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Abstract

Human chromosome 2 is a product of a telomere fusion of two ancestral chromosomes and loss/
degeneration of one of the two original centromeres. Genomic signatures of this event are limited
to inverted telomeric repeats at the precise site of chromosomal fusion and to the small amount of
relic centromeric sequences that remain on 2g21.2. Unlike the site of fusion, which is enriched for
sequences that are shared elsewhere in the human genome, the region of the nonfunctioning and
degenerate ancestral centromere appears to share limited similarity with other sites in the human
genome, thereby providing an opportunity to study this genomic arrangement in short, fragmented
ancient DNA genomic datasets. Here, chromosome-assigned satellite DNAs are used to study shared
centromere sequence organization in Denisovan and Neandertal genomes. By doing so, one is able
to provide evidence for the presence of both active and degenerate centromeric satellite profiles on
chromosome 2 in these archaic genomes, supporting the hypothesis that the chromosomal fusion
event took place prior to our last common ancestor with Denisovan and Neandertal hominins and
presenting a genomic reference for predicting karyotype in ancient genomic datasets.

Subject areas: Genomics and gene mapping
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Introduction region of the relic, ancestral centromere (IJdo et al. 1991; Avarello et al.
1992). Both loci are defined by the prevalence of repeats, which con-
found standard mapping approaches aimed to investigate the genomic
signature of these events in short-read, ancient genomes.

Human chromosome 2 results from an end-to-end fusion of two ances-
tral primate chromosomes, determined by comparative cytogenetic
and genomic-based studies to have occurred within the human evo-
lutionary lineage (Yunis and Prakash 1982; IJdo et al. 1991; Avarello
etal. 1992). Genomic evidence of this chromosome fusion is supported
by the presence of inverted telomeric repeats at the precise site of tel-
omere-telomere fusion, as well as a block of degenerate centromeric
satellite sequences on the long arm of chromosome 2 that marks the

Previous efforts to explore the basis for the chromosome 2
tusion event have focused exclusively on a single sequence marker
representing the head-to-head joining of the telomeric hexameric
repeat (GGGGTT) at the site of telomere—telomere fusion (Meyer
et al. 2012). However, with short-read sequence data, it is difficult to
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determine if this single marker is strictly found within the proposed
fusion site, as it may be found in low abundance in an additional
location(s) in hominin genomes. In contrast to the single marker
available at the site of telomere-telomere fusion, the relic centro-
meric sequences that remain on 2q21.2 provide an opportunity to
identify a larger set of informative sequence markers, useful in track-
ing the satellite DNA organization associated with the degenerate
centromere as observed in modern human genomes.

Centromeric regions in primate genomes are defined at the
sequence level by long, typically multimegabase sized arrays of alpha
satellite DNA, an AT-rich tandem repeat with a canonical repeat unit
length of ~171 bases (Manuelidis and Wu 1978; Rosenberg et al.
1978; Willard and Waye 1987). Genomic characterization of alpha
satellite DNAs benefits from the substantial sequence divergence
between individual repeat units, or “monomers,” measured to be
~80% when sampled genome wide (Alexandrov et al. 2001; Rudd
and Willard 2004; Hayden et al. 2013). These divergent alpha sat-
ellite DNAs are commonly organized into multimonomeric repeat
units, or higher order repeats (HORs), which are largely specific to
a single chromosome-assigned array (Willard 1985; Willard and
Waye 1987). These chromosome-specific satellite DNAs offer a use-
tul panel of experimental markers that are commonly used in human
karyotype and other genetic studies (Willard 1985).

These chromosome-assigned HOR arrays are observed to turno-
ver rapidly over short evolutionary time, resulting in lineage-specific
satellite DNA profiles when compared to closely related primates
(Archidiacono 1995). For example, in modern humans, chromosome
2 contains a single centromeric HOR array (D2Z1) that has been
shown by sequence hybridization studies to share limited sequence
similarity with the higher order array in the chimpanzee and other
great ape genomes (Haaf and Willard 1992; Warburton et al. 1996).
Therefore, careful study of alpha satellite DNAs provides an oppor-
tunity to confidently assign chromosome-specific and human-specific
sequence patterns of both active and degraded centromeric sites.

