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Abstract

Centromeres are functionally conserved chromosomal loci essential for proper chromosome segregation during cell
division, yet they show high sequence diversity across species. Despite their variation, a near universal feature of
centromeres is the presence of repetitive sequences, such as DNA satellites and transposable elements (TEs). Because
of their rapidly evolving karyotypes, gibbons represent a compelling model to investigate divergence of functional
centromere sequences across short evolutionary timescales. In this study, we use ChIP-seq, RNA-seq, and fluorescence
in situ hybridization to comprehensively investigate the centromeric repeat content of the four extant gibbon genera
(Hoolock, Hylobates, Nomascus, and Siamang). In all gibbon genera, we find that CENP-A nucleosomes and the DNA-
proteins that interface with the inner kinetochore preferentially bind retroelements of broad classes rather than satellite
DNA. A previously identified gibbon-specific composite retrotransposon, LAVA, known to be expanded within the
centromere regions of one gibbon genus (Hoolock), displays centromere- and species-specific sequence differences,
potentially as a result of its co-option to a centromeric function. When dissecting centromere satellite composition,
we discovered the presence of the retroelement-derived macrosatellite SST1 in multiple centromeres of Hoolock, whereas
alpha-satellites represent the predominate satellite in the other genera, further suggesting an independent evolutionary
trajectory for Hoolock centromeres. Finally, using de novo assembly of centromere sequences, we determined that
transcripts originating from gibbon centromeres recapitulate the species-specific TE composition. Combined, our data
reveal dynamic shifts in the repeat content that define gibbon centromeres and coincide with the extensive karyotypic
diversity within this lineage.
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Introduction
Centromeres are essential genomic loci that support the as-
sembly of the kinetochore, thereby facilitating spindle attach-
ment and faithful segregation of chromosomes to daughter
cells during mitosis and meiosis. Comparative studies across
deep branches of eukaryotic lineages have shown a stark
contrast between the functional conservation of the compo-
nents at the interface of the inner kinetochore and the rapid
evolution of centromeric DNA sequences (Henikoff et al.
2001). The centromeric DNA of humans and other great
apes largely consists of �171 bp long AT-rich alpha-satellite
monomers that are tandemly repeated in blocks and further
arranged into larger repetitive units, known as higher order

repeat arrays (Willard 1985; Waye and Willard 1987;
Alexandrov et al. 1993; Rudd et al. 2003). Although the pres-
ence of alpha-satellites is a predominantly conserved charac-
teristic of primate centromeres, the identification of large-
scale, variable centromere haplotypes in humans suggests
the genomic landscape of such satellites is mutable
(Langley et al. 2019). In addition to centromeric satellites,
recent work in phylogenetically divergent species, such as
marsupials (Longo et al. 2009; Ferreri et al. 2011; Renfree et
al. 2011; Johnson et al. 2018), Drosophila (Chang et al. 2019),
plants (Zhong et al. 2002), and fungi (Yadav et al. 2018) show
that centromeric retroelements may be a defining element of
functional centromeric chromatin. Retroelements, mobile
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elements that propagate via an RNA intermediate, have been
proposed as major players in centromere evolution because
they can provide the material for generation of new satellite
families. Such phenomena have been observed in plants
(Kapitonov and Jurka 1999; Cheng and Murata 2003),
Drosophila (Heikkinen et al. 1995), and cetaceans
(Kapitonov et al. 1998). Furthermore, centromeric retroele-
ments have been implicated in facilitating chromosome evo-
lution through the introduction of large-scale genomic
rearrangements as specific classes of centromeric retroele-
ment have been found to be enriched at evolutionary break-
points (Longo et al. 2009).

Gibbons, the endangered small apes in the Hominoidea
superfamily, a taxonomic group co-occupied by both small
and great apes (Cunningham and Mootnick 2009), present a
unique opportunity to study the evolution of functional cen-
tromere sequences in the context of rapid karyotypic change.
Gibbons diverged from the common Hominoidea ancestor
only �17 million years ago (Mya), and a more recent (�5
Mya) radiation event gave rise to the four extant genera.
Despite their recent divergence and species radiation, gibbons
have accumulated an unusually high number of chromo-
somal rearrangements compared with other lineages, sug-
gesting a rapid rate of karyotype evolution (Carbone,
Vessere et al. 2006; Roberto et al. 2007; Carbone et al. 2009,
2012, 2014; Girirajan et al. 2009). Moreover, drastically differ-
ent karyotypes are found in each of the four extant gibbon
genera (Hoolock [2n¼ 38], Nomascus [2n¼ 52], Hylobates
[2n¼ 44], and Symphalangus [2n¼ 50]), derived by trans-
locations, fusions, fissions, and inversions, often concomitant
with centromere inactivation and formation of evolutionary
new centromeres (Capozzi et al. 2012). These rapid karyotypic
changes, which have been extensively mapped in gibbons,
offer a unique opportunity to study centromeres that are
variable within the same species and across different genera.

In our previous investigations of the evolutionary history of
gibbon chromosomes, we discovered a nonautonomous,
gibbon-specific composite retrotransposon, named LAVA (af-
ter its three component elements: LINE-Alu-VNTR-Alulike),
that depends on the L1 machinery to retrotranspose in the
host genome. Based on structural characterizations of LAVA
subfamilies (Lupan et al. 2015), the average length of LAVA
elements ranges from 1,661 to 2,557 bp. The Variable Number
Tandem Repeat (VNTR) region of LAVA is the most variable
portion of the LAVA, with an average length that can range
from 546 to 1,377bp across LAVA sub families and is generally
inversely correlated to the age of the element (Lupan et al.
2015). Although the LAVA element can be found in the
genomes of all gibbon species examined to date, it has ex-
panded in almost all centromeres of only two gibbon species
belonging to the Hoolock genus (Carbone et al. 2012; Hara et
al. 2012). Thus, expansion of the LAVA retroelement in gib-
bon centromeres likely occurred recently and after divergence
of the four gibbon genera. In fact, the LAVA centromeric
expansion in Hoolock has occurred recently enough not to
have yet equally impacted all chromosomes, as four Hoolock
chromosomes lack LAVA expansions (Carbone et al. 2012).

To determine if recently expanded repetitive sequences
are linked to centromeric function, we completed an in-
depth, cross-genera characterization of the sequences binding
three DNA-interacting centromeric proteins: CENP-A, the
histone that demarcates centromeric chromatin (Yoda et
al. 2000; Van Hooser et al. 2001); as well as CENP-B and
CENP-C, two inner kinetochore proteins that lie at the inter-
face between centromeric chromatin and kinetochore�spin-
dle complex (Okada et al. 2007; Klare et al. 2015). Combining
next generation sequencing, de novo sequence assembly, re-
peat annotation methods and fluorescence in situ hybridiza-
tion (FISH), the putatively functional centromeric repeat
content was characterized and compared across the four
gibbon genera. Instead of the homogeneous satellite arrays
that typify primate centromeres, all four gibbon genera
showed diverse transposable element (TE) content in
CENP-A chromatin and the functional part of the centromere
that forms the inner kinetochore (CENP-B and CENP-C).
Across the Hoolock karyotype, LAVA and SST1 (a
retroelement-derived macrosatellite found in primates) de-
fine highly divergent functional centromere forms compared
with the other genera. Finally, a subset of transcriptionally
active retroelements, including LAVA, define functional ele-
ments within centromeres and recapitulate the largest varia-
tion among centromeres of gibbons.

Results

Centromeres of All Four Gibbon Genera Are Enriched
in SINEs and Depleted in LINEs
We investigated the repeat composition of gibbon centro-
meres using chromatin immunoprecipitation sequencing
(ChIP-seq) targeting centromere proteins (CENPs) known
to demarcate active centromeric chromatin, including the
centromeric histone variant CENP-A, and two additional pro-
teins, CENP-B and CENP-C (Yoda et al. 2000; Van Hooser et al.
2001; Okada et al. 2007; Klare et al. 2015). CENP-A is the
centromere-specific H3 variant (Earnshaw and Rothfield
1985) that replaces conventional H3 in a subset of nucleo-
somes (Blower et al. 2002) and is required for kinetochore
assembly. Via its histone chaperone, HJURP, CENP-A is as-
sembled into centromeric chromatin during late-telophase,
early G1 in humans every cell cycle (Jansen et al. 2007; Foltz et
al. 2009), demarcating the chromosomal site for kinetochore
formation and spindle attachment. CENP-B is known to bind
CENP-B box containing sequences within a subset of func-
tional centromeric sequences (Amor et al. 2004; Henikoff et
al. 2015; Aldrup-MacDonald et al. 2016) and is found at cen-
tromeres throughout the cell cycle (Earnshaw et al. 1989).
However, it is unknown when in the cell cycle loading of
CENP-B actively occurs (Gamba and Fachinetti 2020).
CENP-C is proposed to serve as a centromere marker that
may target CENP-A as part of the constitutive centromere-
associated network (CCAN), however, it is distinguished from
CENP-A in the timing and mode of deposition. Although
CENP-A deposition is limited to late-telophase/early-G1
(Jansen et al., 2007), CENP-C targets centromeres throughout
the cell cycle (Earnshaw et al. 1989; Du et al. 2010). Thus, each
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of these three CENPs can independently serve as a marker for
centromere function, yet their predicted binding profiles are
unknown.

