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GENETICS

Rapid and ongoing evolution of repetitive
sequence structures in human centromeres

Yuta Suzuki'*, Eugene W. Myers?, Shinichi Morishita'*

Our understanding of centromere sequence variation across human populations is limited by its extremely long
nested repeat structures called higher-order repeats that are challenging to sequence. Here, we analyzed chro-
mosomes 11, 17, and X using long-read sequencing data for 36 individuals from diverse populations including a
Han Chinese trio and 21 Japanese. We revealed substantial structural diversity with many previously unidentified
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variant higher-order repeats specific to individuals characterizing rapid, haplotype-specific evolution of human cen-
tromeric arrays, while frequent single-nucleotide variants are largely conserved. We found a characteristic pattern
shared among prevalent variants in human and chimpanzee. Our findings pave the way for studying sequence

evolution in human and primate centromeres.

INTRODUCTION

Centromeres have been one of the most mysterious parts of the hu-
man genome since they were characterized, in the 1970s, as large
tracts of 171-base pair (bp) strings called alpha-satellite monomers
(1, 2). With a growing body of evidence suggesting their relevance
to human diseases as sources of genomic instability or as reposito-
ries of haplotypes containing causative mutations (3-8), it has
become more important to investigate the underlying sequence
variations in centromeric regions (9, 10).

Human centromeric regions have nested repeat structures. Namely,
a series of distinctively divergent alpha-satellite monomers com-
pose a larger unit called higher-order repeat (HOR) unit, and copies
of an HOR unit are tandemly arranged thousands of times to form
large, homogeneous HOR arrays. While HOR units are chromosome
specific and consist of 2 to 34 alpha-satellite monomers, copies of
an HOR unit are almost identical (95 to 100%) within a chromo-
some (Fig. 1A) (11-17).

The total HOR array length of each chromosome differs mark-
edly among individuals (7, 18) and human populations (19-21).
Structural alterations such as unequal crossing over and/or gene
conversion are thought to be among the major driving forces of this
centromeric variation (22, 23). Other types of variation occur with-
in HOR arrays, such as single-nucleotide variations (SNVs) between
paralogous HOR units (21, 24, 25) and structurally variant HORs,
which consist of different numbers and/or types of alpha-satellite
monomers (21, 26-28). However, the importance of structurally
variant HORs remains unknown because they are difficult to detect
comprehensively via traditional approaches such as restriction
enzymes sensitive to alpha-satellite monomers, Southern blotting,
or the analysis of k-mers unique to centromeric regions in short
reads obtained in the 1000 Genomes Project (29).

Recently, the advent of long-read sequencing technologies has
paved the way for direct, comprehensive observation of sequence
variations among various human populations (30-34). Long-read
sequencing was capable of yielding contiguous reference sequences
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of centromeres for several species (35, 36), and reconstruction of
whole centromeric sequences for a human haploid genome is now
possible despite their idiosyncratic repeat structures (37-40). While
reference-quality de novo assembly of such repetitive regions re-
mains a demanding task involving substantial manual curation
(38, 41, 42), the use of unassembled long reads has promise for
investigating variations within centromeric regions of diploid ge-
nomes in a cost-effective manner (43).

Therefore, we exploited a strategy of HOR encoding of unassem-
bled long reads for comprehensive detection and quantification of
variant HORs. The use of unassembled reads enabled us to analyze
diploid samples without the danger of collapsing them in assem-
blies. In addition, the uncorrected reads could address SNVs in the
HORs in an unbiased way. Here, we revealed a hidden diversity of
centromeric arrays in terms of variant HORs through analysis of
long reads from 36 human samples of diverse origins. We identified
many previously unidentified variant HORs including some specif-
ic to a few samples, and even when variants were shared, their ob-
served frequencies were substantially different in general.

RESULTS

Direct detection and quantification of variant HORs through

HOR encoding of long reads

To investigate interindividual variation within the centromeric
array, we analyzed publicly available, single-molecule, real-time
sequencing reads collected from 12 samples from geographically
diverse origins, including three from Africa (Mende, Sierra Leone;
Esan, Nigeria; and Maasai, Kenya), two from Europe (Toscani, Italy,
and Finland), five from Asia (Gujarati, India; Dai, China; and three
from Han, China), and two from Latin America (Puerto Rico and
Peru). We also analyzed 21 newly sequenced Japanese datasets and
three previously described samples: AK1 (Korea), HG002 (Ashkenazi),
and CHM13 (Europe) (31, 32, 34). Thus, we analyzed a total of 36
samples (fig. SI1).

First, the long reads were preprocessed in silico to filter out the
noncentromeric fraction. The remaining reads were then interpret-
ed as a series of alphoid monomers using a catalog of 58 monomers
(i.e., they were represented as monomer-encoded reads) (Fig. 1B).
Then, monomer-encoded reads were clustered on the basis of the
composition of different monomer types. For each cluster of reads