Here I evaluate human-specific alpha satellite sequences from
the relic centromere region to examine the presence or absence of
the chromosome 2 fusion in available ancient genomes (Green et al.
2010; Reich et al. 2010; Meyer et al. 2012; Prufer et al. 2014). In
doing so, low-copy, locus-specific satellite markers at the site of cen-
tromere degradation on 2q21.2 in modern humans were identified
that are missing from the chimpanzee genome. Using this panel, one
is able to survey available hominin genomes, Denisovan (Homo sapi-
ens ssp. Denisova) and Neandertal (Homo sapiens neanderthalensis),
to predict a molecular signature that is indicative of the centromere
degeneration event. Additionally, chromosome-specific centromeric
satellite sequence profiles were evaluated between hominin genomes
and modern human, including the satellite array specific to the
active centromere on modern human chromosome 2. Although this
work focuses on the sequence of the high-coverage Denisovan and
Neandertal genomes (Meyer et al. 2012; Prufer et al. 2014), these
tools and satellite markers should be useful in studies of lower-cov-
erage genomes (e.g., Green et al. 2010; Reich et al. 2010) enabling
similar studies of genome and karyotype evolution to be performed
in other ancient genomes of varying sequence coverage.

Materials and Methods

Genomic Annotation of Relic Centromere Site in
Human and Chimpanzee Assemblies

Assembled repetitive sequences at the site of the relic centromeric
region on human 2q21.2 (GRCh38), as well as the p-arm and g-arm

adjacent to chimpanzee (CSAC 2.1.4/panTro4; The Chimpanzee
Sequencing and Analysis Consortium, 2005) centromere 2B,
were characterized using prior RepeatMasker annotation, avail-
able through the UCSC Genome Table Browser (Smit et al. 1996;
Karolchik et al. 2004). Full-length monomers of alpha satellite were
identified by HMMER (version 3; Eddy 2009), with training using
a previously published 171-bp alpha satellite consensus sequence in
both orientations (Waye and Willard 1987), as previously described
(Hayden et al. 2013). This study is sensitive to incorrectly parsed
monomers; therefore, special attention was given to the spacing
between directly adjacent repeats in an effort to monitor and correct
unsupported start and end assignments. Global Needleman—Wunsch
alignments between human alpha satellite monomers at 2q21.2 and
chimpanzee alpha satellite DNAs found on either p-arm or g-arm
flanking centromeres were performed using EMBOSS (Olson 2002)
Needle software (http://www.ebi.ac.uk/Tools/psa/emboss_needle/
nucleotide.html), with a gap penalty of 1 and gap extension of 0.5).
Visualization of all monomer homology relationships is provided as
files interpreted by the UCSC genome browser (bed files; Speir 2016).

Alpha Satellite Sequence Databases From Available
Ancient Hominin Genomes

Published genome sequences from two ancient hominin groups,
Neandertals and Denisovans, were used that represent datasets of
high coverage (estimated ~31-fold coverage based on confidently
mapped data) from Denisovan (Meyer et al. 2012): NCBI Short
Read Archive “SRX103808” and ~41x coverage Neandertal (Prufer
et al. 2014): European Nucleotide Archive “ERP002097” and low-
coverage genome sequencing (1.9-fold genomic coverage from the
Denisovan phalanx; Reich et al. 2010; European Bioinformatics
Institute under STUDY accession “ERP000119”); and a total of 1.3-
fold derived from three Croatian Neandertals (Green et al. 2010;
European Nucleotide Archive “ERP000318”).