ChIP-seq was carried out on gibbon lymphoblastoid cell
lines (LCLs) established previously (Carbone et al. 2014; Lazar
et al. 2018; Okhovat et al. 2020) and for this study, from four
different gibbons species: Nomascus leucogenys (NLE),
Hoolock leuconedys (HLE), Hylobates moloch (HMO), and
Symphalangus syndactylus (SSY), each representing one of
the four extant gibbon genera (supplementary table S1,
Supplementary Material online). Alignments of CENP-A,
CENP-B, and CENP-C protein sequences between human
and gibbons indicates high likelihood of cross-reactivity of
human-specific antibodies with gibbon (95% identity across
CENP-A with only 1 amino acid difference in the peptide used
to generate the antibody, 98% identity across CENP-B, and
100% across CENP-C proteins). To independently validate
successful immunoprecipitation of DNA bound to each
CENP in each species, FISH was used to visualize each ChIP-
seq library on mitotic chromosome spreads from correspond-
ing LCLs. Each ChIP-seq library probe localized to centromeres
in the four species examined, indicative of successful CENP
immunoprecipitation for all three antibodies in each species
(fig. 1A; supplementary fig. 1, Supplementary Material online).
In addition to centromeric enrichment, pericentromeric and
telomeric probe localization of variable intensity was ob-
served in some species and chromosomes, similar to the hy-
bridization patterns previously observed using a centromeric
alpha-satellite probe (Cellamare et al. 2009). Cross-
hybridization of ChIP-seq DNA to noncentromeric loci, which
was most easily visible in Symphalangus (SSY) (fig. 1A; sup-
plementary fig. 1, Supplementary Material online), likely
reflects occasional sequence similarities between centromeric
and noncentromeric repeats that cannot be distinguished by
FISH.

To characterize the repeat content of CENP-A, CENP-B,
and CENP-C bound DNA, the repeat composition of 2.5 mil-
lion randomly subsampled read pairs from each ChIP-seq
library were annotated using RepeatMasker (Tempel 2012).
The repeat content of corresponding control libraries con-
structed from chromatin that did not undergo immunopre-
cipitation (i.e., input libraries) was similarly annotated and
used to estimate genome-wide repeat composition per spe-
cies. The overall abundance and repeat composition of CENP-
A, CENP-B, and CENP-C libraries were broadly similar across
gibbon genera, but largely different from their corresponding
input libraries (fig. 1B; supplementary table S2,
Supplementary Material online). Consistent with the known
genetic structure of complex, regional centromeres [reviewed
in Hartley and O’Neill (2019)], gibbon ChIP-seq libraries had
significantly higher repeat content compared with corre-
sponding inputs. On average, 43% of trimmed read sequences
were annotated as repeats across all ChIP libraries versus 36%
in input reads, indicating gibbon centromeres are enriched
for, but not solely characterized by, repeats (paired t-test
P< 0.0001; fig. 1B; supplementary table S2, Supplementary
Material online).

Most repeat classes, including SINEs, LINEs, LTRs, and DNA
elements, displayed relatively similar abundance in each ChIP-
seq data set across the four gibbon genera. Representing 52-
64% of annotated repeats, SINEs were the most prevalent
repeat class in CENP-A, CENP-B, and CENP-C bound DNA
pools. The percentage of SINE elements was approximately
double those found in the corresponding input samples, in-
dicating enrichment of SINEs in the functional compartments
of gibbon centromeres. LINEs, the most abundant repeat class
genome-wide, were depleted in CENP-bound DNA and con-
stituted only 11-17% of the annotated repeats in CENP ChIP-
seq libraries across all four genera (fig. 1B; supplementary table
S2, Supplementary Material online).

The Gibbon-Specific LAVA Retrotransposon Is
Enriched in Hoolock Centromeres
The prevalence of the repeat class defined as
“retrotransposon” by RepeatMasker (representing non-LINE/
LTR/SINE retrotransposon elements) varied among gibbon
genera, with HLE distinctly showing higher prevalence (fig.
1B; supplementary table S2, Supplementary Material online).
Indeed, the HLE input had �10 times the relative abundance
of retrotransposon repeats compared with the inputs of SSY,
HMO, and NLE (1.9% of HLE input repeats, vs. 0.19 6 0.04%
[mean 6 standard deviation (SD)] of input repeats in SSY,
HMO, NLE). HLE CENP-bound DNA showed an almost 3-fold
enrichment in the proportion of repeats annotated as retro-
transposons (5.41 6 1.33%) relative to input and �11-fold
enrichment relative to CENP-bound DNA from SSY, HMO,
and NLE (0.51 6 0.17% of repeats; mean 6 SD).

Earlier cross-species FISH experiments showed centromeric
expansion of the gibbon-specific retrotransposon LAVA ex-
clusively in HLE (Carbone et al. 2012), hence we wanted to
determine if our CENP-bound DNA annotated as retrotrans-
posons might include this element and if this element is
enriched in gibbon centromeres. Using in silico simulations,
we first verified that RepeatMasker could identify LAVA
repeats from short-read sequences reliably and with low false
negative and false positive rates (supplementary table S3,
Supplementary Material online). These analyses revealed
that �50% of LAVA repeats may be misannotated as
“SVA_A,” likely due to large regions of homology between
LAVA and SVA, particularly at the VNTR region (fig. 2A; sup-
plementary table S3, Supplementary Material online). Given
that gibbon genomes contain a negligible number of SVA
element insertions (Wang et al. 2005; Ianc et al. 2014), gibbon
repeats classified as “SVA_A” by RepeatMasker are likely
LAVA elements. Thus, reads annotated as either LAVA or
SVA_A were collectively classified as LAVA in this study.

Inter-genera comparison of retrotransposon annotations
revealed higher abundance and enrichment of LAVA ele-
ments (relative to input) in CENP-A and CENP-B, but not
CENP-C, ChIP-seq libraries from HLE compared with the three
other genera (figs. 1B, 2B , and 2C; supplementary fig. 2A and
table S2, Supplementary Material online). To confirm these
findings, CENP-A ChIP-seq and analyses were repeated as
above on three additional HLE gibbons and revealed the
same levels of LAVA enrichment, indicating that LAVA
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enrichment in CENP-A and CENP-B bound centromeric DNA
is HLE-specific (fig. 2C). These observations, together with our
previous findings using whole-genome shotgun sequences
(Okhovat et al. 2020), indicate that the LAVA element is

overall more prevalent in the HLE genome compared with
other genera, and that LAVA is distinctly enriched in HLE
centromeric regions demarcated by CENP-A and CENP-B
DNA binding.

FIG. 1. Validation of CENP-A ChIP, and characterization of repeat composition of CENP-A, CENP-B, and CENP-C bound DNA. (A) DNA FISH using
CENP-A ChIP library as a probe shows signals (yellow) prevalently localized on centromeric regions on DAPI stained metaphase chromosome
preparations for each gibbon genus. Pictures of gibbon species used in this study are shown. FISH validation of CENP-B and CENP-C ChIP libraries
can be found in supplementary figure S1, Supplementary Material online. (B) The percentage of all repeats composed of each repeat family (as
classified by RepeatMasker) is shown in CENP-A, CENP-B, and CENP-C ChIP-seq libraries for each genus. Schematic structures of repeat classes are
shown below the x-axis.
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LAVA Elements in the Hoolock Genome Are
Structurally Distinct from Other Genera
Motivated by the higher abundance of LAVA elements in
HLE, we sought to determine if HLE LAVA elements are
also structurally different from those found in NLE, HMO,
and SSY. In lieu of centromeric LAVA sequences, we took
advantage of LAVA repeat annotations in our short read
sequences originating from centromeres (i.e., CENP ChIP-
seq) versus reads from the rest of the genome (i.e., input

library) across all four gibbon species. We used Repstat
(Johnson et al. 2018), which is an analysis tool that can com-
pare short read data from a specific repeat to their consensus
sequence and test for statistically significant deviations from
this consensus, among different data sets. Compared with
LAVA reads identified in the libraries of the three non-HLE
genera, portions of reads annotated as LAVA in the CENP and
input libraries from HLE were significantly longer and had
more substitutions (i.e., higher percent divergence) relative
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to the consensus LAVA sequence (adjusted P< 0.01) (fig. 3A;
supplementary table S4, Supplementary Material online).
Pairwise comparisons among HMO, NLE, and SSY libraries
revealed no difference in the inferred length distribution
and sequence of portions of reads annotated as LAVA repeats
(adjusted P> 0.05), with only a few exceptions (fig. 3A; sup-
plementary table S4, Supplementary Material online). Overall,
these findings indicate that the sequence and structure of
LAVA elements in the HLE genome and centromeres are
distinct from those found in other gibbon species.

