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Research

Identification and characterization of centromeric

sequences in Xenopus laevis

Owen K. Smith,'? Charles Limouse,’ Kelsey A. Fryer,'> Nicole A. Teran,?
Kousik Sundararajan,' Rebecca Heald,* and Aaron F. Straight'

7Department of Biochemistry, Stanford University School of Medicine, Stanford, California 94305-5307, USA; 2Department

of Chemical and Systems Biology, Stanford University School of Medicine, Stanford, California 94305, USA; 3 Department of Genetics,
Stanford University School of Medicine, Stanford, California 94305-5120, USA; *Department of Molecular and Cell Biology,
University of California Berkeley, Berkeley, California 94720-3200, USA

Centromeres play an essential function in cell division by specifying the site of kinetochore formation on each chromosome
for mitotic spindle attachment. Centromeres are defined epigenetically by the histone H3 variant Centromere Protein A
(Cenpa). Cenpa nucleosomes maintain the centromere by designating the site for new Cenpa assembly after dilution by
replication. Vertebrate centromeres assemble on tandem arrays of repetitive sequences, but the function of repeat DNA
in centromere formation has been challenging to dissect due to the difficulty in manipulating centromeres in cells.
Xenopus laevis egg extracts assemble centromeres in vitro, providing a system for studying centromeric DNA functions.
However, centromeric sequences in Xenopus laevis have not been extensively characterized. In this study, we combine
Cenpa ChlIP-seq with a k-mer based analysis approach to identify the Xenopus laevis centromere repeat sequences. By in
situ hybridization, we show that Xenopus laevis centromeres contain diverse repeat sequences, and we map the centromere
position on each Xenopus laevis chromosome using the distribution of centromere-enriched k-mers. Our identification of
Xenopus laevis centromere sequences enables previously unapproachable centromere genomic studies. Our approach should

be broadly applicable for the analysis of centromere and other repetitive sequences in any organism.

[Supplemental material is available for this article.]

Accurate chromosome segregation during cell division requires the
centromere, a nucleoprotein complex assembled on each chromo-
some that is essential for chromosome segregation. Centromeres
provide the assembly site for the mitotic kinetochore that mediates
microtubule attachment and error correction during mitosis (Foley
and Kapoor 2013). Centromeres are defined epigenetically by the
histone H3 variant, Centromere Protein A (Cenpa), the presence
of which is both necessary and sufficient for centromere formation
(Musacchio and Desai 2017). Unlike histone H3.1 nucleosomes,
that are assembled as chromosomes replicate in S-phase, Cenpa
nucleosomes are replenished after replication during the next
G1 phase of the cell cycle. Cenpa nucleosomes in chromatin ap-
pear to epigenetically dictate the sites of new Cenpa incorporation,
thereby providing a mechanism for self-maintenance (Zasadzinska
and Foltz 2017).

In humans, centromeres form on tandem repeats of an ~171-
bp DNA sequence termed a-satellite. Each 171-bp monomer shares
~60% sequence homology with other monomers. Tandem arrays
of monomers are repeated in blocks of higher order repeats
(HORs), resulting in long stretches of virtually identical repeat se-
quences (Willard and Waye 1987; Rudd et al. 2003; McNulty and
Sullivan 2018). Investigation into the genetic features required to
form stable human artificial chromosomes (HACs) identified
repetitive a-satellite DNA as sufficient for de novo centromere
formation when introduced into human cells (Harrington et al.
1997; Ohzeki et al. 2015). These studies demonstrated that repeti-
tive DNA promotes centromere formation in vertebrates.
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Article published online before print. Article, supplemental material, and publi-
cation date are at https://www.genome.org/cgi/doi/10.1101/gr.267781.120.

Perturbing centromere function in cells often leads to cell
death; thus, cell-free systems using budding yeast and Xenopus lae-
vis egg extracts have been invaluable for studying centromere and
kinetochore assembly (Ng and Carbon 1987; Hyman et al. 1992;
Sorger et al. 1994; Desai et al. 1997; Akiyoshi et al. 2010; Guse
et al. 2011; Moree et al. 2011). Budding yeast centromeres are de-
fined by a single 125-bp DNA sequence that is sufficient to recruit
much of the centromere and kinetochore in cell extracts. As in hu-
mans, Xenopus laevis builds its centromeres on repetitive sequences
(Edwards and Murray 2005), and thus Xenopus egg extract provides
a unique system to study the functions of repetitive DNA in
driving centromere formation. A 174-bp centromeric repeat has
been previously identified in Xenopus laevis by chromatin immu-
noprecipitation of Cenpa followed by cloning and sequencing
(Edwards and Murray 2005). This repeat sequence termed Frog cen-
tromererepeat 1 (Fcrl) forms large repetitive arrays and is AT rich, as
are centromeric repeats from other vertebrates (Manuelidis 1978;
McDermid et al. 1986; Melters et al. 2013; Sullivan et al. 2017).
Fcrl is detected on only 60%-70% of Xenopus laevis centromeres,
suggesting that there must be other sequence elements that com-
prise Xenopus laevis centromeres. Xenopus laevis is an allotetraploid
species: the genome is composed of two related subgenomes
named the long (L) and short (S) based on the length of the homoe-
ologous chromosomes (Session et al. 2016). Whether there is con-
servation of centromeric repeats within each subgenome or
between homoeologous chromosomes remains unknown.
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Xenopus laevis centromeres

In this study, we identified and characterized Cenpa-associat-
ed sequences in Xenopus laevis. We utilized a k-mer-based method
that does not depend on an assembled reference genome and thus
provides an unbiased approach to identify sequence motifs pre-
sent at the centromere. Our results demonstrate the sequence
diversity at active Xenopus laevis centromeres and enable future
studies of the function of repetitive elements in centromere forma-
tion and function.

