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Abstract

Centromere identification and inactivation on a neo-Y chromosome fusion in threespine
stickleback fish (Gasterosteus aculeatus)

Jennifer N. Cech

Dr. Catherine L. Peichel
Member, Divisions of Basic Sciences and Human Biology,
Fred Hutchinson Cancer Research Center
Affiliate Professor, Department of Biology,
University of Washington

Centromeres are the primary constriction observed on many chromosomes, and they are
required for normal cell division. Having one and only one centromere per chromosome
is essential for proper chromosome segregation during both mitosis and meiosis.
Chromosomes containing two centromeres (dicentric) often mis-segregate during cell
division, resulting in aneuploidy or chromosome breakage. Dicentric chromosomes can
be stabilized by centromere inactivation, a process which re-establishes monocentric
chromosomes. There are two proposed mechanisms of centromere inactivation: a solely
epigenetic mechanism involving loss of the centromeric histone, also called centromere
protein A (CENP-A), or a genetic mechanism involving deletion or mutation of

centromeric DNA. However, little is known about this process in naturally occurring



dicentric chromosomes. For my dissertation, I characterized the mechanism of
centromere inactivation on a Y chromosome-autosome fusion (referred to as a neo-Y
chromosome) that has been fixed in Japan Sea threespine stickleback fish (Gasterosteus
nipponicus).

In order to characterize the Japan Sea neo-Y chromosome, I first needed to
identify the threespine stickleback centromeric DNA sequence. Centromere sequences
exist as gaps in many genome assemblies due to their repetitive nature. Thus, I took an
unbiased approach utilizing CENP-A chomatin immunoprecipitation followed by high-
throughput sequencing to identify the centromeric repeat sequence in the closely related
Pacific Ocean threespine stickleback fish (Gasterosteus aculeatus). A 186-bp, AT-rich
repeat was validated as centromeric using both fluorescence in situ hybridization (FISH)
and immunofluorescence combined with FISH (IF-FISH) on interphase nuclei and
metaphase spreads. This repeat (GacCEN) hybridizes strongly to the centromere on all
chromosomes, with the exception of weak hybridization to the Y chromosome.

To test whether epigenetic or genetic inactivation has occurred on the Japan Sea
neo-Y chromosome, I used a combination of GacCEN FISH and CENP-A
immunofluoresence on metaphase chromosome spreads. I demonstrated that there has
been epigenetic inactivation of the centromere derived from the Y chromosome on the
Japan Sea neo-Y chromosome. Furthermore, my data suggest that there may be genetic
changes to the centromere derived from the ancestral Y chromosome, potentially
contributing to its inactivation.

Together, my work provides the first validated sequence information for the

threespine stickleback centromere. Additionally, the Japan Sea stickleback neo-Y is one



of the few examples of a naturally-occurring and stable dicentric chromosome involving
two functionally important chromosomes that shows evidence for centromere
inactivation. It is also one of the first examples showing centromere inactivation as a
potential mechanism used to maintain a chromosome fusion that may play a role in the

process of speciation between the Pacific Ocean and Japan Sea sticklebacks.
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Chapter 1: Background

Introduction

The ability to pass on genetic information to offspring is dependent on proper cell
division. Ensuring that each daughter cell receives the correct number of chromosomes is
also critical for normal cellular function and growth. Emphasizing these important
functions, errors in chromosome segregation have been associated with birth defects and
cancer. It is clearly important to stably maintain chromosome number during the lifetime
of an organism. However, on an evolutionary timescale, chromosomes are highly
dynamic, and can undergo both fission and fusion leading to changes in chromosome
number. My thesis project addresses how cells maintain proper chromosome segregation

amidst chromosomal changes in an evolutionary context.

Centromeres

The centromere of a chromosome was first described by Walther Flemming in the 1880°’s
as the primary constriction observed on condensed chromosomes during both mitosis and
meiosis (Flemming 1880). This primary constriction is the region of the chromosome
where microtubules attach, allowing for the segregation of chromosomes during cell
division. The attachment of the microtubules to the centromere occurs via a multi-protein
structure called the kinetochore. While the composition of the kinetochore varies between
species, from hundreds of known proteins in humans to around 40 proteins in budding
yeast (Gascoigne and Cheeseman 2011; Gascoigne and Cheeseman 2012; Biggins 2013),
it has a conserved function to provide a link between the microtubules and the

centromeric DNA on each chromosome.



