

Positional analysis revealed that secondary ectopic CENP-A peaks are scattered all 

over the genome in all the analyzed datasets, binding other genomic regions beside 

the centromeric one. So, we further confirmed that CENP-A is present not only in 

the centromeric regions but also at genome-wide level, in normal cell lines (plus 

HeLa cell line) expressing normal level of this protein. We also detected that a 

great majority of secondary CENP-A peaks is shared not only between replicas but 

also between Equus species (since their datasets were all mapped on the horse 

reference genome), suggesting an active not random process of CENP-A loading at 

specific loci. Ectopic CENP-A peaks found in the mouse dataset showed the same 

genome-wide distribution. In the HeLa cell datasets, the great majority of the 

ectopic CENP-A peaks localize near the centromeres as previously observed 

(Lacoste N et al. 2014). However, we were still able to find ectopic CENP-A peaks 

localized throughout the genome and we observed that HeLa replicas shared a high 

number of peaks. It will be interesting to compare secondary CENP-A peaks found 

in the horse, donkey and HeLa datasets through homology studies. 

We thus investigated the positional localization of ectopic CENP-A peaks with 

respect to the nearby genes and/or regulatory elements since, as previously 

reported, CENP-A nucleosomes were found in the locations of promoter-TSS 

regions of active genes in cell lines overexpressing CENP-A protein (Athwal RK et
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al. 2015; Lacoste N et al. 2014). Strikingly we observed that ectopic CENP-A 

binds promoter-TSS regions at a higher frequency compared to the expected value 

in all datasets analyzed from the different species. However, in the mouse, no clear 

enrichment around the TSS was found, possibly due to the low number of reads in 

this dataset, to the annotation database used, or to the fact that there is no 

enrichment at TSS in this species. 

CENP-A containing nucleosomes are therefore distributed in the genomes of 

different species not randomly fashioned but with a precise localization: gene 

related sequences into the genome. Since CENP-A containing nucleosomes are 

conformationally different from H3 containing nucleosomes (Tachiwana H et al. 

2011), their presence in these functional genomic regions may suggest that they 

could have a different role as compared to normal nucleosomes, for example being 

differently recognized by specific binding proteins. Moreover, we proved that 

ectopic CENP-A positioning is correlated to tissue-specific genes. Surprisingly, in 

the horses, donkey and mouse we found a statistically significant enrichment of 

genes expressed exclusively in the cerebral cortex in all the functional genomic 

regions bound by CENP-A. This is of important interest since these results were 

obtained from horse and donkey fibroblasts. These results clearly indicate that 

ectopic CENP-A is loaded in gene promoter regions which are not expressed in this 

cell type, at least in the species studied in this work. This is the opposite of what 

observed by Lacoste N et al. (2014), where they observed an enrichment of CENP- 

A peaks in actively transcribed gene regions. In the HeLa cell line, results indicate 

that ectopic CENP-A seem to behave differently from the other species here 

analyzed. We did not find an enrichment of brain related genes. However, we 

found a statistically significant under-enrichment for genes expressed exclusively 

in the human testis in both replicas. Nor an association between CENP-A and 

cancer- associated genes was clearly identified. However, we cannot exclude 

different results in non-cancer tissues. 

Finally, we reported that all the functional genomic regions bound by ectopic 

CENP-A in the equid species are highly enriched in the NRSE sequence (neuron- 

restrictive silencer element). The NRSE motif is recognized by the REST protein, a 

Kruppel-type zinc finger protein that represses neuronal gene transcription in non- 

neuronal cells by recruiting an histone-deacetylase and EHMT2 methyltransferase, 

hence acting as a chromatin modifier (Mulligan P et al. 2008). It is important to 

point out that our ChIP-seq experiments with anti-CENP-A-antibody were 

performed on horse and donkey fibroblast cell lines, in which of course brain- 

related genes should be repressed. Since we have found a great association between 

secondary CENP-A binding sites and genes expressed exclusively in the cerebral 

cortex, ectopic CENP-A seems to be associated with genes repressed by the REST 

protein. These results suggest that ectopic CENP-A containing nucleosomes are 

preferentially recruited at brain-related genes, probably, contributing at their 

repression in non-neuronal cells, at least in the Equus species. A possible 
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explanation is that, nucleosomes which have the centromeric H3 histone variant, 

act as null nucleosomes, therefore being hardly recognized by RNA polymerase. 

All together, these data show a correlation between CENP-A positioning on gene- 

related regulatory elements. Moreover, two distinct analysis (gene expression and 

motif discovery) directly suggested that CENP-A is associated to brain-related 

genes. Taking into account positional evidences of ectopic CENP-A at promoters 

of these genes, we can propose that CENP-A containing nucleosomes can act as a 

further layer of gene repression when important genes must be strictly repressed in 

some cell type. 
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PART 5 FUNCTIONAL ANNOTATIONS OF HORSE 

CENTROMERES 

 
RESULTS 
 

Following the examples of the ENCODE consortium, an internationally 

coordinated Functional Annotation of Animal Genomes (FAANG) project was 

established. The aim of the consortium is to produce comprehensive maps of 

functional elements in the genomes of domesticated animal species based on 

common standardized protocols and procedures. 

In 2017 we joined the FAANG consortium, as members of the horse genome 

community. A large set of markers will be evaluated by the consortium, including 

DNA methylation, several histone modifications and RNA-seq. Our role in the 

project is to analyze the epigenetic environment of the centromeric region in 

different tissues and individuals. To this purpose, we started to characterize the 

ECA11 centromere of the two FAANG female horses by ChIP-seq in fibroblast 

cell lines. 

The chromatin extracted from fibroblast cell lines of the two horses (FAANG 

Horse 1 and FAANG Horse 2) was immunoprecipitated with an anti-CENP-A 

antibody and the purified DNA was paired-end sequenced through an Illumina 

HiSeq2500 platform, at IGA Technologies Service. For each sample, a fraction of 

non-precipitated chromatin, input, was saved as control, purified and sequenced in 

parallel with ChIP DNA. Using the IGV software, we analyzed the reads obtained 

from the sequencing on EquCab3 reference genome to visualize the CENP-A 

binding domains. 

Figures R5-1 and R5-2 (red tracks) show the results of the ChIP-seq experiments 

on the two mares. As previously described, the distribution of the reads at the 

centromeric domains, spanning about 120 kb, is irregular probably due to assembly 

problems of EquCab3 in this region. Moreover, according to previous results from 

our group (Purgato S et al. 2015; Nergadze SG et al. 2018), a positional variation 

of the centromeric function on the two different horses can be detected. 

We then evaluated the transcriptional profile of these centromeric loci, taking 

advantage of RNA-seq and microRNA-seq datasets produced by the FAANG 

collaboration. 

We obtained from the FAANG consortium polyA-RNA-seq datasets from 30 

tissues and miRNA-seq datasets from 8 tissues. Here, I report our preliminary
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analysis of polyA- and miRNA-seq from eight tissues: Adipose Loin, Lamina, Left 

Ventricle, Liver, Longissimus dorsi, Lung, Ovary, and Parietal Cortex. 

The results of the RNA-seq analysis are summarized in figure R5-1. For both 

mares, the 15 Mb region around the centromeric locus of horse chromosome 11 is 

shown. Panel A shows the CENP-A ChIP-seq tracks, obtained by us in the 

fibroblast cell lines, and the RNA-seq tracks provided by our FAANG 

collaborators from Adipose Loin, Lamina, Left Ventricle and Liver in both horses; 

panel B shows the CENP-A ChIP-seq track and the RNA-seq tracks from 

Longissimus dorsi, Lung, Ovary and Parietal Cortex in both horses. 

In all tissues, except parietal cortex, PolyA-RNAs are absent in the 3 Mb region 

comprising the CENP-A binding domain while a high expression level was 

detected in the flanking regions
 
as shown in Figure R5-2. These results were 

consistent with the interpretation that the satellite-less centromere of horse 

chromosome 11 is a gene desert (Wade CM et al. 2009). However in parietal cortex 

a large region of about 100 kb seem to be highly transcribed. Comparative analysis 

of these transcripts with online databases showed a partial overlap with a 

previously identified horse transcript, whose function is unknown. 

The transcript we identified in the parietal cortex tissue is not classified as protein-

coding mRNA from a preliminary analysis. Also it does flank the centromeric peak 

although they do not overlap. The actual centromeric position in the parietal cortex 

tissue may be in a different location (we used fibroblast cell lines.). 