Results

Cenpa-associated sequences are composed of diverse but related
repetitive sequences

To characterize centromeric sequences in Xenopus laevis, we pre-
pared libraries for high-throughput sequencing from solubilized
mononucleosomal fractions of total genomic DNA, henceforth re-
ferred to as “input DNA,” as well as from a Cenpa immunoprecipi-
tation (ChIP-seq) (Supplemental Fig. STA). Because Xenopus laevis
centromeric DNA is repetitive (Edwards and Murray 2005), we per-
formed an alignment-independent analysis based on k-mer count-
ing (Hayden and Willard 2012). We identified repeat sequences
enriched for Cenpa by generating 25-bp-long k-mers from each
read set and comparing the k-mer composition of the Cenpa im-
munoprecipitate to the input fraction (Supplemental Fig. S1B).
For each k-mer, we calculated a centromere enrichment score by
dividing the number of times this k-mer was found in the Cenpa
ChIP data by the number of times it was found in the input data,
normalized to the size of the sequencing libraries. We identified
k-mers that were: (1) abundant in both the Cenpa ChIP and input
samples (found at least 1000 times), and (2) enriched in the Cenpa
immunoprecipitate compared to the input based on the centro-
mere enrichment score. This approach identified a population of
k-mers that are more prevalent in the Cenpa ChIP than input
DNA (Fig. 1A). Similar analysis performed with different k-mer
lengths yielded the same conclusions (Supplemental Fig. S1C).

To elucidate the diversity of centromeric sequences in Xeno-
pus laevis, we analyzed 150-bp single-end reads from our Cenpa
ChIP-seq libraries that contained at least one Cenpa-enriched k-
mer. As expected, a larger proportion of Cenpa ChIP-seq reads con-
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Figure 1. Identification of Cenpa-associated sequences by k-mer analysis. (A) Scatterplot of 25-bp
k-mer counts normalized to sequencing depth found in input and Cenpa ChIP-seq libraries.
(B) Phylogram of representative Cenpa-associated sequences that contained a minimum of 80 enriched
25-bp k-mers identified as most abundant after clustering by sequence similarity. FCR monomers chosen
for FISH experiments are colored and Fcr1 identified by Edwards and Murray (2005) is labeled.

Phylogram of centromere monomers in Xenopus laevis

tained Cenpa-enriched k-mers compared to input (Supplemental
Fig. S1D). We then hierarchically grouped these Cenpa ChIP-seq
reads by sequence similarity and identified a representative read
for each cluster. A phylogram of these enriched 150-bp representa-
tive reads illustrates the diversity of Cenpa-associated repeat se-
quences (Fig. 1B). The previously identified Fcrl sequence
(Edwards and Murray 2005) was present in one clade of the tree
validating both the experimental approach and the k-mer-based
analysis used to identify repetitive elements. All of these sequences
were homologous to Fcrl, thus we refer to these as frog centromere
repeat (FCR) monomers (Supplemental Fig. S2A). The FCR mono-
mer sequences are 150 bp long due to the sequencing length and
MNase digestion, and thus the center of each read reflects the
core position of the dyad axis of the Cenpa nucleosome on the
~174-bp-long centromeric monomer. On average, the FCR mono-
mers were 39.5% GC (Supplemental Fig. S2B), similar to Fcrl
(Edwards and Murray 2005). In addition to identifying FCR mono-
mers from sequencing reads, we used Tandem Repeat Finder to
search the Xenopus laevis genome for satellite-sized repeat mono-
mers (Benson 1999). Monomers identified in centromeric regions
were extracted and clustered, revealing a similar phylogram of
Fcrl-related sequences (Supplemental Fig. S2C). Using Repeat-
Masker to identify repetitive sequences from Cenpa ChIP as well
as from input libraries identified other repeat classes as enriched
in the Cenpa data set compared to input, but k-mers from these re-
peats were not identified using the k-mer counting method (Sup-
plemental Fig. S2D). We suggest that this discrepancy arises
because RepeatMasker groups together related repeats with varia-
tion in sequence composition that the strict k-mer counting meth-
od would treat separately. Overall, our data demonstrate that the
repetitive sequences associated with Xenopus laevis Cenpa are relat-
ed to the previously identified Fcrl but that they comprise a
diverse, previously uncharacterized family.

FCR monomers vary in their abundance and chromosome-
specific localization

To validate the centromeric localization of the FCR sequences, we
performed fluorescence in situ hybridization (FISH) combined
with immunofluorescence for the constitutive centromere-associ-
ated protein, Cenpc. Using Xenopus laevis
sperm nuclei incubated in Xenopus laevis
egg extract, we identified the percentage
of centromeres to which each FCR mono-
mer localized (Fig. 2A). We confirmed
that the previously identified Fcrl se-
quence, a member of FCR monomer 16
subfamily, localized to ~60% of centro-
meres (Edwards and Murray 2005).
Several other FCR monomers also dis-
played a similar localization to 60% of
centromeres. However, some FCR mono-
mers were present at fewer centromeres,
suggesting that these may be FCR variant
sequences that are specific to a subset of
chromosomes (Fig. 2A). Most FCR mono-
mer FISH signals were centromeric, with
some localization expanded beyond the
Cenpc signal but with very little off-cen-
tromere localization, indicating that FCR
monomers are found almost exclusively
at centromeric regions of chromosomes.
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Figure 2. FCR monomers exhibit distinct centromeric localization independent of sequence similarity. (A) Bar plot of the percentage of centromeres per

nucleus that are positive for a given FCR monomer. Bar color corresponds to color on phylogram. Averages of two independent experiments are shown with
standard error displayed. (B-D) Maximum projection images of two-color FISH with immunofluorescence for the centromere marker, Cenpc. (B) FCR
monomer 19 versus FCR monomer 19, (C) FCR monomer 19 versus FCR monomer 3, (D) FCR monomer 19 versus FCR monomer 4. Scale bar, 10 uM.
(B,C,D') Scatterplots of background subtracted probe intensities for each centromere from two-color FISH experiments. Pearson coefficients are displayed
in the bottom right corner. (E) Clustered heat map of FCR monomer Pearson correlation to other FCR monomers as determined by two-color FISH. (F) Heat
map ordered based on FISH Pearson correlation clustering; color map displays sequence similarity between FCR monomers.