Genetic characteristics of centromeres

Chromosomes can be defined by the relative position of their centromere. Chromosomes
with a centromere at the very end are called “telocentric”. Those with a centromere very
close, but not at the end are called “acrocentrics.” Chromosome with centromeres near,
but not at the middle, are called “submetacentric” and those with a centromere at the
center are called “metacentric.”

Chromosomes can also be defined by the type of centromere they contain. They
can be divided into two main classes: holocentric or monocentric. Holocentric
chromosomes contain many centromeres along the entire length of the chromosome, and
are found in organisms such as nematodes (Caenorhabditis elegans), butterflies
(Heliconius melpomene), moths (Bombyx mori), and dragonflies (Ladona fulva)
(Drinnenberg et al. 2014; Steiner and Henikoff 2014) Monocentric chromosomes only
have a single centromeric region on each chromosome and are the most common type of
centromere found in eukaryotes, including model organisms such as fission yeast
(Schizosaccharomyces pombe), fruit fly (Drosophila melanogaster), and human (Homo
sapiens) (Fukagawa and Earnshaw 2014a; McKinley and Cheeseman 2015). Monocentric
chromosomes can be further divided into point and regional centromeres. Point
centromeres are considered the simplest type of centromere and are found in budding
yeast (Saccharomyces cerevisiae) (Kobayashi et al. 2015). The centromeres of budding
yeast are termed “point” because a unique 125bp DNA sequence defines the single
centromere on each yeast chromosome (Carbon and Clarke 1984; Clarke and Carbon

1985). By contrast, many organisms, including mammals and some plants, contain



“regional” centromeres. Regional centromeres are also found at a single location on each
chromosome, but are comprised of kilobases to megabases of DNA. The sequence of
these regional centromeres is often repetitive and AT rich, but the specific sequence
varies dramatically between species (Henikoff et al. 2001; Alkan et al. 2011; Melters et
al. 2013), and can even vary among centromeres within a species (Nagaki et al. 2004;
Piras et al. 2010; Tek et al. 2010; Shang et al. 2010; Gong et al. 2012). Because of their
repetitive nature, centromere sequences are difficult to assemble and often remain as gaps
in many species genome assemblies. Therefore, the centromere sequence is unknown in

most species.

Epigenetic characteristics of centromeres

Consistent with the highly variable sequence of the centromere, the centromeric DNA
itself is neither necessary nor sufficient to define an active centromere. For example, it
has been found that by artificially removing the centromeric region on a chromosome, the
chromosome can avoid aneuploidy by creating a new centromere (Ishii et al. 2008; Ketel
et al. 2009). These “neo” centromeres do not depend on the underlying DNA sequence,
but do tend to form in gene-poor and repetitive regions.

Progress in identifying the mark of an active centromere was made in the 1980s
when (Earnshaw and Rothfield 1985) found that the sera from patients with a disease
called Limited scleroderma, or CREST syndrome, bound to the centromeric region on
metaphase chromosomes. The proteins in this sera were further identified as centromeric
proteins (CENP) A, B, and C. CENP-A is a histone variant, only found at the centromere

(Palmer et al. 1987; Palmer et al. 1989), with similar characteristics to the H3 histone



(Sullivan et al. 1994), such as the C-terminal Histone Fold Domain (HFD) containing
three alpha helices and two linker regions in (Sullivan et al. 1994; Vermaak et al. 2002),
Unlike H3 which is nearly identical between all known organisms (Roach et al. 2012),
CENP-A varies between organisms in both N-terminal tail, as well in the loop 1 region of
the C-terminal HFD (Henikoff et al. 2001; Talbert 2002; Schueler et al. 2010). The
CENP-A N-terminal tail is highly divergent; it varies greatly in length and sequence
among CENP-A proteins between different species and can even vary between closely
related species (Malik and Henikoff 2001; Henikoff et al. 2001; Malik et al. 2002; Talbert
2002; Cooper and Henikoff 2004; Ravi et al. 2010; Roach et al. 2012). Variation in the
loop1 region between species is thought to be important for CENP-A function (Black et
al. 2007)