Further investigations will be necessary to verify the origin of these transcripts and 

to test whether they derive from gene expression regulation or from experimental 

artifacts. 
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A 
 

B 

 

 
FIGURE R5-1. RNA-seq results of 8 different tissues of FAANG horse 1 and 2 within a 

15 Mb region comprising the centromeric locus. The two panels show the results of read 

mapping on the horse reference genome (EquCab3) of the RNA-seq datasets obtained from 

the 8 tissues on both FAANG horses; CENP-A peak resulting from our ChIP-seq 

experiment identifies the centromere position for both horses. (A) Tracks of CENP-A ChIP- 

seq, Adipose Loin RNA-seq, Lamina RNA-seq, Left Ventricle RNA-seq and Liver RNA-seq 

in both horses; (B) tracks of CENP-A ChIP-seq, Longissimus dorsi RNA-seq, Lung RNA- 

seq, Ovary RNA-seq and Parietal Cortex RNA-seq in both horses. 
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A 
 

B 

 
FIGURE R5-2. RNA-seq results of 8 different tissues of FAANG horse 1 and 2 within ~1 

Mb genomic region around the centromeric locus. The two panels show the results of read 

mapping on the horse reference genome (EquCab3) of the RNA-seq datasets obtained from 

the 8 tissues on both FAANG horses; CENP-A peak resulting from our ChIP-seq 

experiment identifies the centromere position for both horses. (A) Tracks of CENP-A ChIP- 

seq, Adipose Loin RNA-seq, Lamina RNA-seq, Left Ventricle RNA-seq and Liver RNA-seq 

in both horses; (B) tracks of CENP-A ChIP-seq, Longissimus dorsi RNA-seq, Lung RNA- 

seq, Ovary RNA-seq and Parietal Cortex RNA-seq in both horses. 

 
We then evaluated whether micro RNAs were present at the ECA 11 centromeric 

locus in the same above mentioned tissues. The same 15 Mb region comprising the 

centromere was examined and results are shown in figure R5-3. In all the tissues, 

the region is characterized by the presence of microRNA but it is possible to 

observe a general lower expression and/or absence of transcripts around the 3 Mb 

pericentromeric locus. 
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FIGURE R5-3. miRNA-seq results of 8 different tissues of FAANG horse 1 and 2 within 

a 15 Mb genomic region around the centromeric loci. The two panels show the results of 

read mapping on the horse reference genome (EquCab3) of the miRNA-seq datasets 

obtained from the 8 tissues on both FAANG horses; CENP-A peak resulting from our 

ChIP-seq experiment identifies the centromere position for both horses. (A) Tracks of 

CENP-A ChIP-seq, Adipose Loin miRNA-seq, Lamina miRNA-seq, Left Ventricle miRNA- 

seq and Liver miRNA-seq in both horses; (B) tracks of CENP-A ChIP-seq, Longissimus 

dorsi miRNA-seq, Lung miRNA-seq, Ovary miRNA-seq and Parietal Cortex miRNA-seq in 

both horses. 

 

We then analyzed specifically the centromeric locus to test the presence of 

miRNAs in the CENP-A binding domain (Figure R5-4). When zooming into the 

centromeric locus we were able to identify multiple miRNAs, in all the tissues 

analyzed. There, miRNAs are all expressed at a very low level. Therefore, further 

experiments will be required to verify the origin of these transcripts and to test 

whether they represent real ncRNA species deriving from experimental artifacts. 

We observed a certain degree of variability. For example, Adipose Loin datasets in 

the two individuals show a different number of miRNAs (higher in Horse 2).
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Unfortunately we cannot tell whether this is a biological variation with a 

meaningful relevance since the number of reads is different in the two datasets. To 

solve this problem a specific differential expression analysis must be performed to 

unravel tissues variability and interindividual miRNAs variability, which at the end 

may be influenced by the positional instability of the centromeric function. With 

this pilot analysis, we were able to assess that, although protein-coding genes are 

absent from this region as previously reported (Wade CM et al. 2009), satellite-less 

centromere in horse chromosome 11 is transcribed, at least for some miRNA 

transcripts. 
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FIGURE R5-4. miRNA-seq results of 8 different tissues of FAANG horse 1 and 2 within 

a ~1 Mb genomic region around the centromeric loci. The two panels show the results of 

read mapping on the horse reference genome (EquCab3) of the miRNA-seq datasets 

obtained from the 8 tissues on both FAANG horses; CENP-A peak resulting from our 

ChIP-seq experiment identifies the centromere position for both horses. (A) Tracks of 

CENP-A ChIP-seq, Adipose Loin miRNA-seq, Lamina miRNA-seq, Left Ventricle miRNA- 

seq and Liver miRNA-seq in both horses; (B) tracks of CENP-A ChIP-seq, Longissimus 

dorsi miRNA-seq, Lung miRNA-seq, Ovary miRNA-seq and Parietal Cortex miRNA-seq in 

both horses. 
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DISCUSSION 
 

Transcription at centromeric level was first reported for mouse satellite-based 

centromeres (Cohen AK et al. 1973) and since then several reports confirmed that 

transcription events and, sometimes, the transcript itself play a role in centromeric 

function and formation (Chueh AC et al. 2009; Grenfell AW et al. 2016). The 

presence of repetitive DNA normally associated with centromeres has so far 

hindered a detailed molecular dissection of the RNA transcripts, making the 

centromere an enigmatic locus. On the other hand, evolutionarily new centromeres 

and human neocentromeres were found to arise in gene desert regions (Cardone 

MF et al. 2006; Wade CM et al. 2009) 

Thanks to our model system, we can evaluate the transcriptional profile of 

centromeres which are lacking satellite DNA and, unlike the clinical 

neocentromeres, are fixed in a species. 

Since we joined the FAANG (Functional Annotation of ANimal Genomes) project 

we were able to start the analysis of NGS datasets produced by the horse 

community. NGS data for RNA, epigenetic markers and other genomic data is 

currently under production and we are participating by characterizing the 

centromere functional locus of chromosome 11 in different tissues of the two 

FAANG female horses. In particular, a preliminary analysis of the transcriptional 

state of these loci was reported in the previous section and compared to the 

localization of CENP-A binding domains carried out in fibroblast cell lines from 

the FAANG horses. 

Results show that the ECA 11 satellite-less centromeres of both horses share the 

same peculiarity of other equids centromeres, for example the typical satellite-less 

centromere length spanning about 100 kb. Moreover, peak shape is irregular. This 

is probably due to a duplicon present in this region (small central peak). The 

position of the CENP-A binding domain is different in the two horses confirming 

that centromere sliding is occurring at satellite-less centromeres. 

We then evaluated the transcriptional profile of the ECA 11 centromeric locus, 

taking advantage of RNA-seq and miRNA-seq datasets produced within the 

FAANG effort. Preliminary results regarding a 15 Mb genomic region around the 

centromere in eight different tissues from both horses demonstrated that the 

centromeric (~ 100 kb in length) and the pericentromeric (~ 3 Mb in length) loci 

are gene-deserts. No protein-coding genes were identified in the tissues as 

expected, confirming previously published data. However, looking in detail a 1 Mb 

region around the CENP-A peak we were able to identify a 50 kb transcribed 

region upstream of the CENP-A binding domain in the Parietal Cortex RNA-seq 

datasets of both FAANG horses. A comparison of these transcripts with those 

present in the online databases showed a partial overlap with an already identified 

transcripts, whose function is unknown. 

This proximal transcriptional activity seems not to impair the centromeric function. 
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A consideration must be pointed out: the ChIP-seq experiment carried out on both 

horses to unravel the centromeric location was performed using fibroblast cell lines 

but we do not know whether the CENP-A binding domains are in the same position 

in different tissues. The answer to this question is actually one of our major tasks in 

the FAANG project. To this purpose we will perform centromere identification in 

different tissues to correlate the centromeric location with the epigenetic markers 

tested by the other members of the consortium. 

We examined the presence of microRNAs in the ECA 11 centromeric region in the 

same tissues previously used for the RNA-seq. We identified the presence of 

several miRNAs in this genomic region. All the processed datasets showed 

transcription within the centromeric area, despite a lower transcription level respect 

to the surrounding region. 

When we zoomed in at ~ 1 Mb around the centromere we observed a great number 

of miRNA transcripts all over the centromeric locus. Each tissue analyzed in both 

horses showed the presence of ncRNAs in correspondence of the centromeric peak. 

We can observe some degree of variation of the transcriptional expression level 

among tissues and between individuals. However, to completely identify possible 

differences in transcription, an accurate differential expression analysis is needed  

to identify tissue-specific and individual specific transcripts which may depends on 

the positional variation of the centromeric locus. It would be interesting to test 

whether centromere sliding can affect in some way miRNAs transcription. 