We hypothesized that the distinct branches on the phylo-
gram of Cenpa-associated sequences (Fig. 1B) might have originat-
ed from centromeric sequences found on the parental subgenomes
that gave rise to the allotetraploid Xenopus laevis genome. To test
this hypothesis, we performed two-color FISH combined with im-
munofluorescence in order to determine whether the different
FCR monomers are present on distinct sets of chromosomes. We
performed pairwise localization for 14 FCR monomers. Labeling
the same FCR monomer sequence in two different colors resulted
in overlapping FISH signals with similar intensities (Fig. 2B,B’). In
contrast, colocalization of different FCR monomers resulted in var-
iable localization and intensities. Some probes appeared to be mu-
tually exclusive such that, if a centromere was positive for one
probe, it was not positive for the other (Fig. 2C,C’). These likely
correspond to FCR monomers occupying distinct chromosomes.
Other pairs of FCR monomers were observed on a common set
of chromosomes but to a different degree (Fig. 2D,D’). In these cas-
es, some chromosomes appeared positive for both probes but with
a stronger signal for one of them. Additionally, some FCR mono-
mers appeared equally abundant on individual centromeres
(Supplemental Fig. S3). To investigate the degree to which differ-
ent FCR monomers colocalized, we calculated Pearson correlation
coefficients for the intensity of each set of probes at each centro-
mere (Fig. 2B’,C’, IV, bottom right) and clustered these correlations.

We observed a set of highly correlated probes (Fig. 2E) all of which
are found at ~60% of centromeres (Fig. 2A). Therefore, FCR mono-
mers that localize to the majority of chromosomes are likely to be
found together on the same centromeres.

To test if the colocalization of different monomers was due to
sequence similarity between monomers or due to the localization
of distinct monomers on the same chromosome, we colored the
heat map of FISH probes by sequence similarity but maintained
the clustering by colocalization (Fig. 2F). This resulted in a loss
of the clustered structure, indicating that FCR monomers that
colocalize are not necessarily closely related at the sequence level.
The lack of sequence similarity among FCR monomers that were
correlated by FISH indicates that the branches on the phylogram
do not predict colocalization. Thus, pairwise FISH analysis of relat-
ed sequences that all share similarity with the originally identified
Fcrl reveals that not all FCR monomers are found on the same
number of chromosomes and that different chromosomes have
distinct centromeric repetitive arrays.

Identification of centromeric repeat arrays on each Xenopus
laevis chromosome

We next identified the location of the centromeres on each chro-
mosome by identifying the regions in the genome that contained
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the most Cenpa-associated k-mers. The histogram of centromere
enrichment scores has a median near one with a long tail of enrich-
ment values above 1 (Fig. 3A). Using an updated version of the
Xenopus laevis genome that has a single contig per chromosome
(Xenopus laevis genome v10.1 is available at NCBI's Nucleotide da-
tabase [https://www.ncbi.nlm.nih.gov/nuccore] under accession
number JAGEVR000000000), we partitioned each chromosome
into non-overlapping 50-kb segments and identified the 50-kb seg-
ments that contained Cenpa-enriched k-mers. We selected k-mers
for alignment to the genome by increasing the threshold for inclu-
sion based on the magnitude of the centromere enrichment scores.
At low enrichment scores, we observed that most genome seg-
ments contained at least one k-mer (Fig. 3A,B). Increasing the cen-
tromere enrichment scores we used as a cutoff resulted in a steady
decrease in the percentage of genome segments containing an en-
riched k-mer (Fig. 3B). Upon increasing the threshold for inclusion
from an enrichment value of 3.31 to 3.46, the number of genome
segments containing an enriched k-mer dropped from 77.67% of
all segments to 0.15% of segments. This dramatic reduction in ge-
nome segments containing enriched k-mers arose from a modest
reduction in the total number of k-mers from 3825 to 3350 en-
riched k-mers. Further increasing the stringency caused no change
in the percentage of genome segments with enriched k-mers,
yielding 84 50-kb segments that represent the centromere repeat-
containing segments of the Xenopus laevis genome.

We mapped these 84 segments onto the Xenopus laevis ge-
nome and found that almost all chromosomes contained a single
locus of centromere repetitive arrays (Supplemental Fig. S4A). On
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each chromosome, the location of 50-kb genome segments con-
taining Cenpa-enriched k-mers were frequently contiguous (Fig.
3C,D). Within individual 50-kb segments, we found gaps between
regions containing Cenpa-enriched k-mers (Supplemental Fig.
S$4B). Both of these observations were consistent across chromo-
somes, including the Chr 9_10 homoeologous pair, which arose
from a chromosome fusion event. In human centromeres, highly
homogeneous repetitive arrays at the core of the centromere be-
come less homogeneous in flanking genomic regions (Miga et al.
2014). Similarly, when we examined the edges of the repetitive ar-
ray, we observed a lower density of enriched k-mers (Fig. 3C,D).
Local alignment of the enriched k-mers in each 50-kb segment re-
vealed peaks and valleys that span the genome segments (Fig. 3E).
The distance between peaks is ~170 bp, similar to the monomer
size of human centromeric repeats and the size of the originally re-
ported Fcrl (174 bp). Not all monomer sequences in the repetitive
array possessed k-mer peaks of an identical shape, further suggest-
ing that these tandem arrays are not composed of identical repeat-
ed monomers but of diverse monomers that potentially form
higher-order repeats. We estimate that the size of the repetitive ar-
ray on each chromosome can vary from as little as ~20 kb on Chr
7S up to ~1 Mb on Chr 1L (Supplemental Fig. S4C). These esti-
mates are based on the distance between the first and last base
pair where a Cenpa-enriched k-mer aligned after manual selection
of the centromeric region based on 50-kb genome segments. These
estimates include the gaps between repetitive arrays on each chro-
mosome. It is important to note that centromeres based on these
estimates are only partially covered by Cenpa-enriched k-mers
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Identification of centromeres on Xenopus laevis chromosomes. (A) Histogram of centromere enrichment scores for 25-bp k-mers. Enrichment