Alpha satellite sequence libraries were identified for each
genomic dataset in two steps: first, using published alignments
(*bam files) released with each sequencing project, sequences over-
lapping known alpha satellite annotation in the human assembly
(GRCh37 or hg19) were collected (Karolchik et al. 2004; Speir et al.
2016). Secondly, remaining unmapped sequences were screened
and identified as alpha satellite if they contained an exact match
with a nonredundant 18-mer obtained from quality-masked (phred
score 30) whole genome shotgun (WGS) reads from the CSAC
Pan_troglodytes-2.1.4 (GCA_000001515.4) genome assembly
(The Chimpanzee Sequencing and Analysis Consortium, 2005) and
human genomes (HuRef; Levy et al. 2007; Hayden et al. 2013). The
shortest exact seed match (18 bases) that could confidently predict
alpha satellite DNAs from AT-rich matched control set (with an
empirical P value of < 0.01) was identified. Chimpanzee and human
alpha satellite sequence libraries were reformatted as a list of all pos-
sible, nonredundant 18-mers representing both forward and reverse
orientations that were not observed in any sequence read outside of
those containing alpha satellite. The resulting “seeding 18-mers” are
expected to represent all known alpha satellite sequence variation in
human and chimpanzee genomes. In total, 13 658 616 unique alpha
18-mers were used, of which 4 624 047 (33.85%) are specific to the
human genome and 5 340 975 (39.10%) are specific to the chim-
panzee genome, with 3 693 594 (27.05%) identified in both human
and chimpanzee genomes. Unmapped sequences from the ancient
hominin genomes were considered alpha satellite sequences if they
contained an exact match to one or more in the human/chimpanzee
18-mer seeding library.
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Resulting alpha satellite sequence libraries from ancient hominin
genomes were reformatted into 24-mers with corresponding genomic
frequency (the observed number of exact matches for any given
24-mer relative to the total number of possible 24-mers in the given
genome) to be used in comparative analysis with degraded centromere
24-mer panels and alpha satellite HOR array-specific 24-mers orien-
tation (JELLYFISH, v2.0; Marcais and Kingsford 2011).

Sequence Panel for Centromere Relic Region on

2g21.2 in Modern Humans

To generate a complete list of candidate sequences, human-specific
alpha satellite DNAs in the relic centromere region on 2q21.2 were
converted into a list of nonredundant k-mers, where k = 24 bases, in
both forward and reverse orientations (JELLYFISH, v2.0; Marcais
and Kingsford 2011). Exact matches in the assembled human genome,
outside of the expected alignments from the degraded centromere
region, were determined and filtered out using a Burrows—Wheeler
Aligner (BWA) (Li and Durbin 2009). To test if paralogous sequences
were present in the human genome, yet missing from the current
human genome assembly, I screened through 10 human genomes (30x
coverage) representing diverse populations (Meyer et al. 2012; NCBI
Short Read Archive “SRX103808”). The corresponding read depth
of this region was compared to four single-copy sites in the human
genome (Supplementary Figure 1): 1) CTCF locus; chr16:67562407-
67639183 (76,776bp); 2) BRCA1 locus; chr17:43044295-
43125370 (81,705 bp); 3) CENPA locus; chr2:26747310-26833279
(85,969bp); and 4) XIST locus; chrX:73820656-73852753
(32,097bp). Control regions were converted to k-mer librar-
ies, where k = 24 bases, in both forward and reverse orientations
(JELLYFISH, v2.0; Marcais and Kingsford 2011). For each control
k-mer, a genomic frequency estimate was determined, that is, the
k-mer count divided by the total number of possible k-mers in a given
genome. Frequencies were used to generate a distribution of k-mer
frequencies to guide single-copy estimates and predictions. 24-mers
from the centromere 2 relic region were included in the study if they
were within 2 standard deviations (SDs) from the mean value for the
single-copy frequency distribution. Finally, any 24-mer was removed
that had an exact match within a panel of Pan troglodytes troglo-
dytes genomes (Sequence Read Archive Project ID: “SRP018689”,
SRX243495, and SRX243496; Prado-Martinez et al. 2013).

Chromosome-Specific Markers for Centromeric
Satellite Arrays in Modern Humans

A list of nonredundant k-mers, where k = 24 bases, in both forward
and reverse orientations (JELLYFISH, v2.0; Marcais and Kingsford
2011), were generated using 29 published HOR consensus sequences
with previous experimental evidence to support chromosome-specific
assignment in modern human genomes (Alexandrov et al. 2001;
Supplementary Table 1). Redundant 24-mers were eliminated if they
were present in more than one HOR consensus list. Additionally, pre-
viously published HuRef WGS alpha satellite—containing read librar-
ies were aligned to GRCh38 centromeric reference models to generate
individual read libraries for each HOR array (Levy et al. 2007; Hayden
et al. 2013; Miga et al. 2014; Rosenbloom et al. 2015). HOR array
read libraries were reformatted into 24-mers in a similar manner to the
initial consensus sequence. Consensus 24-mers were considered nonre-
dundant (that is, specific to a given array) when they were only observed
within the specified consensus sequence, and were only observed within
24-mer listing generated from the aligned HuRef WGS reads that map
specifically to the corresponding reference model array in GRCh38.
GenBank accessions for consensus sequences and corresponding

