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Abstract
Centromeres are epigenetically specified by the histone H3 variant CENP-A and typically associated with highly re
petitive satellite DNA. We previously discovered natural satellite-free neocentromeres in Equus caballus and Equus 
asinus. Here, through ChIP-seq with an anti-CENP-A antibody, we found an extraordinarily high number of centro
meres lacking satellite DNA in the zebras Equus burchelli (15 of 22) and Equus grevyi (13 of 23), demonstrating that 
the absence of satellite DNA at the majority of centromeres is compatible with genome stability and species survival 
and challenging the role of satellite DNA in centromere function. Nine satellite-free centromeres are shared between 
the two species in agreement with their recent separation. We assembled all centromeric regions and improved the 
reference genome of E. burchelli. Sequence analysis of the CENP-A binding domains revealed that they are LINE-1 and 
AT-rich with four of them showing DNA amplification. In the two zebras, satellite-free centromeres emerged from 
centromere repositioning or following Robertsonian fusion. In five chromosomes, the centromeric function arose 
near the fusion points, which are located within regions marked by traces of ancestral pericentromeric sequences. 
Therefore, besides centromere repositioning, Robertsonian fusions are an important source of satellite-free centro
meres during evolution. Finally, in one case, a satellite-free centromere was seeded on an inversion breakpoint. At 
11 chromosomes, whose primary constrictions seemed to be associated with satellite repeats by cytogenetic analysis, 
satellite-free neocentromeres were instead located near the ancestral inactivated satellite-based centromeres; there
fore, the centromeric function has shifted away from a satellite repeat containing locus to a satellite-free new 
position.
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A
rticle Introduction

Centromeres are essential nucleoprotein structures of eu
karyotic chromosomes responsible for the correct segrega
tion of sister chromatids during cell division. Centromeres 
are epigenetically specified by the histone H3 variant 
CENP-A, the hallmark of a functional centromere 
(Allshire and Karpen 2008). Mammalian centromeres are 
typically associated with extended arrays of tandemly iter
ated sequences (satellite DNA), which are divergent and 
represent the most rapidly evolving components of gen
omes (Plohl et al. 2014). The presence of such sequences 
has hampered comprehensive molecular analysis of these 
intriguing loci. Despite their typical presence, satellite se
quences are not sufficient nor required for centromere 
function. Direct evidence originally came from the examin
ation of human chromosomal abnormalities (Choo 2000; 
Amor and Choo 2002; Cleveland et al. 2003; Kalitsis and 

Choo 2012). Pseudodicentric chromosomes contain two 
identical, well-separated regions of centromeric DNA, 
but only one retains the centromeric function, suggesting 
that the centromeric sequence is not sufficient for centro
mere establishment (Earnshaw and Migeon 1985; Choo 
2000; Marshall et al. 2008). The identification of sporadic 
human chromosomes carrying centromere function in 
hitherto noncentromeric chromosomal regions devoid of 
canonical centromeric repeated DNA (Voullaire et al. 
1993; Choo 2000; Marshall et al. 2008) demonstrated 
that satellite DNA is not necessary for centromere estab
lishment. The discovery of natural satellite-free centro
meres fixed in some animal and plant species clearly 
proves that satellite DNA is not strictly required for the 
centromeric function. The first satellite-free centromere, 
fixed in a vertebrate species, was discovered by our group 
in one horse chromosome (Wade et al. 2009). Our discov
ery that equids are characterized by the existence of 
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centromeres completely devoid of satellite DNA made 
these species an exceptional model system for dissecting 
the molecular architecture of mammalian centromeres 
as well as understanding the mechanisms driving centro
mere birth and maturation during evolution (Wade et al. 
2009; Piras et al. 2010, 2022; Purgato et al. 2015; Giulotto 
et al. 2017; Nergadze et al. 2018; Roberti et al. 2019).

The family of Equidae, with its only extant genus, the 
Equus (horses, asses, and zebras), belongs to the order 
Perissodactyla together with Tapiridae (tapirs) and 
Rhinocerotidae (rhinoceroses). Although the karyotypes 
of Tapiridae and Rhinocerotidae remained quite stable 
during evolution and resemble the putative perissodactyl 
ancestral karyotype, characterized by high chromosomal 
number and a prevalence of acrocentric chromosomes 
(Trifonov et al. 2008), Equus karyotypes underwent a rapid 
evolution after their divergence from the common ances
tor, dated around 4 million years ago (Ma) (Orlando et al. 
2013). The most recent radiation events, which differen
tiated asses and zebra species, date back to <1 Ma, and 
many species and subspecies emerged in this short evolu
tionary time (Trifonov et al. 2008, 2012; Jónsson et al. 
2014). The extensive karyotype reshuffling that occurred 
during equids speciation is due to chromosome rearrange
ment and centromere repositioning, which is the shift of 
the centromeric function without sequence rearrange
ment (Carbone et al. 2006; Piras et al. 2010; Trifonov 
et al. 2012). These phenomena led to the evolution from 
the ancestral karyotype, with the majority of chromo
somes being acrocentric, to karyotypes with a reduced 
chromosomal number, mainly comprised of meta- and 
submetacentrics. Our previous cytogenetic analyses sug
gested that several of these chromosomes harbor satellite- 
free centromeres (Carbone et al. 2006; Piras et al. 2010) 
while displaying blocks of satellite DNA sequences at non
centromeric chromosome ends, as relics of the inactivated 
centromeres from the ancestral acrocentrics. We then 
characterized, at the molecular level, satellite-free centro
meres deriving from centromere repositioning events in 
horses and donkeys (Wade et al. 2009; Nergadze et al. 
2018). The position of these peculiar centromeres, identi
fied as CENP-A binding domains, can slide within a rela
tively wide region, probably limited by epigenetic 
boundaries. These domains were defined as epialleles 
and the phenomenon was called centromere sliding 
(Purgato et al. 2015; Nergadze et al. 2018).

ChIP-seq experiments performed with an anti-CENP-A 
antibody on individuals from families composed of don
keys, horses, and their hybrid offspring (mule/hinny) re
vealed that such epialleles are inherited as Mendelian 
traits, but their position can slide in one generation 
(Nergadze et al. 2018). Conversely, the position of the 
centromere is stable during mitotic propagation of cul
tured cells grown for several population doublings, sug
gesting that the sliding can presumably take place during 
meiosis (Nergadze et al. 2018).

Sequence analysis of the donkey satellite-free centromeric 
domains demonstrated that five satellite-free centromeres 

were characterized by novel tandem repetitions. These amp
lified genomic sequences are chromosome-specific, with 
amplified units ranging in size from a few to tens of kilobases 
(Nergadze et al. 2018). The repeat copy number was variable 
in different individuals, suggesting the existence of poly
morphism in the population. We suggested that these amp
lified DNA may represent an intermediate evolutionary stage 
toward satellite DNA formation during the process of centro
mere maturation (Nergadze et al. 2018). According to this 
model, after centromere inactivation, associated satellite se
quences are maintained at the original site while the newly 
born centromere is completely devoid of satellite sequences. 
Subsequently, satellite DNA is gradually lost at the locus of 
the ancestral centromere, whereas, at the functional satellite- 
free centromere, sequence amplification may occur before 
complete maturation via satellite DNA acquisition.

Besides centromere repositioning, it is well described that 
Robertsonian translocations, which involve centric fusion of 
two acrocentric chromosomes, marked the rapid karyotype 
reshaping of zebras (Piras et al. 2010; Musilova et al. 2013), 
whose centromeres still lack a molecular characterization. 
According to current taxonomy, there are three zebra species, 
namely, plains zebra (Equus quagga, also known as Equus 
burchelli), Grevy’s zebra (Equus grevyi), and mountain zebra 
(Equus zebra) (Ransom and Kaczensky 2016).

In previous work, we described the localization of satellite 
DNA families by FISH in Burchell’s zebra and Grevy’s zebra, 
showing that several centromeres are devoid of satellite 
DNA at the cytogenetic resolution (Piras et al. 2010). The 
aim of the present work was to identify and characterize at 
the molecular level satellite-free centromeres in the two ze
bras and to investigate the mechanisms leading to the emer
gence of satellite-free centromeres during evolution.

Results
Burchell’s Zebra Reference Genome
In 2020, a de novo chromosome-length assembly for the 
Burchell’s zebra (Equus_quagga_HiC) was released by the 
DNA Zoo team (https://www.dnazoo.org). Since this as
sembly contains scaffolds corresponding to entire 
zebra chromosomes but lacking chromosome assignment, 
we performed a whole-genome alignment of the 
Equus_quagga_HiC assembly to the horse genome and as
signed the scaffolds to specific horse chromosomes using 
EquCab3.0 as reference. Since the horse and the 
Burchell’s zebra genomes share high-sequence identity 
(Jónsson et al. 2014) and chromosome orthologies are 
well described (Musilova et al. 2013), taking advantage of 
the subchromosomal comparative maps between horse 
and Burchell’s zebra (Musilova et al. 2013), we assigned 
chromosome numbers to the 22 Burchell’s zebra chromo
somal scaffolds. In supplementary figure S1, 
Supplementary Material online, the pairwise whole- 
genome alignment plot between EquCab3.0 and the 
Equus_quagga_HiC assembly is shown. The results showed 
that 14 scaffolds were correctly oriented compared with 
the direction previously determined by comparative 
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cytogenetics (Musilova et al. 2013), whereas 9 scaffolds, 
corresponding to chromosomes 2, 6, 9, 12, 13, 14, 16, 21, 
and X, had a reverse orientation.

