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Abstract Centromere sequences exist as gaps in many
genome assemblies due to their repetitive nature. Here
we take an unbiased approach utilizing centromere pro-
tein A (CENP-A) chomatin immunoprecipitation
followed by high-throughput sequencing to identify
the centromeric repeat sequence in the threespine stick-
leback fish (Gasterosteus aculeatus). A 186-bp, AT-rich
repeat was validated as centromeric using both fluores-
cence in situ hybridization (FISH) and immunofluores-
cence combined with FISH (IF-FISH) on interphase
nuclei and metaphase spreads. This repeat hybridizes
strongly to the centromere on all chromosomes, with the
exception of weak hybridization to the Y chromosome.
Together, our work provides the first validated sequence
information for the threespine stickleback centromere.
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Abbreviations

BAC Bacterial artificial chromosome

BSA Bovine serum albumin

CEN Centromeric repeat sequence

CenH3 Centromeric histone H3

CENP-A Centromere protein A

CENP-B Centromere protein B

ChIP Chromatin immunopreciptiation

ChIP-seq  Chromatin immunopreciptiation
sequencing

DAPI 4’,6’-Diamidino-2-phenlyindole

dpf Days post-fertilization

EDTA Ethylenediaminetetraacetic acid

FISH Fluorescence in situ hybridization

GacCEN Threespine stickleback
(Gasterosteus aculeatus)
centromeric repeat sequence

H3 Histone H3

HOR Higher-order repeat

IF-FISH Immunofluorescence combined
with FISH

1P Immunoprecipitation

KCl Potassium chloride

MNase Micrococcal nuclease

PBS Phosphate-buffered saline

PBST Phosphate-buffered saline Tween-20

PCR Polymerase chain reaction

PMSF Phenylmethanesulfonylfluoride

POF1 Pacific Ocean female 1

POF2 Pacific Ocean female 2

RPM Reads per million

SDS Sodium dodecyl sulfate
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SDS- Sodium dodecyl sulfate

PAGE polyacrylamide gel electrophoresis
SSC Saline-sodium citrate

3'RACE  Rapid amplification of cDNA ends

Introduction

Proper segregation of chromosomes is essential for
the faithful and equal separation of each chromo-
some during both mitosis and meiosis. Mis-
segregation of chromosomes can lead to aneuploidy,
which is often associated with cancer, miscarriage,
and birth defects such as viable trisomies (Kops
et al. 2005; Morales et al. 2007; Hunt and Hassold
2010; Lister et al. 2010; Revenkova et al. 2010;
Gordon et al. 2012; Ricke and van Deursen 2013).
Physical separation of chromosomes occurs by the
attachment of microtubule spindle fibers via the
kinetochore to a primary constriction on each chro-
mosome, called the centromere. Because of the vital
role centromeres play in cell division, each chromo-
some must contain only a single functional centro-
mere. Functional centromeres are defined by the
presence of a centromeric histone variant known as
either centromeric histone H3 (CenH3) or centro-
mere protein A (CENP-A) (Palmer et al. 1991; Sul-
livan et al. 1994). CENP-A replaces histone H3 at
functional centromeres and localizes to the primary
constriction on metaphase chromosome spreads
(Earnshaw and Rothfield 1985; Palmer et al. 1989;
Sullivan and Schwartz 1995; Warburton et al. 1997,
Amor et al. 2004).

While the presence of CENP-A at functional cen-
tromeres is almost entirely conserved among eukary-
otes (Henikoff et al. 2001; Malik and Henikoff 2009;
Drinnenberg et al. 2014), the genetic sequence at
centromeres varies dramatically between species
(Henikoff et al. 2001; Alkan et al. 2011; Melters
etal. 2013) and even among chromosomes of the same
species or closely related species (Shang et al. 2010;
Tek et al. 2010; Piras et al. 2010; Gong et al. 2012).
Despite variation at the sequence level, most centro-
mere sequences have conserved characteristics, such
as being highly repetitive and AT-rich (Melters et al.
2013). In addition, many mammalian centromere re-
peats contain a conserved centromere protein B
(CENP-B) box, a 17-bp DNA motif that recruits the

@ Springer

CENP-B protein, thought to aid in de novo centromere
formation (Masumoto et al. 1989; Ohzeki et al. 2002;
Alkan et al. 2011). Previous methods used to identify
centromere sequences include isolation of satellite
DNA, restriction digest approaches, and bacterial ar-
tificial chromosome (BAC) cloning (Maio 1971;
Manuelidis 1978; Haaf et al. 1993; Garrido-Ramos
et al. 1994; Crollius et al. 2000; Edwards and Murray
2005; Tek et al. 2010; Shang et al. 2010). However,
these approaches can be limited by the restriction
enzymes used, by biases against cloning repetitive
DNA, and assumptions that the most repetitive se-
quences in the genome will be the centromere. Chro-
matin immunoprecipitation (ChIP) with a CENP-A
antibody followed by cloning of the ChIP DNA has
recently been used to both confirm putative centro-
mere sequences (Zhong 2002; Nagaki et al. 2003,
2004; Nagaki and Murata 2005; Houben et al. 2007),
and to identify novel repeats (Lee et al. 2005; Edwards
and Murray 2005; Nagaki et al. 2008; Tek et al. 2010;
Shang et al. 2010; Alkan et al. 2011). However,
CENP-A ChlIP cloning is limited both by the number
of clones that can be sequenced and biases against
cloning repetitive DNA. Chromatin immunoprecipi-
tation with a CENP-A antibody followed by high-
throughput sequencing (ChIP-seq) is the most unbi-
ased approach to identify functional centromeric as-
sociated DNA (Henikoff et al. 2015), but it has not yet
been extensively used (Gong et al. 2012; Henikoff
etal. 2015).