The CENP-A protein is a key component of the nucleosomes found specifically at
centromeres. In non-centromeric nucleosomes, approximately 170-190 bp of DNA is
wrapped around 2 copies each of 4 histones (H2A, H2B, H3, and H4). In centromeric
nucleosomes, H3 is replaced with CENP-A, which is sometimes called CenH3 (Figure 1-
1) (Palmer et al. 1987; Palmer et al. 1989; Palmer et al. 1991; Sullivan et al. 1994).
CENP-A is also an essential protein; experimental deletion of CENP-A is lethal in S.
cerevisiae, C. elegans, Candida albicans and in chicken, mouse and human cell lines
(Stoler et al. 1995; Buchwitz et al. 1999; Howman et al. 2000; Sanyal and Carbon 2002;
Regnier et al. 2005; Fachinetti et al. 2013). In addition to being essential, CENP-A is also
sufficient to define an active centromere. Experimentally mislocalizing CENP-A to non-
centromeric DNA was sufficient to recruit other kinetochore components, and in some

cases induce dicentric associated mitotic errors (Heun et al. 2006; Allshire and Karpen



2008; Olszak et al. 2011; Barnhart et al. 2011; Mendiburo et al. 2011; Sekulic and Black
2012). Additionally, it was found that neo-centromeres are made active by the presence
of CENP-A (Voullaire et al. 1993; Warburton et al. 1997; Warburton 2004; Marshall et
al. 2008; Shang et al. 2013; Fukagawa and Earnshaw 2014b). These critical experiments

determined that CENP-A is the epigenetic mark of active centromeres.

Establishment and maintenance of centromeres

Additional histone modifications decorate the chromatin at centromeres. In an active
centromere, the core centromeric chromatin (“centrochromatin’) consists of CENP-A
containing nucleosomes interspersed with canonical H3 containing nucleosomes that are
di-methylated at the fourth lysine (H3K4me2) (Sullivan and Karpen 2004; Dunleavy et
al. 2005). Interestingly, H2K4me? is usually associated with transcriptionally active
chromatin (Bernstein et al. 2002), leading researchers to propose there is a functional role
for more “open” chromatin at the centromere (Sullivan and Karpen 2004), including a
potential role of centromeric transcription to promote CENP-A recruitment to the
centromere (Allshire and Karpen 2008; Bergmann et al. 2011). Outside of the core
centromeric chromatin, the “pericentromeric” chromatin is packaged as traditional
heterochromatic H3-containing nucleosomes that are di and tri-methylatated at lysine 9
(H3K9me2/3) (Sullivan and Karpen 2004), a histone modification associated with
transcriptionally silent chromatin (Sullivan and Karpen 2004; Dunleavy et al. 2005).
These histone modifications resemble classic repressive heterochomatin, and have been

proposed to limit centromere size and function by acting as a barrier to the expansion of



the centrochromatin (Maggert and Karpen 2001; Sullivan 2002; Sullivan and Karpen

2004).

Dicentric chromosomes

While the centromere has a conserved and essential function for chromosomes, it is also
essential that every chromosome has one and only one active centromere in organisms
with monocentric chromosomes. A chromosome with two centromeres is called a
dicentric and is unstable during cell division. Barbara McClintock first described this
instability of dicentric chromosomes and termed it the breakage-fusion-bridge cycle
(Figure 1-2) (McClintock 1939; McClintock 1941). When a dicentric chromosome enters
mitosis or meiosis, problems arise when the microtubules attach to the centromere. A
normal monocentric chromosome only has a single centromere that can bind
microtubules and form a bipolar spindle, allowing normal chromosome segregation.
However, a dicentric has two centromeres that can both bind microtubules. If
microtubules that originated from the same spindle pole bind to both centromeres, no
problems occur. However, if the microtubules from spindle poles on the opposing sides
of the cell bind to the two centromeres, the chromosome will be pulled in opposite
directions. This leads to merotelic kinetochore attachments where the dicentric
chromosome lags in the middle during anaphase as it is being pulled to opposite poles.
The physical tension on the chromosome can lead to breakage of the chromosome. When
the broken ends are replicated during the next S- phase of the cell cycle, the broken ends
can anneal back to each other, re-creating a dicentric. Not only does the breakage-fusion-

bridge cycle start again, but the breakage and re-annealing leads to gene loss and gene



gain. This is evident in cancer cells where dicentrics are often observed, leading to cells

with “increased genetic heterogeneity” (Gisselsson et al. 2000; Gisselsson et al. 2001).