Identification and Sequence Assembly of 
Satellite-free Centromeres in Burchell’s Zebra
In previous work, we described several centromeres from 
E. burchelli (Burchell’s zebra) lacking detectable satellite re
peats at the cytogenetic level (Piras et al. 2010). To identify 
satellite-free CENP-A binding domains of Burchell’s zebra 
at the molecular level, a ChIP-seq experiment with an anti
body against CENP-A was carried out on primary skin fi
broblasts. The ChIP-seq reads were mapped both on the 
Burchell’s zebra (Equus_quagga_HiC) assembly and on 
the horse (EquCab3.0) reference genome, which remains 
the best assembled genome sequence among equids 
(Wade et al. 2009; Kalbfleisch et al. 2018). Using the pipe
line that we developed for satellite-free centromeres in the 
donkey (Nergadze et al. 2018), genomic regions, enriched 
for CENP-A binding, were identified. In figure 1A and B, 
a graphical representation of the CENP-A enrichment 
peaks found using as reference EquCab3.0 or 
Equus_quagga_HiC, respectively, is shown. Map positions 
of the enrichment peaks are reported in supplementary 
table S1, Supplementary Material online. These peaks, 
which correspond to satellite-free centromeres, were lo
cated on 15 out of the 22 chromosomes. Thirteen of these 
chromosomes (4, 6, 7, 8, 9, 10, 12, 14, 15, 16, 17, 18, and X) 
are meta- or submetacentric, whereas two of them (20 and 
21) are acrocentric. As expected, CENP-A binding peaks 
were not identified at satellite-based centromeres since, gi
ven the repetitive nature of these regions, they are not as
sembled. Therefore, the reads deriving from these loci map 
on unplaced scaffolds.

Satellite-free CENP-A binding domains on chromo
somes 4, 9, 10, 12, 16, 20, 21, and X were identified on 
orthologous positions in both reference genomes (fig. 1A 
and B and supplementary table S1, Supplementary 
Material online). For chromosome 6, a CENP-A binding do
main was detected only in the zebra assembly, suggesting 
that the orthologous horse locus is highly rearranged. A 
detailed analysis of this centromere, which is reported in 
a following paragraph, confirms this hypothesis. On the 
contrary, the centromeric domains of chromosomes 7, 8, 
14, 15, 17, and 18 were detected only in the horse reference 
genome, suggesting that these loci are not properly as
sembled in the DNA Zoo Equus_quagga_HiC scaffolds.

Although some peaks showed a fairly regular 
Gaussian-like shape (such as those on chromosomes 4 
and 20), some of them were irregular and contained several 
gaps on both reference genomes (such as those on chromo
somes 10 and 18). In addition, for several centromeres 
(such as 9 and 12), the shape and size of the peak were dif
ferent between the two assemblies, reflecting sequence 
variation between the two species and/or sequence gaps.

To determine more precisely the organization of the 
CENP-A binding domains at satellite-free centromeres, 

the actual DNA sequence corresponding to the 15 
Burchell’s zebra centromeres was assembled from our 
Illumina reads (see Materials and Methods). For each 
centromeric region, genomic segments ranging in size be
tween 67 and 445 kb, containing the CENP-A binding 
domain, were obtained (accession numbers: OM643400- 
OM643414). We then corrected the Equus_quagga_HiC 
sequence by replacing the incomplete or misassembled 
centromeric loci with the newly assembled genomic seg
ments of Burchell’s zebra. In addition, we adjusted the dir
ection of the chromosomes that were incorrectly oriented 
in the DNA Zoo assembly (2, 6, 9, 12, 13, 14, 16, 21, and X) 
(fig. 2 and supplementary table S2, Supplementary 
Material online). Two of the newly oriented chromosomes 
(2 and 13) contain satellite-based centromeres. The result
ing genome sequence is, from now on, called Equus_ 
quagga_cen. In figure 2, the pairwise genome comparison 
between EquCab3.0 and Equus_quagga_cen chromo
somes is shown. The ChIP-seq reads from Burchell’s zebra 
were then mapped on this new reference genome and en
richment peaks, corresponding to CENP-A binding do
mains, were obtained (fig. 1C and supplementary table 
S3, Supplementary Material online). The peak profiles vi
sualized on the new reference genome showed that several 
gaps and irregular shapes were no longer detected and 
their profiles (compare fig. 1A–C ) as well as mapping sta
tistics were improved (supplementary tables S2 and S4 and 
fig. S2, Supplementary Material online). It is worth noticing 
that, when Equus_quagga_cen was used as reference, some 
CENP-A binding peaks (6, 12, 16, and X) showed a specular 
shape compared with the peaks obtained with the horse 
and Burchell’s zebra reference genomes. This effect is a con
sequence of the opposite orientation of these chromosomes 
in the Equus_quagga_cen assembly compared with the other 
reference genomes. In a few cases, such as EBU10, EBU14, and 
EBU15, two well-separated or partially overlapping CENP-A 
binding domains are visible. They probably correspond to dif
ferent epialleles on the two homologous chromosomes in the 
individual analyzed here and suggest positional variation of 
satellite-free centromeres in the population, as previously de
monstrated in the horse and in the donkey (Purgato et al. 
2015; Nergadze et al. 2018).

Identification and Sequence Assembly of 
Satellite-free Centromeres in Grevy’s Zebra
To describe at the molecular level Grevy’s zebra satellite- 
free centromeres, a ChIP-seq experiment was carried out 
using the anti-CENP-A antibody with Grevy’s zebra fibro
blasts. Since a reference genome for this species is not 
available, given the high karyotype (Musilova et al. 2013) 
and sequence (Jónsson et al. 2014) identity with the 
Burchell’s zebra, we mapped the reads on the horse gen
ome (EquCab3.0) and on the Equus_quagga_HiC assem
bly. As for Burchell’s zebra, we obtained CENP-A 
enrichment peaks that correspond to satellite-free centro
meres (fig. 3 and supplementary table S1, Supplementary 
Material online). These centromeres were identified on 
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13 out of the 23 chromosomes. Eleven of these chromo
somes (1, 3, 4, 5, 6, 9, 10, 11, 15, 16, and X) are meta- or sub
metacentric, whereas two of them (19 and 20) are 
acrocentric. Eight satellite-free centromeres (5, 9, 10, 11, 

15, 19, 20, and X) were identified on orthologous positions 
in both reference genomes (fig. 3A and B). The centromeric 
domains of chromosomes 1, 4, and 16 were detected only 
in the horse reference genome, suggesting that these loci 

FIG. 1. Satellite-free centromeres in Burchell’s zebra. ChIP-seq reads from primary fibroblasts of Burchell’s zebra were mapped on EquCab3.0 (A), 
Equus_quagga_HiC (B), and Equus_quagga_cen (C ). CENP-A enriched domains are visualized as peaks. The y-axis reports the normalized read 
count, whereas the x-axis reports the coordinates on the reference genome. For each chromosome, genomic windows of the same length are 
plotted.
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are not properly assembled in the Equus_quagga_HiC scaf
folds, whereas the CENP-A binding domains of chromo
somes 3 and 6 were detected only in the zebra assembly, 
suggesting that the orthologous horse loci are highly 
rearranged.

Several enrichment peaks display irregular shapes due to 
sequence variation between the Grevy’s zebra and the refer
ence genomes. To obtain a more precise reference for the 
centromeric loci of the Grevy’s zebra, the sequence corre
sponding to the 13 CENP-A binding peaks was assembled 
from our Illumina reads (see Materials and Methods), and 
contigs spanning between 60 and 370 kb were obtained (ac
cession numbers: OM643415–OM643427). Using the 

approach previously applied by us to the donkey genome 
(Nergadze et al. 2018), we constructed a chimeric reference 
genome by replacing the Equus_quagga_cen contigs with 
the orthologous newly assembled Grevy’s zebra sequences 
(supplementary table S5, Supplementary Material online). 
The result was a virtual hybrid reference genome, called 
EBU_EGR_cen, which was then used for mapping 
ChIP-seq reads to obtain refined CENP-A enrichment peaks 
(fig. 3C and supplementary table S6, Supplementary 
Material online). As shown in figure 3C, several peak profiles 
were improved compared with those obtained using 
EquCab3.0 or Equus_quagga_HiC as reference genomes. 
In addition, mapping statistics at the regions of interest 

FIG. 2. Pairwise genome comparison between EquCab3.0 and Equus_quagga_cen. Chromosome numbers were assigned to Equus_quagga_HiC 
scaffolds corresponding to entire zebra chromosomes. Aligned segments between horse (y-axis) and Burchell’s zebra (x-axis) chromosomes are 
represented as lines. The orientation of the chromosomes marked with an asterisk was corrected according to the direction previously deter
mined by cytogenetic analysis (Musilova et al. 2013).
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were generally improved (supplementary tables S4 and S5 
and fig. S2, Supplementary Material online).