Repstat analyses of LAVA-annotated sequencing reads
across HLE libraries revealed that portions of reads annotated
as LAVA repeats in all three CENP protein bound DNA librar-
ies were longer compared with those identified in the HLE
input library (adjusted P< 0.01) (fig. 3A; supplementary table
S4, Supplementary Material online). Moreover, compared
with input, reads annotated as LAVA in the CENP-A and
CENP-B, but not CENP-C, ChIP-seq data sets were signifi-
cantly less diverged relative to the consensus LAVA sequence
(adjusted P< 0.05). Among the three HLE CENP ChIP-seq
libraries, LAVA annotated reads identified in the CENP-C li-
brary were shorter (adjusted P< 0.01), and had significantly
less sequence identity/more insertions relative to the LAVA
consensus sequence compared with LAVA repeats annotated
in either HLE CENP-B or CENP-A libraries (adjusted P< 0.01)
(fig. 3A; supplementary table S4, Supplementary Material on-
line). There were no significant differences in the length or
sequence of reads annotated as LAVA between HLE CENP-A
and CENP-B libraries (adjusted P> 0.05) (fig. 3A; supplemen-
tary table S4, Supplementary Material online). Together, these
results suggest that the structure and sequence composition
of centromeric LAVA elements in HLE, particularly those pu-
tatively bound by CENP-A and CENP-B, differ significantly
from LAVA sequences found elsewhere in the HLE genome.
These patterns are likely due to differences in insertion pref-
erence of specific LAVA elements into centromeres, differ-
ences in the evolutionary trajectories of LAVA following
centromeric insertion and CENP interaction, or both.

The structure and sequence of centromeric and noncen-
tromeric LAVA repeats in NLE, SSY, and HMO were com-
pared to test if structurally distinct centromeric LAVA are
present only in HLE, and as demonstrated in earlier FISH
assays (Carbone et al. 2012) and in our ChIP-seq analyses
herein, are thus associated with the centromeric LAVA ex-
pansion exclusively found in HLE. Compared with input li-
braries, no difference in the length or sequence divergence
from consensus was detected in LAVA reads found in any
CENP library from NLE and SSY gibbons (adjusted P> 0.05).
In contrast, within the HMO species, LAVA-annotated
sequences in all three CENP-bound DNA pools were signifi-
cantly shorter and more diverged from the LAVA consensus
compared with sequences annotated as LAVA in the input
library (adjusted P< 0.05) (fig. 3A; supplementary table S4,
Supplementary Material online). Altogether, whereas we ob-
served distinct structures in centromeric LAVA across genera,
the strongest differences were observed in HLE.

Gibbon Centromere Proteins Putatively Bind LAVA
Elements at CENP-B Box Enriched VNTR Sequences
Since LAVA is a composite retrotransposon (fig. 2A), we ex-
amined whether centromere proteins preferentially bind spe-
cific repeat components within the LAVA sequence. Meta-
summit analyses, previously optimized for LAVA (Fernandes
et al. 2020; Okhovat et al. 2020), were completed for CENP
ChIP-seq data sets across all four gibbon genera, since even
non-HLE libraries showed >2-fold enrichment of LAVA ele-
ments in CENP libraries relative to input (fig. 3B; supplemen-
tary fig. 2B, Supplementary Material online). Briefly, CENP-A,
CENP-B, and CENP-C ChIP-seq reads were aligned to the
gibbon reference genome (Nleu3.0) (Carbone et al. 2014)
and both unique and multimapping reads were used to iden-
tify significant narrow peak summits that overlapped LAVA
elements annotated in the reference genome. For each sam-
ple, the overlapping summits were mapped to the consensus
LAVA sequence to generate a pileup of summit positions
along the consensus element. Summits across this summit
pileup, i.e., “meta-summits,” represent putative CENP binding
sites within the composite LAVA element. In total, the num-
ber of significant CENP summits per gibbon CENP library
ranged from 6,380 to 158,933, and 1-3% of all summits over-
lapped LAVA elements across samples (supplementary table
S5, Supplementary Material online). The high cross-species
and cross-library variation in the total number of CENP peaks
overlapping LAVA was reflected in the summit pileup height
differences. Across all genera, the meta-summits (i.e., putative
binding sites) of CENP-A, CENP-B, and CENP-C were located
within the VNTR region of LAVA (fig. 3B; supplementary fig.
2A, Supplementary Material online), indicating this repeat
component may be putatively bound by CENPs.

We then mined ChIP-seq data for the presence of detect-
able CENP-B box motifs in gibbon centromeres. Human
CENP-A ChIP-seq data (Hasson et al. 2013) were used as a
positive control to validate reliability of our pipeline. Briefly,
broad human CENP-A ChIP-seq peaks were identified within
the human genome and sequences corresponding to these
broad peaks showed overall enrichment of the CENP-B box
motif (JASPAR database, MA0637.1) (Masumoto et al. 1989;
Jolma et al. 2013) relative to shuffled sequences. Next, CENP
peaks were sorted based on their fold-enrichment relative to
input (i.e., peak height) and we compared enrichment of
CENP-B box motifs between high- and low-height peaks.
Since ChIP-seq height may be a proxy for binding strength/
frequency, the expectation was that higher peaks would be
associated with higher prevalence of the CENP-B box motifs.
As expected, a significant association was found between
CENP-B box motifs and CENP-A peak height in human
CENP-A bound DNA sequences (adjusted P< 0.05; supple-
mentary table S6, Supplementary Material online).

Using a similar approach to investigate the presence of the
CENP-B box motif in gibbon CENP-bound DNA, we first
identified 139,315-383,872 broad peaks across all gibbon
CENP ChIP-seq libraries. Overall, sequences of these broad
peaks were not significantly enriched in the CENP-B box motif
in any of the CENP libraries when compared with shuffled
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sequences (adjusted P> 0.05). However, when peaks were
sorted by height, we found higher peaks had significantly
more CENP-B box motifs compared with weaker peaks in
at least one CENP pull-down library in each genus (adjusted

P< 0.05; supplementary table S6, Supplementary Material
online). In order to test our hypothesis that LAVA was co-
opted in gibbons to become a functional centromeric ele-
ment, we aimed to also investigate CENP-B box enrichment

FIG. 3. CENP-bound LAVAs in HLE differ from the rest of the genome and from other genera. (A) Heatmap of structural variation in LAVA among
different ChIP-seq libraries performed in pairwise comparisons among species (top) and between input and ChIP-IP libraries (bottom). As
indicated, color corresponds to P value reported by Repstat. Comparisons in purple are significant under a P value of 0.05. (B) CENP-A ChIP-
seq summit pileups against the consensus LAVA sequence are shown for each species. The LAVA element scheme on top represents annotations
of the consensuses sequence. The position of the significant meta-summits across libraries is marked with dashed vertical lines. CENP-B and CENP-
C ChIP-seq summit pileups are in supplementary figure S2, Supplementary Material online.
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in this element. Due to unavailability of centromere sequen-
ces in the reference genome, we used LAVA elements present
elsewhere in the genome and found that among putative
CENP binding sites overlapping LAVA elements (i.e., CENP
ChIP-seq summits overlapping LAVA in meta-summit analy-
sis above), 7-16% contained predicted CENP-B box motifs
(supplementary table S6, Supplementary Material online),
and the majority of these motifs (�88% on average) were
located in the VNTR region of LAVA (supplementary fig. 2C,
Supplementary Material online). In addition, the DNA
sequences of CENP peak summits within LAVA repeats
were collectively strongly enriched in the CENP-B box motif
(Benferroni adjusted P< 0.01; supplementary table S6,
Supplementary Material online), linking CENP-DNA binding
to a specific DNA recognition motif within the LAVA retroele-
ment. Although further studies and contiguous centromere
sequence assemblies are required to fully characterize the
presence, enrichment and functionality of the CENP-B box
motif in gibbon centromeres, our analyses suggest that some
gibbon centromeres may contain this motif, albeit likely at a
much lower prevalence compared with human centromeres.