10f10



SCIENCE ADVANCES | RESEARCH ARTICLE

A v Y C

— - [ T T T ]
e 2 azm WLV WG WA e WL WZ WG WA WG WA WS WL W2 WG WA W WL 2 WG WA WS WA WE
—~"""HOR array (1-10 Mbp) ~~_.
Monomeric region—" ! r v ( ; ,"’ == Monomeric region 14 umes M w2 M3 WA WS ML M5 ML w2 M3 (AT M3 WA S
T T T ] I T T L 20 *20m9-2 ML M2 M3 M4 M5 ML M2 M3 M4 M2 M3 M4 M5 ML M2 M3 M4 M3 M4 M5
| — AN 16 *16m9-6 ML M2 M3 M4 M5 ML M2 M3 M4 ML M2 M3 M4 M3 M4 M5
HOR unit 20 20m0a ML M2 M2 MA WS ML M2 M3 M WG M3 WATS ML M2 M3 MA M2 M S
2 camiil ML MZ M3 M MS ML Mz M3 M MG WA TMIIMZ M3 M4 WS M1 M2 M3 M4 WG MA NS
2 camna ML Mz M3 M MS ML M2 M3 M M3 M M3 MA WS ML M2 M3 MA M3 M4 NS
e B o Clamiie ML Mo Mo Me ME ML Mo Mo e Ma M NI Ve Mo Ma Mo Ne Ve
N 7 mng ML Mz MG M MS NI M2 M3 MA WG Me M2 MG WM& M3 WA MS
Alpha-satellite (alphoid) monomer ~171 bp 15 *15m11-9 ML M2 M3 M4 M5 M1 M2 M3 M4 M3 M4 M4 M3 ME M5
2 mmi2a ML MZ M3 M MS ML MZ M3 MA M3 M4 WS 3 MAS ML M2 M3 MA M3 M S
1 qlomi26 ML MZ M3 M MS ML MZ M3 MA M3 M S ML M2 MG M4 MG ME WS
35 1mi210 ML MZ M3 MA MS ML MZ M3 MA M3 M4 WS M3 Ma MS
FERt ML o2 M2 M MATMS NI M2 M3 WA M3 MA NS
B 2w ML w2 M2 MA WS NI W2 M2 MG Me M3 MA MS
B 2 ume ML o2 MG ME WS NI w2 e M2 M M2 M WS
13m0 ML M2 MG M MS NI M2 M3 (W MG e
R ML M2 MG M M NI M2 M3 MA MG WA e
o umn ML M2 MG MAHS ML M2 MG M MG (WS
o umo ML M2 M3 MA WS ML M2 MO M4 WA NS
Monomer-encoded read (chromosome X) u ety ML M2 M3 M4 M5 M2 M3 MA M3 M4 M
‘ 1 “11ma4 ML M2 M3 M5 ML M2 M3 M4 M3 M4 M5
o 0 754 ] o I B 506 o TR o Rl b mme - R vz v IR o I
12-mer -mer 12-mer 9 “ams-9 ML M2 M3 MA M5 Me M3 M4 M5
N yariant 8 emsio MWz M3 M S M Me
11 PR S 1 1 9 *9m6-10 ML M2 M3 M4 M5 ML M3 M4 M5
---------- 5 emru ML W2 MG MA WS M1 W2 )
. 8 emr ML oW MG MA WS M1 W2 s
HOR-encoded read (= HOR units + SNVs) 9 omg-12. ML M2 M3 M4 M5 ML M2 M3 M5
2.0 @ African @ Asian
’ 12-mer HOR (chrX) Mende Gujarat
o 9 Esan Dai
175] sl 8 Maasai HGO00S
& ° - HG006
g @ European/American  pGoo7
£ 150 30 CHM13 AKL
S 01 .
= . Toscani O (japanese)
g ° o Finnish
125 a5 2 Ashkenazi
) o 8 o
i=3 D Puerto Rican
< o
2 . * Peruvian
a o s
5 100 20 .
£ ¥ -
0 % o p 5 g
g 75 g 15 8 ° ° o
= » S ° °© o
g . ; o ¢ s . : .
E g = L s & 3 8 ; 8
© 8 1.0 ] o 3 © ° . .
S > ¥ < 8 * e g M g o
[e] . 3 ° o H o
e © <
25 ® & % os kS A 3 Y I °
hed o ' - 2 g $ T & f ap @ =
e d > ° . 2]
® % x . & 2 £
01 01 Q ® ] § .
~ v ) ¥ 2 3 % g © L N o N o B 2 ke 2
' . x m © o Al ~ n o~ ~
2 g £ £ S £ S5 N g £ © o o £ o £ g m =9 n
£ £
£ v o 9 m o5 4§ & £ £ £ 4 £ & S g £
~ S F £ £ o o o £ £
o) o] * gor 8 2 8 F 2 o7 =
* * * * * *
s
16-mer HOR (chrl7) g ot 5-mer HOR (chrll)
ende uarat ) .
wl ¢ 3. e o 8 o arican o asin
8 aasai o Mende ot
° & A s 70 ° H Esan e
7 o 30 ® European/american G007 & R .
g s g . Maasai HG00s
£ “ Toscani 13 o . HGO06
§ g Tosan otmmnese) 5 g 3 © Euopeaniamerican 1go07
5 30 25 ish g P - P
E shkenazl E . H i Toscani
I Puerto Rican © © Uiapanese)
8 puere g % N finnish
E 2 eravan g H & enkenazi
= - ° 3 H Puerto Rican
g H g 40 % P erwvian
Sonl & H % . :
il PEIY . g § .
g . o S .
g © - g 2 g 8.
5 o 0 * % £ < ° . . 2 Py
§ 100 P ¢ 5 . g » M 4 [
3 b o IO © W3 8 3 ® H
E g 3 . 3
e 5] 3 8 I3
g d - -~ 10, 4 r g 2 & . 9 e o .
. 1 W e . . ¢ ¥ @ e ‘é ° - g
I S b L £ N I v o Rt B § o
"3 & & §F & ™ N ~ W N Y N v N omov ¥y =%
T § & § £ £ g E 4 é v £ E 2 E E E a4 @ &
4 E E B E 5 85 F & s g £ £ 5 6 E § 5 6 £ 2 ¢
g & & 0 £ 2 - 9 E: £ £ £ F ¥ EF F P E E B
m o] I kg [l moa 3 £ b h g £ * & S
o * * £ * T F & 9 =
: 8 g 3 2 "
b £ 5
B831/13m9-13 in chrl?7 Cmg,n *12m9-13(2) 16m  *15m(2) ‘Sm'SM@
Pure tandem
Mosaicism
B805/6m1l in chrll Sm o f6ml *7mia
Sporadic
- —-— -_— L
-