Conservation of Centromeric Domains in the two 
Species
Following a comparative analysis of the position of 
CENP-A binding domains in the two species, we observed 
that the centromeric regions of EGR4, EGR10, EGR15, 

EGR16, EGR20, and EGRX were overlapping with those of 
the orthologous chromosomes EBU14, EBU10, EBU16, 
EBU18, EBU20, and EBUX, respectively (supplementary 
fig. S3, Supplementary Material online). We then com
pared the Grevy’s zebra sequences, assembled from our 
ChIP-seq reads, with the orthologous loci of the 
Equus_quagga_cen genome assembly (supplementary fig. 
S3, Supplementary Material online). All orthologous loci 
shared a high-sequence identity (supplementary table S7, 

FIG. 3. Satellite-free centromeres in Grevy’s zebra. ChIP-seq reads from primary fibroblasts of Grevy’s zebra were mapped on EquCab3.0 (A), 
Equus_quagga_HiC (B), and EGR_EBU_cen (C ). CENP-A enriched domains are visualized as peaks. The y-axis reports the normalized read count, 
whereas the x-axis reports the coordinates on the reference genome. For each chromosome, genomic windows of the same length are plotted.
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Supplementary Material online). In EGR10, EGR15, EGR16, 
and EGR20, a few species-specific deletions and insertions 
were detected with respect to the orthologous Burchell’s 
zebra loci. In EGR4 and EGRX, we detected a few species- 
specific deletions/insertions and small translocations.

We did not include the centromeres from EGR6 and 
EGR11 since the CENP-A binding domains of their satellite- 
free centromeres are located very close, but not overlap
ping, to those of EBU6 and EBU9, respectively 
(supplementary tables S3 and S5, Supplementary Material
online).

Satellite-free Centromeres with Tandem Repetitions
Similar to what was previously described for some donkey 
satellite-free centromeres (Nergadze et al. 2018), two 
Burchell’s zebra (EBU17 and EBU18) and two Grevy’s zebra 
(EGR1 and EGR16) centromeres display enrichment peaks 
with a spike-like shape (figs. 1C and 3C). We previously 
proved that, in the donkey, such peaks correspond to cen
tromeres characterized by tandem repetitions of a se
quence that was single copy in the horse reference 
genome (Nergadze et al. 2018). In particular, the EBU17 
centromere has the same shape and resides in the same 
position of the centromere of donkey chromosome 16, 
which was previously shown to contain tandem repeti
tions (Nergadze et al. 2018). Thus, we hypothesized that, 
also in the two zebras, the shape of such peaks indicates 
the presence of centromeric loci with DNA amplification. 
These loci could not be entirely assembled because of their 
repetitive nature.

To confirm the presence of tandem repetitions at these 
centromeres, we analyzed the Burchell’s zebra input reads 
mapped on the Equus_quagga_cen reference genome and 
the Grevy’s zebra input reads mapped on the 
EBU_EGR_cen reference genome. The peaks shown in 
figure 4A and C demonstrate that, at the genomic loci cor
responding to the satellite-free centromeres of EBU17, 
EBU18, EGR1, and EGR16, multiple copies of the under
lying genomic sequences are present. To approximately 
quantify the copy number of these repeats, we compared 
the number of input reads mapping at the two Burchell’s 
zebra loci with the average genome coverage. As shown in 
figure 4B, the number of reads at EBU17 and EBU18 cen
tromeres is about 12.5 and 9.5 times, respectively, com
pared with genome average. The same analysis was 
carried out for the Grevy’s zebra loci, and the number of 
reads at the EGR1 and at the EGR16 centromeres was 
about 8.3 and 2.8 times, respectively, compared with gen
ome average (fig. 4D).

The presence of sequence amplifications was also ob
served in the contigs that we assembled. However, given 
the repetitive nature of these regions, we could not obtain 
a complete assembly of these centromeres. In the EBU18, 
EGR1, and EGR16, the CENP-A binding domains (accession 
numbers: OM643411, OM643415, and OM643424) 
contain several subrepeats (supplementary fig. S4, 
Supplementary Material online). Some of these subrepeats 

are shared between EBU18 and EGR16, in agreement with 
their evolutionarily common origin.

In EBU17, we did not identify subrepeats. A possible in
terpretation is that, at this centromere, amplification may 
involve the entire 30 kb region.

Sequence Analysis of the Satellite-free Centromeres
DNA sequence features of the satellite-free centromeres of 
the two zebra species were compared with the average 
genome-wide values obtained from the Burchell’s zebra 
genome. The four centromeres containing tandem repeti
tions were excluded from this analysis because we cannot 
precisely define their complete underlying sequences. As 
shown in supplementary figure S5, Supplementary 
Material online, in both species, the satellite-free centro
meres are significantly enriched in LINE-1 whereas they 
are depleted in LINE-2 elements, SINEs, and DNA transpo
sons. On the other hand, the abundance of LTRs does not 
differ from the genome average.

Finally, Burchell’s and Grevy’s zebra centromeres 
showed 37% and 36.6% GC content, respectively, which 
are lower than the genome-wide average of 41.43%. 
These differences are statistically significant, proving that 
these centromeres are AT-rich (supplementary fig. S5, 
Supplementary Material online).

To identify, at the genome-wide level, Burchell’s zebra 
loci containing arrays of sequences homologous to known 
equine satellite DNA, we carried out a RepeatMasker ana
lysis on the chromosome scaffolds of Equus_quagga_cen. 
We also analyzed, with the same tool, the centromeric 
contigs of Grevy zebra. As shown in supplementary table 
S8, Supplementary Material online, this analysis revealed 
a great number of loci containing satellite arrays of variable 
length. In particular, we found arrays corresponding to the 
three satellite DNA sequences previously described in the 
genus Equus, namely, 37cen (221 bp units), 2PI (23 bp 
units), and EC137 (137 bp units) (Piras et al. 2010; 
Nergadze et al. 2014). The great majority of these se
quences are located at fusion regions or at putative peri
centromeric regions of satellite-based centromeres. Since 
the centromeric satellites are not well assembled, the ma
jority of satellite DNA repeats are comprised in the un
placed scaffolds and are not included in this table. 
Relatively short sequences homologous to satellite repeats 
are also located at several interstitial noncentromeric sites. 
None of these loci homologous to satellite DNA is located 
within satellite-free CENP-A binding domains. The only ex
ceptions are the centromeres of EBUX and EGRX chromo
somes, where short 2PI arrays were detected within the 
CENP-A binding domain (supplementary table S8, 
Supplementary Material online). These sequences are 
well assembled and do not flank gaps, suggesting that 
they are not a part of larger unassembled satellite array. 
The length of these stretches is negligible with respect to 
the length of the overall centromeric domains (302 and 
176 kb, respectively), and therefore, also the centromeres 
of EBUX and EGRX can be considered satellite-free.
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To verify whether novel satellite repeats may be present 
at the Burchell’s zebra and the Grevy’s zebra satellite-free 
centromeres, we performed a de novo search of tandem 
repeats using ULTRA (Olson and Wheeler 2018). This ana
lysis showed that no satellite repeats were present at these 
centromeres. For EBUX and EGRX centromeres, we identi
fied repeated units corresponding to 2PI satellite stretches, 
which were identified in the RepeatMasker analysis as well. 
These units have low copy number and are inserted into 
contiguous well-assembled sequences (supplementary 
table S9, Supplementary Material online). Thus, they can
not be considered arrays of novel satellite repeats. These 
findings confirm that the zebra satellite-free centromeres 
do not contain satellite DNA, that is extended tandem ar
rays, typical of mammalian centromeres.

Mechanisms of Satellite-free Centromeres Formation 
in Burchell’s Zebra
With the goal of determining the mechanisms of neocen
tromere formation during evolution, we carried out whole 
chromosome alignments between zebra chromosomes, 
harboring satellite-free centromeres, and the orthologous 
elements from the horse, here used as an outgroup 
(supplementary fig. S6, Supplementary Material online). 

Indeed, the horse is considered the closest extant species 
to the equid ancestor, and all the centromeres, with the 
only exception of the one on chromosome 11, are satellite- 
based. The position of the satellite-free centromeres and of 
satellite DNA arrays, together with the previous cytogenet
ic observations, is now summarized in supplementary table 
S10, Supplementary Material online.

Eight of the chromosomes (4, 6, 7, 8, 9, 10, 12, and 15) 
containing a satellite-free centromere originated by a fu
sion of ancestral chromosomes (fig. 5A). In all these chro
mosomes, the ancestral centromeres were inactivated. To 
clarify the relationship between fusion and satellite-free 
centromere formation, we measured the distance between 
each satellite-free centromere and the fusion point. To this 
purpose, since in the horse, as in the equid ancestor, the 
elements involved in the fusion are separated, we aligned 
the chromosomes from the Equus_quagga_cen assembly 
with the orthologous chromosomes from the EquCab3.0 
horse assembly. Following this procedure, we were able 
to determine the coordinates of the fusion regions 
(supplementary table S10, Supplementary Material on
line). These regions correspond to sequences placed on 
specific chromosomes of the Equus_quagga_cen assembly, 
range in size between about 5 kb and 1.5 Mb, and are not 
present as such in the horse genome assembly. A detailed 

FIG. 4. DNA sequence amplification at Burchell’s zebra and Grevy’s zebra satellite-free centromeres. (A) Profiles of input (not immunoprecipi
tated) reads from Burchell’s zebra at EBU17 and EBU18 centromeric regions. The y-axis reports the RPKM count, whereas the x-axis reports the 
coordinates on the reference genome. (B) Input read counts per kilobase (y-axis) are shown for EBU17 and EBU18 satellite-free centromeres and 
for the whole genome (Equus_quagga_cen). The double asterisks indicate statistically significant differences, with a P-value of <0.01. (C ) Profile 
of input reads from Grevy’s zebra at EGR1 and EGR16 centromeres. The y-axis reports the RPKM count, whereas the x-axis reports the coordi
nates on the reference genome. (D) Input read counts per kilobase (y-axis) are shown for EGR1 and EGR16 satellite-free centromeres and the 
whole genome (EGR_EBU_cen). The double asterisks indicate statistically significant differences, with a P-value of <0.01.
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description of all fusion events, as depicted in figure 5A, 
and of the fusion regions is reported below.

