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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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