reference models in GRCh38 are available in Supplementary Table 1.
For each dataset—from the Neandertal, Denisovan, sample modern
human (HuRef) genome, or chimpanzee genome—the number of reads
assigned to each grouping based on at least one exact match to our
HOR-specific 24-mer panel was counted. Frequencies for each HOR-
assigned grouping were calculated by dividing the number of reads
assigned to a single HOR array with the total number of HOR reads
for each dataset. Pearson correlation values (12 values) were calculated
for each pairwise listing of HOR read frequencies.

Results

Genomic Characterization of Ancestral Centromere

on 2g21.2

The relic centromere site on human 2q21.2 (GRCh38 chr2:132208802-
132250410) is a ~41-kb region enriched with degenerate alpha satellite
DNAs. The placement of the ancestral centromere is parsimonious with
syntenic gene order directly adjacent to the chimpanzee centromere
location on chromosome 2B (CSAC 2.1.4/panTro4; The Chimpanzee
Sequencing and Analysis Consortium 2005): where ANKRD30BL
(NR_027019) is present on panTro4 chr2B p-arm (chr2B:132,773,774-
132,787,642;  chr2:132,147,907-132,161,955) and  ZNF806
(NM_001304449.1) on the g-arm (chr2B:136,216,934-136,228,530;
chr2:132,307,144-132,318,747). To perform a comparative genomic
study of the alpha satellite sequences, pairwise alignments were gen-
erated among 184 full-length monomers present in human 2q21.2 to
monomers in the flanking regions of the chimpanzee chromosome 2B
p-arm (329 monomers) and g-arm (284 monomers). Ten blocks of
sequence homology were observed, involving 89 monomers that shared
high sequence identity (defined as greater than 95% identity), had con-
sistent repeat orientation and relative spacing between adjacent mon-
omers when compared with sequences on either the p-arm or g-arm
adjacent to the centromere assigned gap in the chimpanzee chromosome
2B assembly (as illustrated in Figure 1). Monomers that are similar to
alpha satellite on the chimpanzee p-arm are organized in a forward ori-
entation, whereas monomers that share high identity with sequences
on the g-arm are observed in the reverse orientation. The 224 bases
in the human genome map at the site of the potential rearrangement,
that is the sequence that separates monomers homologous to the p- and
g-arm, provides a split, or partial sequence alignment to both sides of
the centromere in the chimpanzee genome (p-arm chr2B:132879629-
132879674, 45bp, 91.6% and g-arm chr2B:136146263-136146412,
150bp, 98.7%).

In addition to alpha satellite sequences, two interspersed repeats
were characterized within the centromere relic region: a LINE ele-
ment insertion (L1PA3, 5957bp) and a SVA element insertion (SVA-
E, 2571bp). The L1PA3/LINE element is present in the chimpanzee
genome, mapping to the g-arm directly adjacent to centromere 2B,
(with 97.3% sequence identity when aligning the complete L1PA3
element and 1kb of flanking DNA at 5" and 3’ junction). The SVA-3
repeat is human specific, with date estimates of ~3.46 MYA (Wang
et al. 2005), which contributes to the molecular signature of the
degenerate centromere in modern humans. This repeat also adds to
a panel of informative sequence markers within the centromeric relic
region that are available to query the organization in ancient genomes.