Presence of transcription at the centromeric core has always been a fascinating task 

to study but a hard challenge to approach on. Since the presence of centromeric 

repetitive DNA in the majority of mammalian species, studies on transcription 

were addressed on the sole presence of satellite-based transcripts. Moving along on 

the study of centromere lacking satellite DNA, clinical and evolutionarily 

neocentromeres, results addressed the point that gene desert regions are preferred 

for the centromeric seeding. However short transcripts per se and the transcription 

machinery have been proposed to play a relevant role in centromeric formation and 

function. Indeed, with our work we highlighted the presence of miRNA transcripts 

within the centromeric core. Although our ChIP-seq data with transcription 

markers showed that the centromeric region is transcriptionally silent, short regions 

of open chromatin may be present in some cell cycle phase allowing transcription 

of small RNA molecules. 

Thanks to the availability of a tissue biobank from FAANG horses (Burns EN et al. 

2018), we plan to identify the position of CENP-A binding domains of ECA11 in 
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several tissues from different embryonic origin to investigate whether centromere 

sliding could occur also during development, and to test whether its positional 

variability may influence, or be influenced by micro RNA transcripts. 
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CONCLUDING REMARKS 

 
PART 1 BIRTH EVOLUTION AND TRANSMISSION OF SATELLITE- 

LESS MAMMALIAN CENTROMERIC DOMAINS 

In this part and in the attached paper (Nergadze SG et al 2018) we investigated the 

satellite-free centromeres of Equus asinus by using ChIP-seq with anti-CENP-A 

antibodies. We identified an extraordinarily high number of centromeres lacking 

satellite DNA in the donkey: 16 out of 31. All of them lay in LINE and AT rich 

regions. A subset of these centromeres is associated with DNA amplification. The 

location of CENP-A binding domains can vary in different individuals giving rise 

to epialleles. The analysis of epiallele transmission in equid hybrids showed that 

centromeric domains are inherited as Mendelian traits but their position can slide in 

one generation. 

 

 
PART 2 COMPARATIVE ANALYSIS OF CENP-A BINDING DOMAINS IN 

7 EQUID SPECIES 

In this part we demonstrated that an incredible number of satellite-less centromeres 

is present in the 7 equid species here analyzed through ChIP-seq, a total of 82 

satellite-less centromeres: 1 in Equus caballus (Nergadze et al. 2018), 10 in Equus 

zebra hartmannae, 11 in Equus grevyi, 14 in Equus burchelli, 16 in Equus asinus 

(Nergadze et al. 2018), 15 in Equus kiang, 15 in Equus hemionus onager. Within 

many of these neocentromeres we detected some features already identified in the 

donkey satellite-less centromeres (Part 1 and Nergadze et al. 2018). Many 

neocentromeres displayed sequence rearrangements compared to the horse 

reference sequence, other neocentromeres exhibited sequence amplification, while 

in others we identified two distinct epialleles. We were able to correlate two 

different phenomena, centromere repositioning, described as event of centromere 

movement during species evolution, with centromere sliding, which is a 

phenomenon of centromeric repositioning at smaller scale, which may occur from 

one generation to another. Then to establish a phylogenetic history of those 

chromosomes carrying repositioned centromeres we inferred three models of equid 

evolutionary tree using neocentromeres detected through ChIP-seq as markers. 

Taking into account the criterion of maximum parsimony, the classical 

phylogenetic tree model was the best model, since it comprised the lowest number 

of CR events compared to the other two trees. Results also suggested that, at least 

in some cases, “centromerization” hotspots may be present and used as seeding 

sites for neocentromeric formation when independent centromere repositioning 

events may have occurred in different equid lineages. We also demonstrated that
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chromosomal rearrangements may have occurred during the equid evolution 

impairing the neocentromere detection. 

 

 
PART 3 GENOME-WIDE EPIGENETIC ANALYSIS OF SATELLITE- 

LESS CENTROMERES 

The epigenetic analysis of the satellite-less centromeres revealed that they are not 

enriched for H3K4me3 marker, since its enrichment is associated with actively 

transcribed regions. Moreover, the orthologous non-centromeric regions are not 

enriched for H3K4me3 as well. We can propose that H3K4me3 is not necessary for 

the centromeric function, as is the case with other markers for open and transcribed 

chromatin.  Moreover, we observed that H4K20me1 histone modification exactly 

co-localizes with the CENP-A binding domains in most of the satellite-less 

centromeres. On the other hand, the orthologous non centromeric regions lack this 

marker. Interestingly, the pericentromeric region, corresponding to the H3K9me3 

heterochromatin environment around the CENP-A binding domain, shows an 

overall “de-enrichment” of H4K20me1 level compared to the surrounding region. 

In conclusion we demonstrate that the H4K20me1 histone modification is coupled 

with the centromeric function and we can propose that this marker is absent before 

the establishment of the centromere. 

 

 
PART 4 ECTOPIC CENP-A BINDING SITES 

In this work, we isolated and analyzed CENP-A binding sites mapping outside the 

centromeres, called ectopic CENP-A binding sites. We detected that an incredible 

high number of ectopic CENP-A binding sites are present also in non-centromeric 

regions and scattered across all the chromosomes in all the species analyzed (horse, 

donkey, mouse and HeLa cells). We observed that ectopic CENP-A binds gene- 

promoter-TSS regions at a higher frequency compared to the expected value in all 

datasets analyzed except for the mouse dataset. Moreover we detected that 

promoter-TSS regions bound by CENP-A are enriched for brain-related genes. 

Finally we found that sequences bound by ectopic CENP-A are enriched for the 

REST motif, sequence bound by a neuronal gene repressor. 

 

 
PART 5 FUNCTIONAL ANNOTATIONS OF HORSE CENTROMERES 

We analyzed two horses from the FAANG project. The position of the CENP-A 

binding domain is different in the two FAANG horses confirming that centromere 

sliding is occurring at satellite-less centromeres of these individuals. A preliminary
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analysis of the transcriptional state of these loci through RNA-seq indicated that no 

protein-coding genes were identified in eight different tissues from both horses in 

the centromeric (~ 100 kb in length) and the pericentromeric (~ 3 Mb in length) 

loci, which are gene-deserts, although a 50 kb transcribed region upstream of the 

CENP-A binding domain in the Parietal Cortex RNA-seq datasets of both FAANG 

horses, which needs more analysis to test its relevance. When miRNA datasets 

from the same eight tissue were analyzed, we identified several ncRNAs in this 

genomic region. These datasets showed transcription activity within the 

centromeric area, despite a lower transcription level respect to the surrounding 

region. Indeed, this work suggests that miRNA transcripts within the centromeric 

core are transcribed. 
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Birth, evolution, and transmission of satellite-free
mammalian centromeric domains
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Mammalian centromeres are associated with highly repetitive DNA (satellite DNA), which has so far hindered molecular
analysis of this chromatin domain. Centromeres are epigenetically specified, and binding of the CENPA protein is their
main determinant. In previous work, we described the first example of a natural satellite-free centromere on Equus caballus
Chromosome 11. Here, we investigated the satellite-free centromeres of Equus asinus by using ChIP-seq with anti-CENPA an-
tibodies. We identified an extraordinarily high number of centromeres lacking satellite DNA (16 of 31). All of them lay in
LINE- and AT-rich regions. A subset of these centromeres is associated with DNA amplification. The location of CENPA
binding domains can vary in different individuals, giving rise to epialleles. The analysis of epiallele transmission in hybrids
(three mules and one hinny) showed that centromeric domains are inherited as Mendelian traits, but their position can slide
in one generation. Conversely, centromere location is stable during mitotic propagation of cultured cells. Our results dem-
onstrate that the presence of more than half of centromeres void of satellite DNA is compatible with genome stability and
species survival. The presence of amplified DNA at some centromeres suggests that these arrays may represent an interme-
diate stage toward satellite DNA formation during evolution. The fact that CENPA binding domains can move within rel-
atively restricted regions (a few hundred kilobases) suggests that the centromeric function is physically limited by epigenetic
boundaries.

[Supplemental material is available for this article.]