scores are the ratio of normalized k-mer counts for the Cenpa data set over the input data set. Vertical lines display stringency cutoffs of (1, 2, 5, 10, 15, and
20) median absolute deviations away from the median enrichment value. (B) Table displaying the number of enriched 25-bp k-mers, the median absolute
deviations (MADx) away from the median used as the cutoff value, the enrichment value cutoff, and the percentage of genome segments containing an
enriched k-mer. (C-E) Representative genome browser images with aligned enriched k-mers (top) and aligned genome segments (bottom). E is a zoom-in

on a region in D.
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(Supplemental Fig. S4D). Whether these A

gaps also contain Cenpa nucleosomes
not identified by k-mer analysis because
the sequences are not repetitive is un-
known. It is possible that centromere
length calculations are underestimated
because repetitive array lengths on ge-
nome assemblies could be limited by
the long-read sequencing data from
which they are made. However, these
centromere size estimates are similar to
CENPA-containing arrays observed in
humans (Sullivan et al. 2011; Miga et al.
2014). Unlike human centromeric re-
peats, regions with Cenpa-enriched
k-mers in the Xenopus laevis genome
were not enriched for the human
CENPB box (Supplemental Fig. S5A).
When aligning Cenpa-enriched k-
mers to genomic regions (Fig. 3C,D,E),
we allowed each individual k-mer to
align multiple times. Thus, regions c
where Cenpa-enriched k-mers align to
the genome do not represent all the loca-

T

Presence of k-mer

Clustered heatmap of chromosomes
by k-mer abundance

tions of Cenpa nucleosomes but instead
show the genomic coordinates that con-
tain sequence features enriched in the
Cenpa ChIP-seq data set. We cannot
determine what fraction of these repeti-
tive regions are occupied by Cenpa nu-
cleosomes on any given chromosome.
Some chromosomes (e.g., Chr 2S) con-
tain other repetitive sequences nearby
and interspersed with Cenpa-enriched
k-mers, indicating that not all repeats
are enriched for Cenpa nucleosomes
(Supplemental Fig. S5B). In contrast, oth-
er, more homogeneous chromosomes
only contain repeats that are composed
of Cenpa-enriched k-mers, surrounded
by unique sequence (Supplemental Fig.
S5C).
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Figure 4. Assignment of FCR monomers to chromosomes by k-mer content. (A) Clustered heat map
showing the presence (blue) or absence (white) of individual enriched k-mers on each centromeric ge-
nome segment. Both rows and columns are clustered to show k-mers and segments that display similar
distributions. Genome segments, on the y-axis, are labeled on the left side indicating the L subgenome
(blue), S subgenome (red). (B) Similar to A, but the genome segments, y-axis, are not ordered based on

similar k-mer content and are instead listed by chromosome. L subgenome chromosomes are shaded

Chromosome-specific assignment
of centromere sequences

To determine which k-mers were present
in each centromeric region, we clustered
each 50-kb genome region by the similar-
ity of their Cenpa-enriched k-mers (Fig.
4A). We observed that some groups of k-mers were only found
on genome segments from the same chromosome (Chr 4S), where-
as other groups of k-mers, seen as vertical stripes on the heat map,
were found on genomic regions from several different chromo-
somes. No strong correlations could be made for subsets of
k-mers localizing to one ancestral subgenome or the other. To illus-
trate the relationship between the k-mer content on the two sub-
genomes, we reordered the genome segments (rows) by their
chromosome of origin while maintaining the clustering by k-mer
similarity (Fig. 4B). This shows that some homoeologous chromo-
somes can have very similar k-mer spectra (e.g., Chr 1L and 15),
whereas other homoeologous chromosome pairs have a distinct

with gray for clarity. (C) Clustered heat map of chromosomes by abundance of Cenpa-enriched k-
mers. By combining 50-kb genome segments from each chromosome, an array of counts for each k-
mer was used to generate a Euclidean distance between chromosomes used for clustering. Coloring of
heat map is (1 — Euclidean distance). (D) Clustered heat map of counts reported from Bowtie of the num-
ber of times any k-mer from each FCR monomer aligns to each chromosomal contig.

centromeric makeup (Chr 2L and 2S, Chr 4L and 4S, and Chr
9_10L and 9_10S) (Fig. 4B).

No clear trends emerged for the similarity of k-mer signatures
between homoeologous chromosomes or between chromosomes
from the same ancestral genome, suggesting a diverse evolutionary
history of Xenopus centromeres. To evaluate the similarity of cen-
tromeres between homoeologous chromosomes, we clustered the
chromosomes by the frequency with which shared k-mers were
found between chromosomes (Fig. 4C). Only one homoeologous
pair (Chr 1L and Chr 1S) cluster together based on shared k-mer
abundance. Chromosomes from both the L and S subgenomes
cluster together, and in some cases chromosomes with distinct
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k-mer content do not cluster with any other chromosomes (Chr 2L
and Chr 4S). Chromosomes with fewer unique k-mers
(Supplemental Fig. S6A) do not neatly cluster with other sets of
chromosomes (Chr 7S, Chr 8S, Chr 9_10L). The clustering of these
chromosomes may be determined by the absence of shared k-mers
rather than the k-mers they contain. L subgenome chromosomes
have more unique centromeric k-mers, with the exception of
Chr 2 and Chr 9_10 pairs, which may reflect a higher centromeric
mutation rate in that subgenome before the allotetraploidization
of Xenopus laevis.