Short Sequence Markers in Human 2g21.2 Predict

the Presence of Degraded Ancestral Centromere in
Ancient Hominin Genomes

To test if ancient hominin genomes have sequences consistent with
the presence of the relic centromere, a panel of informative markers
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Figure 1. Genomic characterization of relic centromere region on chromosome 2g21.2 in modern humans. Human chromosome 2 is shown in (a) as a product of
a telomere fusion of two ancestral chromosomes (Ancestral A and Ancestral B), each with their own functioning or active centromeres (labeled CEN). Following
the chromosome fusion event, chromosome 2 in modern humans (b) has retained one active centromere region, with the other site containing ~41kb (GRCh38
chr2:132208802-132250410) of degraded alpha satellite sequences due to the loss of one of the two original centromeres. The region is predominantly alpha
satellite DNA (shown in gray track, with two interspersed transposable elements: SVA-E and LINE/L1PA3. Full-length individual alpha satellite monomers from
the relic centromere region were aligned to alpha satellite in the chimpanzee genome assembly (CSAC Pan_troglodytes-2.1.4 (GCA_000001515.4); panTro4).
Monomers are labeled based on global alignment sequence identity, where: 298% is dark red, 296% is light red, 294% is purple, 292% is blue; >290% is dark blue;
and <90% is shown in grey. Ten blocks of homology are identified based on high sequence identity in monomer alignments (with a threshold of 95%) and with
consecutive ordering and orientation relative to the chimpanzee genome assembly. Remaining human-specific regions are highlighted in yellow with dotted
lines providing borders with regions of homology in the chimpanzee genome assembly (shown directly below). Individual homology blocks are mapped to the
corresponding location in the chimpanzee chromosome 2B assembly, spanning either the p-arm or the g-arm, with the location of the centromere indicated by

a black circle.

were generated to degenerate the alpha satellite sequences found
on 2q21.2 that are specific to modern human and absent in chim-
panzee. Due to the short read lengths in the ancient genome data-
sets, alpha satellite sequences were reformatted into nonredundant
k-mers (where k = 24 base pairs with 1-bp overlap), representing
both forward and reverse strands. Any 24-mer was removed that
was observed to have an exact match outside of the relic centromere
region in modern human genomes. Further, to address the concern of
potential paralogous copies present on other locations in the human
genome that could confound our study, 24-mers were selected
that had low copy number estimates or were within the genomic
frequency distribution for single-copy sites in the human genome
(Supplementary Figure 1) and were determined to be consistently
low across 10 individual 30x coverage genomes representing indi-
viduals from diverse human populations (Figure 2a). Remaining
candidate 24-mers were designated to be “human specific” if they
did not have an exact match when surveyed across two full-coverage
Pan troglodytes troglodytes (chimpanzee) genomes (SRX243495 and
SRX243496). In total, using this approach, 1005 sequence markers
were identified capable of evaluating short-read ancient DNA data-
bases for shared sequences at the site of the degenerate centromere
on chromosome 2 in modern humans (Supplementary Data 1).
Using this panel of markers, ancient hominin genomes (Denisovan,
high [~30x; Meyer et al. 2012] and low [1.9x; Reich et al. 2010] cov-
erage, and Neandertal, high [~42x; Prufer et al. 2014] and low [1.3x;
Green et al. 2010] coverage) were surveyed for the presence and rela-
tive abundance of each 24-mer identified as “human specific.” Exact
matches with 99.2% of the 24-mer sequence markers (997/1005)
were detected in the high-coverage Denisovan genome and 91.4% of
sequence markers (922/1005) in the high-coverage Neandertal genome
that span the regions previously determined to be human specific (as
indicated in Figure 2b). Marker abundance (that is, the number of

times a given 24-mer is observed genome wide) was highly similar
between Denisovan and a panel of modern human genomes with the
same sequence coverage. Coverage estimates of Neandertal were lower
than that of Denisovan, but were within an expected distribution for
single-copy sites in the Neandertal genome (Supplementary Figure 2).
Assessment of low-coverage Denisovan and Neandertal genomes pro-
vided consistent results, but with lower support, as expected due to the
reduced sequence alignments in the region (Supplementary Figure 3).
In addition to alpha satellite, sequence support for junctions between
alpha satellite and the two transposable elements in the region, SVA-E
and LINE/LIPA, were documented (Supplementary Figure 4). In sum-
mary, the observation of the 2q21.2 24-mer sequence markers in all
hominin genomic datasets is consistent with the hypothesis that the
chromosomal fusion event occurred prior to the last common ancestor
with Denisovan and Neandertal.