Chromosome segregation during mitosis and meiosis is directed
by the centromere, the chromosomal locus that specifies kineto-
chore assembly during cell division (Cleveland et al. 2003;
McKinley and Cheeseman 2015). Although the mechanism of
kinetochore function in mitosis is highly conserved, centromere-
associated DNA sequences are highly variable in evolution, a situa-
tion that has been referred to as the centromere paradox (Eichler
1999; Henikoff et al. 2001). In most multicellular organisms,
centromeres are associated with large arrays of tandemly iterated
satellite DNA sequences, typified by alpha-satellite DNA of pri-
mates in which a 171-bp sequence is present in arrays of up to
megabase size at the primary constriction ofmitotic chromosomes
(Hayden et al. 2013). Despite this common theme, the sequences
of the centromeric satellite DNA are divergent and are estimated to
be among the most rapidly evolving components of the genome
(Plohl et al. 2014). Direct evidence that DNA sequence is not the
sole factor in determining centromere position or function was
originally derived from examination of human chromosomal ab-
normalities. Dicentric chromosomes possessing kinetochore
activity at only one of two alpha-satellite loci revealed that satellite

DNA is not sufficient for centromere specification (Earnshaw and
Migeon 1985). Identification of analphoid chromosomes, that
nonetheless possessed fully functional centromeres, demonstrated
that satellite DNA is not necessary for centromere function
(Voullaire et al. 1993). Rather than DNA sequence, the common
feature that links centromere function in most eukaryotes is the
presence of a distinctive histone H3 variant, CENPA, which can
directly confer centromere function to a locus when tethered
experimentally (Palmer et al. 1991; Stoler et al. 1995; Mendiburo
et al. 2011). These observations have led to the proposal that cen-
tromere identity is established andmaintained through epigenetic
mechanisms, and CENPA functions as a central component in
centromere specification (Karpen and Allshire 1997; Panchenko
and Black 2009; McKinley and Cheeseman 2015).

The evolutionary plasticity of centromeres is exemplified
by the phenomenon of centromere repositioning (Montefalcone
et al. 1999). By detailed molecular characterization of karyo-
typic relationships among primate species, it was observed that
centromere position can change without a corresponding
change in DNA organization (Montefalcone et al. 1999; Cardone
et al. 2006; Ventura et al. 2007). In these cases, referred to as
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evolutionarily new centromeres (ENCs), centromere evolution
seems to be driven by forces other than the surrounding DNA.

A relationship between ENCs and the analphoid neo-
centromeres observed in human clinical samples emerged from
analysis of the positions in which these events occur. For example,
human neocentromeres at Chromosomes 3, 9, and 6 occur in the
same genomic regions as ENCs observed in some primates, indi-
cating that certain regions of the genome have a propensity
to form centromeres (Ventura et al. 2004; Capozzi et al. 2008,
2009). Thus, regions of the genome may harbor “latent” centro-
mere potential (Voullaire et al. 1993). The observation that the
primate ENCs possessed typical arrays of alpha-satellite DNA
led to the hypothesis that epigenetic marks can drive the move-
ment of centromere function to new genomic sites, which can
subsequently mature through the acquisition of satellite DNA
sequences (Amor and Choo 2002; Piras et al. 2010; Kalitsis
and Choo 2012). Following their original discovery in primates,
a surprisingly large number of ENCs were identified in the genus
Equus (Carbone et al. 2006; Piras et al. 2009), and some examples
were also observed in other animals (Ferreri et al. 2005;
Kobayashi et al. 2008) and in plants (Han et al. 2009), indicating
that centromere repositioning is a widespread force for karyotype
evolution.

A fundamental step in understanding centromere biology
was the discovery that the ENC at horse Chromosome 11 is
completely devoid of satellite DNA (Wade et al. 2009). This obser-
vation revealed, for the first time, that a satellite-free centromere
can be present in all individuals of a vertebrate species as a normal
karyotype component. This centromere is established on a seg-
ment of DNA, conserved in vertebrates, which is free of genes as
well as of satellite DNA, providing an example of an evolutionarily
“young” ENC that has not acquired repetitive sequences. Satellite-
free centromeres were subsequently observed in chicken (Shang
et al. 2010), orangutan (Locke et al. 2011), and potato (Gong
et al. 2012).

Examination of the centromere of horse Chromosome 11 in
several individuals revealed that the satellite-free centromeric
domains are present in each case, but the precise location of the
CENPA binding region (∼100 kb in length) differs among indi-
viduals and even between the two homologous chromosomes of
a single individual (Purgato et al. 2015). Centromere activity could
be associated with any sequence within a ∼500-kb domain in the
centromere forming region of Chromosome 11. Therefore, this
“centromere sliding” is DNA sequence independent, as expected
for an epigenetically defined locus. Thus, centromeres exhibit
large-scale relocalization (centromere repositioning) during
evolution as well as short-range relocalization (centromere sliding)
within a population (Giulotto et al. 2017).

The genus Equus comprises eight extant species (two horses,
three donkeys, and three zebras) that diverged from a com-
mon ancestor ∼4 million years ago (Mya) (Steiner et al. 2012;
Orlando et al. 2013). In a previous work, we analyzed the karyo-
type of four Equus species by in situ hybridization with satellite
DNA probes and revealed that, in the domestic donkey (E. asinus)
and in two zebras (E. burchelli and E. grevyi), a large number
of centromeres lack detectable satellite DNA (Piras et al. 2010;
Geigl et al. 2016), whereas in the horse, Chromosome 11 is the
only one.

The aimof this workwas to verify the presence of satellite-free
centromeres in E. asinus, using ChIP-seq with anti-CENPA anti-
bodies, to analyze their DNA sequence organization, positional
stability, and transmission.

Results

Satellite-free CENPA binding domains in Equus asinus

Our previous work identified several donkey centromeres that
lack detectable satellite repeats (Piras et al. 2010). Here, to identify
the DNA sequences at these centromeres, ChIP-seq experiments
were carried out on donkey primary skin fibroblasts. Two differ-
ent antibodies were used to immunoprecipitate formaldehyde
cross-linked chromatin fragments: a rabbit antiserum against
CENPA (Wade et al. 2009) and a human CREST serum with
high titer against CENPA (Purgato et al. 2015; Cerutti et al.
2016). DNA purified from immunoprecipitated and input chro-
matin was then subjected to paired-end Illumina sequencing.
Since we previously demonstrated the presence of a satellite-
free centromere on horse Chromosome 11 by ChIP-on-chip
(Wade et al. 2009; Purgato et al. 2015), as positive control, we
carried out the same ChIP-seq experiment with chromatin from
horse skin fibroblasts. The horse and donkey genomes share
an average of >98% sequence identity (Orlando et al. 2013;
Huang et al. 2015) and chromosome orthologies are well de-
scribed (Yang et al. 2004; Musilova et al. 2013). Since only draft
sequences of the donkey genome comprising unassem-
bled scaffolds are available (Orlando et al. 2013; Huang et al.
2015), we aligned both the horse and the donkey reads to
the horse reference genome (EquCab2.0). Sequencing and
alignment statistics of the ChIP-seq experiments are reported in
Supplemental Table S1. Figure 1 reports the graphical repre-
sentation of the enrichment peaks, corresponding to the centro-
mere of horse Chromosome 11 from one individual, here called
HorseS (Fig. 1A), and to the 16 donkey satellite-free centro-
meric domains from one individual, here called DonkeyA
(Fig. 1B). The two antibodies recognized essentially identical se-
quence domains and exhibited largely similar patterns of protein
binding.

The 16 donkey regions spanned 54–345 kb and contained
one or two CENPA binding domains. Similar to what we described
for horse Chromosome 11 (Purgato et al. 2015), the presence of
two peaks is related to different epialleles on the two homologs,
as demonstrated below on the basis of single nucleotide variant
(SNV) analysis. Although some peaks showed a Gaussian-like reg-
ular shape (such as EAS4 and EAS30), other peaks were irregular
(such as EAS8 and EAS14), contained gaps (such as EAS7 and
EAS14), or exhibited a narrow, spike-like distribution (such as
EAS9 and EAS19).

The satellite-based donkey centromeres are not described
here because their corresponding ChIP-seq reads cannot be pre-
cisely mapped on specific chromosomes in the horse reference
genome. These centromeres are probably organized similarly to
the great majority of typical mammalian centromeres, as already
shown for satellite-based horse centromeres (Nergadze et al. 2014;
Cerutti et al. 2016).

CENPA binding domains correspond to primary constrictions
in 16 E. asinus chromosomes
Cytogenetic analysis was carried out tomap the 16 donkeyCENPA
binding regions relative to the primary constrictions of horse and
donkey chromosomes. CENPA binding domain coordinates were
used to select a set of horse BACs from the CHORI-241 library
(Supplemental Table S2; Leeb et al. 2006). These were used as
probes for in situ hybridization on metaphase spreads of horse
and donkey skin fibroblasts. Examples of in situ hybridization
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results are shown in Figure 1C with remaining data presented in
Supplemental Figure S1. Each of the BAC probes identified a
unique locus on the donkey karyotype, and its locationwas always
consistent with the location of the primary constriction. Notably,
the FISH signal on the orthologous horse chromosome was never
centromeric, suggesting that the 16 satellite-free donkey centro-
meres were repositioned during evolution. We conclude that the
16 CENPA binding domains identified by ChIP-seq analysis are
ENCs located within the respective cytogenetically defined prima-
ry constrictions.