Chr 7S and Chr 8S had the smallest regions identified by
Cenpa-enriched k-mers. In order to investigate the possibility
that Cenpa nucleosomes might be positioned at nonrepetitive se-
quences on these chromosomes, we aligned reads using Bowtie
(Langmead et al. 2009) and only kept reads with single alignments
(-m1). Cenpa ChIP-seq reads align outside the region where
Cenpa-enriched k-mers are present on Chr 7S and Chr 8S. On
Chr 7§, reads align at the site of Cenpa-enriched k-mers and extend
beyond this region on one side (Supplemental Fig. S6B). On Chr
8S, Cenpa ChIP reads align ~1.8 Mb away from the position of
Cenpa-enriched k-mers (Supplemental Fig. S6C). This is in contrast
to centromeres with larger repetitive arrays, which do not exhibit
enrichment of uniquely mapping reads adjacent to regions with
Cenpa-enriched k-mers (Supplemental Fig. S6D). Importantly,
the region on Chr 8S where Cenpa ChIP reads align has no repeat
characteristics, unlike the regions with Cenpa-enriched k-mers on
Chr 7S and Chr 8S (Supplemental Fig. S6E). This indicates that, for
this Xenopus laevis chromosome, the centromere can be assembled
and maintained on nonrepetitive DNA.

We have evaluated the k-mer content of each Xenopus laevis
chromosome; however, to understand which 174-bp monomer se-
quences make up the centromeric arrays on each chromosome
requires mapping the individual monomers to specific chromo-
somes. To assign FCR monomer sequences to specific chromo-
somes, we extracted k-mers from the monomers that we
localized by FISH (Fig. 2) and aligned just those k-mers to individ-
ual Xenopus laevis chromosomes. Using Bowtie, we allowed se-
quences to align as many times as possible without mismatches.
By measuring the number of times k-mers from an FCR monomer
aligned to each chromosome, we assessed from which chromo-
some each FCR monomer was likely derived (Fig. 4D). Stronger sig-
nal in the heat map indicates the chromosomes to which the FCR
monomers would be predicted to have the strongest hybridization.
The clustering of FCR monomers in this heat map is similar to the
clustering from the two-color FISH experiments (Fig. 2E). Most no-
tably, the dominant cluster by FISH containing FCR monomers
216, 131, 36, 19, 15, and 6 is recapitulated by this method.
Additionally, by FISH, FCR monomer 25 clustered by itself and
by this alignment-based analysis, FCR monomer 25 k-mers aligned
most to Chr 4§, indicating that Chr 4S is the chromosome detected
by FCR monomer 25 in the FISH experiment. Chr 8S also has
k-mers from FCR monomer 25, but the repetitive array on this
chromosome is short, <60 kb (Supplemental Fig. S7), which may
explain why only one centromere stains strongly for FCR mono-
mer 25 by FISH. Aligning only 25-bp k-mers that are unique to
each 150-bp monomer and not shared between them generated
a very similar heat map to the alignment of all k-mers
(Supplemental Fig. S6B), supporting that the differences between
FCR monomers drives the observed signal of chromosomal locali-
zations. Our ability to assign specific FCR monomers to individual
chromosomes makes genomic analysis of individual chromosomal
centromeres in Xenopus laevis possible.

Discussion

In this study, we characterized the active centromeric regions in
Xenopus laevis using native MNase Cenpa ChIP-seq. We utilized
a k-mer-based strategy to functionally define the active centromer-
ic repeat DNA on each chromosome in Xenopus laevis. The k-mer
counting approach we developed can be applied to study any re-
peats present in a genome using ChIP-seq or analogous data
sets. We found that, in Xenopus laevis centromeres, the primary se-
quences associated with Cenpa are a diverse set of repeat sequences
related to Fcrl (Edwards and Murray 2005). However, two chromo-
somes from the S subgenome were identified which had cen-
tromeres at nonrepetitive regions, despite containing short
repetitive regions composed of Cenpa-enriched k-mers. We used
sequence mapping and in situ hybridization to show that groups
of these FCR monomers form repeat arrays that can be either (1)
unique to individual chromosomes, (2) shared between subsets
of chromosomes with different levels of abundance, or (3) mutual-
ly exclusive when compared between chromosomes. These obser-
vations lead to several different models for how centromeric
sequences are established and maintained in Xenopus laevis.
Homoeologous chromosomes that possess similar k-mer content
(e.g., Chr 1L and 1S) suggest that the ancestral chromosome before
divergence may have contained this same repetitive centromeric
array and that both homoeologs maintained this HOR. Alterna-
tively, some homoeologous chromosomes have distinct centro-
meric k-mer spectra (e.g., Chr 4L and 4S). As Chr 4L shares k-
mers with other chromosomes, including Chr 1L and 1S, an ances-
tral centromeric repeat may have been shared between these chro-
mosomes. Chr 4§ may have once harbored this same ancestral
repeat but acquired a distinct centromeric repeat that became mul-
timerized and fixed over time. Transposable elements or intrachro-
mosomal recombination may also generate the diversity observed
between pairs of homoeologs and within each subgenome. The
presence of diverse sequences at centromeres suggests that multi-
ple sequences have the capacity for retaining Cenpa and maintain-
ing centromeres.

Although diverse sequences compose centromeres in Xenopus
laevis, these sequences could have common properties that allow
them to be competent for centromere establishment. Studies
from fission yeast (Ngan and Clarke 1997), fly (Peacock et al.
1974; Sun et al. 1997, 2003), and human (Hayden et al. 2013) sug-
gest that multiple distinct repetitive units have the capacity to har-
bor active centromeres and may be able to form centromeres de
novo. These studies demonstrate the capacity of repetitive DNA
to establish an active centromere in eukaryotic systems. Although
the role of CENPA in defining centromeres is undisputed, these in-
vestigations highlight the potential function of the underlying
centromeric DNA in specification and establishment of
centromeres.

In humans, alpha satellite DNA can promote CENPA assem-
bly in part by providing a binding site for the CENPB protein
(Ohzeki et al. 2002). Xenopus laevis appears to lack a centromere
binding CENPB homolog, yet sequence features of Xenopus laevis
centromeric DNA may facilitate centromere function, as has
been suggested for other species (Kasinathan and Henikoff
2018). A recent study demonstrated that certain nonrepetitive
chromosomal fragments contain the ability to retain CENPA after
transient targeting of HJURP to deposit CENPA (Logsdon et al.
2019), suggesting that some nonalphoid sequences are competent
for CENPA retention. These studies challenge the notion that cen-
tromeres are specified purely by epigenetic factors and motivate
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the investigation of DNA sequence contributions to centromere
maintenance in diverse model organisms.