Centromeric Alpha-Satellite and SST1 Repeats Vary
across Gibbon Genera, Particularly in Hoolock
We observed high variation in satellite class abundance among
ChIP-seq libraries across genera, with HLE libraries (which have
the highest LAVA abundance) showing the lowest satellite
prevalence (fig. 1B). In general, satellite repeats were less abun-
dant among HLE and HMO CENP ChIP-seq and input repeats
(0.6-3% of repeats), compared with SSY and NLE [14.8 6 9.4%
and 8.4 6 4.6% of repeats, respectively; (mean 6 SD); supple-
mentary table S2, Supplementary Material online]. Except for
HLE, which had equally low satellite DNA abundance in both
input and CENP ChIP-seq libraries, all other gibbon genera
showed around 3-fold lower satellite repeat content in their
CENP ChIP repeat composition compared with input, suggest-
ing that despite being present in gibbon centromeres, satellites
are not highly enriched in these loci compared with the rest of
the genome. These data support previous FISH analyses show-
ing a lack of satellite enrichment in HLE centromeres (Carbone
et al. 2012), but are in contrast to observations that centro-
meres of great apes are highly enriched in satellites, particularly
alpha-satellite repeats (Alkan et al. 2007).

Within the satellite class of repeats, the alpha-satellite fam-
ily was responsible for most of the variation observed across
gibbon genera and libraries (fig. 4A) and was the most prev-
alent family of satellites in the genomes and centromeres of
SSY and NLE gibbons, representing 94-99% of all satellite
repeats per library of these two genera. However, this repeat
family was less abundant in the centromeres of HMO (con-
stituting <58% of satellites in CENP ChIP-seq data sets), and
the least abundant in the HLE both genome-wide and in the
centromeres (representing<6% of satellites in CENP libraries;
fig. 4A; supplementary table S2, Supplementary Material
online).

Based on sequence library annotations, the lack of alpha-
satellites in HLE libraries is partially offset by the presence of a
retroelement-derived macro-satellite family known as SST1

(also called MER22; fig. 4A) (Fatyol et al. 2000). The SST1 sat-
ellite family accounted for 56-72% of satellite repeats across
HLE CENP libraries, whereas making up <30% of satellites in
HMO CENP libraries and <3% of CENP satellites in SSY and
NLE (fig. 4A). The distinctly higher absolute and relative abun-
dance of SST1 repeats in HLE CENP ChIP-seq data sets, partic-
ularly in CENP-A and CENP-B libraries, was validated in all
three biological HLE CENP-A replicates (fig. 4B; supplementary
fig. 3A, Supplementary Material online). Although non-HLE
gibbon genera have a smaller number of SST1 repeats
genome-wide than HLE, each genera showed relative enrich-
ment of SST1 repeats in CENP ChIP-seq data sets compared
with their input (fig. 4B; supplementary table S2,
Supplementary Material online). Thus, while SST1 elements
are likely present in some centromeres across all gibbon gen-
era, they are more prevalent in HLE centromeres.

FISH to metaphase preparations using genus-specific SST1
probes (supplementary table S7, Supplementary Material on-
line) confirmed the centromeric localization of SST1 on three
chromosome pairs in HLE, but on only one chromosome pair
in each of the other three species (fig. 5A; supplementary fig.
3B, Supplementary Material online). The three HLE chromo-
somes that contained SST1-rich centromeres were identified
by inverse-DAPI banding and chromosome painting with
HLE-specific painting probes (Nie et al. 2001) as HLE4,
HLE15 and HLE18 (fig. 5B). SST1, found on the q arms of
human chromosomes 19 and 4 (Tremblay et al. 2010), is
consistent with the predicted synteny between gibbons and
human based on previous FISH (Roberto et al. 2007; Capozzi
et al. 2012) (fig. 6A). We used FISH with an HSA19 chromo-
some paint to verify SST1 hybridization patterns and found
overlap between the gibbon SST1 centromeric signal and
HSA19 on gibbon chromosomes NLE10 (fig. 6B), and HLE15
and HLE18 (fig. 6C). The gibbon SST1 centromeric signal and
the HSA19 paint also revealed an unknown synteny with
HLE4 (fig. 6A and C). The SST1 signal is absent in HLE6, despite
HLE6 having a noncentromeric syntenic block within the
proximal long arm of HSA19 (fig. 6A and C). Thus, SST1 cen-
tromeric signal seems to be linked to centromere-specific
rearrangements distinctive to each gibbon lineage. Of note,
the three chromosomes containing SST1 repeats in HLE were
previously shown to have weak or no centromeric LAVA
expansion (Carbone et al. 2012) confirming that an inverse
relationship may exist between centromeric LAVA and satel-
lite abundance.

Similar to our analysis of LAVA repeats, we used Repstat
(Johnson et al. 2018) to compare sequences and structural
characteristics of reads annotated as SST1 repeats within and
across species. Overall, very few differences were found in
SST1 structure across libraries within each species, indicating
that SST1 satellites have similar structures in both centro-
meric and noncentromeric regions within each genus. Of
the few significant structural differences found across libraries,
most were found in CENP-C libraries in HLE and NLE (fig. 7;
supplementary table S4, Supplementary Material online),
whereas no significant differences in SST1 sequences were
identified in HMO and SSY (adjusted P> 0.05) (fig. 7; supple-
mentary table S4, Supplementary Material online), albeit low
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FIG. 4. Centromere protein bound satellite distribution varies across gibbon genera. (A). Overview of annotated satellite repeats in each species-
specific CENP-A, CENP-B, and CENP-C ChIP library. Each satellite classification (shown in color-coded key at top) is shown as a percentage of total
satellites annotated via RepeatMasker with (top) and without (bottom) alpha-satellite content. SSY, NLE, and HMO samples show high alpha-
satellite content, whereas SST1 is the most abundant centromeric satellite in HLE. (B) The higher absolute and relative abundance of SST1 repeats
in HLE CENP-A ChIP-seq data sets were validated in three biological replicates (circled).
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abundance of SST1 in the SSY genome may have affected
significance of comparisons. When the structure of SST1
repeats was compared across gibbon genera, SST1-
annotated regions in HLE were identified as the most distinct.
For example, SST1 read annotations across all HLE ChIP-seq
data sets were significantly longer than those found in the
respective NLE, HMO, and SSY ChIP-seq data sets (adjusted
P< 0.01). Very few differences were identified in SST1 struc-
ture and sequence among the non-HLE species (fig. 7; sup-
plementary table S4, Supplementary Material online).

Patterns of Expression of Centromeric LAVA and SST1
Differ across Gibbon Genera
Our analyses indicated that both LAVA and SST1 repeats have
expanded, and may be functional in gibbon centromeres, par-
ticularly in HLE. To test if putatively functional retrotransposons
in centromeres are transcriptionally active, we characterized the
repeat composition of the transcriptome across gibbon genera.
Total RNA sequencing (RNA-seq) data were generated from

LCLs of the same four gibbons that were used for our ChIP-seq
assays (supplementary table S1, Supplementary Material on-
line). Consistent with findings in input and CENP ChIP-seq
data sets, a significantly higher number of reads annotated as
SVA_A/LAVA (one-sided z test, P< 0.00001), with 1.3-1.6 times
more LAVAs annotated per million reads in HLE than any other
library (fig. 8A; supplementary table S8, Supplementary Material
online) was observed. Similarly, more SST1 elements were iden-
tified in the HLE RNA-seq library compared with the other
genera (one-sided z test, P< 0.00001), with 6.0-18.9 times
more SST1 repeats annotated per million reads in HLE than
any other library (fig. 8A; supplementary table S8,
Supplementary Material online). Thus, LAVA and SST1 tran-
script abundance varies across gibbon genera in a pattern con-
sistent with centromeric repeat composition observed in the
CENP ChIP-seq and FISH results.