Fig. 1. Comprehensive probing of variant HORs in centromeric arrays. (A) Schematics of a typical DNA sequence structure of human centromeric regions. The entire
region consists mostly of alphoid monomers of 171 bp long. The core centromeric regions (up to several million base pairs) with an HOR structure are sandwiched by the
pericentromeric (monomeric) regions, where monomers are arranged tandemly without HOR. (B) Steps for HOR encoding of long reads. Monomer-encoded reads were
obtained by aligning monomer sequences into raw long reads, and then frequent patterns of assigned monomers were considered HORs. The blue pins indicate the
mismatches recorded in HOR-encoded reads, which contain both single-nucleotide variations (SNVs) and sequencing errors. (C) Structures of the canonical and some
variant HORs detected in chromosome X. The rectangles represent the presence of corresponding alphoid monomers. No gap is allowed between two constituent al-
phoid monomers to be detected as HORs. All structures are shown in supplementary figures. (D to F) Relative frequencies (per 1000 monomers) of some detected variant
HORs for 36 samples in (D) chromosome X, (E) chromosome 17, and (F) chromosome 11. (G) Example of the HOR-encoded long reads containing the variant HORs. Reads
from a Japanese sample (B831) contain 13m9-13 (green rectangles), a variant found in chromosome 17. They typically showed mosaicism with other variant HORs (8-, 12-, 15-,
and canonical 16-mers) or purely tandem structures. Detected HORs are represented as rectangles, placed proportionally to their actual positions within reads. Reads
from a Japanese, B805, show the 6-mer variant 6m1 (light blue rectangles). While the variant seemed enriched in reads, their distribution was sporadic; at most
three variants were found in tandem.
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associated with one of the HOR arrays, a catalog of variant HORs
was constructed by detection of frequent patterns in the monomer-
encoded reads. Thus, HORs may or may not be arranged in tan-
dems of the same type. Last, HOR-encoded reads were obtained by
automatically replacing these patterns with symbols representing
HORSs (fig. S1).

In this analysis, we avoided chromosomes 5, 13, 14, 19, 21, and 22,
in which the chromosome identity is obscured by shared HOR pat-
terns. We mainly focused on the HOR arrays of chromosomes 11
(D11Z1), 17 (D17Z1), and X (DXZ1), which evolved from the ar-
chetypal 5-mer HOR, since the variations in these chromosomes are
more divergent than those of other chromosomes associated with
dimeric archetypes, whose variant HORs are more difficult to cap-
ture (16). We therefore excluded these other chromosomes to avoid
drawing inaccurate conclusions.

Rapid evolution of variant HORs among 36 human samples
The detected variant HORs were diverse in terms of presence and
abundance among the samples. In chromosome X, the canonical
HOR consists of 12 monomers; this was the most frequent pattern
found in reads across all of the datasets (96.2 to 98.4% of all HOR
types). In addition to the canonical 12-mer HOR, 51 variant HORs
were defined, ranging in size from 2- to 23-mer (Fig. 1, C and D,
and fig. S4). While some variant HORs (e.g., 10m1-4 and 17m5-1)
were shared by all 36 samples, others were specific to or missing
from a few samples (Fig. 1D). For example, 18m1-6 was specific to
CHM13. 13m11 was found only in five samples: Esan, Maasai, Toscani,
and two Japanese (B480 and B700). The 11m9 variant was shared
almost universally but was absent from HG005 and B402.

For chromosome 17, 91 distinct variants were detected, ranging
in size from 5- to 39-mers (Fig. 1E and fig. S5). Notably, a 13-mer
variant (13m9-13; the 10th, 11th, and 12th monomers had been de-
leted from the canonical 16-mer) was present at high frequency in
approximately half of the samples, whereas it was generally missing
from other samples. Samples with the characteristic 13-mer variant
exhibited a so-called haplotype II, which has an estimated allele
frequency of ~35% for European populations (25, 44). Prevalent
variant HORs were also observed, including a 15-mer [15m(2)] and
a 14-mer [14m(1)], which suggested that the canonical 16-mer was
less stable than canonical HORs in chromosomes X or 11. Conse-
quently, unlike chromosome X, the relative frequencies of canonical
16-mer HORs were highly divergent among the samples, ranging
from 21.6 to 76.0%. For the remaining variant HORs, the distribu-
tion of variant HORs across the individual samples was markedly
nonuniform as well (data file S1).