Dicentric stabilization and centromere inactivation

Based on the model presented above, dicentric chromosomes should be very unstable.
However, it has also been shown that if chromosomes fuse, and the two centromeres are
close enough to each other, they will act as a single centromere (Koshland et al. 1987;
Page and Shaffer 1998; Sullivan and Willard 1998). This is seen both in chromosome
fusions that were artificially created in the lab as well as in naturally occurring
Robertsonian fusions; which are fusions between two acrocentric chromosome, where a
shorter intercentromeric distance allows for two active centromeres, and a long
intercentromeric distance is associated with centromere inactivation (Page and Shaffer
1998; Sullivan and Willard 1998; Higgins et al. 2005; Lange et al. 2009).

There are also examples of non-Robertsonian fusions that should create dicentric
chromosomes and are stable, suggesting that the chromosomes are able to alleviate the
problems associated with being dicentric by inactivating one of the centromeres, thereby
re-establishing monocentric chromosomes. Most of our current understanding of how
dicentrics are stabilized comes from artificially created dicentric chromosomes in yeast,
fruit flies, maize, and human cell lines (Sears and Camara 1952; Agudo et al. 2000;
Higgins et al. 2005; Pobiega and Marcand 2010; Zhang et al. 2010; Stimpson et al. 2010;
Sato et al. 2012; Stimpson et al. 2012), and a few examples of naturally occurring
dicentric chromosome in humans and wheat (Therman et al. 1986; Maraschio et al. 1990;

Fisher et al. 1997; Page and Shaffer 1998; Sullivan and Willard 1998; Han et al. 2006;



Lange et al. 2009; MacKinnon and Campbell 2011; Koo et al. 2011; Stimpson et al.
2012; Liu et al. 2015) (Table 1-1).

From these studies, there are three proposed mechanisms of dicentric
stabilization: chromosome re-breakage, and centromere inactivation by either: genetic
deletion or epigenetic inactivation of one centromere (Figure 1-3). In chromosome re-
breakage, the dicentric is simply re-broken between the two centromeres, thereby re-
creating two monocentric chromosomes. The other two models both propose stabilization
through two different mechanisms of centromere inactivation. In genetic inactivation,
there is deletion or mutation of the DNA sequence of one centromere, preventing it from
binding CENP-A and therefore microtubules. In epigenetic inactivation, the DNA of the
inactivated centromere is still present, but CENP-A is not. Without CENP-A, the
centromeric DNA does not recruit kinetochore components and therefore does not bind

mictrotubules during cell division.

Examples of dicentric stabilization and centromere inactivation

In artificially created dicentric chromosome in fission yeast (S. pombe), less than 0.1% of
the cells created are viable, further emphasizing the detrimental affect of having multiple
centromeres. In the surviving cells, chromosome stability can be achieved by each of the
three mechanisms. Epigenetic inactivation is the most common and occurs in ~72.1% of
the cells, genetic deletion occurs in ~12.8% of cells, and or re-breakage occurs in the
~15.1% of cells. Additionally, this study showed that once one of the centromeres has
been epigenetically inactivated, it remains inactivated through multiple cell cycles (Sato

etal. 2012).