Sequence assembly of satellite-free
centromere domains and comparison
with orthologous horse genomic regions

Several CENPA binding domains showed
read-free gaps and distorted shapes when
mapped to the horse reference genome,
suggesting differences in DNA sequence
between the two species (Fig. 1B). The
actual DNA sequence corresponding to
the donkey centromeres was determined
by assembling Illumina reads and carry-
ing out Sanger sequencing of selected re-
gions to resolve gaps in the assembly. For
each centromeric region, genomic seg-
ments ranging in size between 157 and
358 kb were assembled (Supplemental
Table S3).

In the majority of donkey satellite-
free centromeres, multiple rearrange-
ments (deletions, insertions, and inver-
sions) were observed compared to the
horse orthologous sequence (EAS4,
EAS5, EAS7, EAS10, EAS11, EAS12,
EAS13, EAS14, EAS27, EAS30) (Supple-
mental Fig. S2). The number and size of
these rearrangements varies at different
centromeres, but deletions are the most
prevalent type. In donkey Chromosome
5, we observed several deletions; given
the small size of these deletions, no
gaps in the peak profile were observed.
Conversely, donkey Chromosome 7 con-
tains three relatively large deletions coin-
ciding with gaps in the peak profile. The
organization of the centromere of don-
key Chromosome 13 is more complex,
including a large deletion (110 kb) and
a translocation, giving rise to a large gap
in the central region (deletion) and an
off-site peak outside the right border
(translocation). In EAS14, which shows
a two-peak profile, four relatively extend-
ed deletions coincide with gaps in the
peak profile. No rearrangements were ev-
ident in the centromere of donkey Chro-
mosome X. The centromeric domain
identified by ChIP-seq is contained with-
in the previously described large pericen-
tric inversion of donkey Chromosome X
(Raudsepp et al. 2002).

To determine more precisely the or-
ganization of CENPA distribution at satellite-free centromeres, we
constructed a chimeric reference genome by inserting the assem-
bled centromeric donkey contigs in EquCab2.0 to replace their
orthologous horse sequences (Supplemental Table S3). The result
was a virtual reference genome named EquCabAsiA.

ChIP-seq reads were then mapped on the EquCabAsiA ge-
nome (Supplemental Fig. S3). Comparison of the peak profiles ob-
tained with the two reference genomes (Fig. 1B; Supplemental Fig.
S3) shows that large gaps and irregular profiles that were observed
in Figure 1B (EAS7, EAS13, EAS14, EAS16, EAS19) were no longer

A

B

C

Figure 1. Identification of satellite-free centromeres in Equus asinus. ChIP-seq reads from primary fibro-
blasts of HorseS (A) and DonkeyA (B) were mapped on the EquCab2.0 horse reference genome.
Immunoprecipitation was performed with an antibody against human CENPA (red) or with a CREST se-
rum (green). Peak overlapping appears in yellow. The y-axis reports the normalized read counts, whereas
the x-axis reports the genomic coordinates (Mb). The E. caballus satellite-free centromere from
Chromosome 11 (A) and the 16 satellite-free E. asinus centromeres (B) are shown; for each E. asinus
(EAS) chromosome, the number of the orthologous E. caballus chromosome (ECA) is reported. (C)
FISH with BAC probes covering the genomic regions identified by ChIP-seq. Four examples (EAS) along
with their orthologous horse chromosomes (ECA) are shown; the remaining chromosomes are reported
in Supplemental Figure S1. On the left of each panel, a sketch of the orthology between E. caballus and E.
asinus chromosomes (Yang et al. 2004; Musilova et al. 2013) is shown, with BAC signals represented as
green dots, and the position of the cytogenetically determined primary constriction represented as a yel-
low oval. On the right of each panel, metaphase chromosomes are shownwith FISH signals in green, and
the primary constriction is marked by a red line on the reverse DAPI images (gray).
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detected following the new alignment.
These results demonstrate that the
CENPA binding domains of the satellite-
free donkey centromeres are uninterrupt-
ed, and their architectural organization
resembles that of horse Chromosome 11
(Fig. 1A; Wade et al. 2009).

Tandem repetitions associated with
some satellite-free centromeres
For five donkey centromeres (EAS8, EAS9,
EAS16, EAS18, and EAS19), we detected
novel tandem repetitions of sequences
that are single copy in the horse genome.
In particular, reads spanning junctions
between adjacent units of tandem arrays
directly demonstrated their presence.
For EAS18 and EAS19, the amplified se-
quences contain a deletion relative to
the horse genomic sequence (Supple-
mental Fig. S2).Due to their repetitivena-
ture, these five regions could not be
precisely assembled. To prove the pres-
ence of tandem repetitions at these cen-
tromeres and to determine their copy
number, three independent approaches
were taken (Fig. 2). Sequence amplifica-
tion was initially tested by comparative
Southern blotting (Fig. 2A). Four individ-
uals were analyzed: one horse (HorseS),
two donkeys (DonkeyA and DonkeyB),
and a mule (MuleA), offspring of Don-
keyB. Signal intensityof the bands clearly
indicated increased copynumberof these
sequences in the donkeys compared to
the horse. The copy number increase is
particularly marked for EAS9 and EAS18.
As expected, in themule, signal intensity
was intermediate between the donkey
parent and the horse sample. At the
EAS19 centromeric domain, signal inten-
sity was different in the two donkey sam-
ples, suggesting polymorphism in the
population.

To quantify copy number variation, quantitative PCR (qPCR)
experiments were performed, including a second horse individual
(HorseT) (Fig. 2B). The results confirm sequence amplification in
the two donkeys, particularly marked at the EAS9 and EAS18 cen-
tromeres (about 70- to 90-fold compared to the horses); in the
mule, the copy number corresponds to about half the value of its
DonkeyB father. At EAS19, the number of repeats is relatively
low and differs in the two donkeys; in the mule, fold enrichment
values are between those of the horses and the donkey father.

A third independent method directly compared read counts
between horse and donkey input samples, aligned to the horse ref-
erence genome EquCab2.0 (Fig. 2C). The presence of peaks in the
donkey centromere domains and their absence in the horse con-
firm that these regions are amplified in the donkey. Peak height
is greater in the donkeys with respect to the mule, and the degree
of amplification is lower in EAS19 compared to the other two
chromosomes. Quantitative PCR experiments and input read

count comparisons were also carried out to analyze the variation
of copy number at the centromeres of EAS16 and EAS8 (Supple-
mental Fig. S4), revealing sequence amplification and copy num-
ber variation.

Taken together, these results confirm the occurrence of
tandem sequence amplification at a subset of centromeres in the
donkey, with evidence for marked inter-individual variation in
copy number at some of these loci.

DNA sequence analysis of the satellite-free centromeric domains
DNA sequence features of the satellite-free donkey centromeres
were compared with the corresponding regions in the horse ge-
nome (Supplemental Fig. S5). The five centromeres containing
amplifications were excluded from this analysis because we could
not define their complete sequence. The percentage of SINEs,
LINEs, LTR-derived sequences, and transposable DNA elements

A

B

C

Figure 2. DNA sequence amplification at the centromeres of E. asinus Chromosomes 9, 18, and 19.
The number of the E. asinus chromosome (EAS) and of its ortholog in E. caballus (ECA) is reported
on top. (A) Southern blot analysis of genomic DNA from one horse, two donkeys, and a mule (MuleA,
offspring of DonkeyB). The probes were obtained by PCR-amplification of a portion of the unit repeated
in the donkey (Supplemental Table S4). Map positions of the probes are indicated as vertical black rect-
angles in C. (B) Quantitative PCR performed on DNA from two horses, two donkeys, and one mule. Each
centromere was analyzed with two primer pairs (dark and light gray bars) (Supplemental Table S4).
(C) Profile of input reads from one horse, two donkeys, and one mule aligned on the horse reference
genome. The genomic regions shown are 29,593,109–29,725,206 for Chromosome 9; 22,441,448–
22,572,314 for Chromosome 18; and 14,157,787–14,289,525 for Chromosome 19. Peaks represent
regions amplified in the donkey genome compared to the horse genome. Light and dark gray triangles
indicate the location of the fragments amplified in the quantitative PCR assay (B).
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at the donkey centromere domains did
not differ from the orthologous horse se-
quences. The GC content at these loci
was also similar in the two species.
Since the horse genome sequence is not
well annotated and no annotation of
the donkey genome is available, we are
not able to provide an accurate analysis
of gene content in the satellite-free cen-
tromeric regions.