Here we sought to identify the centromere sequence
in threespine stickleback fish (Gasterosteus aculeatus),
an emerging model organism used to study the genetic,
genomic, and molecular basis for evolution (Kingsley
and Peichel 2007). The threespine stickleback has an
assembled genome (Jones et al. 2012), yet the centro-
mere sequence is still unknown. Gaps in the genome
assembly correspond with the cytological constriction
on most chromosomes (Urton et al. 2011), suggesting
that the stickleback centromere is comprised of repeti-
tive sequences (Henikoff 2002; Rudd and Willard
2004). To identify the threespine stickleback centromere
sequence, we first identified the complete threespine
stickleback CENP-A coding sequence and then per-
formed ChIP-seq using a threespine stickleback specific
CENP-A antibody. We confirmed that this 186-bp, AT-
rich sequence is centromeric using both fluorescence in
situ hybridization (FISH) and CENP-A immunofluores-
cence coupled with FISH (IF-FISH).
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Materials and methods
Fish use and care

Three populations of G. aculeatus were used in this
study: wild caught fish from Lake Union (Seattle, WA,
USA), laboratory-reared Pacific Ocean fish, and
laboratory-reared Japan Sea fish. Both of these labora-
tory populations were derived from wild-caught fish
collected in Akkeshi on Hokkaido Island, Japan (Kitano
etal. 2007, 2009). Fish were housed in 29-gal aquarium
tanks in summer lighting conditions (16-h light, 8-h
dark) at approximately 16 °C in 0.35 % saltwater
(3.5 g/l Instant Ocean salt (Spectrum Brands, USA);
0.4 ml/l sodium bicarbonate). Fish were fed with live
brine shrimp nauplii and frozen Mysis shrimp two times
daily. All institutional and national guidelines for the
care and use of laboratory animals were followed, and
all procedures were approved by the Fred Hutchinson
Cancer Research Center Institutional Animal Care and
Use Committee (protocol 1575). Fish were caught from
Lake Union with permission of the Washington Depart-
ment of Fish and Wildlife (Scientific Collection permits
12-057, 13-039, 14-065, and 15-033).

Determining the Cenpa coding sequence

To find the putative G. aculeatus Cenpa gene, the Danio
rerio CENP-A protein sequence was used to search for a
homologous sequence in the threespine stickleback ge-
nome assembly (Ensembl BROAD S1; Feb 2006) using
BLASTP. The putative threespine stickleback CENP-A
protein (ENSGACP00000024534) is a product of the
gene (ENSGACGO00000018561.1). However, this pre-
dicted gene was missing a stop codon. To determine the
full Cenpa coding sequence, RNA was extracted using
Trizol (Life Technologies, USA) from a Japan Sea male
stickleback kidney. An Invitrogen rapid amplification of
c¢DNA ends (3" RACE) kit (Life Technologies, USA)
was used to make cDNA. Internal primer JC06 (5'-
GAGAGGTGTGCCAGAGCTTCTC-3") was used in
conjunction with the 3" RACE kit primer AUAP to
amplify and sequence the entire 3’ end of the Cenpa
gene. This coding sequence was used to design primers
(5'-ATGCGTCACAATTCATCTACC-3" and 5'-
TTACAGGTTGTCCACCCC-3') to amplify the entire
cDNA. To determine whether the Japan Sea and Pacific
Ocean Cenpa cDNA sequences are the same, Pacific
Ocean male RNA was extracted from liver tissue using

Trizol, cDNA was synthesized using the SuperScript I1I
First-Strand Synthesis System Kit (Life Technologies,
USA), and the Cenpa cDNA was Sanger-sequenced
following polymerase chain reaction (PCR) amplifica-
tion with the primers above.

Antibody design

A G. aculeatus CENP-A specific antibody was designed to
amino acids 1-22 (MRHNSSTSRRKGKTPQHRPPLA)
of the N-terminal end of the threespine stickleback
CENP-A protein (Supplementary Fig. S1b). The rabbit
IgG affinity purified polyclonal antibody was produced
by Covance Research Products (USA).