Hominin Centromeric Satellite Profiles Are

Observed in Similar Proportions to Modern Humans
But Distinct From Chimpanzee

To evaluate whether ancient hominin centromeric satellite patterns
for many of the large, chromosome-assigned HOR arrays were
similar to modern humans, the presence and proportion of chromo-
some-specific alpha satellite subsets were assessed genome wide in
both Denisovan and Neandertal. Alpha satellite sequence databases
were generated for available ancient hominin genomes by identify-
ing reads that contain at least an 18-bp exact match with compre-
hensive alpha satellite sequence libraries obtained from both human
and chimpanzee genomes (described in Materials and Methods).
Based on this early assessment, all three ancient hominin genomes
appeared to share more sequences with modern humans than with
chimpanzee, with only ~4.5% and 8% of sequences determined to
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Figure 2. Evidence for the presence of the relic centromere region in Denisovan. Data analysis of 1005 alpha satellite markers determined to be human specific
for centromere relic region for Denisovan and modern human genomes. Markers are expected to be effectively single, or low-copy in the genome based on
the depth of coverage of each 24-mer in the genome, supported by read depth distribution (a) shown for modern humans: French (HGDP00521, light green),
Dali (HGDP01307, light blue), Han (HGDP00778, dark blue), and Karitiana (HGDP00998, teal). The distribution for the Denisovan genome (shown in red) supports
that the sequence markers provide low-copy data.The genome coordinates for each 24-mer marker are provided in (b) for the entire relic centromere region on
human 2g21.2 (GRCh38 chr2:132208802-132250410). Regions of known homology with the chimpanzee genome assembly (panTro4; labeled 1-10) are indicated
as regions omitted from our study. Repeat masker data for this region are used to display alpha satellite in gray, with location of SVA-E and LINE/LIPA3 locations
indicated. Four modern human genomes are displayed as a histogram (min-max range: 0-40), to demonstrate the relative placement and observed abundance.
The Denisovan data (shown in red) are found throughout the relic centromere region and are similar in sequence abundance to that of modern humans.

be chimpanzee specific in Denisovan and Neandertal, respectively;
the remaining >90% of sequences support were human-specific
sequences and/or sequences shared between human and chimpanzee
genomes (Supplementary Figure 5).

HOR arrays in modern humans differ in sequence abundance
and general chromosomal localization from those in the chimpan-
zee genome (Archidiacono et al. 1995). Therefore, to investigate if
the presence and relative abundance of chromosome-assigned alpha
satellite arrays are similar between human and ancient hominin
genomes, a panel of 6293 informative 24-mers for 22 previously
published centromeric arrays were designed in modern human
genomes (Supplementary Table 1 and Supplementary Data 2;
Alexandrov et al. 2001). Using these markers, nonoverlapping sets
of sequence reads were identified that could be assigned to a given
HOR array, defined as having at least one exact match to an array-
specific marker from among the 22 published sequences.

Initial assessment of these markers using 10 full-coverage mod-
ern human genomes provided highly concordant read databases
between individuals (with average 7> value of 0.93, Supplementary
Table 2, Figure 3a), with an average read database size of 214 Mb
per genome. In contrast, using the same panel of markers on two
~20-30x chimpanzee genomes, ~100x fewer bases (with 2.38 Mb on
average in chimpanzee) were identified. The sequence databases cre-
ated in the chimpanzee genome, however, provided consistent results,
with an 7? value of 0.99 (Supplementary Table 3, Figure 3b). This
supports previous observations that chimpanzee and human alpha
satellite monomers share similar evolutionary histories and satellite
DNA subfamily assignments (Alexandrov et al. 2001), but have very
different abundance and chromosome assignments genome wide
(Archidiacono et al. 19935). Correlation between human and chim-
panzee sequence libraries provided a lower correlation average 7
value of 0.70 (Supplementary Table 3).