In chromosome 11, where the 5-mer canonical HOR (16) was
the most frequent (92.6 to 99.5% of all HOR types), 23 variant HORs
were detected. As with the other chromosomes investigated, variant
HORs were observed at substantially variable frequency across the
36 samples (Fig. 1F and fig. S2). The most prominent difference was
observed for a 6-mer variant (6m1, a duplication of the first monomer),
which existed at high frequency in Toscani, Puerto Rican, Peruvian,
Korean, and 11 Japanese samples; however, it was generally missing
from the remaining samples. Notably, a 7-mer variant (7m1x3, the
first monomer is tripled) was found only in samples with the 6m1
variant, suggesting that 7m1x3 evolved from 6m1l.

To evaluate the diversity of variant HORs within a population,
we quantitatively measured variation among the 21 Japanese samples.
The SD of variant HOR frequency was 45.05 events per megabase
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(Mb), which approximated the expected density of distinct variant
HORs harbored by each individual genome. We then compared our
results with a recent estimate of genome-wide structural variation
(SV) detection from accurate circular-consensus long reads, which
obtained a reliable set of ~30,000 SVs for an individual genome,
with respect to a reference genome (34). The average density of SVs
for each of the 23 chromosomes (autosomes and X) was 21.16 SVs/Mb
(SE = 4.45 SVs/Mb); a two-tailed one-sample t test confirmed that
SVs were significantly more abundant in centromeric regions than
in noncentromeric regions (P = 6.51 x 107'%). Therefore, the centro-
meric array appears to change rapidly in terms of variant HORs.
Together, although canonical HOR patterns were observed in all
samples, noncanonical variant HORs were more dynamic overall, as
they were likely to be specific to subsets of individuals across different
populations or exhibited divergent frequencies even within a popu-
lation, showing rapid evolution in the human centromeric arrays.

The modes of local expansion of variant HORs

We investigated the contexts in which variant HORs were found in
long reads (Fig. 1G). For example, the characteristic 13-mer variant
(13m9-13) of chromosome 17 was observed in tandem or inter-
leaved with other HORs (Fig. 1G). In contrast, the 6-mer variant
(6m1) of chromosome 11 was observed only sporadically. There-
fore, unlike variant 13m9-13, 6m1 appeared incapable of indepen-
dent tandem expansion; it may exhibit some preference (e.g., for
length) with respect to the unit of expansion. Although modes of
expansion were apparently distinct depending on the type of HOR
variant, we found that the same type of HOR variant was signifi-
cantly enriched locally (binomial test P < 107'% for most samples
with the focal variant). This finding suggests that the variant HORs
had expanded locally through a series of duplication events, rather
than occurring independently (data file S2).

Detection of ongoing evolution within an HOR array

Next, we used rare variant HORs to detect evolutionary events in
human HOR arrays; these variant HORs exist at relatively low fre-
quencies (e.g., <5 per 1000 monomers) but are shared among mul-
tiple samples. We typically observed similar HOR patterns around
the same rare variant across multiple samples, which indicated that
these rare variants were orthologous or paralogous (i.e., they shared
the same original event that had given rise to the variant). Alterna-
tively, these very similar patterns may have emerged independently
in a recurrent manner, but this was much less plausible according to
the maximum-parsimony criterion. Therefore, we compared patterns
around the rare variants to understand local sequence evolution in
centromeres.

As an example of the rare variants, we selected 27m12-1(2) in
chromosome 17 (Fig. 1E). This variant existed in a number of contexts,
although Han Chinese trio samples (HG005, HG006, and HG007)
shared a homologous pattern with other variants: 14m(1), 14m10(2),
and 15m(2) (Fig. 2A). The patterns, which appeared downstream from
the 27-mer variant, differed slightly between HG006 (father) and
HGO007 (mother) by one unit of the 15-mer variant; this suggested
an indel event. Of note, both patterns were observed in HG005
(son), consistent with the Mendelian inheritance of the locus.

For the same variant, 27m12-1(2), another homologous pattern
was observed in eight samples (Fig. 2B). There was considerable
variation downstream from the variant, which could have occurred
through a series of indel events. The variation upstream appeared
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Fig. 2. Tracing sequence evolution within an HOR array via analysis of variant HORs found in long reads. Each variant HOR is differently colored. (A) The pattern
with four SVs, 14m(1), 14m10(2), 15m(2), and 27m12-1(2), was found only in the Chinese trio (HGO05 to HG007), and both maternal and paternal patterns were observed
in the son. The lines between the haplotype structures indicate the position of insertion/deletion events. (B) Other distinct patterns around a rare variant, 27m12-1(2). A
total of nine patterns are shown. Blue and red lines represent a duplication event found within the pattern observed in Toscani samples. (C) A variant HOR, 10m6+4 (light
green), is found only in four Asian samples (three Japanese and a Korean). The patterns downstream of the focal SV retained homology among five loci found in the four

samples.

more complex; however, a local duplication of ~20 kb was suggested
within the pattern found in Toscani samples.

Furthermore, 10m6+4 in chromosome 11 was another rare variant,
found only in four Asian samples (Fig. 2C). The variant shared a
subsequence with the characteristic variant 6m1; it always appeared
along with 6m1, suggesting that 10mé+4 had recently evolved from 6m1.
We identified five loci with the variant among the four samples; the
patterns downstream indicated a single indel event between loci. Two
loci found in a Korean (AK1) sample seemed to be divergent from the
other three Japanese loci, according to the upstream patterns.