Western blot

Fifty milligrams of Pacific Ocean female kidney and
liver tissue was dissected in 400 pl
radioimmunoprecipitation assay buffer (RIPA)
(150 mM sodium chloride, 1 % NP-40, 0.5 %
sodium deoxycholate, 0.1 % sodium dodecyl
sulfate (SDS), 50 uM Tris pH 8.0, 0.3 mM
phenylmethanesulfonylfluoride (PMSF)). Using a pellet
pestle, tissue was homogenized in 400 pl RIPA and
0.3 mM PMSF on ice. The pestle was rinsed with an
additional 600 pl RIPA with PMSF, and then the sample
was rotated 2 h at 4 °C. Cells were spun for 20 min at
12,000 rpm and 4 °C. The pellet was resuspended in
30 ul of 2 % SDS, and 6 pl of 6% Laemmli buffer was
added. The samples were boiled at 95 °C for 5 min and
then run on a 15 % sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) gel in running
buffer (25 mM Tris, 0.192 M glycine, 0.2 % SDS).
Proteins were transferred from the gel to a polyvinylidene
difluoride membrane for 1 h at 14 V in transfer buffer
(25 mM Tris, 192 mM glycine, 10 % methanol). The
membrane was blocked in I-BLOCK (Applied
Biosystems, USA) for 1 h. The membrane was incubated
with the primary antibody (rabbit, anti-stickleback
CENP-A) at 1:1000 in I-BLOCK plus 5 % bovine serum
albumin (BSA) on a shaking nutator overnight. The
membrane was washed 3x5 min with phosphate-
buffered saline Tween-20 (PBST) and then incubated
with alkaline phosphatase conjugated goat, anti-rabbit
secondary antibody (Applied Biosystems, USA) at
1:10,000 in I-BLOCK for 1 h. The membrane was
washed 2 x5 min with PBST and then 2 x5 min in assay
buffer (20 mM Tris pH 9.8, 1 mM magnesium chloride).
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A few drops of CDP-Star Chemiluminescent Substrate
(Sigma-Aldrich, USA) was added to membrane. Film
was exposed for 5 s and then developed.

Immunoflourescence on metaphase spreads
and interphase nuclei

Immunofluorescence was conducted using a protocol
adapted from Blower et al. (2002). For metaphase
spreads, Lake Union male spleen tissue was homoge-
nized in 1 ml of 0.56 % potassium chloride (KCI) with a
glass dounce. For interphase nuclei, 15 Pacific Ocean
embryos at 48 days post-fertilization (dpf) were homog-
enized in 10 ml of 0.56 % KCI with a glass dounce.
Cells were incubated for 45 min on ice to swell, and
350 pl (metaphase spreads) or 250 pl (interphase nuclei)
of the cell suspension was spun for 10 min at 1950 rpm
onto Fisherfinest Premium Superfrost microscope slides
through a Fisher single cytology funnel (Fisher Scien-
tific, USA) using a Cytospin 3 (Shandon, USA). Slides
were immediately placed in ice-cold methanol for
20 min followed by a 10-min room temperature incuba-
tion in 4 % formaldehyde in phosphate-buffered saline
(PBS). Slides were washed 10 min in PBST (PBS,
0.05 % Tween-20) and then incubated with block solu-
tion (PBST, 1 % BSA, 0.02 % sodium azide) for 20 min
at room temperature. Primary antibody (rabbit, anti-
stickleback CENP-A) was added at 1:300 in block so-
lution for 4 h at room temperature. Slides were washed
3x5 min in PBST at room temperature. A secondary
Alexa Fluor 488 chicken, anti-rabbit IgG antibody (Life
Technologies, USA) was added at 1:500 in block solu-
tion and incubated overnight at 4 °C. Slides were
washed 3 x5 min in PBST and then counterstained with
vectashield 4’,6’-diamidino-2-phenlyindole (DAPI)
stain (Vector Laboratories, USA) for 10 min before
imaging as described in the “Microscopy” section.

CENP-A chromatin immunoprecipitation

Chromatin preparation from tissue The ChIP protocol
was performed using the SimpleChIP Plus Enzymatic
Chromatin IP Kit (Magnetic Beads; Cell Signaling
Technology, USA). Approximately 0.1 g of kidney
and liver tissue was dissected from two Pacific Ocean
females for two independent samples. The tissue was
placed into 2 ml of 1x protease inhibitor cocktail (PIC)
buffer. The tissue was dounced three times with a glass
dounce, and the dounce was rinsed with an additional
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2 ml of 1x PIC buffer. Four milliliters of the tissue
suspension was incubated with 180 ul of 37 % formalde-
hyde for 20 min at room temperature on a nutator. From
this point, the Simple ChIP protocol was followed with the
following modifications: cells were incubated for 30 min at
37 °C with 1.6 pl of micrococcal nuclease (MNase) to
create mononucleosomes and dinucleosomes. MNase
treatment was stopped with addition of 40 pl 0.5 M ethyl-
enediaminetetraacetic acid (EDTA). Cells were spun at
13,000 rpm for 1 min at 4 °C and resuspended in 400 pl
1x ChIP buffer. Nuclear membranes were disrupted with
3x30 s sonication using a probe sonicator on high, with a
30-s incubation on wet ice between pulses. Lysates were
clarified by spinning at 10,000 rpm for 10 min at 4 °C.
Thirty microliters of the supernatant was taken for chro-
matin analysis and quantification, and the rest was stored at
—80 °C until immunopreciptation (IP).