In this study, we have characterized Xenopus laevis centromer-
ic repeats, enabling dissection of the genetic determinants of
Xenopus laevis centromeres. By assigning repeat monomers to spe-
cific chromosomes, we allow further study of Xenopus laevis cen-
tromeres using genomic techniques. How DNA elements
synergize with centromere assembly factors that epigenetically
promote Cenpa nucleosome formation is a key question in centro-
mere formation and inheritance. The approach that we apply to
Xenopus laevis centromeres should be broadly applicable to the
study of centromere or other repeat sequences in any organism.

Methods
MNase ChlP-seq library preparation

Adult J-strain Xenopus laevis were anesthetized and sacrificed be-
fore blood was drawn. For each frog, 6-8 aliquots of ~300 pL of
blood were washed three times by centrifugation for 5 min at
1400g with 1 mL of Buffer 4 (15 mM sodium citrate, 150 mM
NaCl) to prevent clotting. Two additional washes were performed
with 1 mL each of Buffer 1 (2.5 mM EDTA, 0.5 M EGTA, 15 mM
Tris-HCl pH 7.4, 15 mM NacCl, 60 mM KCl, 15 mM sodium citrate
0.5 mM spermidine, 0.15 mM spermine, 340 mM sucrose, supple-
mented with 0.1 mM PMSF). Cells were resuspended in Buffer 1,
pooled, and lysed by dounce homogenization with Wheaton pes-
tle B (30-50x). Cells were checked on a hemocytometer to confirm
complete lysis of cell membrane and intact nuclei. After lysis, cells
were washed two times with Buffer 3 (15 mM Tris-HCl pH 7.4, 15
mM NacCl, 60 mM KCl, 0.5 mM spermidine, 0.15 mM spermine,
340 mM sucrose, supplemented with 0.1 mM PMSF), and resus-
pended in 500 pL Buffer 3. CaCl, was added to 5 mM.
Chromatin was digested with 300 U MNase 30 min at room tem-
perature. Digestion was quenched with a final concentration of
5 mM EDTA and 10 mM EGTA. To lyse nuclei, 10% IGEPAL
CA-630 was added to a final concentration of 0.05%. Samples
were incubated on ice for 10 min followed by sedimentation of
the chromatin at 5 min 1500g, 4°C and removal of the superna-
tant. Chromatin was resuspended in 500 pL Buffer 3 supplement-
ed with 200 mM NacCl. The chromatin was extracted by overnight
rotation at 4°C. The chromatin was pelleted at ~16,000g for 10 min
at 4°C. The supernatant was collected, and a sample was processed
to confirm digestion to mostly mononucleosomes. This superna-
tant is the ChIP input. The input was precleared by rotation at
4°C for 4 h to overnight with 100 pL Protein A dynabeads pre-
washed with TBST (0.1% Triton X-100). For immunoprecipitation,
5 pg of antibody (Xenopus laevis Cenpa) (Milks et al. 2009) was cou-
pled to 20 pL of Protein A dynabeads that had been washed three
times with 400 uL TBST by rotation at 4°C in a final volume of 200
pL TBST. Antibody-bound beads were washed three times with
TBST, and beads were collected. Precleared beads were collected,
and the precleared input was split evenly between antibody-bound
beads. A sample was also taken for input library preparation.
Samples were rotated overnight at 4°C to bind nucleosomes to
beads. After overnight rotation, beads were collected and washed
three times with 400 pL TBST. Beads were then resuspended in
40 pL TE (10 mM Tris-HCI pH 8.0, 1 mM EDTA) supplemented
with 0.1% SDS. Proteinase K was added to 0.25 mg/mL (0.5 pL of
20 mg/mL), and samples were incubated at 65°C with 850 rpm
shaking from 4 h to overnight. Beads were collected, and ChIP
samples were transferred to a new tube.

AMPure XP beads were used to isolate the mononucleosomal
fraction. Briefly, 1.6x sample volume of beads were mixed with the

sample and incubated for 5 min at room temperature. Beads were
collected, and supernatant was removed. Beads were washed two
times with EtOH and allowed to air dry on a magnet for 5 min.
Beads were then eluted with 27 pL 10 mM Tris-HCI pH 8.0. ChIP
eluates and input were assessed by high-sensitivity Qubit and
Agilent Bioanalyzer. Sequencing libraries were prepared with the
NEBNext Ultra II DNA Library prep kit with up to 1 pg of input
or ChIP eluate DNA following the manufacturer’s protocol. Two
replicates of each sample were sequenced on MiSeq sequencer
and one replicate on a HiSeq Illumina NGS sequencer.

DNA FISH and IF protocol

Xenopus laevis CSF-arrested egg extract was prepared as described
and supplemented with Xenopus laevis sperm nuclei. The extracts
were released into interphase for 75-90 min before being fixed
with 2% formaldehyde, sedimented onto poly-lysine-coated
coverslips and processed for immunofluorescence (French et al.
2017). Briefly, coverslips were washed quickly with PBS, and
Antibody Dilution Buffer (AbDil) (150 mM NaCl, 20 mM Tris-
HCI pH 7.4, 0.1% Triton X-100, 2% BSA, 0.1% sodium azide), be-
fore blocking in AbDil for 30 min. Samples were incubated in pri-
mary antibody for 30 min at room temperature (1 pg/mkL rabbit
anti-Xenopus laevis Cenpc antibody [Milks et al. 2009] diluted in
AbDil), washed quickly three times in AbDil, and incubated in sec-
ondary antibody (donkey anti rabbit-Alexa 647 [Thermo Fisher
Scientific A-31573]) diluted 1:1000 in AbDil for 30 min at room
temperature. Samples were washed again in AbDil three times.