To further delineate centromere-specific transcripts in the
absence of centromere-spanning gibbon genome assemblies,
ab initio contig assemblies were generated from each CENP-

FIG. 5. Characterization of SST1 localization on gibbon chromosomes by FISH. (A) DNA FISH with SST1 as a probe on metaphase chromosomes
from HLE (left) and NLE (right) and counterstained with DAPI. SST1 (yellow) signal is found on three chromosome pairs in HLE and one
chromosome pair in NLE. (B) FISH with chromosome paints HLE18 and HLE17 (pink) identified the small chromosome pair with centromeric
SST1 signals (yellow) as HLE18 whereas HLE17 appears depleted of SST1.
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FIG. 6. SST1 associates with centromere-specific chromosome rearrangements homologous to human chromosome 19. (A) Predicted synteny of
human chromosome 19 (purple) to HLE, NLE, SSY and HMO chromosomes is depicted. Phylogenetic relationship are as per (Shi and Yang 2018).
Chromosome homologies to human chromosomes and Hylobates ancestral synteny are shown based on Capozzi et al. (2012). Both inferred
ancestral chromosome heteromorphs are shown (HyA9a and HyA9b). SST1 localization is indicated with red bar. Whole-chromosome paints of
human chromosome 19 (pink) on NLE (B) and HLE (C) metaphase chromosomes cohybridized with SST1 (yellow); relevant chromosomes
identified by inverted DAPI are indicated (white) in merged image (right).
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A, CENP-B, and CENP-C ChIP-seq data set using RepARK, a
program designed to generate de novo repeat libraries from
whole-genome next generation sequencing reads (Koch et al.
2014). Assemblies generated from CENP libraries had an av-
erage of 2,926 (61,256; SD) contigs and an average contig
length of 163 bp (6 471; SD) (supplementary table S9,
Supplementary Material online). We then identified RNA-
seq reads unable to map to Nleu3.0 (4-5% of reads in each
species), reasoning that, since the reference genome lacks
centromere sequences, these unmapped reads would be
enriched for centromere-specific transcripts. Unmapped
reads were then aligned to the CENP ChIP-seq derived con-
tigs, resulting in transcripts that can be ascribed to centro-
meres in each gibbon species (supplementary fig. 4 and table
S9, Supplementary Material online). Across RNA-seq libraries
from all four species, 0.27 6 0.17% of the total RNA-seq reads

did not align to the reference genome but did align to at least
one of the assembled CENP ChIP-seq contigs, representing
putative centromere-specific transcripts (supplementary ta-
ble S9, Supplementary Material online). The most common
repeat families identified among the putative centromere-
specific transcripts across species included: Simple repeats,
low complexity repeats, Alus, SVAs, LINE elements, and
ERV-Ks (fig. 8B; supplementary table S10 and fig. 5,
Supplementary Material online). Notably, Alu, SVA, and
LINE elements are all TEs that constitute the composite
LAVA element. Consistent with our CENP ChIP-seq results
(figs. 1B and 4), SST1-annotated transcripts mapped to HLE
CENP-A, CENP-B, and CENP-C ChIP-seq contigs, as well as
HMO CENP-A and CENP-C ChIP-seq contigs, suggesting that
this satellite element is actively transcribed in centromeres.
Although our approach does not provide a comprehensive

FIG. 7. Centromere proteins in gibbons bind similar SST1 elements across genera. Heatmap of structural variation analysis of SST1 among different
ChIP-seq libraries are shown for pairwise comparisons among species (top) and between input and ChIP-IP (bottom). Color corresponds to P
values reported by Repstat as indicated. Comparisons in purple are significant under a P value of 0.05.
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FIG. 8. Genome-wide and centromere-derived expression profiles for repeats vary across genera. (A) Combined number of LAVA (left) and SST1
(right) repeats annotated per one million reads across the RNA-seq library of each species. (B) Repeat annotation of centromere-derived RNA-seq
reads for each genus. Each repeat classification is shown as a percentage of total annotated repeats mapped to CENP-A RepARK contigs (top of
each pair) and as percentage of total annotated repeats mapped to RepARK contigs that did not map to the NLE3.0 assembly (bottom of each
pair). Key for repeat annotations shown to the right.
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annotation of the transcriptional landscape of gibbon cen-
tromeres, these results clearly indicate that centromere
repeats are transcribed in species-specific patterns that reflect
the underlying sequence and repeat composition.

Discussion
The scarcity of centromere sequences in genome assemblies
has long hindered comparative studies on the function and
evolution of centromere DNA. Although advanced long-read
sequencing technologies are reducing centromeric sequence
deficiencies in model organism reference genome assemblies
(Jain et al. 2018; Johnson et al. 2018; Chang et al. 2019; Miga et
al. 2020), alternative strategies are still needed for cross-
species centromere studies. To compare centromere repeats
across the four extant genera of gibbons, a group of endan-
gered small apes that has experienced rapid chromosome and
centromere evolution (Carbone, Vessere et al. 2006; Roberto
et al. 2007; Carbone et al. 2009, 2012, 2014; Girirajan et al.
2009), we integrated centromere-specific ChIP-seq, traditional
cytogenetic, and centromere-focused RNA-seq analyses.
Overall, these combined analyses highlighted high variability
in abundance, sequences, and transcription of satellite and
retroelement DNA among the gibbon genera.

Targeting DNA at the inner kinetochore of the centromere
using ChIP-seq for CENP-A, -B, and -C, we found that cen-
tromeres of the Hoolock genus, represented by the Eastern
Hoolock (HLE), are unique among gibbons with respect to
both retroelements and satellites. In addition to a higher
prevalence of the gibbon-specific LAVA retroelement within
HLE centromeres, we found significant differences in the
length and sequence of centromeric LAVA read annotations
compared with those found in chromosome arms. In partic-
ular, within the HLE genome, LAVA read annotations origi-
nating from regions putatively bound by CENPs were
significantly longer than noncentromeric LAVA reads (fig.
3A). As the VNTR portion of LAVA (fig. 2A) is found to be
variable across insertions (Lupan et al. 2015), it is likely that its
expansions within HLE centromeres may have resulted in
longer centromeric LAVA elements. Of note, our metasum-
mit analysis indicated that CENPs preferentially bind LAVA
elements at the VNTR and at sequences enriched in the
predicted CENP-B box motif (fig. 3B).

To date, CENP-B box motifs have been found in satellite
sequences, linking this motif to centromere function.
However, the evolution of the evolution of putative CENP-
B box motifs in LAVA does not necessarily reflect the selective
order of events by which sequences become involved in cen-
tromere identity. For example, a recent study in New World
Monkeys indicates that the acquisition of CENP-B box bind-
ing capacity in centromeric sequences occurred indepen-
dently in different lineages after the gain of both the
satellite elements themselves and centromere function
(Thongchum et al. 2020). Thus, CENP-B is proposed to be a
stabilizing factor for previously established centromeres
(Gamba and Fachinetti 2020), increasing stability under stress
in mitotic cells (Dumont et al. 2020) or segregation efficien-
cies during assymetrical segregation in meiosis (Chmatal et al.

2017; Iwata-Otsubo et al. 2017). In this context, it is likely that
the acquisition of retroelements to support centromere func-
tion precedes the emergence of functional CENP-B boxes
within the retroelement sequences themselves. The predic-
tion of CENP-B boxes within LAVA elements and the capacity
to bind CENP-B, as indicated based on our ChIP-seq data,
support the observation that LAVA elements are centromeric
and have acquired centromere function (as also evident by
CENP-A and CENP-C binding). Although our predictions do
not indicate any mechanism by which LAVA elements ini-
tially acquired centromere function, the evolution of CENP-B
box motifs in some centromeric LAVA sequences indicates
selective pressure for stabilization of these elements within
centromeres via CENP-B binding activity, analogous to the
role alpha-satellites play in centromere stabilization in
humans.

It should be noted that in lieu of centromeric LAVA
sequences, our analysis of the length and sequence of centro-
meric LAVA elements relied solely on short-read sequences.
Moreover, our meta-summit analyses were carried out by
aligning ChIP-seq reads to the current gibbon reference ge-
nome (Nleu3.0) and are thus based on the assumption that
centromeric LAVA repeats bear high sequence similarity to
LAVA repeats present in the reference genome. Deriving
centromere-spanning genome assemblies in the future will
allow for better characterization of centromeric LAVA
sequences and identification centromere-specific variants,
and thus may reveal additional CENP-B-binding sites.
Moreover, whereas the enrichment of the CENP-B box motif
in LAVA sequences and enrichment of LAVA in CENP-B
ChIP-seq data is intriguing, these findings are inconsistent
with a previous study reporting that gibbon genomes lack
CENP-B box motifs (Suntronpong et al. 2016). Unlike centro-
meres characterized by highly homogenized satellite arrays,
gibbon centromeres seem to be characterized by a diverse
group of repeat types and this heterogeneity makes the de-
tection of a statistically significant enrichment more challeng-
ing. Thus, further studies are required to confirm if the
predicted CENP-B box motifs within centromeric LAVA ele-
ments are a site of CENP-B-DNA interaction.