Immunoprecipitation For each sample, 10 ug chroma-
tin was diluted in 500 pl 1x ChIP buffer. For each
sample, 10 pl was taken and stored at —20 °C for use
as the input samples. For each 10 pg IP, chromatin was
incubated with 4.64 pg of rabbit, anti-stickleback
CENP-A antibody in 1x ChIP buffer overnight at 4 °C
with rotation. Thirty microliters of magnetic beads was
added to each 10 pg IP. Following a 2-h incubation at
4 °C with rotation, experimental methods were carried
out following the Simple ChiP Kit instructions. Input
and IP DNA was purified using a MinElute PCR Puri-
fication Kit (Qiagen, USA). Two IP and two input
samples were each eluted in 11 pl EB buffer. Paired
end 150-bp sequencing was performed on the Illumina
HiSeq 2500 (Illumina, USA) at the Fred Hutchinson
Cancer Research Center Genomics Shared Resource.
Fastq files containing the raw sequencing data have
been deposited to the NCBI Sequence Read Archive
(study accession SRP063504).

ChiIP analysis CENP-A ChIP data was analyzed using
the pipeline described by (Henikoff et al. 2015). Paired
reads were merged using SeqPrep (https://github.com/
jstjohn/SeqPrep). We then discarded any CENP-A ChIP
reads that aligned to the BROADSI assembly of the G.
aculeatus genome (Jones et al. 2012), using bwa v0.7.
12 (Li and Durbin 2009). The remaining merged pairs
(9,182,498 from Pacific Ocean female 1 (POF1) and
10,208,973 from Pacific Ocean female 2 (POF2)) were
run through CD-HIT-EST (Li and Godzik 2006; Fu
et al. 2012) to create a set of the most abundant IP
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clusters, with each cluster sharing at least 90 % sequence
identity. The longest read for each cluster was used a
reference sequence for that cluster. The clusters were
ranked by the number of reads, and the top 500 cluster
reference sequences were identified. For each cluster
reference sequence, we first counted the number of
reads in both the total IP and input samples (all mapped
and unmapped reads) and then normalized these counts
by calculating the reads per million (RPM) for both the
IP and input samples. We calculated the fold enrichment
of each cluster reference sequence in the IP relative to
input by dividing the IP RPM by the input RPM. The
top 500 most abundant cluster references were then
ranked by order of fold enrichment. Sequences with a
fold enrichment of less than 1 were discarded. The total
average fold enrichment for all of the top enriched
clusters combined was calculated by dividing the total
IP RPM by the total input RPM.

The cluster reference sequences determined from
above were aligned to the most abundant cluster se-
quence (Supplementary Fig. S2). The Geneious
(Biomatters, New Zealand) sequence global alignment
program (parameter: cost matrix 65 % similarity, gap
open penalty=12, gap extension penalty=3) was used
for alignments. From this alignment, a consensus se-
quence repeating unit was determined using the >50 %
identity “strict” parameter in Geneious. A consensus
repeating unit was determined for each independent IP
sample. The two consensus repeats were then aligned to
create a single consensus centromeric repeat sequence
(CEN) (Supplementary Fig. S3).

To find the percentage of reads from each ChIP
experiment that contained sequences with homology to
the CEN, we used BWA-MEM (Li 2013) to align all
reads from either the input or the IP to the consensus
repeat sequence. Only reads with a score >30 were
counted where the score is dependent on the following:
B INT ([4]), O INT [,INT] ([6,6]), E INT [,INT] (‘{O}+
{E}*k’[1,1], and L INT [,INT] ([5,5]).

To find assembled scaffolds that contain sequence
homologous to the centromeric repeat sequence, we
conducted a BLAST search for the CEN sequence in
the threespine stickleback genome assembly (Ensembl
BROAD S1; Feb 2006). We identified sequences with
homology to the CEN sequence in scaffolds from re-
gions of the genome that were not assigned to chromo-
some assemblies and in scaffolds at the edges of gaps in
chromosome assemblies that correspond to the putative
position of centromeres as determined using the p/q

chromosome arm length ratios (Urton et al. 2011). Up
to 5 kb of sequence data from each region was extracted,
and the consensus centromeric repeat was aligned to
these sequences in Geneious (Biomatters, New Zealand)
to identify tandem repeats and to determine percent
identity between the consensus centromere repeat and
the repeats present in the genome assembly.

Fluorescence in situ hybridization on metaphase spreads
and interphase nuclei

CEN FISH probe PCR primers JC103 (5'-
GGTGCTAGATTTAGGAAAACA-3') and JC106 (5'-
GTGCATTCATGACTTTTAAGG-3") were used to am-
plify the threespine stickleback centromeric repeat from
genomic DNA. The PCR product appeared as a ladder.
The entire ladder was extracted using the QIAquick gel
Extraction Kit (Qiagen, USA). The purified PCR prod-
uct was cloned into the PCR2.1 vector (Life Technolo-
gies, USA). The clone used as a template to make the
FISH probe contained 1.5 copies of the centromeric
repeat. This clone was amplified using primers JC103
and JC106 with PCR fluorescein labeling mix (Roche
Applied Science, Switzerland) to make a fluorescein-
12-dUTP-labeled probe of 288 bp. The probe was ly-
ophilized at 55 °C for 3 h and then resuspended in 10 ul
hybridization buffer (50 % formamide, 2% saline-
sodium citrate (SSC), 10 % dextran sulfate, 0.2 mM
ethylenediaminetetraacetic acid (EDTA), 2 mM Tris,
pH 8.0). The probe was denatured at 72 °C for 5 min
and then stored at 37 °C until use.