We then compared the abundance
of transposable elements at the centro-
meric regions with the average genome-
wide values obtained from a draft donkey
genome (Huang et al. 2015). Donkey cen-
tromeres were significantly poor in SINEs
(P < 0.00001), whereas LINE elements
were enriched (P = 0.0057); LTRs and
DNA elements showed the same abun-
dance in all samples. As expected, centro-
meric satellite sequences (Piras et al.
2010; Cerutti et al. 2016) were totally ab-
sent from the 16 centromeres examined
here. Finally, donkey centromeres
showed a 36.2% GC content as opposed
to the genome-wide average of 41.3%, in-
dicating that these satellite-free centro-
meres are AT rich.

Centromere sliding occurs in Equus asinus

The double peaks observed on several
chromosomes (EAS5, EAS10, EAS12,
EAS14, and EAS18) suggested the pres-
ence of epialleles on the homologous
pairs in the donkey similarly to what we
reported for horse Chromosome 11
(Purgato et al. 2015). To verify the pres-
ence of epialleles, we used a single nucle-
otide variant (SNV) based approach. We
identified heterozygous nucleotide positions, SNVs, within each
centromeric domain using a high coverage input library (Supple-
mental Table S1). These heterozygous positions would allow us
to resolve the two homologs in the reads obtained from CENPA
immunoprecipitated chromatin: If the two CENPA domains were
present on bothhomologs, immunoprecipitated chromatinwould
contain similar amounts of the two SNV alleles; alternatively, if
each homolog contained a single CENPA domain, only one of
the two SNV alleles would be enriched in immunoprecipitated
chromatin. The results of this analysis are shown in Figure 3 and
Supplemental Table S5. The SNVanalysis was informative for eight
of the 16 centromeres (EAS4, 5, 7, 10, 12, 14, 27, and 30). The X
Chromosome was excluded because this animal is a male; the
five chromosomes with tandem repetitions at centromeres were
excluded due to incomplete sequence definition; finally, at
EAS11 and EAS13, centromeres informative SNVs were not identi-
fied. On EAS5, 10, 12, and 14 centromeres with two clearly separat-
ed peaks, a single variantwas highly enriched at all positions in the
immunoprecipitated DNA, demonstrating that each homolog
contains a single functional domain in different positions on the
two homologs (Fig. 3). On EAS4, 7, and 27, different results were
obtained when SNVs at the edges or at the center of the peak

were analyzed. At the edges, only one variant was observed; on
the contrary, both nucleotides were found at the center of the
peak; the interpretation of this result is that CENPAbinds to slight-
ly different but overlapping regions in the two homologs. On
EAS30, at all positions both single nucleotide variants were detect-
ed, suggesting that the two homologs contain a very similar epial-
lele, giving rise to overlapping CENPA binding domains.

The size of individual epialleles was estimated by taking
into account the borders of each peak and the distribution of
SNVs (Fig. 3). This measurement is not precise, particularly when
two epialleles overlap (EAS4, EAS7, and EAS27), giving rise to an
approximate size of 100 kb.

To further investigate the individual variability of the donkey
satellite-free centromeric domains, we analyzed an additional un-
related donkey (DonkeyB) by ChIP-seq with the same anti-CENPA
antibody used for DonkeyA (Supplemental Fig. S6). To compare
the two individuals, the reads of both animals were mapped on
the horse reference sequence (EquCab2.0). Of the 16 satellite-
free centromeres identified in DonkeyA, only 15 proved to be
satellite-free in theDonkeyB: No enrichment of the ChIP-seq reads
was observed on EAS8. It may be that, in DonkeyB, the centromere
occurs on satellite repeats. A situation like this was recently

Figure 3. Identification of epialleles through SNV analysis. The positions of single nucleotide variants
(SNVs), locatedwithin each centromeric domain, are represented as colored rectangles under each ChIP-
seq profile. Reads were mapped on the chimeric EquCabAsiA reference genome. The y-axis reports the
normalized read counts, and the x-axis reports the genomic coordinates. Red or green rectangles indicate
positions where only one nucleotide variant was enriched in the immunoprecipitated reads, and yellow
rectangles indicate positions where both SNVs were present.
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described in orangutan (Tolomeo et al.
2017), and we may be seeing a polymor-
phism in the donkey population at
Chromosome 8.

A marked variability in the position
of CENPA binding domains between the
two individuals was observed at six chro-
mosomes (Supplemental Figure S6), indi-
cating that CENPA binding domains can
movewithin regions of up to 600 kb. The
remainingnine satellite-free centromeres
showed little or no positional variability
between these two animals.

Germline and somatic transmission of
centromeric domains
The observation of positional instability
of satellite-free centromeres raises the
question of when such movement of the
CENPA domain can occur. The stability
of centromeres across generationswas ex-
amined by crossing DonkeyB with three
mares (HorseA, HorseB, and HorseC) by
in vitro fertilization. Embryonic fibro-
blasts were established from the resultant
mule concepti (MuleA, MuleB, and
MuleC). Adult skin fibroblast cell lines
were established from DonkeyB and
from two of the three mares (HorseA
and HorseC; cells from HorseB were not
available). In addition, skin fibroblasts
cell lineswere obtained fromamalehorse
(HorseD) and from the hinny derived
from its cross with a female donkey
(female donkey cells not available). The
genetic relationships among the individ-
uals used in this study are reported
in Figure 4A. All the cell lines from the
two families were subjected to ChIP-seq
analysis using anti-CENPA antibody.
Since the mule and hinny cells contain
two haploid genomes, one from E. cabal-
lus and one from E. asinus, the transmis-
sion of individual centromere alleles
couldbe easily followed. From theDonkeyBand themule cell lines,
three replicate ChIP-seq data sets were obtained (Methods;
Supplemental Table S1).

To facilitate centromere mapping in these samples, a
DonkeyB-derived chimeric genome was assembled from reads as
described above for EquCabAsiA. The resultingEquCabAsiB chime-
ric reference sequence (Supplemental Table S3) was used to map
reads deriving from DonkeyB and mule cell lines (Fig. 4B; Supple-
mental Fig. S7). The irregular shape of some peaks may be due to
(1) inaccurate sequence assembly; (2) presence of subpopulations
of cells with slightly different centromeric domains; or (3) irregular
distribution of CENPA containing nucleosomes.

Figure 4B shows, as examples, the centromeric domains of
Chromosomes 4 and 7 in three replicate ChIP-seq experiments
carried out with the DonkeyB, MuleA, MuleB, and MuleC cell
lines. The centromeres of Chromosomes 4 and 7 (Fig. 4B) showed
two distinct peaks in DonkeyB, whereas each mule inherited

only one, revealing independent assortment of epialleles and
normal monoallelic transmission. For Chromosome 4, the most
likely interpretation is that, in MuleA, the left peak was inherited
in the same position; in MuleB, the right peak was inherited but
shifted by ∼50 kb; and, in MuleC, the left peak was inherited
with a minor, if any, movement. At Chromosome 7, the left
domain seems to have been transmitted to all three mules with
a relevant shift of ∼50 kb in MuleB. In Supplemental Figure S7,
inheritance of the other informative DonkeyB centromeric do-
mains and of horse Chromosome 11 is shown. This analysis re-
vealed additional examples of centromeres that exhibit a
striking change in the position or structure of the epiallele in
mule or hinny offspring.

In conclusion, we analyzed centromeric domain segregation
of 10 donkey centromeres in three mules for a total of 30 indepen-
dent events. In addition, horse Chromosome 11 centromere was
analyzed in three instances. Altogether, we observed clear

A

B

Figure 4. Transmission of satellite-free centromeric domains in hybrids. (A) Family trees reporting the
genetic relationships among the individuals used in this study. Each color represents an individual, and
the same color code is used in B. Cell lines from the individuals in gray were not available (NA). (B) ChIP-
seq analysis performed with the anti-CENPA antibody on chromatin from the DonkeyB cell line and the
cell lines from its offspring MuleA, MuleB, and MuleC. For each cell line, the results of three experiments
are shown. The centromeres of donkey Chromosomes 4 (EAS4) and 7 (EAS7) are shown as examples, and
the other centromeres are reported in Supplemental Figure S7. The EquCabAsiB chimeric genome was
used as reference.
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positional movement in 5 of 33 transmission events. In the re-
maining cases, little or no movement was detected.