EBU4 is a metacentric chromosome deriving from the 
Robertsonian fusion of two ancestral acrocentric elements 
that correspond to horse chromosomes 18 and 19 (fig. 5A). 
The satellite-free centromeric region of EBU4 is ortholo
gous to a noncentromeric locus on ECA18 and is located 
at about 6.5 Mb from the fusion region (supplementary 

table S10, Supplementary Material online), suggesting 
that a centromere repositioning event moved the zebra 
centromere far from the fusion point. From these data, it 
is not possible to determine whether centromere reposi
tioning occurred before, during, or after the fusion event. 
Interestingly, on the fusion region, we detected the pres
ence of an array of 2PI, a satellite that we previously loca
lized at most horse pericentromeres (Piras et al. 2010; 

FIG. 5. Comparison between Burchell’s zebra chromosomes with satellite-free centromeres and the orthologous horse chromosomes. For each 
Burchell’s zebra chromosome carrying a satellite-free centromere, the corresponding orthologous horse chromosomes are shown. For EBU10 
and EBU14, the ancestral chromosomes, represented by kiang chromosome 23 (EKI23) and Hartmann’s zebra chromosome 14 (EZH14), respect
ively, are shown. Inverted segments are indicated with crossed lines. (A) EBU chromosomes deriving from fusions. (B) EBU chromosomes cor
responding to entire horse chromosomes or chromosome arms.

9

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
https://doi.org/10.1093/molbev/msac162


Cappelletti et al. · https://doi.org/10.1093/molbev/msac162 MBE

FIG. 6. Sequence organization of satellite-free centromeric regions deriving from chromosomal rearrangements. (A) The CENP-A binding peaks of 
EBU6 and EGR6 on the Equus_quagga_cen reference are shown on top. The colored bar schematically represents this Equus_quagga_cen genomic 
region, with colors referring to orthologous sequences in the EquCab3.0 horse genome: orange, orthology with ECA23; blue, orthology with ECA17; 
light orange and light blue, orthology with horse pericentromeres, including ECA23 and ECA17, respectively; gray, orthology with several horse peri
centromeric sequences not including ECA23 and ECA17. The zebra submetacentric chromosomes deriving from the fusion between ancestral ele
ments corresponding to ECA23 (orange) and ECA17 (blue) are sketched on the bottom. (B) The CENP-A binding peaks of EBU9 and EGR11 on the 
Equus_quagga_cen reference are shown on top. The colored bar schematically represents this Equus_quagga_cen genomic region with colors re
ferring to orthologous sequences in the EquCab3.0 horse genome: orange, orthology with ECA21; blue, orthology with ECA8q; light orange, orthol
ogy with horse pericentromeres, including ECA21; the green box indicates satellite DNA. The EBU9 submetacentric chromosome, deriving from the 
fusion between ancestral elements corresponding to ECA21 (orange) and ECA8q (blue), together with the EGR11 submetacentric chromosome, 
deriving from the fusion between ancestral elements corresponding to ECA21 (orange) and ECA19 (light gray), are sketched on the bottom. 
The ECA8 p element, which did not participate in this fusion, is also in light gray. (C) The CENP-A binding peak of EGR3 on the 
Equus_quagga_cen reference is shown on top. The colored bar schematically represents this genomic region, with colors referring to orthologous 
sequences in the EquCab3.0 horse genome: orange, orthology with ECA2q; blue, orthology with ECA3q; light orange and light blue, orthology with 
horse pericentromeres, including ECA2q and ECA3q, respectively. The zebra submetacentric chromosome deriving from the fusion between ances
tral elements corresponding to ECA2q (orange) and ECA3q (blue) are sketched on the bottom. ECA2p and ECA3p, which did not participate in this 
fusion, are in light gray. (D) The CENP-A binding peak of EBU15 on the Equus_quagga_cen reference is shown on top. The colored bars represent the 
inverted regions in Equus_quagga_cen and in EquCab3.0. The colors mark locally collinear blocks, that is, orthologous segments between the 
Burchell’s zebra and the horse genome. The white blocks correspond to species-specific sequences. The crossed lines indicate inverted segments. 
Satellite arrays from the ECA12 pericentromere, which are partially assembled in EquCab3.0 reference, are in light yellow.
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Cerutti et al. 2016), of transposable elements and dupli
cons shared by different horse pericentromeres. All these 
sequences likely represent relics of the sequences asso
ciated with the ancestral centromeres that were involved 
in the Robertsonian fusion and are now inactive.

EBU6 derived from a fusion between ancestral acro
centrics orthologous to horse chromosomes 23 and 17 

(fig. 5A). The CENP-A binding domain of EBU6 lays in a re
gion that is unique in the Burchell’s zebra assembly but 
shares up to 80% identity with different horse pericentro
meric sequences. This is the reason why this CENP-A bind
ing domain was detected only when the ChIP-seq reads 
were mapped on the Burchell’s zebra genome, whereas it 
was not detected when EquCab3.0 was used as reference 

FIG. 7. Comparison between Grevy’s zebra chromosomes with satellite-free centromeres and the orthologous horse chromosomes. For each 
Grevy’s zebra chromosome carrying a satellite-free centromere, the corresponding orthologous horse chromosomes are shown. For EGR4 
and EGR10, the ancestral chromosomes, represented by Hartmann’s zebra chromosome 14 (EZH14) and kiang chromosome 23 (EKI23), respect
ively, are reported. Inverted segments are indicated with crossed lines. (A) EGR chromosomes deriving from fusions. (B) EGR chromosomes cor
responding to entire horse chromosomes or chromosome arms.
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(fig. 1). The organization of this fusion region is depicted in 
figure 6A and shows that the CENP-A binding peak lays on 
a sequence sharing high identity with several horse peri
centromeres, including the one from ECA 23 (light orange 
line in fig. 6A). The gray region, which contains the fusion 
point, is a highly rearranged 52 kb sequence with no good 
alignment with ECA23 nor ECA17 pericentromeres. On 
the other side of the gray region, a sequence sharing 
high identity with the pericentromere of ECA17 was de
tected (light blue line in fig. 6A). In conclusion, in EBU6, 
the CENP-A binding domain resides in the fusion region, 
within sequences deriving from an ancestral pericentro
mere. In figure 6A, the position of the CENP-A binding 
peak on Grevy’s zebra chromosome 6 is also reported.

EBU7 derived from the fusion of the ancestral acro
centrics corresponding to ECA2p and ECA15 (fig. 5A). Its 
CENP-A binding domain lays in a region orthologous to 
a noncentromeric locus of ECA15 located 2 Mb away 
from the fusion region, where the relics of ancestral peri
centromeric sequences, including the blocks of 2PI and 
EC137 (Piras et al. 2010; Nergadze et al. 2014; Cerutti 
et al. 2016), could be observed (supplementary table S10, 
Supplementary Material online). Given the distance be
tween the CENP-A binding domain and the fusion point, 
we hypothesize that the satellite-free centromere of 
EBU7, similar to EBU4, could be the result of a centromere 
repositioning event that occurred before, during, or after 
the fusion.

EBU8 derived from a telomere–telomere fusion between 
elements orthologous to the acrocentric ECA31 and the 
submetacentric ECA4 (fig. 5A). At the cytogenetic level, 
the centromere of EBU8 appears at the same position 
of the ECA4 centromere; however, at the molecular level, 
the CENP-A binding domain of EBU8 corresponds, in the 
horse, to a noncentromeric locus that is located at a dis
tance of about 500 kb from 2PI pericentromeric satellites 
on ECA4. These observations suggest that the EBU8 centro
mere is repositioned relative to the ancestral ECA4-derived 
element. At the fusion site, located at 24 Mb from the 
CENP-A binding domain, no pericentromeric-type se
quences were detected (supplementary table S10, 
Supplementary Material online) and, although EBU8 de
rived from a telomere–telomere fusion, no telomeric re
peats were detected either.

EBU9 resulted from the centric fusion between the an
cestral segments corresponding to ECA21 and ECA8q 
(fig. 5A). The organization of this fusion region is depicted 
in figure 6B. The EBU9 CENP-A binding domain is ortholo
gous to a satellite-free noncentromeric locus of ECA21 (or
ange line in fig. 6B) and immediately adjacent to a region 
sharing high identity with ECA21 pericentromeric se
quences (light orange line in fig. 6B). The fusion point is lo
cated at about 260 kb from the CENP-A binding domain, 
at the junction between the pericentromeric sequences 
derived from the ECA21 (light orange) and the ECA8q 
(blue in fig. 6B) ancestral elements. Moreover, in the junc
tion region, 2PI and EC137 satellites (boxed in fig. 6B) can 
still be detected as traces of the ancient pericentromeres 

(supplementary table S10, Supplementary Material on
line). Similar to EBU6, this satellite-free centromere resides 
very close to the fusion point. In figure 6B, the position of 
the CENP-A binding peak on Grevy’s zebra chromosome 
11 is also reported.

EBU10 derived from the fusion between ancestral ele
ments corresponding to horse chromosomes 10q and 11 
(fig. 5A). We previously demonstrated that, contrary to 
all other horse centromeres, the centromere of horse 
chromosome 11 is devoid of satellite DNA and evolutionar
ily recent (Wade et al. 2009; Piras et al. 2010). Therefore, as 
shown in figure 5A, ECA11 does not represent the ancestral 
configuration of this chromosomal element. As previously 
suggested through cytogenetic analysis, the acrocentric 
chromosome 23 from E. kiang retained the ancestral config
uration (Musilova et al. 2013). Therefore, EBU10 derived 
from a centric fusion between two acrocentric ancestral 
elements (orthologous to ECA10q and EKI23). Following 
fusion, a repositioning event moved the centromere away 
from the fusion point. At the fusion site, which is located 
4 Mb away from the CENP-A binding domain, arrays of 
2PI and EC137 satellites were found as relics of the ancestral 
centromeres involved in the fusion (supplementary table 
S10, Supplementary Material online).