The above examples demonstrated that we could detect evolu-
tionary events through analysis of variant HORs and that SV was
abundant within centromeric arrays. Together, we observed ongoing
evolution in the human centromeric arrays, generating rare, specific,
HOR patterns.

SNV landscape on canonical HORs

Next, we analyzed the SNV landscape among orthologous/paralo-
gous copies of canonical HORs: 5-mers in chromosome 11, 12-mers
in chromosome X, and 16-mers in chromosome 17. Here, we did
not consider indels because they cannot be called confidently using
long reads. Although most of the alternative bases were observed at
alow frequency ~3% owing to substitution errors in the long reads,
we could identify prevalent SNV sites as prominent peaks in the
plots (Fig. 3, A to C; figs. S6 to S9; and data file S3). Notably, those
SNVs were often shared among the samples, and their frequencies
were strongly correlated (Fig. 3, D to F, and figs. S10 to S13). Al-
though SNV frequencies typically showed stronger correlations
within the trio samples or within Japanese samples (fig. S14), they
did not appear to reflect a geographical pattern otherwise. This
finding suggests that these prevalent SNVs were present in the
ancestral human population and were relatively conserved, or that
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a process such as gene conversion may have substantially reduced
SNV diversity, in contrast to the greater structural diversity in terms
of variant HORs.

Within the set of observed paralogous SN'Vs on canonical HORs
across our dataset (36 individuals, four types of canonical HORs in
chromosomes 1, 11, 17, and X), we did not observe enrichment of
transitions (A/G or C/T) over transversions ([A or G]/[C or T]) or
a preference of variants for CpG sites (data file S4). These rather
unexpected patterns may be partly explained by the fact that these
paralogous SNVs were generated not only via original spontaneous
mutations but also via a series of expansion events including cross-
ing over and gene conversion. Notably, we confirmed that the rep-
resentative HOR unit sequences were already AT-rich (GC rate = 40.24
to 41.05%) and contained fewer CpG sites (fig. S15). For example,
CpG was the least frequent 2-mer in all cases, at about half of the
frequency of GpC. The transition of methylated CpG to TpG may
have contributed to this observed pattern.

Haplotype-specific evolution of the centromeric array

For chromosome 17, the correlation of SNV frequencies was con-
siderably diverse, depending on the pair of samples (Fig. 4A). Samples
with highly correlated SNV frequencies often shared a similar set of
variant HORs (Fig. 4B). For example, 10 samples (Maasai, Esan,
and 8 Japanese) were strongly correlated in terms of SNV frequen-
cies; they also shared a characteristic pattern of variant HORs, such
as the presence of the 13m9-13 variant or the absence of the 14m6-9
variant. Another 13 samples (Mende, Toscani, CHM13, Ashkenazi,
Finnish, Dai Chinese, Han Chinese trio, Peruvian, and 3 Japanese)
with shared SNVs exhibited the reverse pattern in terms of variant
HORs. The 13m9-13 variant is a marker for a well-known alterna-
tive allele (haplotype II) for the chromosome 17 centromere in con-
trast to the wild-type allele (haplotype I) (25, 44). Below, we refer to
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Fig. 3. Comparison of SNV frequencies on the canonical 12-mer HOR (chromosome X) among three samples. (A to C) SNV landscape over the 12-mer canonical HOR
in chromosome X. SNVs with a frequency of >3% are shown. The x axis is labeled with monomer index, but the actual coordinate represents position and base; for exam-
ple, the alternative base G at the 20th base of the 2nd monomer is plotted at x =3 + (20 x 4) + (2 X 800) = 1683. The y axis is the observed frequency in percentage. Four
colors are used to distinguish the alternative (nonreference) bases. (D to F) Correlation of SNV frequencies. Each dot represents a single SNV (designated by a position and
an alternative base). SNVs with frequencies >3% in both samples in x and y axes are shown.

haplotypes I and II as haplotypes A and B, respectively, just for a
better readability. Our analysis indicated that many other variant
HORs exhibited positive or negative correlations with the marker
variant 13m9-13. The haplotype combination in each sample (AA,
BB, or AB) was also evident in the pairwise correlation of SNV frequen-
cies (Fig. 4, A and B). Similarly, for chromosome 11, the presence of
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the 6-mer variant 6m1 defined two distinct clusters of samples,
which were confirmed by SV and SNV analysis (fig. S16). This clear
difference between alternative haplotypes suggested that minimal
or no recombination occurred between the distinct haplotypes.
Thus, they act as a single genetic locus while their internal sequences
undergo rapid haplotype-specific evolution.
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Fig. 4. Haplotype-specific evolution of chromosome 17 centromeric arrays among 36 samples. (A) Correlation of SNV frequencies among samples on the canonical
16-mer HOR units for chromosome 17. Sample labels are colored blue (BB), black (AB), or red (AA) according to the haplotype combination inferred by SV analysis.
(B) Occurrence of variant HORs in each sample serves as a fingerprint of the haplotype. SVs were clustered by co-occurrence over the samples. A-specific and B-specific
variant HORs are labeled with red and blue, respectively. Blue star: The marker variant HOR for the haplotype B, 13m9-13. Darker cells indicate that they are observed with
higher frequency. Sample labels are colored according to the haplotype combination (blue, BB; black, AB; red, AA). (C) Frequencies of B-specific variant HORs (in terms of
generic monomers) detected in chimpanzee and humans. (D) Schematic representations of the HORs with the B-specific pattern. The numbered blocks represent the
alphoid monomers (of suprachromosomal family 3), which constitute HOR patterns in humans and chimpanzees. (E) Visualization of HOR-encoded reads with the B-specific

breakpoints, 9mMW+(n) and 4mW+(n),n=1,2,3,--.