Similar to modern human genomes, when characterizing
Denisovan HOR alpha satellite read data, relatively the same num-
ber of bases (211 Mb) was assigned and provided an average 7 value
of 0.90 compared to 10 modern human genomes and an average 7*
value of 0.61 compared to the chimpanzee genomes (Supplementary
Table 4, Figure 3c,d). The high-coverage Neandertal genome, how-
ever, provided only an average 7> value of 81% and roughly 5x

fewer bases (39.6 Mb; Supplementary Table 4). A similar trend was
observed when surveying the low-coverage Neandertal genome.
Notably, even this low-coverage database containing 0.28 Mb pro-
vided an average 7* value of 0.91 when compared to 10 modern
human genomes and an average 7> value of 0.67 when compared to
the chimpanzee genomes (Supplementary Table 4).

The active centromere present on modern human chromosome
2 is defined by a chromosome-specific alpha satellite HOR (8-mer,
D271), which is organized into a homogenized, multimegabase array
that emerged after the last common ancestor with chimpanzee (Haaf
and Willard 1992; Warburton et al. 1996). To study the evolution
of this particular array in more detail, 2830 Denisovan read align-
ments were determined to contain at least one D2Z1-informative
24-mer to the HOR consensus sequence. Average percent identity of
D2Z1 read alignments was observed to be 96.98%, and alignments
spanned the entire HOR repeat unit.

Discussion

Efforts to study karyotype evolution in ancient hominin genomic
datasets are challenged by the inability to generate end-to-end chro-
mosomal assemblies. Of particular interest, it remains unknown
when the end-to-end fusion of two ancestral primate chromosomes
took place in the human lineage and how this chromosomal evo-
lution influenced gene flow between ancient hominin populations.
Previous genomic signatures of this event have been limited to
inverted telomeric repeats at the precise site of chromosomal fusion
and to the 41-kb relic centromeric region in modern human chromo-
somes 2q21.2 (IJdo et al. 1991; Avarello et al. 1992). Here I demon-
strate the use of chromosome-assigned centromeric satellite markers
to predict karyotype in ancient hominin genomic datasets. To do so,
Tidentified a panel of low-copy, locus-specific satellite markers at the
site of the relic centromere on human 2q21.2 that are missing from
the chimpanzee genome. These data strengthen previous studies that
focused on a single marker (telomeric hexameric repeat: “GGGTT”)
at the site of telomere—telomere fusion (Meyer et al. 2012). One key
advantage of this work is that in contrast to a single sequence, the
data presented here use a comprehensive panel of ~1000 informative
markers to provide evidence for the presence of the relic centromere
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Figure 3. Ancient hominins share similar chromosome-assigned HOR satellite DNAs with modern humans. Previously characterized HOR panel was used to
identify the presence and relative abundance chromosome-assigned satellite sequences in modern human, Denisovan, and chimpanzee genomes. For each
genome, sequence-read libraries were identified for each of the 22 HOR repeats, and the relative proportion, or the number of reads assigned to a particular
chromosome-specific HOR normalized by the total number of reads, was determined for each satellite family per genome. (a) Pearson correlations between
the relative proportion of the HOR sequences in modern humans genomes are high, with an r? value of 0.97 observed between a San (HGDP01029) and Yoruba
(HGDP00927) individual genome. Similarly, in (b), one observes a high Pearson correlation between two chimpanzee genomes (SRX243495 and SRX243496),
with an r? value of 0.99.The Denisovan genome is more highly correlated with modern human HOR satellite DNA proportions (¢) * value of 0.94, shown here for
Yoruba, HGDP00927 than chimpanzee (d) r* value of 0.61, shown here for SRX243496.

region in ancient hominin genomes. By increasing the number of
markers, one is able to track sequences from the relic centromere
even in low-coverage, short sequence-read genomic datasets.

However, it is important to note that this interpretation assumes
a model in which the centromere sequence rearrangement—resulting
in a human-specific genomic signature of satellite DNAs after the
tusion—followed the loss of function at the ancestral centromere.
In an alternative hypothesis, the human-specific relic centromeric
sequences could have been shared with the last common ances-
tor with chimpanzee, yet lost in the extant chimpanzee genomes.
Although it is not possible to rule out this alternative hypothesis, the
prediction of satellite DNA instability and loss after a fusion event
is consistent with studies of dicentric fusions in cancer (Berger and
Busson-Le Coniat 1999; Stimpson et al. 2012), of karyotype stability
in plant populations (Salse 2012; Lysak 2014), and of loss of cen-
tromere function associated with the depletion of heterochromatic
chromatin, which results in aberrant recombination and tandem
repeat instability (Peng and Karpen 2007).