In plants, centromere inactivation has been seen in both artificial as well as
natural dicentric and polycentric chromosome. Natural dicentrics are found in the
supernumerary B chromosomes in maize. These chromosomes are considered
dispensable, but still maintain essential centromere components. Because they are
dispensable, cases of B translocations and subsequent centromere inactivation have been
documented. In these studies, lack of CENP-A at one of the centromeres indicated
epigenetic inactivation, while both the active and inactive centromere still contain
centromeric DNA (Han et al. 2006; Liu et al. 2015). In addition to the removal of CENP-
A at the inactive centromere, DNA methylation also changes at the inactivated
centromere. While the active centromeres are hypomethylated at cytosine bases, the
entire centromeric region of the B chromosome became hypermethylated at cytosine
upon centromere inactivation (Koo et al. 2011). In artificially created tricentric wheat
chromosomes (Sears and Camara 1952), chromosome stabilization occurs via
chromosome re-breakage and epigenetic inactivation (Zhang et al. 2010). In addition to
CENP-A removal from the core centromere, H3K27me?2/3 histone modification replaces
the H3K4me?2 histone modification that is usually found at active centromeres.
H3K27me?2/3 is involved in repressing gene transcription in plants (Zhang et al. 2007).
This change in methylation and CENP-A removal inactivates the centromeric DNA and
makes the chromatin more heterochromatic (Sullivan and Karpen 2004; Dunleavy et al.
2005; Zhang et al. 2010; Ribeiro et al. 2010; Bergmann et al. 2011).

Artificially created human dicentrics were made in human fibrosarcoma cells by
transiently expressing a mutant protein which sequesters the telomere protein (TRF2)

away from chromosome ends, ultimately disrupting telomeres and leading to



chromosome fusions (Stimpson et al. 2010). In these dicentrics, 80% involved
acrocentrics with variable inter-centromeric distances. At four days after induction,
functional dicentrics were still observed, but genetic deletion as well as epigenetic
centromere inactivation was observed within a few weeks. Some functional dicentrics
were observed even after 180 cell divisions (Stimpson et al. 2010); it would be interesting
to see if this phenomena holds true in naturally occurring dicentrics.

There are examples of natural human dicentrics in both cancer cell lines as well as
case studies, which often involve the Y chromosome. While it has been shown that the
breakage-fusion-bridge cycle is often seen in cancer cell lines, some cancer cell lines do
show evidence for centromere inactivation (MacKinnon and Campbell 2011). In contrast
to studies in yeast artificial dicentric chromosomes, centromere deletion was the more
common inactivation mechanism in human cancer cell lines (MacKinnon and Campbell
2011). In two examples of dicentric Y chromosomes found in clinical patients
(Maraschio et al. 1990), genetic deletion of the centromere was found in one case, while
epigenetic inactivation was found in the other case.

While we have learned about the mechanisms of dicentric stabilization from these
artificially created dicentrics and from human disease patients (Table 1-1), there is
currently nothing known about the stabilization of natural dicentric chromosomes, which

are often created when chromosomes fuse in an evolutionary context.

Chromosome fusions in evolution

Chromosome fusion and fission events are common during evolution as evidenced by the

extensive variation in chromosome number among species. For example, in multicellular
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eukaryotes, chromosome number ranges from a diploid number of 2 in the Jack jumper
ant (Crosland and Crozier 1986) to 1260 in the Addlers tongue plant (Van der Burg
2004). In eutherian mammals, the diploid chromosome number ranges from 6 to 102 in
the Viscacha rat (Gallardo et al. 1999); this diversity results from many independent
fusion and fission events (Ferguson-Smith and Trifonov 2007). The mammalian species
with the lowest number of chromosome is the Indian muntjac with a diploid number of 6
in females or 7 in males. Interestingly, a closely related species, the Chinese muntjac has
a diploid chromosome number of 46. This large difference in chromosome number does
not prevent these two sister species from breeding in captivity (Shi et al. 1980; Yang et
al. 1995; Wang and Lan 2000). It is speculated that a series of chromosome fusion events
between the telocentric chromosomes present in the Chinese muntjac created the much
larger Indian muntjac chromosomes (Wang and Lan 2000). Chromosome fusions have
also occurred in the primate lineage; it has been proposed that human chromosome 2 is a
fusion between chimp chromosomes 2a and 2b (Lejeune et al. 1973; IJdo et al. 1991).
While debated, some argue that there is evidence for a cryptic inactivated centromere on
the large arm of human chromosome 2 (Avarello et al. 1992). All of these data suggest
that chromosome fusion and fission events are common and can account for much of the
diversity of karyotype number we see today. Based on these findings, it is theorized that
many of these chromosome fusion events must have been accompanied by centromere
inactivation to stabilize the chromosome fusions. However, there are no existing data on

the mechanisms involved in centromere inactivation during evolution.
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Stickleback fish as a model system to study centromere inactivation