These haplotypes, once established, seem to follow an expected
pattern. The 21 Japanese samples included 3 homozygous AA, 10
heterozygous AB, and 8 homozygous BB observed genotypes for the
chromosome 17 centromere; the allele frequencies of the A and B
haplotypes were 38.1 and 61.9%, respectively. According to the
Hardy-Weinberg equilibrium, the expected genotype combinations
for the 21 individuals are 3.05 AA, 9.90 AB, and 8.05 BB; our
observed combinations exhibited almost perfect adherence to the
Hardy-Weinberg equilibrium, although the sample size (n = 21)
may be too small to represent a rigorous test. The allele frequency of
haplotype B in the Japanese population, 26 of 42 (61.9%), was sig-
nificantly higher (P = 0.000341, binomial test) than the estimated
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HORs and monomers are shown according to the actual coordinates found within reads.

frequency for the European population (~35%) (25); this might be
explained by a founder effect in the Japanese population.

Distribution of haplotype B-specific patterns

in a chimpanzee centromeric array

To determine which haplotype, A or B, was ancestral in terms of
centromere sequence evolution, we performed corresponding HOR
analysis using a chimpanzee (Clint) as the outgroup (45). Although
chimpanzee centromeric arrays share some HOR structures with
humans, we did not rely on existing information regarding HOR
patterns (16). We used a set of 10 generic monomers including five
monomers (W1 to W5) of suprachromosomal family 3 so that we
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could equally capture HOR patterns present both in chimpanzee
and in humans.

Using the generic monomers, we identified HOR patterns that
were shared by the human samples with haplotype B (homozygous
or heterozygous) but were absent from those homozygous for hap-
lotype A (Fig. 4C and figs. S17 and S18). These characteristic patterns
shared an HOR subpattern (123411), which served as a haplotype
B-specific marker. Notably, this pattern was frequently observed in
the chimpanzee (Fig. 4C and fig. S18), although the contexts in
which the breakpoints occurred differed slightly in humans and the
chimpanzee (Fig. 4, D and E). These findings implied that the pat-
tern found in haplotype B was originally shared by both species, but
they might have evolved into distinct HOR arrays in each species.
Subsequently, haplotype A (in which the pattern was lost) had
spread within the human population.

DISCUSSION

Through an analysis of centromeric arrays, we found great diversity
in minor variations and widespread characteristics that are presum-
ably of ancient origin. Collectively, these observations demonstrated
the rapid, ongoing evolution of human centromeres.

The studies of variations in the centromeric arrays at the se-
quence level remain preliminary in a sense. For example, although
we conveniently referred 5-, 16-, and 12-mer arrays as chrl1, chrl7,
and chrX arrays, respectively, these traditional assignments may not
always be true for all individual genomes. Therefore, chromosome-
level reconstruction of individual genomes is crucial as well as the
analysis of local variants. Because of the limited availability of se-
quencing data, much of our analyses relied on cell culture, where we
do not know yet how stable the centromeric arrays would be. Thus,
it is possible that we have overestimated the rate of change there.
Ideally for understanding the biology of the centromeric arrays, it
is important to use nonculture samples and to determine the pres-
ence of somatic variations precisely.

In analyzing long-read data, it is crucial to control for data errors
and biases. The detection of variant HORs was less affected by se-
quencing errors in this study because they were characterized by a
difference of at least one alphoid monomer (171 bp). In contrast,
SNV quantification may have been affected by indel errors around
the sites and suffered from a low signal-to-noise ratio, especially in
regions with fewer variants. The recent improvement in accuracy
provided by PacBio circular-consensus sequencing technology prom-
ises more faithful observation of SN'Vs that occur less frequently (34).

We detected variant HORs in the diploid human centromeric
arrays of chromosomes 11, 17, and X using long-read data without
explicit sequence assembly. We substantially increased the knowl-
edge of variant HORs (21, 26, 27), thereby revealing unexpected
diversity in human centromeric arrays through analysis of 36 indi-
viduals. Conserved homologous regions around rare variant HORs
enabled us to detect ongoing structural changes among sequences
in multiple samples. Similar structural changes may occur within
the sea of tandem replicates of canonical HORs. Therefore, even
greater hidden diversity may be present there, compared to the con-
servative estimates we have described. With such diversity in cen-
tromeric arrays, we hypothesize that the tandem nature of those
arrays makes them extremely variable; moreover, there is sufficient
information to identify individuals, similar to the use of microsatel-
lites. Our analysis of Han Chinese trio samples and 21 Japanese
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samples indicated that the HOR array structure is diverse within a
single population, supporting this hypothesis.

Although the centromeric arrays showed great diversity with
minor SV, there were relatively conserved characteristics among
samples from geographically distant populations. For example, the
frequent SNVs in the most abundant HOR units were conserved
across all samples; moreover, the segregation of haplotypes A and B
in chromosome 17 was recapitulated in both the African samples
and the Japanese population. These universal features might have
spread before the relatively recent expansion of the human popula-
tion out of Africa (46), unless they were acquired independently.
Investigating the evolution of the segregating haplotypes more ro-
bustly would require much denser samples of human genomes
including those from sub-Saharan Africa; in the present study, we
focused on analyzing an available chimpanzee long-read dataset as
an outgroup for the human population. Although the majority of
the HOR patterns showed divergence between humans and chim-
panzees, we found some common repetitive patterns. Thus, the com-
parison of variant HORs, not limited to canonical HORSs, is useful
for analysis of human and primate centromere evolution when more
human and primate samples will be available.