Sex chromosome FISH probe The G. aculeatus BAC
clone CHORI-213 101E08 was used as a FISH probe to
distinguish the X and Y chromosomes. This BAC clone
hybridizes to the end of the p arm of the Y chromosome
and to the middle of the p arm of the X chromosome
(Ross and Peichel 2008). The BAC FISH probe was
labeled with Alexa 568 following the protocol in Urton
etal. (2011).

Metaphase spreads and interphase nuclei Wild-caught
fish from Lake Union were injected with 10 pl of 1 %
colchicine in PBS for 16 h to arrest mitotic cells. Spleen
and liver tissue was dissected and homogenized in 2 ml
0f 0.56 % KCl using a glass dounce. Metaphase spreads
and interphase nuclei were prepared following the pro-
tocol described in Ross and Peichel (2008).
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Hybridization Slides were washed in 2x SSC for 5 min,
and then in denature solution (2x SSC, 70 % formam-
ide) for 2 min in a 72 °C water bath. Slides were
dehydrated in 70 % cold ethanol for 2 min, followed
by a room temperature dehydration series for 2 min each
in 85, 90, and 100 % ethanol. After the slides were air-
dried for 5 min, 10 ul of either the CEN probe, the sex
chromosome probe, or both was added. Then, the slides
were covered with a coverslip, sealed with rubber ce-
ment, and hybridized at 37 °C overnight in a humid
chamber. Slides were washed in a 42 °C water bath 3 %
5 min in wash solution 1 (2x SSC, 50 % formamide),
followed by 3x5 min in 2x SSC. Slides were air-dried
for 5 min and then counterstained and mounted with
vectashield DAPI stain. Images were taken as described
in the “Microscopy” section.

Immunofluorescence-FISH

For IF-FISH, 15 Lake Union embryos at 48 dpf were
dounced in 10 ml 0.56 % KCI and 0.1 % Tween-20
using a glass dounce. Metaphase and interphase nuclei
slides were prepared following the protocol in the
“Immunofluorescence” section, with the following
modifications: primary rabbit, anti-stickleback CENP-
A antibody was diluted 1:100 in block, and 100 pl was
added to the slide, which was covered with a glass
coverslip and incubated in a humid chamber overnight
at 4 °C. Slides were washed 3 x5 min with PBST. The
secondary goat, anti-rabbit 568 antibody (Invitrogen,
USA) was diluted 1:600 in block, and 100 pl was added
to the slide and incubated for 4 h at room temperature in
the dark. Slides were washed 3 x5 min in PBST and then
post-fixed with 4 % formaldehyde in PBS for 10 min at
room temperature. Ten microliters of PCR-labeled CEN
probe was lyophilized at 55 °C for 4 h and resuspended
in 10 pl of hybridization buffer (50 % formamide, 2x
SSC, 10 % dextran sulfate, 20 % TE, pH 8). The probe
was denatured at 72 °C for 5 min in a water bath and
then put at 37 °C until use. Hybridization with the CEN
probe was performed following the protocol in the
“Hybridization™ section.

Microscopy
Slides were imaged using a Nikon Eclipse 80i micro-
scope (Nikon, Japan) with an automated filter turret

(Chroma filters 31000v2 (DAPI), 41001 (FITC), and
41004 (Texas Red); Chroma, USA). Images were taken
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using the 100x objective, using the Photometrics
CoolSNAP ES2 camera (Photometrics, USA). NIS El-
ements imaging software (BR 3.00, SP7, Hotfix8, Build
548, Nikon, Japan) was used to pseudo-color the im-
ages. For CENP-A immunofluorescence images, the
Alexa Fluor-488-labeled antibody, and DAPI were
pseudo-colored purple and grey, respectively. For FISH
images, the Alexa Fluor 568-labeled BAC probe and
DAPI were pseudo-colored purple and grey, respective-
ly; the fluorescein-labeled CEN probe is green. For IF-
FISH images, the Alexa Flour 568-labeled CENP-A
antibody, and DAPI were pseudo-colored purple and
grey, respectively.

Results

Identification of the threespine stickleback CENP-A
coding sequence

Using 3' RACE, PCR, and cDNA sequencing, we iden-
tified the entire coding sequence of the threespine stick-
leback CENP-A gene, which is 447 bp and encodes a
protein of 148 amino acids (Supplementary Fig. Sla).
Interestingly, the amino acid sequences between Pacific
Ocean and Japan Sea populations differ by a single
amino acid at position 36 (GenBank accession numbers
KT321854 (Pacific Ocean), KT321855 (Japan Sea)).
The Pacific Ocean sequence is used as the reference
here. Like other known CenH3-like proteins, the
threespine stickleback CENP-A protein has an N-
terminal tail that is highly diverged from the threespine
stickleback H3 protein (Supplementary Fig. S1b). The
N-terminal tail is also highly diverged among CENP-A
proteins from different fish species, while the C-terminal
histone fold domain is more conserved (Fountain and
Kral 2011).