EBU12 resulted from the fusion of three acrocentric 
chromosomes corresponding to horse chromosomes 22, 
30, and 29 (fig. 5A). Its CENP-A binding domain corre
sponds to a noncentromeric locus on ECA22 and is located 
10 Mb away from the ECA22/ECA30 fusion site, suggesting 
that this satellite-free centromere emerged from reposi
tioning. Also in this case, the fusion region contains arrays 
of the 2PI pericentromeric satellite (supplementary table 
S10, Supplementary Material online).

EBU15 derives from the fusion between ancestral ele
ments corresponding to horse chromosomes 12 and 6p 
(fig. 5A). The organization of this fusion region is depicted 
in figure 6D. The CENP-A binding domain of EBU15 is 
orthologous to a noncentromeric horse locus that is lo
cated at a distance of about 1.1 Mb from the pericentro
meric satellite of ECA12 (fig. 6D). The p-arm of EBU15 
and the q-arm of ECA12 are not collinear, but several rear
rangements, including two previously undescribed inver
sions, occurred (fig. 5A). In addition, in the region 
immediately surrounding the centromere, two relatively 
small inversions differentiate the Burchell’s zebra and the 
horse genomes (fig. 6D). Interestingly, one of the break
points of this complex rearrangement falls exactly at the 
border of the satellite-free CENP-A binding domain where 
a 10 kb stretch of 2PI and 37cen satellites is present (yellow 
in fig. 6D and supplementary table S8, Supplementary 
Material online). It is tempting to speculate that this break 
was involved in the inactivation of the ancestral centro
mere and in the formation of the new one. It is likely 
that these arrays are relics of the ancestral pericentromeric 
satellites corresponding to the satellite-based centromere 
of horse chromosome 12.

In figure 5B, the Burchell’s zebra chromosomes that car
ry satellite-free centromeres and did not derive from 

12

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msac162#supplementary-data
https://doi.org/10.1093/molbev/msac162


Robertsonian Fusion and Centromere Repositioning · https://doi.org/10.1093/molbev/msac162 MBE

fusions (chromosomes 14, 16, 17, 18, 20, 21, and X) are de
picted. They correspond to entire horse chromosomes or 
chromosome arms.

In the case of EBU14, previous cytogenetic comparative 
maps showed that the ancestral configuration is not repre
sented by the horse chromosome 7 but rather by the 
Hartmann’s zebra chromosome 14 (Musilova et al. 2013). 
Indeed, EBU14 is collinear with the ancestral chromosome 
but carries a repositioned satellite-free centromere, where
as ECA7 derived from a pericentromeric inversion.

EBU16 and EBUX are submetacentric chromosomes en
tirely collinear with ECA9 and ECAX, respectively. In a pre
vious cytogenetic study, the two Burchell’s zebra 
centromeres were considered at the same position of the 
horse ones (Musilova et al. 2013). Here, sequence analysis 
allowed us to demonstrate that EBU16 and EBUX carry 
satellite-free centromeres that are orthologous to 
horse noncentromeric loci (supplementary table S1, 
Supplementary Material online).

EBU17 and EBU18 are entirely collinear with ECA5q and 
with the acrocentric chromosome ECA24, respectively 
(Piras et al. 2009; Musilova et al. 2013). Their centromeres 
moved from the ancestral terminal position to a new pos
ition void of satellite DNA, leading to the formation of 
metacentric chromosomes.

Finally, from previous cytogenetic analysis (Musilova 
et al. 2013), EBU20 and EBU21 were considered identical 
to their horse acrocentric orthologs, ECA26 and ECA28, re
spectively. Here, we found that a satellite-free centromere 
is present on these two Burchell’s zebra chromosomes and 
that their CENP-A binding domains are located 4.9 and 
1.7 Mb away from their p-arm terminus, respectively 
(supplementary table S3, Supplementary Material online). 
The horse loci orthologous to these two satellite-free cen
tromeres do not contain functional centromeres. Satellite 
repeats, remnants of the ancestral satellite-based centro
meres, are now located on the short arm (Piras et al. 
2010). These sequences are orthologous to noncentro
meric sequences located on the proximal portion of the 
q arms of horse chromosomes 26 and 28 (supplementary 
fig. S6, Supplementary Material online). Therefore, the 
short arms of EBU20 and EBU21 are a few megabases long
er than the horse ones.

Mechanisms of Satellite-free Centromeres Formation 
in Grevy’s Zebra
We investigated the mechanisms of neocentromere forma
tion in Grevy’s zebra. As mentioned above, a reference gen
ome was not available for this species, but, given the high 
karyotype (Musilova et al. 2013) and sequence (Jónsson 
et al. 2014) identity with Burchell’s zebra, we used our 
Burchell’s zebra genome assembly (Equus_quagga_cen) 
and the hybrid genome (EBU_EGR_cen) as reference.

In Grevy’s zebra, chromosomes 1, 3, 4, 5, 6, 9, 10, and 11 
originated by fusions and carried a satellite-free centro
mere (fig. 7A). In all these chromosomes, the ancestral cen
tromeres were inactivated. At the cytogenetic level, 

chromosomes 1, 3, 5, 6, and 10 are collinear with 
Burchell’s zebra chromosomes 1, 3, 5, 6, and 10, respective
ly, suggesting that these fusion events occurred in the 
common ancestor of the two species (Musilova et al. 
2013). Differently, Grevy’s zebra chromosomes 4, 9, and 
11 derived from lineage-specific fusion events. A descrip
tion of all fusion events, as depicted in fig. 7A, is reported 
below.

EBU1 and EGR1 are collinear and derived from the fu
sion of ancestral elements corresponding to horse chro
mosomes 6q, 25, and 16 (Musilova et al. 2013) (fig. 7A). 
At the cytogenetic level, the EBU1 and EGR1 centromeres 
appear at the same position; however, EGR1 is character
ized by a satellite-free centromere, whereas the centro
mere of EBU1 is satellite-based. To evaluate the distance 
between the CENP-A binding domain of EGR1 and the fu
sion region, we aligned the EBU1 chromosome from the 
Equus_quagga_cen assembly with the orthologous chro
mosomes from the horse reference genome. This analysis 
shows that the satellite-free centromere of EGR1 is located 
at about 10 Mb from the 6q/25 fusion region 
(supplementary table S10 and fig. S6, Supplementary 
Material online), suggesting that a repositioning event 
moved this centromere far from the fusion point. The se
quence of the EGR1 centromere, which is characterized by 
the presence of amplifications, corresponds to a gap in the 
Burchell’s zebra genome assembly (fig. 3).

EGR3 derived from a centric fusion involving two ances
tral acrocentric chromosomes orthologous to horse 
chromosomes 2q and 3q (Myka et al. 2003) and is 
collinear with EBU3 (supplementary table S10 and fig. S6, 
Supplementary Material online). The organization of this fu
sion region is depicted in figure 6C. Although EBU3 contains 
a satellite-based centromere, the CENP-A binding domain 
of EGR3 resides on a sequence that is unique in Burchell’s 
zebra but shares high identity with several horse pericentro
meres, including the one from horse chromosome 3q 
(fig. 6C). This is the reason why this satellite-free centromere 
was detected in the Burchell’s zebra assembly but not in the 
EquCab3.0 reference genome (fig. 3). The fusion point lays 
about 500 kb upstream of the centromeric domain where 
a good alignment with ECA2q pericentromeric sequences 
was observed (light orange in fig. 6C). The presence of the 
CENP-A binding domain within the ancestral pericentro
meric sequences suggests that the centric fusion contribu
ted to satellite-free centromere formation.

EGR4 derived from the fusion of two ancestral elements 
corresponding to horse chromosome 5q and Hartmann’s 
zebra chromosome 14, which is orthologous to Burchell’s 
zebra chromosome 14 (figs. 5A and 7A). The satellite-free 
centromere of EGR4 lies in the same position of the one on 
EBU14 (supplementary table S1, Supplementary Material
online), suggesting that a centromere repositioning event 
occurred in the common ancestor of the two zebra species 
before the fusion with the ECA5q element in the Grevy’s 
zebra lineage.

EGR5 is orthologous to EBU5 (Musilova et al. 2013); 
however, although the centromere of EGR5 is satellite-free, 
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the one from EBU5 is satellite-based (Piras et al. 2010) 
(supplementary table S10, Supplementary Material on
line). EGR5 originated by the fusion between ancestral ele
ments corresponding to horse chromosomes 13 and 14. 
From previous cytogenetic analysis, an inversion was iden
tified in the EGR5 segment orthologous to ECA13 
(Musilova et al. 2013). Our sequence analysis confirmed 
that the EGR5 neocentromere is contained in the inverted 
region (fig. 7A). The EGR5 CENP-A binding domain is 
located 4.8 Mb away from the fusion site, which 
contains 2PI satellite arrays (supplementary table S10, 
Supplementary Material online).