What does it mean to have such large structural diversity in cen-
tromeric arrays? Because centromeres have a fundamental impor-
tance to proper chromosome segregation during cell division, it was
once considered unusual to observe great diversity in centromeric
sequences across different eukaryotic taxa (“centromere paradox”)
(47). Centromere drive theory explained the rapid evolvability of
centromeres via genetic conflict during female meiosis I, rendering
the centromeres as a crux of the molecular identity of species (48).
Nevertheless, growing evidence suggests that centromeres can be
highly variable within a single species (5, 10, 21, 24), and our find-
ings of diverse variant HORs add another layer of diversification.
With a more comprehensive catalog of variations, we have better
chances to extract new information from existing or upcoming
sequencing data. If specific types of variants turn out to have func-
tional implication, then these variants can be useful as biomarkers.
Also, we expect that such markers would be helpful for tracing evo-
lutionary events within the centromeric satellite arrays, leading to
better understanding of their formation.

This great diversity suggests that centromere function may be
highly robust with respect to the underlying sequence, although
some variant HORs have been associated with centromere func-
tional abnormality (25, 49). Transcription from the centromeric
arrays is another intriguing phenomenon (50); we wonder whether
structurally different HORs may affect transcription processes and/or
functions. At the very least, we believe that a comprehensive under-
standing of sequence variants would improve the mapping of
genomic/transcriptomic short-read data, which would ultimately
benefit future studies of centromere function.

Several mechanisms can contribute to such structural diversity
within centromeric sequences: unequal crossover between sister
chromatids, meiotic unequal crossover, gene conversion, and ho-
mologous recombination resulting in noncrossover products, to name
a few. Among them, meiotic crossovers might arguably be excluded
as a major driving force because they are suppressed near centro-
meric regions (7, 51), and consequently, centromeric regions are
reported to form large conserved linkage-disequilibrium blocks
(10). On the one hand, the structural diversity within centromeric
arrays can be best explained by frequent unequal crossovers between
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sister chromatids and gene conversions. On the other hand, cen-
tromere integrity in a human population might have been maintained
through occasional gene conversions and infrequent meiotic cross-
overs, both of which can counteract the diversification processes by
effectively homogenizing sequences among different alleles. Notably,
all these mechanisms are consistent with the local, progressive ex-
pansion suggested in this study as well as in previous evolutionary
analyses (52). We speculate that all these mechanisms might have
contributed to the current landscape of human centromeric arrays.

Recently, a number of whole centromeric arrays reconstructed
with ultralong nanopore reads and/or accurate PacBio HiFi read
have been reported for a haploid genome, showing that, at last, the
time is ripe to investigate centromeres in terms of sequencing tech-
nology (37-40). While de novo assemblies of centromeric arrays
provide unique information, it remains a nontrivial task to validate
them especially for diploids. Meanwhile, the SV analysis can be a
faithful representation of local features and complements the pro-
cess of de novo assembly, which must be able to recover the same
types and frequencies of HORs found in reads. Notably, it requires
only a single SMRT Cell per sample to obtain the amount of data (10x
to 40x of 3Gb human genome) used in this study. Cost-effectiveness
is an important characteristic of SV analysis, making it easier to
consider the scale-up.

With an increasing number of individual genomes from the same or
closely related populations sequenced by long reads, one would be able
to precisely observe the processes of diversification and homogeni-
zation that occur within human centromeric arrays. Therefore, such a
study should provide a basis to delineate the complex mechanisms in-
volved and to understand the true nature of centromere evolution.

MATERIALS AND METHODS

Preparation of long-read sequencing data

In this study, we used B cells derived from Japanese people, which
was distributed by the National Institute of Biomedical Innovation,
Health and Nutrition, and the study was approved by The Research
Ethics Committee of the Faculty of Medicine of the University of
Tokyo (Human Genome/Gene Analysis Research Ethics Review;
review number 19-323). For SMRTbell library preparation, B cell DNA
(Japanese samples in the main text) was sheared using a Diagenode’s
Megaruptor 2 with software setting 75 kb and purified using a 0.6x
volume ratio of AMPure beads (Pacific Biosciences, Menlo Park, CA,
USA). SMRTbell libraries for sequencing were prepared using the
“Procedure & Checklist-Preparing >30 kb Libraries Using SMRTbell
Express Template Preparation Kit” protocol. Briefly, the steps in-
cluded (i) DNA repair, (ii) blunt ligation with hairpin adapters with
the SMRTbell Express Template Preparation Kit (Pacific Biosciences),
(iii) 15-kb cutoff size selection using the BluePippin DNA Size Selec-
tion System by Sage Science, and (iv) binding to polymerase using
Sequel Binding Kit 2.1, later Sequel Binding Kit 3.0 (Pacific Biosciences).
SMRTbell libraries were sequenced on Sequel SMRT Cells (Pacific
Biosciences) using diffusion loading, 30-kb insert size, and 600-min
movies. All the other long-read data including AK1 (31), CHM13
(32), and HG002 (Ashkenazi) (34) were obtained via a public repos-
itory (Sequence Read Archive; table S1).