The stickleback family (Gasterosteidae) provides a unique opportunity to study the
mechanisms that stabilize dicentric chromosomes during evolution. Within the
stickleback family, seven species of sticklebacks have evolved in the past 35 million
years (Kitano et al 2009; Ross et al 2009)(Figure 1-4). Previous work has identified two
independent chromosome fusions involving the ancestral metacentric Y chromosome
present in the Pacific Ocean threespine stickleback (Gasterosteus aculeatus). This Y
chromosome has fused to the acrocentric chromosome 9 in males of the Japan Sea
threespine stickleback (Gasterosteus nipponicus) species within the past two million
years, creating a neo-Y chromosome (Kitano et al. 2009). This Y chromosome has
independently fused to the acrocentric chromosome 12 in males of the blackspotted
stickleback (Gasterosteus wheatlandi) species within the past 15 milion years, creating an
independent neo-Y chromosome (Ross et al. 2009). Because the Japan Sea fusion
involved the metacentric Y and an acrocentric chromosome, it should have been dicentric
upon formation. Preliminary data suggested that there was no loss of a chromosome arm
on the Japan Sea neo-Y chromosome fusion or re-breakage of the fusion chromosome.
These data suggest that centromere inactivation has occurred on the Japan Sea neo-Y
chromosome. The young evolutionary age (less than 2 million years) of the Japan Sea
neo-Y fusion chromosome, the availability of the extant ancestral Pacific Ocean
threespine stickleback, and genetic and genomic resources for the threespine stickleback
system suggested to us that the Japan Sea neo-Y chromosome would be an excellent
model system to study the mechanisms of centromere inactivation during karyotype

evolution.
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Goals of thesis

The goal of my thesis project was to identify the mechanisms that contribute to dicentric
stabilization and centromere inactivation of the Japan Sea neo-Y fusion. Because there is
no evidence for re-breakage of the neo-Y fusion, we hypothesized that either genetic
deletion or epigenetic inactivation had occurred. To test for genetic deletion, I first
needed to identify the centromere sequence in threespine sticklebacks (Chapter 2). With
the centromere sequence in hand, I was then able to evaluate the contribution of genetic
and epigenetic inactivation to stabilization of the Japan Sea neo-Y fusion (Chapter 3).
Finally, I performed experiments to address the question of why the neo-Y fusion was

fixed in the Japan Sea population (Chapter 4).
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Table 1-1: Examples of dicentric chromosome stabilization

Organism Re- Genetic | Epigenetic Natural or Reference
breakage | Deletion | inactivation | artificial
Fission yeast | v v v Artificial Sato et al. 2012
S. pombe
Budding yeast | v v Artificial Pobiega and Marcand 2010
S. cerevisiae Stimpson et al. 2012
(review)
Fruit fly v Artificial Agudo et al. 2000
D.
melanogaster
Maize v v Artificial Sears and Camara 1952
Z. mays Zhang et al. 2010
Maize v Natural Han et al. 2006
Z. mays B chromosomes Koo etal. 2011
Liu et al. 2015
Human v v Atrtificial Higgins et al 2005
H. sapiens Stimpson et al. 2010
Human v Natural Therman et al. 1989
H. sapiens Bloom syndrome | Page and Shaffer 1998
and Stimpson 2012 (review)
Robertsonian
fusions
Human v v Natural Maraschio et al. 1990
H. sapiens Y chromosome Fisher et al. 1997
Lange et al. 2009
Human v v Natural MacKinnon et al. 2011
H. sapiens Cancer cell lines
Human v Natural Sullivan and Willard 1998
H. sapiens X chromosomes
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Chapter 1: Figures

m

Centromeric H3
CENP-A

E Centromeric DNA ' CENP-A containing H3 containing

nucleosome

Figure 1-1. CENPA containing nucleosomes at the centromere. Active centromeres are
characterized by a specific histone H3 variant (CENP-A) only found in centromeric
nucleosomes. Centromeric chromatin consists of H3 nucleosomes interspersed with

nucleosome

CENP-A containing nucleosomes. Centromeric DNA is often, but not always, comprised

of repetitive DNA (green dashed lines).
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A. Misalignment  B. Bridge D. Fusion  E. Dicentric