To test whether centromere sliding can occur during pro-
pagation in culture, we examined positional stability in six clonal
cell lines isolated from TERT-TERC immortalized fibroblasts
(Vidale et al. 2012) derived from MuleA. Following establishment
of an immortal cell population, single cells were isolated and ex-
panded for about 40 population doublings and subjected to
CENPA ChIP-seq. As shown in Figure 5 and in Supplemental
Figure S8, for 10 informative centromeres, no relevant change in
peak position and shape was detected among the clones nor be-
tween the clones and the immortal parental cell line. These results
suggest that the position of centromeres in the immortal cell
population was homogeneous in spite of the high number of cell
divisions in culture required for immortalization. In addition, dur-
ing their independent growth for about 40 population doublings,
centromere position remained unaltered in all the clones. In light
of these observations, we can reasonably exclude in vitro cell
culturing as the source of the positional instability observed in
the families.

Discussion

Identification and DNA sequence composition of satellite-free
centromeres
Here, we have demonstrated, at the sequence level, that an excep-
tionally high number of E. asinus centromeres are devoid of satel-
lite DNA. If more than half of the donkey chromosomes can be
stable in the species while being devoid of centromeric satellite
DNA, the role of these sequences becomes even more puzzling
than previously supposed (Wade et al. 2009; Fukagawa and
Earnshaw 2014; Plohl et al. 2014). The 16 satellite-free donkey
centromeric domains do not correspond to centromeres on the
orthologous horse genomic regions; therefore, they derived from
centromere repositioning events that occurred after the separation
of the donkey lineage from the horse/donkey common ancestor.
Thus, these centromeres are evolutionarily new (ENCs).

The large number of sequenced satellite-free centromeres
allowed us to investigate the properties of “centromerizable” geno-
mic regions in a mammal. Our analysis pointed out that satellite-
free centromeres are AT and LINE rich. In addition, most satel-

lite-free centromeres contain structural rearrangements relative
to E. caballus and, interestingly, five of 16 show sequence
amplification.

Sequence analysis of the 16 satellite-free centromeric loci
revealed that they are AT rich, LINE rich, and SINE poor (Supple-
mental Fig. S5; Huang et al. 2015). AT richness is a common fea-
ture of centromeres in a number of organisms (Clarke and
Carbon 1985; Marshall et al. 2008; Chueh et al. 2009). However,
it does not seem to be a necessary requirement (Melters et al.
2013), nor was it seen at the centromere of horse Chromosome
11 (Wade et al. 2009). Enrichment of LINE-1 sequences has been
detected in natural human centromeres (Plohl et al. 2014) as
well as in clinical neocentromeres (Chueh et al. 2005; Capozzi
et al. 2008; Marshall et al. 2008). On the other hand, no asso-
ciation of LINEs was observed in experimentally induced neo-
centromeres in chicken cell lines (Shang et al. 2010) or in the
evolutionary neocentromere of horse Chromosome 11 (Wade
et al. 2009). It is not clear whether these features contribute
directly to establishment of “centromerizable” genomic domains.
The observation that LINE/LTR-rich domains are clustered within
the nucleus suggests that this arrangementmay be related to func-
tion (van de Werken et al. 2017). In this scenario, the sequence
composition of the satellite-free donkey centromeres may allow
them to partition into subnuclear domains that promote the func-
tional activation of centromeric chromatin.

Comparison between the satellite-free donkey centromeric
loci and their horse noncentromeric counterparts demonstrated
the presence of rearrangements in most instances (deletions, am-
plifications, insertions, and inversions) (Supplemental Fig. S2).
Althoughwe do not knowwhether these rearrangements occurred
before or after centromere formation, chromosome breakage may
promote CENPA binding, as suggested by the observation that
CENPA can be recruited at DNA breaks (Zeitlin et al. 2009).
Huang et al. (2015) used the BAC locations, mapped in our early
work on centromere repositioning (Carbone et al. 2006), to identi-
fy donkey scaffolds spanning very extended regions surrounding
six neocentromeres. Although they did not detect any obvious in-
crease in chromosome rearrangements over extended (several
megabases long) regions, we precisely identified sequence rear-
rangements contained within functional, CENPA binding, centro-
meric domains in this work.

Five donkey centromeres exhibit tandem repetition of se-
quences present in single copy in the horse genome (Fig. 2;
Supplemental Figs. S2, S4). These amplified genomic sequences
are unrelated to one another, with amplified units ranging in
size from 5.3 (EAS16) to 138 (EAS8) kb. These repeated units are
AT rich (about 65%) and SINE poor, and four of five are LINE
rich. The repeat copy number was variable in the two individuals
analyzed, suggesting the existence of polymorphism in the popu-
lation. On the basis of our estimates, we predict that the amplified
regions range in size from 100 up to 800 kb of genomic DNA. It is
tempting to speculate that these amplified arrays represent an
intermediate stage toward satellite DNA formation.

The presence of “ongoing” amplification at some donkey
neocentromeres allows us to propose a new model (Fig. 6) for
the maturation of a centromere during evolution, including dif-
ferent routes, some of which involve sequence amplification.
According to the model, the presence of amplified sequences at a
neocentromere is an indication of its moremature stage compared
to nonamplified centromeres. It remains to be demonstrated
whether amplification is a necessary step toward centromeric sat-
ellite DNA formation. Although the classical definition of satellite

Figure 5. Transmission of satellite-free centromeric domains in clonal
cell lines. ChIP-seq analysis of the immortalized cell line obtained from
MuleA primary fibroblasts and six clonal derivative cell lines. Three centro-
meric domains taken as examples are shown (EAS4, EAS7, and ECA11).
Results from the remaining centromeres are reported in Supplemental
Figure S8. The EquCabAsiB chimeric genome was used as reference.
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DNA refers to clusters of tandem repetitions extending for several
megabases, the tandem repeat expansions that we observed at
these five centromeres may well be considered as an early seed of
chromosome-specific centromeric satellites. In this view, these
five neocentromeres cannot be considered as bona fide satellite
free. To our knowledge, our results represent the first evidence sup-
porting the hypothesis that amplification-like mechanisms can
trigger the formation of tandemly repeated DNA sequences within
the centromere core.

The heterogeneity of the amplified centromeric units that we
observed is compatible with the molecular mechanism proposed
for the multistep evolution of amplified DNA in drug-resistant
mammalian cell lines (Giulotto et al. 1986). Large domains are am-
plified initially and, during the following steps, the copy number
increases by amplification of subregions of the repeated unit,
giving rise to highly condensed arrays of relatively short DNA
fragments (Saito et al. 1989).

Although the systems and the time scale are extremely differ-
ent, similar recombination-based mechanisms (Mondello et al.
2010) might generate novel satellite DNA families following
amplification of large segments at neocentromeres. We propose
that, in early stages of centromere formation, tandemduplications
may arise and evolve through recombination-based meiotic or

mitotic mechanisms as demonstrated for primate alpha-satellite
families (Schueler and Sullivan 2006; Cacheux et al. 2016).

In themodel depicted in Figure 6, satellite DNA recruitment is
a late event in centromere maturation. It has been proposed that
satellite DNA increases segregation fidelity through binding with
specific kinetochore proteins, such as CENPB (Fachinetti et al.
2015). The positional instability of satellite-free centromeres (dis-
cussed below) suggests that repetitive DNA arrays may contribute
to centromere stability by reducing the impact of positional
flexibility.

Positional variability and transmission of satellite-free
centromeric domains
The position of centromeric domains can vary between indivi-
duals at satellite-free (Purgato et al. 2015) and satellite-bearing
(Maloney et al. 2012) centromeres. Here, we show extensive posi-
tional allelism, verified by SNV analysis, at most donkey satellite-
free centromeres (Fig. 3). Comparison of two donkey individuals
(Supplemental Fig. S6) shows that centromere position can vary
within genomic regions spanning several hundred kilobases,
whereas independent assortment of epialleles in hybrids (Fig. 4B;
Supplemental Fig. S7) provides direct proof that each chromosome
carries a single centromeric domain. Despite their different posi-
tions and associated sequences, all epialleles are rather homo-
geneous in size, measuring ∼100 kb, similar to those of horse
Chromosome 11 (Purgato et al. 2015). We can reasonably propose
that the sliding phenomenon is common to all satellite-free cen-
tromeres, because the analysis of only two individuals allowed us
to observe evidence of more than one allele at the majority of
informative centromeres (Fig. 3).