Filtering out noncentromeric reads
To enrich the centromeric reads in silico, we calculated the refer-
ence 6-mer frequency vector with the 14 typical alphoid monomers:
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A, B, D1, D2,]1, ]2, W1 to W5, R1, R2, and M1 (table S3). We also
calculated the “query” 6-mer frequency vector (normalized by length
in base pair) and its dot product with the reference for each long
read. The dot products exhibited a bimodal distribution, which rep-
resents the mixture of centromeric and noncentromeric reads.
Thus, only reads with the dot product greater than a specified
threshold were included in later analysis. We modified squeakr (53)
to perform these steps.

Determination of chromosome-specific monomer sequences
To enhance the sensitivity in detection of HOR in noisy long reads,
we defined chromosome-specific monomer sequences (table S2 and
fig. S19). First, 10 generic monomers (the typical alphoid mono-
mers aforementioned excluding A, B, R1, and R2) were mapped to
long reads with the same parameter as described in the next subsec-
tion. Then, the reads were segregated according to chromosomes.
For example, the reads from chromosome X were identified as those
that contained tandems of the pattern: W1, W2, W3, W4, W5, W1,
W2, W3, W4, W3, W4, and W5. Last, corresponding subsequences
were extracted from the long reads, and then we took the consensus
of them to obtain chromosome-specific monomer sequences. For
chromosome 17, the three characteristic arrays (D17Z1, D17Z1B,
and D17Z1C) were collectively analyzed because they were not dis-
tinguished from each other at our resolution. Also, noisy long reads
could not clearly segregate arrays evolved from dimeric patterns by
means of the generic dimeric monomers (J1 and J2 and D1 and D2).
We suspect that this is because the possible combinations of those
monomers were limited compared to the pentameric case (W1 to W5).

Monomer encoding of long reads
The distinct 58 monomers (table S2) were mapped by blastn
(version 2.4.0+) to long reads with the following parameters:
-max_target_seqs 1000000 -word_size 7 -qcov_hsp_perc 60
Optimal assignment was calculated via dynamic programming
procedure, maximizing the following quantity Z(s; — 50) — Z; ; pi < ;
max (0,2(e; — bj)), where i indexes monomers assigned to the read, s;
is the BLAST (Basic Local Alignment Search Tool) score of the hit, and
(b;, ;) is the region covered by the monomer. Intuitively, it tries to assign
as many monomers with acceptable scores as possible, because of the
first term. The second term penalized the overlaps (cf. gaps were not pe-
nalized) so that each segment of the read be assigned at most one monomer.
As related tools for analyzing centromeric repeats, there are
Alpha-CENTAURI (43) and StringDecomposer (39, 54), but they
serve rather different purposes; Alpha-CENTAURI detects regular
and irregular HOR patterns in individual long reads, but it does not
aggregate data across the reads; StringDecomposer gives us an
essentially gapless decomposition of long read into a series of mono-
mers, but it does not summarize the data as variant HORs.

HOR encoding
The reads from chromosomes 1, 11, 17, and X were identified as
those that contained >5 chromosome-specific alphoid monomers.
For the analysis including the chimpanzee, the set of 10 generic mono-
mers, D1, D2, J1, J2, W1 to W5, and M1 (16), were used instead of
the chromosome-specific alphoid monomers, as the chromosome-
specific monomers (derived from human samples) were not able to
capture HOR structure in chimpanzee.

Then, recurrent combinations of monomers were identified as
HORs. No gap of >100 bp was allowed between neighboring monomers
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within the detected HORs. With the list of identified HORs, reads
were processed again to be encoded as series of assigned HORs plus
the mismatches (SNVs) against the reference monomers. Then, these
HOR-encoded reads were analyzed as described in the main text.
To confirm that noisy long reads can robustly capture the charac-
teristics of the samples, we used the HiFi data available for the
CHM13 sample. The numbers of (each type of) detected variant
HORs in CHM13 HiFi have higher correlations with those in
CHM13 CLR (Continuous Long Read) (0.818, 0.934, and 0.860 for
12-, 16-, and 5-mer arrays, Spearman), but lower correlations with
the other 35 samples that ranged from 0.306, 0.084, and 0.075 to
0.707, 0.797, and 0.701 for 12-, 16-, and 5-mer arrays, respectively.
We also confirmed that the noisy long reads can detect frequent
SNVs by comparing HiFi and CLR data for the CHM13 (fig. S20).

A measurement of diversity in variant HORs

For each chromosome, we have M, the total number of detected
monomers in individual i, and F;, the frequency of variant HOR v
in individual i. Then, f, = (1 Mbp/171 bp)x F!/M; is the normal-
ized frequency v of i per 1 Mbp (million base pairs). Then, we calcu-
lated o, to be the SD of f, over the set of individuals, which served
as a measure of typical variation of variant v. Last, we approximated
the total variation (per 1 Mbp) for the chromosome by V = X,0,.

Statistical analysis of local expansion

We calculated the frequency of patterns where (i) the variant is fol-
lowed by the same type of variant or (ii) the variant is followed by
the canonical HOR. Then, we performed binomial test against the
null hypothesis where they occur randomly according to the ob-
served frequency of HORs.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eabd9230/DC1

View/request a protocol for this paper from Bio-protocol.
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