In contrast to the alpha-satellite-rich centromere struc-
tures described for many other primates (Mahtani and
Willard 1990; Warburton et al. 1996; Alkan et al. 2007;
Sujiwattanarat et al. 2015; Miga et al. 2020), we observed
that satellites, including alpha-satellites, comprise only a small
percentage (0.7-12.0%) of CENP-bound repeats in all gibbon
genera. Previous cytogenetic data gathered for HLE had
shown that presence of centromeric LAVA expansions on a
chromosome is mutually exclusive to centromeric alpha-
satellites (Carbone et al. 2012), suggesting a potentially con-
flictual relationship between the two repeats within gibbon
centromeres. The exclusive relationship between satellites
and retroelements may be linked to rapid chromosome
change and centromere turnover as our observations in gib-
bon are similar to the finding of satellite-free, retroelement-
enriched centromeres identified in Equus species (Nergadze et
al. 2018), another species group characterized by rapid
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karyotype and centromere evolution (Carbone, Nergadze
et al. 2006).

We show that while the most prevalent satellite repeat
family in SSY, NLE and HMO gibbons are alpha-satellites, the
vast majority of HLE satellites bound by centromeric proteins
are annotated as the retroelement-derived macrosatellite
SST1 (Fatyol et al. 2000; Tremblay et al. 2010), underscoring,
once again, differences in the prevalence and composition of
centromeric satellite repeats between Hoolock and the other
gibbon genera. Although the sequence and structure of SST1
repeats appear relatively unchanged across SSY, NLE, and
HMO, significant variation exists for SST1 repeats between
these three species and HLE. Further, SST1 maps to three
chromosomes in HLE (HLE 4, 15, and 18) but only one chro-
mosome in the other gibbon species (NLE 10, HMO 14, and
SSY 13); each of these gibbon chromosomes carries syntenic
blocks homologous to segments of human chromosome 19
(figs. 5 and 6), which span the centromeres (i.e., both p and q
arm). We therefore infer that the SST1 sequence within the
portion syntenic to human chromosome 19 was likely cen-
tromeric on the ancestral Hylobatidae chromosome (HyA9)
(Capozzi et al. 2012). The SST1-containing segment of HSA19
then remained as a stable centromere on a single chromo-
some pair except in HLE, where it was involved in complex
interchromosomal rearrangements, resulting in utilization of
the repeat as both putative functional centromeric material
and as evolutionary breakpoints on three chromosomes lack-
ing LAVA expansions. In humans, SST1 forms a large, non-
centromeric array on the q arm of HSA19 (Tremblay et al.
2010), yet it is centromeric in more distantly related primate
lineages (Fatyol et al. 2000). It is therefore possible, given SST1
mediated rearrangements with centromeric locations in re-
lated species, that SST1 might represent an ancestral centro-
meric retroelement.

In addition to analyzing the DNA sequences binding to the
inner kinetochore, we inquired about possible transcription
of centromeric DNA. Active transcription of centromeric
repeats has been detected in several organisms (reviewed in
Smurnova and De Wulf 2018), with transcription of centro-
meric DNAs playing a pivotal role in the maintenance of
proper centromere function by promoting CENP-A deposi-
tion (Bergmann et al. 2011; Chan et al. 2012). Implicated in
the processes required for key centromere protein localiza-
tion, interruption of centromeric satellite DNA transcription
leads to chromosomal mis-segregation (Chueh et al. 2009;
Ro�si�c et al. 2014). Using de novo ChIP-seq assemblies as
centromere-proxies, we determined that among the
centromere-derived transcripts in all gibbon genera there is
a spectrum of transcribed repeats comprised predominately
of retroelements. Given the lack of species-specific, contigu-
ous genomic sequence, our estimates are likely an under-
representation of the centromeric transcription present in
these species; however, the proportions of these
centromere-transcript annotations are broadly reflecting
those we defined by ChIP-seq. Furthermore, using Nleu3.0
as a filter to remove repeats shared among genera and non-
centromeric repeats from our analyses, we were able to define
a small number of species-specific centromere transcripts. For

example, HLE has a high level of HLE-specific SINE-derived
transcripts (predominantly Alu) within the RNA-seq data.
Given their overall high abundance in ChIP-seq (fig. 1B) and
RNA-seq (fig. 8B) data, we expect these SINEs to be found
across several HLE centromeres. However, the location of
these elements has not yet been assigned to centromeres
of specific chromosomes. Ongoing long-read-based genome
assembly work in this species will afford discrete,
chromosome-specific centromeric maps to further refine
chromosome-specific content and transcriptional activity.
Although a specific role for centromere transcription remains
to be established in gibbons, herein we show that repeats
found in functional centromeric domains of gibbons across
the karyotype are transcriptionally active, supporting the
model that centromeric transcription is integral to centro-
mere protein specification and function.

The historical belief that satellite DNAs are the predomi-
nant functional component of eukaryotic centromeres, with
large tandem arrays present in animals, plants, and fungi
(reviewed in McKinley and Cheeseman 2016), is challenged
by the finding that neocentromeres devoid of satellites can
successfully recruit CENP-A (Voullaire et al. 1993; du Sart et al.
1997; Barry et al. 1999; Amor et al. 2004). In fact, many species
are now known to have some centromeres that lack satellite
arrays altogether, including Equus species of horse, zebra, and
donkey (Wade et al. 2009; Nergadze et al. 2018), orangutan
(Locke et al. 2011), chicken (Shang et al. 2010), and potato
(Gong et al. 2012). Moreover, long-read genome assemblies
spanning centromeric contigs in Drosophila (Chang et al.
2019) and koala (Johnson et al. 2018) has shown that retroele-
ments, not satellites, are the predominate CENP-A binding
sequences. A model has been proposed to explain these shifts
in repeat content (Klein and O’Neill 2018), wherein satellite
arrays, such as alpha-satellite, can become stabilized and ho-
mogenize across a karyotype (as observed for great apes).
Destabilization events lead to the seeding or invasion of cen-
tromeres by TEs, which can be co-opted to become func-
tional centromere sequences. Recent work has shown that
retroelement insertions are common following neocentro-
mere formation in maize (Schneider et al. 2016), and evolu-
tionary new centromeres in Equus asinus (Nergadze et al.
2018) and wallabies (Longo et al. 2009) are found in
retroelement-rich regions. Combined, these observations sug-
gest that retroelement insertion might favor CENP-A depo-
sition or, vice versa, CENP-A chromatin might provide a “safe
heaven” for retroelements.

In line with the observations made by others, our data
suggest that satellites are neither the dominant nor exclusive
functional centromeric sequences. Rather, our identification
of retroelement-enriched gibbon centromeres in Hoolock and
low abundance of satellite DNA in all four gibbon genera
further supports the hypothesis that retroelements are pow-
erful determinants of centromeric function and this might be
particularly true in the context of rapid chromosome evolu-
tion. In the future, access to affordable ultralong read se-
quencing technologies, as well as availability of high-quality
genus- or species-specific genome assemblies, will allow for a
more comprehensive view into the extraordinary DNA
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diversity that shapes functionally stable centromeres in gib-
bons and other organisms.

Materials and Methods

Establishment of LCLs
We used previously established Epstein Barr Virus (EBV)
transformed LCLs from a NLE (Lazar et al. 2018), and estab-
lished new LCL for HLE, HMO, and SSY gibbons according to
previous protocols (Lazar et al. 2018). Briefly, opportunistic
whole blood samples were collected in sodium heparin tubes
from each gibbon during routine check-ups at the Gibbon
Conservation Center (Santa Clarita, CA). We used Ficoll-
Paque PLUS (GE Healthcare) to isolate lymphocytes from
the blood. Next, we transformed 3-9 � 106 lymphocytes
with EBV from the marmoset cell line B95-8 (ATCC CRL-
1612), using a standard protocol. To do so, we incubated
the cells with EBV for 2 h at 37 �C, then diluted them with
RPMI-1640 (Corning cellgro) supplemented with 10% FBS
(Hyclone), 1� MEM Nonessential Amino Acids Solution
(Corning cellgro), 1 mM Sodium pyruvate (Corning cellgro)
1% Pen-Strep (Corning cellgro), and 2 mM L-glutamine
(Hyclone). Finally, we grew cells undisturbed for 10-12 days
and started feeding the cells with the same supplemented
RPMI-1640 as soon as signs of transformation were observed
under the microscope.