In addition to the alpha satellite sequences at the relic cen-
tromere site, the predominant satellite array (D2Z1) associated with
the active centromere on human chromosome 2 is distinct from the
HOR array on the syntenic chimpanzee chromosome 2A centromere
(Haaf and Willard 1992; Warburton et al. 1996). Using 167 D2Z1-
specific markers, I provide evidence for the presence of a similar
centromere 2 array in ancient hominin genomes, with high percent
identity to the HOR repeat sequence and at the genome-wide fre-
quency expected from a panel of modern humans. Additionally, using
markers designed to identify individual HORs specific to individual

human chromosomes, it appears that Denisovan have similar pro-
portion of the chromosomal HOR satellite DNAs (Willard and
Waye 1987; Alexandrov et al. 2001). Although it is possible that the
satellite arrays are rearranged to different locations in the ancient
hominin genomes, the more parsimonious interpretation would be
that centromere sequences in ancient hominins are similar to those
of modern humans genome wide. Notably, only a small fraction of
ancient hominin alpha satellite sequences have not been observed in
modern humans. Rather than presenting as novel centromeric mul-
timegabase sized arrays, these chimpanzee-like sequences appeared
to have a low abundance in the genome (data not shown) and are
predicted to represent minor alpha satellite arrays (read depth esti-
mates of ~5-50kb). It is likely that the ancient sequence variants
associated with these novel arrays were lost in the human lineage,
or alternatively, these sequences may not yet be fixed in the human
population, and thus may not be present in the small number of
individuals included in our current study.

Here I provide evidence that Denisovan and Neandertal genomes
share similar centromere sequence profiles with modern humans,
thus demonstrating that the chromosome 2 fusion event took place
before the last common ancestor with Denisovan and Neandertal.
Previous studies have estimated that Denisovan individuals diverged
from modern Africans ~0.8 million years ago, assuming 6.5 million
years for the human—chimpanzee divergence (Reich et al. 2010).
The timing of the fusion event is supported by estimates that the
fusion event took place between ~0.74-3 MYA, using fixed substitu-
tions that demonstrate extreme AT to GC bias in the human lineage
since divergence from the common ancestor with the chimpanzee
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(Dreszer et al. 2007). It remains unclear, however, if the fusion
event was fixed within ancient hominin populations at that time,
or if ancestral chromosomes 2A and 2B were still prevalent within
ancient hominin populations. The insertion of a human lineage-spe-
cific SVA element (SVA-E subfamily) at the relic centromere region
provides an estimate of the timing of the event to ~3.5 MYA (with a
range of ~2.5-4.5 MYA; Wang et al. 2005).

This timing estimate is also consistent with the observation that
both Denisovan and Neandertal share similar chromosome-specific
HOR satellite profiles with modern humans. It is likely that the satel-
lite DNA similarity between hominins and modern humans reflects
the limited accumulation of nucleotide divergence and/or satellite
array turnover that have occurred over a relatively short evolu-
tionary timescale. However, satellite DNAs are expected to evolve
concertedly through a process known as molecular drive, by which
mutations are homogenized in a genome and ultimately fixed in an
interbreeding population at an increased rate (Dover 1989), which
leads to highly divergent satellite DNAs copy number and nucleo-
tide sequence that are species specific (Ugarkovi¢ and Plohl 2002).
Although the timing of satellite homogenization through molecular
drive remains unknown, the finding that Denisovan and Neandertal
genomes share similar genome-wide satellite sequence profiles with
modern humans, including satellites specific to the chromosome 2
centromere, could suggest the lack of interference in gene flow by
differences in karyotype.

Efforts to further explore centromere satellite evolution and kar-
yotype estimates in the human lineage may benefit from additional
satellite-based genome-wide analyses of additional ancient hominin
genomic datasets, using the data and approaches presented in this
study.

Supplementary Data

Supplementary material can be found at http://www.jhered.oxford-
journals.org/.
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