EGR6, deriving from the centric fusion between elements 
corresponding to ECA17 and ECA23 (fig. 7A), is ortholo
gous to EBU6, which was described above (fig. 5A and 
supplementary table S10, Supplementary Material online). 
Notably, the CENP-A binding domain of EGR6 is only 13 kb 
away from the 52 kb region containing the fusion point. As 
shown in figure 6A, the CENP-A binding domains of the 
satellite-free centromeres on EGR6 and EBU6 are located 
only 278 kb apart on the reference genome (fig. 6A and 
supplementary table S1, Supplementary Material online).

EGR9 is partially orthologous to EBU4 (Musilova et al. 
2013) (figs. 5A and 7A and supplementary table S10, 
Supplementary Material online). These two chromosomes 
derive from different fusion events, both involving an an
cestral element corresponding to horse chromosome 18. 
In EGR 9, this element was fused with an element ortholo
gous to horse chromosome 22 (fig. 7A), whereas in EBU4, it 
was fused with an element orthologous to horse 
chromosome 19 (fig. 5A). In EGR9 and in EBU4, the 
satellite-free centromere is localized in the same genomic 
region on the ECA18-derived element (supplementary 
table S1, Supplementary Material online) at about 
6.5 Mb from the fusion region.

EGR10 is orthologous to EBU10 (Musilova et al. 2013) 
(figs. 5A and 7A and supplementary table S10, 
Supplementary Material online). These two chromosomes 
carry their satellite-free centromeres in the same genomic 
locus at about 4 Mb from the fusion site (supplementary 
tables S1 and S10, Supplementary Material online), sug
gesting that chromosome fusion and satellite-free centro
mere formation occurred in their common ancestor.

EGR11 is partially orthologous to EBU9 (Musilova et al. 
2013) (figs. 5A and 7A and supplementary table S10, 
Supplementary Material online). EGR11 and EBU9 derive 
from different fusion events involving an ancestral element 
corresponding to ECA21. The organization of this fusion re
gion is depicted in figure 6B. In EGR11, this element was 
fused with an element corresponding to ECA19 (fig. 7A), 
whereas in EBU9, it was fused with an element correspond
ing to ECA8q (fig. 5A). The EGR11 CENP-A binding domain 
is orthologous to a satellite-free noncentromeric locus on 
ECA21 and lies in the same chromosomal locus of the 
satellite-free centromere of EBU9 (fig. 6B). These satellite- 
free centromeres are adjacent to the fusion region (fig. 6B).

The remaining Grevy’s zebra chromosomes carrying a 
satellite-free centromere (EGR15, 16, 19, 20, and X) 

correspond to entire horse chromosome or chromosome 
arms and are entirely collinear with them (fig. 7B). All these 
centromeres reside in genomic regions orthologous to 
noncentromeric regions in the horse. The CENP-A binding 
domains of EGR15, 16, 20, and X are located in the same 
genomic position of the ones of their Burchell’s zebra 
orthologs (EBU16, 18, 20 and X) (supplementary table 
S10, Supplementary Material online), suggesting that 
they originated before the separation of the two lineages.

Discussion
Identification of Satellite-free Centromeres in 
Burchell’s and Grevy’s Zebra
The DNA Zoo team recently released the first genome as
sembly for the Burchell’s zebra (Equus_quagga_HiC). This 
genome sequence contains scaffolds that correspond to 
entire zebra chromosomes but lack chromosome assign
ment. In this work, thanks to the availability of subchro
mosomal comparative maps between the Burchell’s 
zebra and the horse (Musilova et al. 2013), we improved 
the DNA Zoo assembly by assigning chromosome num
bers to scaffolds and adjusting the direction of some chro
mosomes. To further improve the Burchell’s zebra 
reference genome, we replaced the regions surrounding 
the 15 satellite-free centromeres with sequences that we 
assembled from our ChIP-seq reads.

The new assembly was also used as reference to identify 
the 13 satellite-free centromeres of Grevy’s zebra, a species 
closely related to Burchell’s zebra but still lacking a refer
ence genome.

This work allowed us to demonstrate, at the DNA se
quence level, that Burchell’s zebra and Grevy’s zebra are 
characterized by an extraordinary high number of centro
meres completely devoid of satellite DNA. Indeed, as for 
the donkey (Nergadze et al. 2018), more than half of their 
chromosomes have satellite-free centromeres, further 
proving that the absence of satellite DNA at centromeric 
domains is compatible with genome stability and species 
survival.

Using this approach, we could not obtain ChIP-seq 
peaks from the satellite-based centromeres because their 
corresponding reads could not be mapped on specific 
chromosomes since each satellite-based centromere con
tains megabases of unassembled satellite arrays. These cen
tromeres are probably organized similarly to the typical 
mammalian centromeres, as already shown for satellite- 
based horse centromeres (Nergadze et al. 2014; Cerutti 
et al. 2016).

Previous work from our laboratory demonstrated that 
the position of satellite-free centromeric domains can 
vary in the horse and donkey populations (Purgato et al. 
2015; Nergadze et al. 2018; Cappelletti et al. 2019). Here, 
although we analyzed only one individual from each spe
cies, we were able to observe, in a few cases, two well- 
separated CENP-A binding domains, corresponding to 
different epialleles on the two homologs. This observation 
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confirms that the phenomenon of centromere sliding that 
we previously observed in the horse and donkey is also oc
curring in the two zebras.

Seven Burchell’s zebra centromeres (from EBU6, EBU7, 
EBU8, EBU9, EBU16, EBU17, and EBU18 chromosomes) 
and nine Grevy’s zebra centromeres (from EGR1, EGR3, 
EGR4, EGR5, EGR6, EGR10, EGR11, EGR15, and EGR16 
chromosomes) were shown to lack satellite DNA at the 
FISH resolution level (Piras et al. 2010). Here we confirmed, 
at the DNA sequence level, that they are completely 
satellite-free. However, not all the satellite-free centro
meres identified in the present work coincide with those 
described in our previous cytogenetic analysis (Piras 
et al. 2010). The first discrepancy concerns several chromo
somes whose primary constrictions seemed to be asso
ciated to satellite repeats (EBU4, EBU10, EBU12, EBU14, 
EBU15, EBU20, EBU21, EBUX, EGR9, EGR19, and EGR20) 
(Piras et al. 2010). In the present work, we found that 
the CENP-A binding domains of these chromosomes lay 
on single-copy regions. We propose that these satellite-free 
neocentromeres formed relatively close to highly repeti
tive tandem repeats cytogenetically coinciding with pri
mary constrictions. The satellite repeats previously 
observed by FISH may correspond to ancestral centromer
ic domains that are now inactive, whereas the CENP-A 
binding domains lay on single-copy regions. These observa
tions indicate that the centromeric function has shifted 
away from a satellite repeat containing locus to a satellite- 
free new position and confirm that satellite DNA se
quences are not sufficient nor necessary for specifying 
centromere function.

In addition, at seven Grevy’s zebra chromosomes (EGR2, 
EGR8, EGR13 EGR14, EGR17, EGR18, and EGR22), although 
no satellite FISH signals were detected in our previous 
cytogenetic analysis, we did not identify, in the 
present study, satellite-free centromeres by ChIP-seq. It is 
possible that, at these “elusive” centromeres, short or 
chromosome-specific tandem arrays, undetectable at the 
FISH resolution level, are present. Alternatively, since a 
Grevy’s zebra reference genome is not available, it is pos
sible that their CENP-A binding domains lay on single 
copy regions that may be absent both in the Burchell’s ze
bra and in the horse assemblies, suggesting that the num
ber of Grevy’s zebra satellite-free centromeres may be 
underestimated. In the future, the availability of good as
semblies for these species will allow a more comprehensive 
comparative analysis of centromeres and chromosome 
rearrangements.

DNA Sequence Composition of Satellite-free 
Centromeres
The extraordinary high number of sequenced satellite-free 
centromeres allowed us to investigate whether any con
served sequence feature is present at these genomic re
gions. As previously shown for the donkey satellite-free 
centromeres (Nergadze et al. 2018), the Burchell’s and 
Grevy’s zebra centromeres are LINE-1 rich. Although not 

universal, the presence of retroelements is common at 
the centromeres of many mammals, insects, plants, and 
fungi (Plohl et al. 2008; Longo et al. 2009; Klein and 
O’Neill 2018; Yadav et al. 2018; Chang et al. 2019), whereas 
it is still under debate whether these elements might pro
mote genome instability of these regions.

It is well described that LINE-1 elements are preferen
tially inserted into AT-rich sequences that display low nu
cleosome occupancy (Sultana et al. 2019). AT richness is a 
typical feature of centromeres in a number of organisms 
(Clarke and Carbon 1985; Marshall et al. 2008; Talbert 
and Henikoff 2020) and might favor the adoption of a 
non-B DNA configuration that is usually found at centro
meres (Kasinathan and Henikoff 2018; Talbert and 
Henikoff 2020). It was recently shown that AT-rich exogen
ous DNA is also capable of functioning as a centromere in 
the model organism Schizosaccharomyces pombe (Barbosa 
et al. 2022). As previously shown for the 16 satellite-free 
donkey centromeres (Nergadze et al. 2018), the neocentro
meres of the two zebras are AT-rich as well, suggesting that 
such a sequence feature may favor CENP-A binding and 
other epigenetic modifications.