Chromatin Immunoprecipitation Sequencing
We used LCLs (described above) from four gibbons each be-
longing to one of the four extant gibbon genera (Hoolock,
Nomascus, Hylobates, and Symphalangus) and performed
CENP-A, CENP-B, and CENP-C ChIP-seq using the Magnify
ChIP kit (ThermoFisher Scientific) according to the manufac-
turer’s instructions, with minor modifications. Briefly, per
ChIP assay we fixed 3 � 105 cells with 1% formaldehyde at
room temperature for 10 min. Fixation was quenched with
glycine, and cells were washed three times with cold 1� PBS.
Cells were lysed for 10 min on ice using the Magnify Lysis
buffer, in presence of Proteinase inhibitor cocktail. Lysed cells
were then sonicated using the Bioruptor Pico sonicator
(Diagenode) for 12 cycles (30 s on/off) and spun down to
remove cell debris. A 1% aliquot was taken from the chro-
matin as input, and the rest was incubated with the appro-
priate antibody [2 mg of CENP-A (ab13939), 4 mg of CENP-B
(ab25734), or 2 mg of CENP-C (ab50974)] at 4 �C, with over-
night rotation. The next day we incubated samples with
Dynabead protein A/G rotating at 4 �C for 2 h, followed by
bead washes, reverse-crosslink and DNA purification accord-
ing to Magnify ChIP kit protocol. Concentrations of all ChIP
and input samples were measured using the Qubit dsDNA
High Sensitivity kit (ThermoFisher Scientific). ChIP replicates
were pooled to 2 ng and used to construct sequencing librar-
ies using the NEBNext Ultra II library construction kit (New
England BioLabs) without size selection. Libraries were quan-
tified and QC’d using the Bioanalyzer High Sensitivity DNA kit
(Agilent) and paired-end sequenced on the Illumina NextSeq
and HiSeq platforms.

In order to test reproducibility of LAVA’s distribution in
HLE centromeres we repeated CENP-A ChIP on LCL from
three additional unrelated HLE gibbons (supplementary table
S1, Supplementary Material online).

In Silico Validation of RepeatMasker LAVA
Annotations
Since our study focused heavily on the complex composite
LAVA retrotransposon, we decided to first validate that the
RepeatMasker tool (Tempel 2012) is able to reliably annotate
this element from short-read sequences. We used in silico
simulated short-read data sets to estimate RepeatMasker’s
false-negative and false-positive rates in identifying LAVA
repeats. Briefly, to estimate false negative rates of our analysis
we used wgsim (Li 2011) to simulate three data sets, each
containing 2.5 million 75 bp paired-end reads (indel rate ¼
0.02, single nucleotide mutation rate¼ 0.05), from the
sequences of 1,204 LAVA elements annotated during the
construction of the gibbon reference genome (Nleu3.0)
(Carbone et al. 2014). These reads, which are expected to
only include LAVA repeats, were annotated using
RepeatMasker. The %counts of repeat not annotated as the
SVA family (either LAVA or SVA_A) is an estimate of the
false-negative rate of our analysis. To estimate the false pos-
itive rate of our analysis, we first used custom bash scripts and
BEDtools (Quinlan and Hall 2010) to mask and remove all
LAVA sequences present in the gibbon reference genome. We
then used wgsim (Li 2011) to simulate three short-read data
sets, each containing 2.5 million random 75 bp paired-end
reads (indel rate ¼ 0.02, single nucleotide mutation rate-
¼ 0.05) from the modified genome sequence. We annotated
these reads, which are expected to lack LAVA repeats, using
RepeatMasker and calculated percent of reads annotated as
LAVA repeats. The false-positive rate is estimated by the
mean %count of repeats annotated as SVA family (including
SVA_A or LAVA annotations) across simulated data sets.

ChIP-Seq Data Processing, Repeat Annotation and
Repeat Structure Comparison
The quality of raw ChIP-seq data sets were assessed using
FastQC (Andrews 2010) and reads were trimmed using
Trimmomatic (Bolger et al. 2014) to remove adaptor sequen-
ces, as well as low quality and short reads (2:30:10:26:true
SLIDINGWINDOW:4:20 TRAILING:20 LEADING:20
MINLEN:50). Next, we used Seqtk (Shen et al. 2016) to ran-
domly select 2.5 million trimmed read pairs from each ChIP
sample. The random subsets of reads were converted into
fasta format using manual bash scripts and their repeats were
annotated using RepeatMasker version 4.0.3 and the gibbon
(Hylobates sp.) 20150807 Repbase library (Jurka et al. 2005).
We used a custom script to group repeats in each library
based on repeat class and family and to calculate the
%count and %length (of total repeats) they constituted.
Since overall results from %count and %length calculations
were highly similar within data sets, we only report the
%count in the main text of this study, but both numbers
are reported in supplementary table S2, Supplementary
Material online. Considering the high homology between
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SVA_A and LAVA and the fact that only few copies of SVA
elements exist in the gibbon genome, repeats annotated as
SVA_A using RepeatMasker are likely LAVA repeats and were
annotated as such in this study.

To compare the sequence and structure of repeats across
libraries, 50,000 reads were subsampled from HLE ChIP-seq
libraries and 100,000 reads were subsampled from HMO, NLE,
and SSY ChIP-seq libraries using Seqtk (Shen et al. 2016).
Fewer reads were required to be sampled from HLE due to
the enrichment of SST1 and LAVA. Subsampled libraries were
annotated using RepeatMasker using the previously de-
scribed annotation pipeline. We then used Repstat
(Johnson et al. 2018) with two-sided Wilcoxon signed-rank
test, to identify significant differences in repeat structures
annotated by RepeatMasker across libraries. Since the sub-
sampled SSY input library only contained one repeat anno-
tated as SST1, this library was excluded from downstream
Repstat analysis of SST1 repeats.

Identifying Putative CENP Binding Sites within the
LAVA Element and Examining CENP-B Motif
Enrichment
We used an approach originally described by Fernandes et al.
(2020) and adapted for the LAVA element in Okhovat et al.
(2020) to identify putative CENP bindings sites in the con-
sensus LAVA sequence. Briefly, we used Bowtie2 (Langmead
and Salzberg 2012) with the –very-sensitive settings to align
the trimmed reads from each input and CENP ChIP-seq li-
brary to the gibbon reference genome (Nleu3.0). We used
these alignments, which consisted of both unique and multi-
mapping reads, to identify significant ChIP-seq peaks using
MACS2 (Zhang et al. 2008) (-f BAMPE –keep-dup¼ 2 –nom-
odel -q 0.01 -g 2.8e9). For each CENP library, we used BEDtools
(Quinlan and Hall 2010) to identify all CENP peak summits
overlapping LAVA elements annotated in the reference ge-
nome (Carbone et al. 2014). We extended each of these
summits 50 bp in each direction and mapping them to the
consensus LAVA sequence (from the Repase library) using
BLAT (Kent 2002) to generated a pileup of summits. The
summit pileups generated were then used by MACS2
(Zhang et al. 2008) (–keep- dup all –nomodel –call-summits
–extsize 50) to identify summits of the summit pileups
(“meta-summits”), which represent putative binding sites of
CENP inside the LAVA element.

To validate our approach in detecting CENP-B box motifs,
we first analyzed public human CENP-A ChIP-seq data as
positive control. Human CENP-A ChIP-seq reads were aligned
to Hg38 using Bowtie2 with the “–very-sensitive” paired-end
settings (Langmead and Salzberg 2012). We identified signif-
icant (q< 0.01) broad peaks using Model-based Analysis of
ChIP-seq 2 (MACS2) (Zhang et al. 2008), whereas allowing a
maximum of two duplicate reads per data set. We then used
AME from the MEME suite (Machanick and Bailey 2011) to
examine enrichment of CENP-B box motifs (JASPAR data-
base, MA0637.1) (Jolma et al. 2013) in these broad peaks using
two slightly different approaches. In the first approach, we
examined overall enrichment of the CENP-B box motif in

sequences corresponding to all broad peak sequences, relative
to shuffled versions of the same sequences. In the second
approach, we sorted CENP peaks based on their fold-
enrichment and compared enrichment of CENP-B box motifs
between high- and low-enrichment peaks. A similar approach
was then used to investigate presence of CENP-B box motifs
in gibbon centromeres by aligning all libraries to the Nleu3.0
genome. P values calculated for enrichment analyses were
adjusted for multiple testing using the Bonferroni method.