Threespine stickleback CENP-A is centromere specific

To determine whether the threespine stickleback CENP-
A protein is a centromeric histone variant, we designed
an antibody that would recognize the N-terminal end of
the CENP-A, but not the H3, protein (Supplementary
Fig. S1b). A Western blot on protein lysate from
threespine stickleback tissue shows that the CENP-A
antibody is specific to a prominent band of around
17 kD, consistent with its predicted atomic weight of
16.7 kD (Supplementary Fig. Slc). The antibody
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hybridizes to punctate spots on interphase nuclei
(Fig. 1a) and to the primary constriction of all chromo-
somes on metaphase spreads (Fig. 1b, c). Taken togeth-
er, these data suggest that this is a bona fide centromeric
histone.

CENP-A-associated sequences in threespine stickleback

To identify the centromere sequence, we performed
CENP-A ChIP-seq in two independent female fish from
the Pacific Ocean population. Using the cluster analysis
pipeline described in Henikoff et al. (2015), we identi-
fied the 500 most abundant sequences in each IP sample
and then determined that the majority of these sequences
(320 in POF1 and 299 in POF2) were enriched in the IP
sequences relative to input sequences (Table 1). After
aligning these enriched sequences (Supplementary
Fig. S2), we found a single consensus repeating unit
for each individual IP sample. These two consensus
repeats are 99.5 % identical and were aligned to create
a single consensus repeat (Supplementary Fig. S3). The
consensus repeat is 186 bp with an AT content 0f 62.9 %
(Fig. 2a) and was 17.04- or 17.68-fold enriched in the IP
relative to input in two independent ChIP-seq

Fig.1 The threespine stickleback
CENP-A antibody localizes to the
centromere. Immunofluorescence
reveals that the CENP-A antibody
(purple) hybridizes to a distinct
puncta in interphase nuclei from
Pacific Ocean embryos, b a single
region on each chromosome in a
metaphase spread from a Lake
Union male, and ¢ the primary
constriction (arrowheads) on
each chromosome in a higher
magnification view of the boxed
region in panel (b). Scale bar,

5 um

experiments (Table 1). This repeat made up 4.43 and
4.29 % of total reads from each input sample, highlight-
ing its overall abundance in the genome. Like many
other centromeric repeats, this consensus repeat is AT-
rich (Melters et al. 2013), contains a putative centromere
protein B (CENP-B) box (Fig. 2b) (Masumoto et al.
2004; Edwards and Murray 2005; Henikoff et al.
2015), and has a sequence length consistent with wrap-
ping around a single nucleosome (Willard 1991; Shelby
et al. 1997; Henikoff et al. 2001).

Nearly all of the sequences (316/320 from POFI;
289/299 from POF2) that were enriched in the CENP-
A TP relative to the input aligned to the consensus repeat
(Table 1). The few enriched sequences that did not align
to the consensus repeat (4 from POF1; 10 from POF2)
did not align to each other and were low in abundance,
with less than 150 total reads in the IP and 84 total reads
in the input. It is possible that these low-abundance
sequences are bound by CENP-A and are interspersed
among long stretches of the consensus tandem repeat.
However, our data suggests that the majority of se-
quences bound to CENP-A in the threespine stickleback
are variants of the consensus repeat that we identified
(Table 1).
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Table 1 Summary of CENP-A ChIP-seq data from two independent Pacific Ocean females

Pacific Ocean female 1 Pacific Ocean female 2

Number of enriched clusters in 500 most abundant
Number of enriched clusters with GacCEN repeat
Average fold enrichment of IP/input

Range of fold enrichment across clusters

Total normalized IP RPM for enriched
GacCEN containing clusters

Total normalized input RPM for enriched
GacCEN containing clusters

Total IP reads

Total IP reads that map to GacCEN (% total)
Total input reads

Total input reads that map to GacGEN (% total)

320 299

316 289

17.04 17.68

1.25-87.60 1.01-134.00
307,600.96 308,096.65

18,046.51 17,426.30
28,309,375 34,297,458
20,245,271 (71.51 %) 23,695,808 (69.09 %)
26,102,993 30,137,027

1,155,758 (4.43 %) 1,291,918 (4.29 %)

GacCEN threespine stickleback (Gasterosteus aculeatus) centromeric repeat sequence, /P immunoprecipitation, RPM reads per million

The CENP-A-associated sequence is centromere
specific

To determine whether the sequence is the bona fide
centromere, we generated a fluorescently labeled
probe of the consensus repeat sequence identified
by ChIP-seq and found that it hybridizes to distinct
loci in interphase nuclei (Fig. 3a), as well as to the
constriction on 41 of 42 metaphase chromosomes in
male threespine sticklebacks (Fig. 3b, c). IF-FISH
also shows that the centromere repeat co-localizes
with CENP-A in both interphase nuclei (Fig. 4a), as
well as on metaphase spreads (Fig. 4b, c). All of
these results suggest that the 186-bp repeat, now
referred to as GacCEN (threespine stickleback
(G. aculeatus) centromeric repeat sequence;
GenBank accession number KT321856), is the cen-
tromeric repeat in threespine stickleback fish.