.
C. Breakage
ﬂ A

@ centromere gene A

Figure 1-2. Breakage-Fusion-Bridge cycle associated with dicentric chromosomes.
Dicentric chromosomes (indicated by two purple dots) are prone to errors in segregation
if the two centromere are bound by microtubules emanating from opposite poles of the
cell (a). This leads to anaphase lag or a bridge formation (b). The physical tension pulling
on the dicentric chromosome from opposite ends can break the chromosome (¢), resulting
in fusion of the broken ends during the next round of replication (d). Successive rounds
of the breakage-fusion-bridge cycle can lead to gene gain (as shown by gene “A”) as well
as gene loss (e).
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Re-breakage Genetic centromere  Epigenetic centromere

inactivation inactivation
Loss or change of DNA No loss or change of DNA
Removal of CENP-A Removal of CENP-A
E Centromere repeat . CENP-A

Figure 1-3. Three proposed mechanisms of dicentric chromosome stabilization. (a) In the
re-breakage model of stabilization, the dicentric chromosome is re-broken into two
monocentric chromosomes with no loss of DNA or removal of CENP-A. (b) There are
two mechanisms of stabilization involving centromere inactivation. In genetic
inactivation, the underlying DNA of one centromere is either removed or altered,
resulting in removal of CENP-A. In epigenetic inactivation, there is no underlying
removal or change to the centromeric DNA; inactivation occurs solely by the removal of

CENP-A.
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Figure 1-4. The seven species of stickleback fish. Five of the seven species have
identified sex chromosomes. Japan Sea male stickleback fish have a fusion between the
ancestral Y chromosome (chromosome 19) and chromosome 9 resulting in an X;X,neo-Y
sex chromosome system. X; represents the ancestral X chromosome, and X, represents
the unfused chromsome 9. The Blackspotted male stickleback fish also have a fusion
between the ancestral Y chromosome (chromosome 19) and chromosome 12, resulting in
an independently evolved X;X,neo-Y sex chromosome system.
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Chapter 2: Identification of the CENP-A protein and associated centromeric
sequence in the threespine stickleback

This chapter is reformatted from: Cech JN and Peichel CL (2015) Identification of the
centromeric repeat in the threespine stickleback fish (Gasterosteus aculeatus).
Chromosome Research, 23(4): 767-779.
Introduction
Proper segregation of chromosomes is essential for the faithful and equal separation of
each chromosome 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 chromosome, called
the centromere. Because of the vital role centromeres play in cell division, each
chromosome must contain only a single functional centromere. Functional centromeres
are defined by the presence of a centromeric histone variant known as either CenH3 or
CENP-A (Palmer et al. 1991; Sullivan 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 centromeres is almost entirely
conserved among eukaryotes (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 et al. 2013) and even
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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 centromere sequences have conserved characteristics, such as being highly
repetitive and AT-rich (Melters et al. 2013). In addition, many mammalian centromere
repeats contain a conserved CENP-B box, a 17 bp DNA motif that recruits the 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 BAC (bacterial
artificial chromosome) 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
sequences in the genome will be the centromere. Chromatin immunoprecipitation (ChIP)
with a CENP-A antibody followed by cloning of the ChIP DNA has recently been used to
both confirm putative centromere sequences (Zhong 2002; Nagaki et al. 2003; Nagaki et
al. 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 ChIP cloning is limited both by the
number of clones that can be sequenced and biases against cloning repetitive DNA.
Chromatin immunoprecipitation with a CENP-A antibody followed by high throughput
sequencing (ChIP-seq) is the most unbiased approach to identify functional centromeric
associated DNA (Henikoff et al. 2015), but it has not yet been extensively used (Gong et

al. 2012; Henikoff et al. 2015).
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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 centromere 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 repetitive 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 performed 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 immunofluorescence coupled with FISH (IF-FISH).