To characterize prevalence of the CENP-B-box motif at
putative CENP binding sites within the LAVA element, we
extracted 100 bp sequences centered at CENP ChIP-seq sum-
mits overlapping LAVA (identified in the meta-summit anal-
ysis above) and used the Find Individual Motif Occurrences
(FIMO) tool of the MEME suite (Machanick and Bailey 2011)
to annotate all significant (P< 0.05) CENPB-box motifs. We
used the predicted motifs to calculate the percentage of
summits containing the CENPB-box motif in each CENP li-
brary. Next, we selected 20 of the LAVA elements with highest
number of predicted CENPB-box motifs and determined the
percentage of total CENP-B-box motifs that where located in
the VNTR. Lastly, to examine statistical significance of enrich-
ment of the CENP-B box motif in the putative binding sites of
CENP within the LAVA element, we used the Motif
Enrichment Analysis pipeline (AME) of the MEME suite
(Machanick and Bailey 2011), and compared prevalence of
the CENP-B box motif (MA0637.1) in the 100 bp summit
sequences (described above) relative to shuffled versions of
the same sequences (scrambled while preserving the 2-mer
frequencies).

SST1 Probe Design and FISH
We used our CENP-A ChIP-seq data to generate genus-
specific repeat consensus sequences for SST1. First, we
extracted CENP-A reads annotated as SST1 repeats by
RepeatMasker, in each genus. R1 and R2 reads were com-
bined within each genus and aligned to the reference SST1
consensus sequence (obtained from the RepeatMasker repeat
library), using default single-end bwa (Li and Durbin 2009)
settings. Next, we used a combination of SAMtools mpileup
and bcftools (Li et al. 2009) to characterize sequence varia-
tions in each genus. Lastly, we used bcftools (Li et al. 2009) to
modify the reference SST1 sequence based on genus-specific
sequence variations and construct a genus-specific centro-
mere SST1 consensus sequence. PCR primers used for probe
development were designed based on genus-specific HLE
SST1 consensus sequences. The consensus SST1 and primer
sequences can be found in supplementary table S7.

Each 50ml PCR reaction contained 0.2mM forward and
reverse primers, 0.125 mM deoxyribonucleotide triphosphate
(dNTPs), 2� PCR buffer, Taq polymerase, and 100 ng geno-
mic DNA isolated from each gibbon LCL. PCR settings con-
sisted of an initial 3 min denaturation at 94 �C, followed by 35
cycles of 30 s at 94 �C, 30 at 58 �C and 1 min at 72 �C with a
final 5 min extension at 72 �C. PCR products were purified
using the QIAquick PCR purification kit (Qiagen) and PCR
labeled in 25mL reactions containing 1� GoTaq buffer
(Promega), 0.2 mM dGTTPs/dATTPs/dCTTPs, 0.15 mM
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dTTPs, 0.2 nM forward and reverse primers, 0.625 U of GoTaq
(Promega), 0.04 mM digoxigenin-deoxyuridine triphospha-
tase (dig-dUTPs, Enzo) and 100 ng PCR product. PCR labeling
consisted of a 30 s initial denaturation at 98 �C, followed by 25
cycles of 10 s at 98 �C, 30 s at 60 �C, and 30 s at 72 �C with a
final extension of 5 min at 72 �C.

FISH was carried out on metaphase spreads prepared per
standard protocols (Rooney and Czepulkowski 1992). Briefly,
200-500 ng of SST1 probe was rehydrated in Hybrisol VII (MP
Biomedicals) and hybridized on slides overnight in a humid
chamber at 37 �C following denaturation at 80 �C for 5 min.
Prior to hybridization, slides were treated with RNase A
(0.1 mg/mL in 2� SSC) for 15 min at 37 �C, 0.192 M HCl for
10 min, and denatured in 70% formamide/2� SSC at 72 �C
for 2 min. Post hybridization washes were performed once in
2� SSC room temperature to remove the coverglass, 0.4�
SSC/0.3% NP40 for 2 min at 72 �C and once in 2� SSC/0.1%
NP40 at room temperature. The reaction was blocked in 4�
SSC/0.2% Tween 20/5% BSA for 30 min at 37 �C and detec-
tion was using 1:500 antidigoxigenin fluorescein following the
manufacturer’s instructions for 30 min at 37 �C. Excess
reagents were removed by rinsing slides three times in 4�
SSC/0.2% Tween 20 for 5 min at 45 �C, rinsing in distilled
water, and dehydrating in an ethanol row. Slides were coun-
terstained with a 1:5 dilution of DAPI in Vectashield (Vector
Laboratories, Inc.). Images were captured on an Olympus
AX70 microscope using CytoVision software (Leica
Biosystems Richmond, Inc.).

Chromosome painting was carried out on metaphase
spreads using Aquarius Whole Chromosome Painting probes
(Cytocell Ltd). Probes were hybridized to RNase A treated
slides overnight in a humid chamber at 37 �C following slide
and probe codenaturation at 72 �C for 5 min on a Hybaid in-
situ block. Post hybridization washes were performed once in
2� SSC RT to remove the coverslip, 0.4� SSC at 60 �C for
2 min and once in 2� SSC/0.05% Tween 20 for 1 min at room
temperature. Slides were rinsed in distilled water, dehydrated
in ethanol and counterstained with a 1:5 dilution of DAPI in
Vectashield (Vector Laboratories, Inc.). Images were captured
using an Olympus AX70 microscope and CytoVision software
(Leica Biosystems Richmond, Inc.).

Generating Ab Initio CENP Contigs From ChIP-Seq
Reads
To generate longer reads that may improve contig assembly,
we used PANDAseq (Masella et al. 2012) with default settings
to merge read pairs that had>25 bp overlap with each other
(quality threshold ¼ 0.6). The combination of merged reads
and unmerged read-pairs were then used by RepARK (Koch
et al. 2014) to generate de novo assemblies according to
developer’s instructions. A k-mer size of 37 bp was used for
RepARK assemblies, after the optimal k-mer size was identi-
fied using the K-mer Analysis Toolkit (Mapleson et al. 2017).

RNA-Sequencing and Identification of Centromere-
Specific Reads
Total RNA was extracted from fresh frozen cell pellets of the
same four gibbons used for CENP ChIP assay, using the

mirVanaTM Total RNA Isolation kit (ThermoFisher
Scientific). High-quality RNA was subjected to lllumina Tru-
seq stranded total RNA library preparation, including Ribo-
depletion. Libraries were sequenced on the NextSeq 500 v2,
paired-end 75 bp (High Output kit), with a target depth of
�65 M total paired-end reads/sample and an average insert
length of 260 bp. RNA-seq reads were preprocessed similar to
ChIP-seq reads described above, without subsequence sub-
sampling. In order to broadly identify centromere RNA-seq
reads, RNA-seq libraries was aligned to each respective
RepARK assembly using Burrows�Wheeler Aligner’s default
bwa-mem algorithm (Li and Durbin 2009). Aligned reads
were separated and converted into FASTA format using
Bedtools (Quinlan and Hall 2010) and Seqtk (Shen et al.
2016). Repeats were annotated using RepeatMasker (de-
scribed previously). In order to identify unique, centromere-
derived reads from RNA-seq libraries, each RNA-seq library
was aligned to Nleu3.0 using Burrows�Wheeler Aligner’s de-
fault bwa-mem algorithm (Li and Durbin 2009). Because this
genome assembly does not contain reference centromere
sequences, unaligned reads were assumed to contain reads
corresponding to centromere-specific transcripts. Unaligned
reads were separated using SAMtools (Li et al. 2009) and
converted into FASTA format using Bedtools (Quinlan and
Hall 2010) and Seqtk (Shen et al. 2016).

To identify centromeric reads, unaligned reads were then
mapped to CENP RepARK contig assemblies described above
using the bwa-mem algorithm. Unaligned reads were re-
moved from the remaining pool using SAMtools and the
remaining aligned reads processed to FASTA format using
Bedtools (Quinlan and Hall 2010) and Seqtk (Shen et al.
2016). Duplicate reads produced during alignment were re-
moved using the FASTX-Toolkit (Hannon 2010). Repeats in
the remaining centromere-derived reads were annotated us-
ing RepeatMasker, as previously described.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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