An intriguing result obtained from the analysis of the trans-
mission of CENPA binding domains in hybrids was positional
movement in five of 33 transmission events. These results demon-
strate, for the first time, that centromere sliding can occur in one
generation. The extent of this movement is never extreme.
Indeed, the centromeric domain in the offspring is always at least
partially overlapping the domain of the parent, suggesting that a
fraction of CENPA nucleosomes maintains its position, and cen-
tromeres do not jump to a completely new location.We can envis-
age that, in the course of several generations, slight movements
accumulate giving rise to nonoverlapping epialleles. In the trans-
mission experiments reported here, we observed instances of sub-
stantial centromere movement, on the order of 50–80 kb, that
occurred in a single generation. On the other hand, different epi-
alleles at a given centromere are contained within limited regions
occupying up to ∼600 kb. These observations are consistent with
the existence of some sort of boundaries, such as specific patterns
of chromatin marks (Sullivan and Karpen 2004; Martins et al.
2016), limiting the region through which CENPA binding do-
mains can move.

Themovement of centromeric domains, observed in the fam-
ily analysis, does not seem to be due to in vitro culturing (Fig. 5;
Supplemental Fig. S8) in agreement with the behavior of centro-
meres in chicken DT40 cell lines (Hori et al. 2017). The stability
of the centromeric domains in cultured cells is consistent with a
spatially conserved transmission and replenishment mechanism
for CENPA nucleosomes (McKinley and Cheeseman 2015; Ross
et al. 2016) that, during the mitotic cell cycle, ensures that new
CENPA nucleosomes are inserted at centromeric location with
high fidelity. The sliding that we observed in the hybrids presum-
ably took place during germline differentiation, meiotic division,

Figure 6. Model for the maturation of a centromere during evolution.
Different pathways can be envisaged leading to a fully mature satellite-
based repositioned centromere (D) from an ancestral centromere with sat-
ellite repeats (A) through satellite-free intermediates (B,C,E,F). The first
route (A–D) follows the previously proposed model (Piras et al. 2010): a
neocentromere arises in a satellite-free region; satellite repeats may then
colonize this repositioned centromere at a later stage, giving rise to a “ma-
ture” centromere; meanwhile the ancestral satellite DNA is lost. Alternative
routes (A, B, E, D or A, B, C, F, D) imply that, at an already functional sat-
ellite-free centromere, amplification occurs as an intermediate step toward
completematuration of the neocentromere. In this model, neocentromere
maturation and loss of satellite DNA from the old centromere site are inde-
pendent events that can occur at different stages during evolution. Donkey
chromosomes exemplifying each step are listed, taking into account the
position of satellite DNA as previously described (Piras et al. 2010).
Horse Chromosome 11 is also reported since its evolutionary stage
(C) was previously analyzed (Wade et al. 2009). We cannot exclude that
sequence amplification may precede neocentromere formation (G?) but
we have no data supporting this possibility.
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fertilization, or early developmental stages. It is possible that
CENPA is mobilized during the extensive chromatin remodeling
and epigenetic reprogramming characterizing these stages.

A well-described mechanism of chromatin reorganization is
the replacement of histones with protamines (protamine transi-
tion) during spermatogenesis. Although CENPA is quantitatively
maintained during this process (Palmer et al. 1990), it might slide
into adjacent histone-depleted regions. Notably, we observed cen-
tromere sliding in both an oocyte-derived horse Chromosome 11
(Supplemental Fig. S7) as well as in several sperm-derived chromo-
somes in the hybrid offspring (Fig. 4B; Supplemental Fig. S7).
Another process which may cause shift of centromeric domains
is the meiotic division itself, during which the fidelity of CENPA
deposition is poorly understood (McKinley and Cheeseman
2015). In addition, early embryonic cell cycles are highly dynamic
in terms of active DNA demethylation and histone modifications
and remodeling (Mayer et al. 2000; Santos et al. 2005; Probst and
Almouzni 2011). We do not know at which stage centromere
sliding may occur, but it is clear that the normally stringent main-
tenance of CENPA position can become relaxed between genera-
tions, possibly during the unique epigenetic transactions of
meiosis and early embryogenesis.

Conclusions
We identified satellite-free centromeres at 16 of the 31 chromo-
some pairs of the donkey. Nearly one-third of the evolutionarily
new centromeres of donkey exhibit tandemDNA sequence ampli-
fication. These centromeresmay be in the process of selecting nov-
el satellite DNA sequences, eventually leading to mature satellite-
based centromeres (Fig. 6).

Centromeres can slide by a substantial fraction of their total
size in one generation. This mobility appears to be an intrinsic
property of CENPA chromatin domains in the equids. Satellite
DNA may function to constrain the mobility of the centromere
and enforce specific locus identity.

The presence of so many satellite-free centromeres may be
due to the fact that the donkey lineage separated recently (about
3 Mya) from the common Equus ancestor, and there was not
enough evolutionary time for satelliteDNAaccumulation and cen-
tromere maturation (Fig. 6). The observation of centromeres with
sequence amplification intermediates supports this hypothesis.
An alternative hypothesis, based on the centromere drive model
(Malik and Bayes 2006; Henikoff and Furuyama 2010), can be pro-
posed: Although large centromeres with expanded blocks of satel-
lite DNA should be stronger than small ones (Iwata-Otsubo et al.
2017), a selective pressure against satellite DNA accumulation
may operate in the donkey.

Methods

Cell lines
Primary fibroblast cell lines from HorseS and DonkeyA were estab-
lished from the skin of slaughtered animals. Fibroblasts from
DonkeyB, HorseA, HorseC, and Hinny were established from
skin biopsies of adult animals from Cornell University. HorseD fi-
broblasts were obtained from testicular tissue of a freshly castrated
animal from Cornell. MuleA, MuleB, and MuleC cell lines were
derived from three mule conceptuses from normal pregnancies
recovered on days 32–34 after ovulation via uterine lavage, as
described (Adams and Antczak 2001).

Immortalization of the MuleA fibroblast cell line was carried
out as described in Vidale et al. (2012) and in Supplemental
Methods.

Horses, donkeys, and (horse × donkey) hybrids from the fam-
ilies used for the study of centromere transmission were main-
tained at the Baker Institute for Animal Health, College of
Veterinary Medicine, Cornell University. Animal care and experi-
ments were carried out in accordance with the guidelines set forth
by the Institutional Animal Care and Use Committee of Cornell
University under protocol 1986-0216, Douglas F. Antczak PI.

TheDonkeyA andHorseS fibroblast cell lineswere established
from skin samples taken from animals not specifically sacrificed
for this study; the animals were being processed as part of the
normal work of the abattoirs.

Chromatin Immunoprecipitation (ChIP)
Chromatin was cross-linked with 1% formaldehyde, extracted,
and sonicated to obtain DNA fragments ranging from 200 to 800
bp. Immunoprecipitation was performed as previously described
(Cerutti et al. 2016) by using a polyclonal antibody against human
CENPA protein (Wade et al. 2009) or a human CREST serum
(Purgato et al. 2015). Sequencing was performed as described in
Supplemental Methods.

Cytogenetic analysis
FISH experiments on horse and donkey metaphase spreads were
carried out with a panel of BAC clones (Supplemental Table S2)
from the horse library CHORI-241 as previously described
(Raimondi et al. 2011; for details, see Supplemental Methods).

Assembly of centromeric regions, sequence analysis, and
construction of the chimeric reference genomes
The de novo assembly of the donkey centromeric regions and the
construction the chimeric EquCabAsiA and EquCabAsiB referenc-
es was performed as described in the Supplemental Methods.

Bioinformatic analysis of ChIP-seq data
Reads were aligned to the horse reference genome or to the
EquCabAsiA or EquCabAsiB references with Bowtie 2.0 (Langmead
and Salzberg 2012). Peak calling was performed with the software
MACS 2.0.10 (Zhang et al. 2008). ChIP-seq data were normalized
with the deepTools package using a subtractive method (Ramírez
et al. 2014). ChIP-seq enrichment plots were obtained with the
R software package Sushi (Phanstiel et al. 2014). Data sets were
mapped on EquCab2.0 and plotted with Integrative Genomics
Viewer (IGV) (Robinson et al. 2011). Details are reported in Supple-
mental Methods.

SNV analysis
To identify single nucleotide variants (SNVs) in the DonkeyA cen-
tromeric regions, we used the IGV software (Robinson et al. 2011)
with the EquCabAsiA genome as reference, analyzing the BAM
file resulting from read mapping (for details, see Supplemental
Methods).

Southern blotting and quantitative PCR (qPCR)
Southern blottingwas performed under standard conditions using
probes prepared by PCR as described in Supplemental Methods.

For quantitative qPCR amplification, levels were calculated as
previously described (Purgato et al. 2015). See Supplemental
Methods for details.
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Data access
Raw sequencing data from this study have been submitted to
the NCBI BioProject database (http://www.ncbi.nlm.nih.gov/
bioproject/) under accession number PRJNA385275. De novo as-
sembled centromeric regions of DonkeyA and DonkeyB from
this study have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/genbank/) under accession num-
bers MF344597–MF344627.
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