The GacCEN probe shows weak hybridization to the Y
chromosome

In mammals, the Y chromosome centromere can
differ from the centromere on the other chromo-
somes. For example, the house mouse Y centromere
is comprised of a novel satellite repeat (Pertile et al.
2009), and the human Y centromere is a divergent
alpha satellite repeat (Wolfe et al. 1985; Miga et al.
2014). Thus, we hypothesized that the single chro-
mosome that did not hybridize to the GacCEN probe
in males was the Y (Fig. 3b). Indeed, when we
performed FISH with the GacCEN probe and a
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BAC probe that distinguishes the X and Y chromo-
somes (Ross and Peichel 2008), we found that the Y
chromosome centromere shows very weak hybridi-
zation to this centromeric repeat, while the X chro-
mosome shows strong hybridization (Fig. 5).

GacCEN repeat shows a decrease in percent identity
outside of the core centromere

We searched for sequences with homology to the
consensus centromeric repeat in the current stickle-
back genome assembly (Jones et al. 2012; Ensembl
BROADSI) to see if we could uncover any large
scaffolds containing the GacCEN repeat. We found
multiple copies of a similar repeat on four scaffolds
that did not map to chromosome assemblies and at
the edges of ten different scaffolds from nine assem-
bled chromosomes, corresponding to the locations of
centromeric constrictions in metaphase spreads
(Urton et al. 2011). As predicted (Smith 1976;
Schueler et al. 2001; Henikoff 2002; Shepelev
et al. 2009; Henikoff et al. 2015), the repeats found
of the edge of the assembled contigs show a de-
crease in percent identity to the GacCEN as they
move away from the core centromere (Supplemen-
tary Fig. S4). None of the GacCEN containing
contigs appear to have any higher-order repeat
(HOR) structure. However, until longer
centromere-containing reads are obtained, it will be
difficult to determine whether stickleback centro-
meres in fact have a HOR structure.
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a

GAGGTGCTAGTTTTAGGAAAACACTGTTAACCAATGCATTCTTGTGTTCTGTGCGTTTTCAG
CTTTCTCTCGGCCTGCAAACGCCTTAATAGTCAAGAATGCACCAAAACTTAGTTTGAACAAA
AAAGGTTGGAAAACTATTCACAAACCATGATACCATCATAAAACAGATAAATGTACTTTCCT

b

* *x *x %
H. sapiens o B R o B0 e S LB
C. familiaris ¢c T T C A T A
0. anatinus CTTTGCT
X. leavis TAGTGTT
G. aculeatus AAAGGTT

Q03 ®

# conserved

* * ok kK bases
GAAACGGGA
GGAAATTCG 8/17
ccGGCCTGA 8/17
GAAGCTAAT 8/17
GAAAACTAT 8/17

Fig. 2 Threespine stickleback centromere repeat sequence. a The
consensus GacCEN repeat is 186 bp and has an AT content of
62.9 %. The putative CENP-B box is highlighted in bold. b The
putative CENP-B box in the GacCEN shows sequence similarity to
the CENP-B box in human (Homo sapiens), dog (Canis familiaris),

Discussion

By identifying the complete coding sequence of the
threespine stickleback CENP-A protein and designing
a species-specific antibody, we were able to perform an
unbiased CENP-A ChIP-seq experiment to identify the
threespine stickleback centromere repeat. We validated

Fig.3 The threespine stickleback
CEN repeat hybridizes to the
centromere. FISH reveals that the
CEN probe (green) hybridizes to
a distinct puncta in interphase
nuclei from Lake Union embryos,
b a single region on each
chromosome except one (arrow)
in a metaphase spread from a
Lake Union male, and ¢ the
primary constriction
(arrowheads) on each
chromosome in a higher
magnification view of the boxed
region in panel (b). Scale bar,

5 um

MERGED

platypus (Ornithorhynchus anatinus), and the African clawed frog
(Xenopus laevis). Identical nucleotides to the human CENP-B box
are in red, and asterisks denote the evolutionary conserved domains
in humans (Ohzeki et al. 2002; Alkan et al. 2011). This sequence
has been deposited in GenBank (accession number KT321856)

this repeat as centromeric by performing FISH, as well
as IF-FISH with the CENP-A antibody on metaphase
spreads. This repeat shares similar characteristics to
other centromere repeats in its size, AT content, and
putative CENP-B box (Alkan et al. 2011; Melters et al.
2013). It should be noted that the putative G. aculeatus
CENP-B box shows weak conservation to the

DAPI CEN
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Fig. 4 The threespine stickleback centromere repeat colocalizes

with CENP-A. IF-FISH with CENP-A antibody (purple) shows co-
localization with the CEN probe (green) in a interphase nuclei and

.\'
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*
.
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evolutionarily conserved human CENP-B domains
(Alkan et al. 2011) yet shows the same number of
conserved bases as the putative dog, platypus, and
Xenopus CENP-B boxes (Fig. 2b). The lack of a fully
conserved CENP-B box was consistent across all indi-
vidual cluster repeats, suggesting there are no small
subsets of active CENP-B box containing repeats. Inter-
estingly, we also find no evidence for a CENP-B gene in
the G. aculeatus genome assembly. Although it is not
clear whether the CENP-B box in the GacCEN is func-
tional, it is interesting that the repeat shares similar
sequence characteristics with other known centromeric
repeats.