After immunofluorescence, samples were fixed again in 2.5%
formaldehyde diluted in PBS for 10 min and washed three times in
PBS. Samples were treated with 100 pg/mL RNase A in PBS for 30
min and washed again in PBS for 30 min. Samples were then dehy-
drated with an ethanol series for 1-2 min in 70%, 80%, 95%, and
100% EtOH before being allowed to air dry for 2 min. Probes were
diluted and denatured at 75°C for 5 min before being spotted onto
coverslips. The coverslips were then inverted onto slides and incu-
bated on a heat block at 80°C for 10 min. Slides were then trans-
ferred to a humid chamber and hybridized at 37°C overnight.
Coverslips were floated and inverted off of slides with 4x SSC
(0.6 M NaCl, 60 mM sodium citrate) and washed with 4x SSC.
Coverslips were then washed three times with 2x SSC prewarmed
to 37°C with 50% formamide for 5 min each, three times with
2x SSC prewarmed to 37°C for 5 min each, one time with room
temperature 1x SSC for 10 min, and one time with room tempera-
ture 4x SSC for 5 min. After washing, coverslips were stained with
10 pg/mL Hoechst-33342 diluted in AbDil for 10 min and washed
one time with PBS containing 0.1% Triton X-100 and one time
with PBS before being mounted (20 mM Tris-HCI pH 8.8, 0.5%
p-Phenylenediamine, 90% glycerol) on slides and sealed with
nail polish.

Imaging was performed on an IX70 Olympus microscope
with a DeltaVision system (Applied Precision), a Sedat quad-
pass filter set (Semrock), and monochromatic solid-state illumina-
tors, controlled via softWoRx 4.1.0 software (Applied Precision).
Images of sperm nuclei were acquired using a 60x 1.4 NA Plan
Apochromat oil immersion lens (Olympus). Images were acquired
with a charge-coupled device camera (CoolSNAP HQ; Photomet-
rics) and digitized to 16 bits. Z-sections were taken at 0.2-pm inter-
vals. Displayed images of sperm nuclei are maximum intensity
projections of z-stacks.

FISH probes were generated using random hexamer priming.
To generate FISH probes, 150-bp FCR monomer sequences were or-
dered as GeneBlocks from IDT. GeneBlocks were blunt-ligated into
the pJET1.2 vector. PCR products containing the FCR monomers
were amplified using the pJET1.2 forward and reverse sequencing
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primers. One microgram of PCR product was mixed with 5 pL of 25
UM random hexamer primer, and water was added up to 38 pL.
The PCR product was denatured at 95°C for 10 min and then
snap-cooled on ice. During denaturation, 2.5 pL of 1 mM dA,C,
G, 2.5 uL of 1 mM Alexa fluorophore conjugated dUTP, 5 pL of
10x NEB Buffer 2, and 2 pL of Klenow (exo-) polymerase were pre-
mixed. Both Alexa 488 and 568 dUTP conjugated fluorophores
were used in these experiments. Nucleotide and polymerase mix
were then mixed with denatured template and primers and incu-
bated, protected from light, at 37°C overnight. The reaction was
quenched with 2 pL of 10 mM EDTA and desalted with a
Microbio-spin 6 column (Bio-Rad) to remove unincorporated nu-
cleotides. Probes were then precipitated by adding 10 puL of 10
mg/mL salmon sperm DNA, 6 uL of 3 M sodium acetate, and
120 pL 100% EtOH. Probes were vortexed and precipitated at
—80°C for at least 30 min. Samples were spun at ~16,000g at 4°C
for 10 min to pellet probes. Supernatant was removed, and the pel-
let was resuspended in 1 mL 70% EtOH and spun again to wash.
Supernatant was removed again, and the pellet was allowed to
air dry. Probes were then resuspended in 50 pL hybridization buff-
er (65% formamide, 5x SSC, 5x Denhardt’s Buffer [0.1% Ficoll-400,
0.1% Polyvinylpyrrolidone], with 150 ng/mL yeast tRNA, and 0.5
mg/mL salmon sperm DNA). Probes were incubated at 37°C for 15
min to allow complete solubilization and stored at —20°C for 2 to 3
mo. When used for single-color FISH experiments, 4 uL of probe
was mixed with 4 pL of hybridization buffer, and for two-color
FISH experiments, 4 pL of each probe were diluted together.

Phylogram generation

All Cenpa-associated sequences with at least 20 enriched k-mers
were isolated. Enriched k-mers were defined as those with a centro-
mere enrichment score above 25 median absolute deviations away
from the median. These sequences were then entered into sequen-
tial rounds of cluster generation based on sequence similarity us-
ing cd-hit-est, first clustering sequences together that were 98%
identical, then 95%, and finally 90% identical by sequence (Fu
et al. 2012). This generated a list of representative sequences. The
top 50 most abundant sequences were then used to generate the
phylogram using Geneious (7.1.4) Tree Builder with the following
settings: Genetic Distance Model=Tamura-Nei, Tree building
method = Neighbor-joining, Outgroup = No outgroup, Alignment
Type=Global alignment, Cost Matrix=93% similarity. Colors
were manually added to branches that contain FCR monomers
used for validation by FISH. The originally identified Fcrl mono-
mer is labeled with an arrow (Fig. 1B). Tandem Repeat Finder was
used to identify repeat monomers within the centromeric regions
of the genome (Benson 1999). Repeat monomers of similar size
to Fcrl were extracted manually and clustered using cd-hit-est as
described above. A phylogram of monomers identified in
the genome was generated as described above. GC content of
the top 50 FCR monomers and input reads were plotted using
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Alignment of FCR monomers to Fcrl was performed using
a Geneious map to reference tool with default settings.