Sequence analysis revealed that, in two Burchell’s zebra 
(from EBU17 and EBU18) and in two Grevy’s zebra (from 
EGR1 and EGR16) satellite-free centromeres, amplification 
of DNA sequences occurred. We previously proposed that 
evolutionary new centromeres, initially devoid of satellite 
DNA, can undergo a process of “maturation” during their 
evolution through the acquisition of satellite DNA (Piras 
et al. 2010). In this view, the presence of duplications, 
that we previously observed also at a subset of donkey 
satellite-free neocentromeres, has been interpreted as 
the first step of centromere “satellitization” (Nergadze 
et al. 2018). At EBU18 and EGR16, which are orthologous 
and completely collinear, the CENP-A binding domains 
are partially overlapping on the reference genomes, sug
gesting that centromere formation and sequence amplifi
cation occurred before the separation of the two lineages. 
Although in the commonly accepted phylogenetic tree of 
equids (Jónsson et al. 2014), the lineages of donkey and 
Burchell’s zebra are separated, EBU17 is orthologous and 
completely collinear with donkey chromosome 16 
and their centromeres are both characterized by the pres
ence of amplifications (Nergadze et al. 2018). A possible ex
planation of this finding is that centromere repositioning 
occurred in a common ancestor of asses and zebras and 
that lineage sorting or chromosome rearrangement was 
then responsible for maintaining this centromere only 
in these two lineages. Alternatively, we can hypothesize 
that independent repositioning events occurred in the 
two lineages at a hotspot for neocentromere formation 
similar to what was already observed for human clinical 
neocentromeres (Marshall et al. 2008). Another observa
tion supporting this hypothesis is the formation of clinical 
neocentromeres at positions corresponding to ancestral 
nonhuman primate centromeres, where presumably a la
tent centromere forming potentiality persisted (Ventura 
et al. 2004; Capozzi et al. 2009; Rocchi et al. 2012).
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Conservation of Centromeric Domains
The Burchell’s and the Grevy’s zebras share 13 orthologous 
chromosomes that are identical at the cytogenetic level 
(Trifonov et al. 2012; Musilova et al. 2013). In the present 
work, we demonstrated that in only one of the couples of 
orthologs (EBU2/EGR2), both centromeres are satellite- 
based, whereas six out of these couples (EBU6/EGR6, 
EBU10/EGR10, EBU16/EGR15, EBU18/EGR16, EBU20/ 
EGR20, and EBUX/EGRX) harbor a satellite-free centro
mere in the same locus, suggesting that neocentromere 
formation occurred in the common ancestor of the two 
species. These evolutionary new centromeres did not 
have the time to acquire the typical complexity of mam
malian centromeres. This situation is consistent with the 
evolutive youth of these species, which emerged about 
1.4 Ma (Jónsson et al. 2014). On the other hand, six ortho
logous pairs (EBU1/EGR1, EBU3/EGR3, EBU7/EGR7, EBU8/ 
EGR8, EBU15/EGR14, and EBU19/EGR19) are cytogeneti
cally collinear, but we could detect a satellite-free centro
mere in one of the two zebras only. The EBU19 and EGR19 
orthologs are small chromosomes that were described as 
acrocentric (Musilova et al. 2013). In EGR19, the centro
mere might have been repositioned very close to the ter
minal position, whereas the ancestral satellite-based 
centromere was maintained in EBU19. All the other pairs 
of orthologs with divergent centromeres derived from fu
sion events. Two alternative explanations can be proposed 
to explain these observations: (1) independent fusion 
events involving the same ancestral elements and inactiva
tion of the old centromeres occurred in the two species. In 
this scenario, only one of the two fusion events was succes
sively accompanied by the formation of a satellite-free 
centromere; (2) chromosome fusion and satellite-free 
centromere formation, occurred in the common ancestor 
of the two zebras, but then centromere maturation took 
different routes in the two species generating new satellite 
repeats in one species only. In this scenario, for each pair of 
orthologous chromosomes, the centromere of a species 
acquired new satellite DNA sequences, reaching the typical 
complexity of mammalian centromeres, whereas in the 
other lineage, the “immature” satellite-free centromere 
was maintained. The case of EBU1 and EGR1 may support 
the second possibility: in EBU1, a satellite-based centro
mere is present, whereas in EGR1, a satellite-free centro
mere with amplified sequences may represent an 
intermediate maturation step.

There are other pairs of chromosomes that are only par
tially collinear, in which both species carry a satellite-free 
neocentromere in the same genomic locus (EBU4/EGR9, 
EBU9/EGR11, and EBU14/EGR4). A possible explanation 
of this finding is that these satellite-free centromeres ap
peared in a common ancestor and that lineage-specific fu
sion events occurred after neocentromere formation. 
Alternatively, two different Robertsonian fusions occurred 
in the two species and then satellite-free centromeres 
arose independently in the same “centromerization” hot 
spot.

Mechanisms for Satellite-free Centromeres 
Formation
The rapid equid evolution was characterized by extensive 
karyotype reshaping. The formation of satellite-free cen
tromeres and inactivation of old satellite-based centro
mere played a key role in this process. In the horse and 
donkey, the mechanism for satellite-free centromere for
mation was the shift of the centromeric function from 
an ancestral terminal position to a new interstitial position 
not involving chromosome rearrangement (Carbone et al. 
2006; Wade et al. 2009; Piras et al. 2010; Nergadze et al. 
2018). In Burchell’s and Grevy’s zebras, we observed several 
satellite-free centromeres that were generated through 
this mechanism; however, chromosome rearrangements, 
particularly chromosome fusions, were also involved. In 
supplementary figure S7, Supplementary Material online, 
models for the role of repositioning (panel A) and fusion 
(panel B) in satellite-free centromere formation are pro
posed. These models involve successive steps of centro
mere maturation during evolution. In the karyotype of 
the two zebra species, chromosomes corresponding to 
each evolutionary step were identified and reported in 
the figure.

Interestingly, the CENP-A binding domain often resides 
in the fusion regions, on pericentromeric sequences de
rived from the ancestral inactivated centromeres, strongly 
suggesting that the Robertsonian fusion directly triggered 
the formation of a satellite-free centromere within the fu
sion region.

Our sequence analysis revealed that, in zebras, the cen
tromeres of chromosomes derived from Robertsonian fu
sions are different from the ones previously described in 
mouse (Garagna et al. 2001, 2014). Cytogenetic analysis 
showed that, in the mouse, the fusion region maintains 
long stretches of satellite repeats with an antiparallel sym
metry and an equal contribution of the two ancestral telo
centric chromosomes in the formation of the new 
satellite-based centromere (Garagna et al. 2001). On the 
contrary, the molecular analysis presented here showed 
that, in most zebra Robertsonian fusions, the new centro
mere is satellite-free, whereas the ancestral satellite repeats 
are lost.

A peculiar satellite-free centromere is the one on 
EBU15, where an inversion was probably involved in its for
mation. Indeed, this satellite-free centromere was seeded 
on an inversion breakpoint. The repair of the DNA double- 
strand break within the ancestral centromere may have 
caused loss and/or rearrangement of sequences which, in 
turn, may have inactivated the centromeric function. In 
this scenario, the formation of the novel satellite-free 
centromere on the acentric chromosome would have 
been essential to rescue proper segregation potential of 
the chromosome.

It has been suggested that centromere strength is dir
ectly correlated with the length of satellite arrays. 
According to this view, the fixation of fused chromosomes 
can result from meiotic drive and occur when the 
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centromere of a bi-armed chromosome is “stronger” than 
the original centromeres, ending in its preferential segrega
tion into the egg during female meiosis (Fishman and 
Saunders 2008; Chmátal et al. 2014; Iwata-Otsubo et al. 
2017; Wei et al. 2017; Kursel and Malik 2018; Talbert and 
Henikoff 2020). According to this model, extended satellite 
arrays would allow CENP-A nucleosome expansion, result
ing in the formation of a stronger kinetochore compared 
with short arrays. On the contrary, the results presented 
here show that, in zebras, neocentromeres completely de
void of satellite DNA are present in fusion chromosomes, 
indicating that the contribution of repeated DNA in 
strengthening the centromere is not universal and that 
other genetic or epigenetic features may guarantee the sta
bility of centromeres. It is also possible that factors such as 
small population size and bottle-neck during evolution 
may have contributed to the fixation of satellite-free cen
tromeres in Robertsonian chromosomes (Trifonov et al. 
2008; Ransom and Kaczensky 2016).

Materials and Methods
Cell Lines
Primary fibroblast cell lines from Burchell’s zebra and 
Grevy’s zebra were previously described (Piras et al. 
2010). The cells were cultured in high-glucose DMEM me
dium supplemented with 20% fetal bovine serum, 2 mM 
L-glutamine, 1% penicillin/streptomycin, and 2% non- 
essential amino acids. The cells were maintained at 37°C 
in a humidified atmosphere of 5% CO2.

ChIP-seq
Chromatin from primary fibroblasts was cross-linked with 1% 
formaldehyde, extracted, and sonicated to obtain DNA frag
ments ranging from 200 to 800 bp. Immunoprecipitation was 
performed as previously described (Nergadze et al. 2018) by 
using an anti-CENP-A serum (Cappelletti et al. 2019). 
Paired-end sequencing was performed with an Illumina 
HiSeq2500 platform by IGA Technology Services (Udine, 
Italy). In supplementary figure S8, Supplementary Material
online, the MultiQC plots resulting from FastQC (Ewels 
et al. 2016) analysis, describing the quality of raw reads, are 
reported. As shown in these figures, the quality of these reads 
is very high: per base mean sequence quality always higher 
than 30 (base accuracy >99.9%).