A previous study (Melters et al. 2013) used a bioin-
formatic pipeline to identify candidate centromere se-
quences in 282 species, including two putative centro-
mere sequences of 313 and 186 bp in threespine stick-
leback (Table S4 in Melters et al. 2013). While they
could not identify the source of the discordance between
the two potential repeats, they assumed that the 313-bp
sequence was the centromere because of its higher

@ Springer

CEN CENP-A

b, ¢ metaphase chromosomes from Lake Union embryos. Panel (c)
shows a higher magnification view of the boxed region in panel (b).
Scale bar, 5 pm

abundance in the genome. However, we tested this
repeat using FISH and found that it does not hybridize
to the centromere on metaphase chromosomes (data not
shown). In fact, the 186-bp repeat that they identified is
93.0 % similar to the GacCEN repeat identified in our
study (D. Melters personal communication, July 7,
2015). These results underscore the importance of FISH
and/or CENP-A ChIP validation to discern between
multiple candidate sequences identified by other
methods.

We also previously attempted to identify the
G. aculeatus centromere sequence using methods that
do not rely on a species-specific CENP-A antibody. We
used the RepeatNet program (Alkan et al. 2011), which
identifies the most abundant sequences in a sequenced
genome. In addition, we used a restriction digest ap-
proach to identify abundant repeats in the genome.
While both computational and restriction digest
methods are easy to use and cheaper than ChIP-seq,
they generated a large list of potential repeats. To narrow
down our list of putative sequences, we assumed, as is
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Fig. 5 The threespine stickleback centromere repeat shows weak
hybridization to the Y chromosome centromere. a FISH reveals
that the CEN probe (green) shows weak hybridization to the Y
chromosome but strong hybridization to the X chromosome on a
metaphase spread from a Pacific Ocean male. The X and Y

common, that the centromeric repeat would not map to
the assembled regions of the genome and that it would
be one of the most abundant repeats in the unassembled
genome sequences (Alkan et al. 2011; Melters et al.
2013). Based on these criteria, we made a list of candi-
dates to test by FISH, but none hybridized to the cen-
tromere. However, after performing the ChIP-seq exper-
iment, we realized that the GacCEN repeat was actually
identified using both the computational and the restric-
tion digest methods. Because the edges of many genome
assembly scaffold edges contained a few, more di-
verged, copies of this repeat, our analysis showed that
the putative sequences mapped to distinct chromo-
somes. Furthermore, the GacCEN repeat was not as
abundant as other repeats we identified. For these two
reasons, the GacCEN repeat sequence was not among
the first to be tested. Our experience highlights that other
approaches can be used to identify centromeric repeats
in organisms without a known CENP-A antibody or an

chromosomes can be identified and distinguished by hybridization
to a FISH probe from BAC 101E08 (purple) (Ross and Peichel
2008). Higher magnification views of hybridization to the X (b)
and Y (¢) chromosomes are shown. Scale bar, 5 um

available epitope-tagged CENP-A protein. However,
CENP-A ChIP-seq is still the most unbiased way to
identify or validate a centromeric repeat.

Our work also demonstrates that it is possible in
some cases to identify remnants of centromere repeats
on the edges of genome assembly gaps. We found some
repeats on the edges of assembled scaffolds that were
slightly more divergent than the core centromere se-
quences identified by ChIP-seq (Supplementary
Fig. S4). This is consistent with what has been seen in
human CENP-A ChIP-seq experiments in which the
sequence homology among «-satellite repeats decreases
with distance from the core functional centromere
(Henikoff et al. 2015). Unequal crossing over at nearly
identical repeats is thought to lead to the homogeniza-
tion of the core centromere, with mutation leading to
divergence and unique differences in repeats outside of
the core centromere (Smith 1976; Schueler et al. 2001;
Henikoff 2002; Shepelev et al. 2009; Henikoff et al.
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2015). These differences allow for the assembly of the
centromeric repeats. However, Henikoff et al. 2015
showed that more diverged repeats may lose their cen-
tromere function, implying that the core, unassembled
centromere repeats make up functional centromeres.
Our initial filtering step to remove all CENP-A ChIP
reads that mapped to the assembled genome actually
discarded the repeats we later found on the edges of
genome assembly gaps. While these similar repeats may
still have centromeric function, by discarding any re-
peats that mapped to the genome, we ensured that our
methods enriched for the core, functional centromere
sequences.

Finally, while we have determined that 41 out of the
42 threespine stickleback chromosomes show hybridi-
zation with the GacCEN probe in males, the Y centro-
mere appears to show weak hybridization. This could be
due to either a different or divergent Y specific centro-
mere repeat (Pertile et al. 2009; Miga etal. 2014), orto a
decrease in the number of repeats on the Y centromere
array. Future work will use a similar unbiased ChIP-seq
approach in both males and females to identify the Y
chromosome centromere repeat.
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