FISH data analysis probe correlations and heat map generation

Axial projections of images were analyzed as previously described
(Moree et al. 2011). Cenpc immunofluorescence signal was used as
the centromere fiducial marker. Image-specific background values
were subtracted from FISH intensities at each centromere. For
quantification of percentage of centromeres per nucleus positive
for a FISH probe, a cutoff background subtracted intensity of 200
AU was used to call a centromere positive or negative. A custom

bash script (Supplemental Code) was used to quantify the percent-
age of centromeres per nucleus that were FISH-positive.
Quantifications for single-color FISH are from three or four exper-
imental replicates with 10-12 nuclei quantified per experiment.
For two-color FISH experiments, background subtracted centro-
mere intensities were plotted on a scatterplot and Pearson correla-
tions were calculated in R (R Core Team 2018). Two-color FISH
experiments were performed in duplicate with at least 200 centro-
meres quantified per slide per experiment. Results shown are from
one representative experiment.

Genome segment analysis

In order to identify regions on each chromosome that contain
Cenpa-enriched k-mers, an updated version of the Xenopus
laevis genome (v10.1; https://www.ncbi.nlm.nih.gov/nuccore/
JAGEVR000000000.1) was first separated into 50-kb segments us-
ing a custom Python script (Supplemental Code). The bbduk pro-
gram was then used to extract genome segments that had enriched
k-mers. Enriched k-mers were defined by the ratio of normalized k-
mer abundance in the Cenpa and input libraries. Cutoffs were es-
tablished by variable multiples of median absolute deviation from
the median enrichment ratio. A stringent cutoff of 17 median ab-
solute deviations from the median enrichment ration of all k-mers
was chosen for downstream analysis. Genome segments with a
minimal k-mer density were used to characterize centromeres on
each chromosome by its k-mer content. Eighty-four total 50-kb ge-
nome segments were identified as containing a high abundance of
Cenpa-enriched k-mers. A binary matrix was generated indicating
the presence or absence of each enriched k-mer on each genome
segment. This matrix was then plotted as a heat map, clustering
both axes (method = “jaccard”) to show both k-mers and genome
segments that are found together, or without clustering by ge-
nome segment to preserve the ordering of source chromosomes
from each segment. Additionally, chromosomes were clustered
by the abundance of each Cenpa-enriched k-mer (method=“eu-
clidean”), after collapsing 50-kb genome segments by chromo-
some. For genome visualization, Cenpa-enriched k-mers and
genome segments with Cenpa-enriched k-mers were aligned to
the updated Xenopus laevis genome using Bowtie 2 (Langmead
and Salzberg 2012) allowing for multiple alignment of k-mers.
Genome alignments were then visualized using the pygenome-
tracks Python module (Ramirez et al. 2018). To estimate repeat ar-
ray size, bedGraphs with 1-bp resolution were created using
deepTools2 (Ramirez et al. 2016). From this bedGraph, the centro-
meric region on each chromosome was selected manually based on
the 50-kb genome segment analysis, and then the centromere
length was defined as the distance between the first and last base
pair that had a Cenpa-enriched k-mer aligned. We also report the
total base pairs within the centromere on each chromosome that
have Cenpa-enriched k-mers aligned and the fraction of the cen-
tromere with a Cenpa-enriched k-mer.

Bowtie analysis

FCR monomers (150 bp) were initially split into 25-bp k-mers (126
total) using KMC (Kokot et al. 2017). k-mers from each monomer
were then aligned to the Xenopus laevis genome 10.2 provided by
Jessen Bredeson and Dan Rokhsar using Bowtie (Langmead et al.
2009) allowing for no mismatches and for alignment as many
times as possible. Alignment files were then used to count the
number of times k-mers from each FCR monomer aligned to
each chromosome. This produced a table of counts of the number
of times k-mers from each FCR monomer aligned to each chromo-
some. This table was then plotted as a heat map, normalizing the
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intensity to the highest count on each chromosome. This same
analysis was also performed with k-mers that were specific to indi-
vidual FCR monomers. Alignment counts were normalized by the
number of k-mers that were specific to each FCR monomer to ac-
count for differences in the number of specific k-mers for each
FCR monomer.

To investigate mapping to nonrepetitive regions, Bowtie was
used to align Cenpa ChIP and input single-end 150-bp reads using
(-m1) to only return reads with single matches. Using deepTools2,
alignment files from each library were converted to bigWig using
bamCoverage with 25-bp window size and then bamCompare to
calculate a log, ratio of Cenpa ChIP/input signal. These align-
ments were plotted similar to alignments of k-mers described
above with the pygenometracks Python module.

Dotplot analysis

Self dot plots were generated using FlexiDot v1.6 using word size of
150 bp or 50 bp and did not allow for wobble or substitution (Seibt
etal. 2018). Sequences used for this analysis were selected based on
the presence of Cenpa-enriched k-mers or unique mapping of
Cenpa reads. GFF files corresponding to Chr 2S and Chr 4S were
used to annotate regions that contain Cenpa-enriched k-mers in
cyan and regions without Cenpa-enriched kmers in red boxes.

CENPB box analysis

Instances of the CENPB box “NTTCGNNNNANNCGGGN” were
identified in the Xenopus laevis v10.2 genome and the hg38 hu-
man genome using FIMO (Grant et al. 2011) with thresh=0.001
and --max-stored-scores=100000000. An enrichment analysis
was then performed using GAT (Heger et al. 2013), with --num-
samples = 1000, to determine if the instances of CENPB box motif
for each genome were enriched within the centromeric regions.
For Xenopus laevis v10.2, centromeric regions were defined by
the presence of Cenpa-enriched k-mers. For human hg38, centro-
meric regions were defined based on UCSC annotations for centro-
mere models.

RepeatMasker analysis

RepeatMasker 4.0.9 was used to identify repeat classes in 20 M
reads from Cenpa and Input sequencing libraries using the giri
Repbase library for Xenopus repeats (Smit et al. 2013-2015).
Counts for each repeat class were summarized, and an enrichment
score was calculated for each class which was reported as a bar blot.

Data access

All raw and processed sequencing data generated in this study
have been submitted to the NCBI Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession num-
ber GSE153058. Our k-mer analysis pipeline is available at GitHub
(https://github.com/straightlab/xenla-cen-dna-paper) and as
Supplemental Code.
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