Comparative Genomic Analysis
Pairwise alignments between whole genomes were per
formed with Chromeister (version 1.5a) (Pérez-Wohlfeil 
et al. 2019) available at the European Galaxy web platform 
(https://usegalaxy.eu/) (Afgan et al. 2016) using default para
meters. The aligned genomes were the EquCab3.0 horse gen
ome, the Equus_quagga_HiC Burchell’s zebra genome, and 
the modified Burchell’s zebra genome that we produced, 
Equus_quagga_cen. The Equus_quagga_HiC draft assembly, 
available at https://www.dnazoo.org/assemblies/Equus_ 
quagga, was generated by the DNA Zoo consortium from 

short insert-size PCR-free DNA-Seq data using w2rap- 
contigger (Clavijo et al. 2017) (see Dudchenko et al. 2017, 
2018 for details). The blood sample for in situ Hi-C prepar
ation was donated by a female individual named Zena and 
obtained from Nancy Nunke (Hearts & Hands Animal 
Rescue), Greg Barsh (Stanford, Hudson Alpha), and 
Ren Larison (UCLA). Global statistics for EquCab3.0, 
Equus_quagga_HiC, and Equus_quagga_cen genome assem
blies are shown in supplementary table S11, Supplementary 
Material online. Metrics were obtained using Quast 
Genome assembly Quality (Galaxy Version 5.0.2 + galaxy4) 
(Gurevich et al. 2013).

Pairwise alignments between single chromosomes were 
run locally using the same Chromeister version (https:// 
github.com/estebanpw/chromeister) with default para
meters. The resulting plots were used to evaluate chromo
some orthologies and Burchell’s zebra chromosome 
orientations. Fine-scaled orthologies were resolved by 
BLAT-searching a sequence of interest from the 
Burchell’s zebra genome against the horse EquCab3.0 ref
erence using UCSC Genome Browser (https://genome. 
ucsc.edu/index.html).

Bioinformatic Analysis of ChIP-seq Data
Reads were aligned with paired-end mode to the reference 
genomes with Bowtie2 aligner using default parameters 
(version 2.4.2) (Langmead et al. 2009; Langmead and 
Salzberg 2012). Normalization of read coverage of the 
ChIP data sets against the input data sets was performed 
using bamCompare available in the deepTools suite 
(3.5.0 version) (Ramírez et al. 2016) using RPKM (Reads 
Per Kilobase per Million mapped reads) normalization in 
subtractive mode. Normalization of read coverage of the 
input data sets for amplification analysis was performed 
using bamCoverage available in the deepTools suite 
(Ramírez et al. 2016) using RPKM (reads per kilobase per 
million mapped reads) normalization. The resulting cover
age files were visualized using Integrative Genomics Viewer 
(IGV) software (http://software.broadinstitute.org/ 
software/igv/home). Peaks were obtained with the R soft
ware package Sushi (Phanstiel et al. 2014). Peak calling was 
performed with MACS2 (version 2.2.7.1) (Zhang et al. 
2008; Feng et al. 2012) using –broad option to identify 
large enriched genomic regions. We did not include in 
our analysis enriched regions containing satellite 
arrays. Enriched regions from Equus_quagga_HiC were 
BLAT-searched against EquCab3.0 using UCSC Genome 
Browser (https://genome.ucsc.edu/index.html) to confirm 
the correspondence with the orthologous enriched loci 
identified in the horse genome.

Since the Bowtie2 default parameters are not optimized 
for aligning repetitive sequences, we also aligned the reads 
using two alternative settings (alternative 1: -k10 option; 
alternative 2: -end-to-end -very-sensitive -no-unal -no-mixed 
-no-discordant -overlap –dovetail -I10 -X700 as used by 
Kasinathan and Henikoff (2018)) and compared the re
sults. The plots obtained with R from the ChIP samples 
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in the regions of interest are reported in supplementary 
figures S9 and S10, Supplementary Material online. The 
shape of the CENP-A enrichment peaks, obtained with 
these parameters, is largely identical to those obtained 
with the default parameters. We subsampled 1% of the 
ChIP reads aligned with Bowtie2 default parameters in 
the centromeric regions. These reads were searched in 
the BAM files obtained with the parameters optimized 
for repetitive sequences. Mapping conservation of these 
reads was evaluated using CompareBams (Lindenbaum 
2015) (supplementary table 12, Supplementary Material
online).

Assembly of Centromeric Regions, Improvement of 
the Burchell’s Zebra Reference Genome and 
Construction of a Chimeric Genome
The assembly of centromeric regions from Burchell’s and 
Grevy’s zebras was performed using an iterative chromo
some walking approach based on the paired-end 
ChIP-seq reads. We previously used the same method to 
assemble the centromeric regions of the donkey satellite- 
free centromeres (Nergadze et al. 2018). Peaks correspond
ing to CENP-A binding domains were visualized using 
Integrative Genome Viewer (IGV, Version 2.9.2) on 
EquCab3.0 and/or Equus_quagga_HiC reference genomes. 
The reads mapping in these regions have high mapping 
quality and coverage (supplementary figs. S2, S9, and 
S10, Supplementary Material online). We retrieved the 
consensus of the mapped reads using the “Copy consensus 
sequence” function of IGV. Consensus bases other than 
ACGTN were corrected by a visual inspection of reads 
aligned to the reference genome. We then proceeded to 
refine these draft sequences, resolving misassembled re
gions by de novo assembly of raw paired-end reads using 
a walking approach. To this end, we joined read pairs of 
ChIP and Input data sets using FASTQ joiner (Galaxy 
Version 2.0.1.1 + galaxy0) (Blankenberg et al. 2010). 
Queries of 60–95 bp, flanking gaps or misassembled re
gions of the draft sequences, were searched in the joined 
paired-end reads using the Grep command. Retrieved 
reads were aligned using MultAlin (Corpet 1988) and a 
new query was designed on the newly obtained sequence. 
This procedure was reiterated to resolve gaps and misas
sembled regions that were present in the draft consensus.

To obtain a refined reference genome for Burchell’s ze
bra, we first run BLAT (v. 36) (Kent 2002) using the 
assembled contigs as query to identify their incomplete 
and/or misassembled counterparts in the Equus_ 
quagga_HiC scaffolds. The incomplete and/or misas
sembled sequences were then removed and substituted 
with the newly assembled centromeric contigs using 
SAMtools (version 1.11) (Danecek et al. 2021). Finally, 
when the orientation of the Equus_quagga_HiC scaffolds 
identified through the Chromeister tool was reverse, we ad
justed it using the Reverse.seq tools (Galaxy Version 
1.39.5.0) (Schloss et al. 2009) available at the Galaxy web 
platform (https://usegalaxy.org/) (Afgan et al. 2016).

To obtain a more accurate reference for Grevy’s zebra, 
the regions orthologous to the newly assembled contigs 
were identified by BLAT (v. 36) in the Equus_ 
quagga_cen genome. These regions were removed and 
substituted with the Grevy’s zebra centromeric contigs 
to obtain a chimeric reference genome, as previously de
scribed (Nergadze et al. 2018).

The resulting reference genomes were used to re-map 
ChIP-seq reads and obtain enrichment peaks, as described 
above. Mapping statistics were obtained using QualiMap 
BamQC Galaxy Version 2.2.2c + galaxy1 (García-Alcalde 
et al. 2012; Okonechnikov et al. 2016) (supplementary 
table S4, Supplementary Material online). The 
number of N’s per 100 kb in the original sequences and 
in the newly assembled contigs was obtained using 
Quast Genome assembly Quality (Galaxy Version 5.0.2 + 
galaxy4 or online version available at http://cab.cc.spbu. 
ru/quast/).

Sequence Analysis of Centromeric Domains
The presence of DNA amplification at centromeres was 
evaluated by comparing the read counts per kilobase in 
the centromeric domains with the genome-wide average 
using input reads aligned to the corrected Burchell’s ze
bra reference genome or to the chimeric reference gen
ome. Counts were obtained using SAMtools suite 
(version 1.11).

We calculated standardized Z-score for the coverage va
lues of EBU17, EBU18, EGR1, and EGR6 with respect to 
genome-wide coverage. To test whether the differences 
between coverages are statistically significant, we calcu
lated the P-values using Z-score calculator (available at 
https://www.socscistatistics.com/pvalues/normaldistribution. 
aspx).

An analysis of the organization of duplicated sequences 
was performed manually using MultAlin (Corpet 1988) to 
identify and align repeated sequences.

An analysis of the content in repetitive elements in 
centromeric domains was carried out with RepeatMasker 
(Galaxy Version 4.0.9) (http://www.repeatmasker.org) 
available at the Galaxy web platform. To analyze satellite 
DNA content, RepeatMasker was run using a combined 
database made by Dfam-Dfam_3.0 and RepBase library (re
lease October 26, 2018), which contains the consensus se
quences of the major equid satellite DNA families and a 
custom library made by the consensus sequence of the 
EC137 pericentromeric satellite DNA family (Nergadze 
et al. 2014) which is not present in the RepBase library. 
The same procedure was used to analyze interspersed re
peats. Masked bp and number of repeats are reported in 
supplementary table S13, Supplementary Material online. 
The same analysis was carried out on the entire 
Burchell’s zebra genome in order to obtain genome-wide 
values (supplementary table S14, Supplementary 
Material online). Statistical significance was assessed by 
t-test using the VassarStats website by comparing the va
lues of centromeric genomic regions with the values of 
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genome scaffolds (http://vassarstats.net/). Centromeres 
containing DNA amplifications were excluded from this 
analysis.

To test whether the sequences underlying the CENP-A 
binding domains are truly satellite-less and do not contain 
novel satellite arrays, we ran ULTRA (Olson and Wheeler 
2018) using -p 1000 option to also detect large period re
peats. Identified repeats were selected for array length 
(>1000 bp) and P-value (<0.05).

Supplementary material
Supplementary material is available at Molecular Biology 
and Evolution online.
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