Materials and Methods

Fish use and care

Three populations of G. aculeatus were used in this study: wild caught fish from Lake
Union (Seattle, Washington, USA), laboratory-reared Pacific Ocean fish, and laboratory-
reared Japan Sea fish. Both of these laboratory populations were derived from wild-
caught fish collected in Akkeshi on Hokkaido Island, Japan (Kitano and Mori 2007;
Kitano et al. 2009). Fish were housed in 29-gallon 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 twice daily. All institutional and
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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 Department 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 genome
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 predicted 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 3° RACE
(rapid amplification of cDNA ends) 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 III First-Strand Synthesis
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System kit (Life Technologies, USA), and the Cenpa cDNA was Sanger sequenced

following polymerase chain reaction (PCR) amplification 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 (Figure 2-1b). The rabbit IgG affinity purified polyclonal antibody was

produced by Covance Research Products (USA).

Western blot

50 mg of Pacific Ocean female kidney and liver tissue was dissected in 400 ul 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 ul RIPA, 0.3 mM PMSF on ice. The
pestle was rinsed with an additional 600 ul RIPA with PMSF, 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 ul of 6X Laemmli buffer was added. The samples
were boiled at 95°C for 5 min and then run on a 15% sodium dodecyl sulfate
polyacrylamide 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 volts in transfer buffer (25 mM Tris, 192 mM glycine,
10% methanol). The membrane was blocked in [-BLOCK (Applied Biosystems, USA)

for 1 h. The membrane was incubated with the primary antibody (rabbit, anti-stickleback
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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), 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 2x5 min with PBST, then 2x5 min in assay buffer (20 mM Tris
pH 9.8, 1 mM magnesium chloride). A few drops of CDP-star Chemiluminescent
substrate (Sigma-Aldrich, USA) was added to membrane. Film was exposed for 5 sec,

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 homogenized 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 homogenized in 10 ml of 0.56%
KClI with a glass dounce. Cells were incubated for 45 min on ice to swell, and 350 ul
(metaphase spreads) or 250 ul (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 Scientific, 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 incubation 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 solution (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
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block solution 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 solution and incubated overnight at
4°C. Slides were washed 3x5 min in PBST, 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 (ChIP)

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 3 times with a
glass dounce, and the dounce was rinsed with an additional 2 ml of 1X PIC buffer. 4 ml
of the tissue suspension was incubated with 180 ul of 37% formaldehyde 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 ul of
micrococcal nuclease (MNase) to create mono and dinucleosomes. MNase treatment was
stopped with addition of 40 ul 0.5 M ethylenediaminetetraacetic acid (EDTA). Cells were
spun at 13,000 rpm for 1 min at 4°C and resuspended in 400 ul 1X ChIP buffer. Nuclear
membranes were disrupted with 3x30 sec sonication using a probe sonicator on high,

with a 30 sec incubation on wet ice between pulses. Lysates were clarified by spinning at
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10,000 rpm for 10 min at 4°C. 30 ul of the supernatant was taken for chromatin analysis

and quantification, and the rest was stored at -80°C until immunopreciptation (IP).

Immunoprecipitation: 2 x 10 ug of chromatin was diluted in 500 ul 1X ChIP buffer. For

each sample, 10 ul was taken and stored at -20°C for use as the input samples. For each
10 ug IP, chromatin was incubated with 4.64 ug of rabbit, anti-stickleback CENP-A
antibody in 1X ChIP buffer overnight at 4°C with rotation. 30 ul of magnetic beads were
added to each 10 ug 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 purification kit (Qiagen, USA). Two IP and two input
samples were each eluted in 11 ul 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).

ChIP 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
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abundant IP clusters, 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 I[P 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 one were discarded. The total average fold
enrichment for all of the top enriched clusters combined was calculated by dividing the
total I[P RPM by the total input RPM.

The cluster reference sequences determined from above were aligned to the most
abundant cluster sequence (Figure 2-2). 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 sequence 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) (Figure 2-3).

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
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>30 were counted where the score is dependent on: B INT ([4]), O INT [,INT] ([6,6]), E
INT [LINT] (‘{O}+{E}*k’[1,1], and L INT [,INT] ([5,5]).

To find assembled scaffolds that contain sequences 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 regions of the genome
that were not assigned to chromosome 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 (FISH) on metaphase spreads and interphase nuclei

CEN FISH probe: PCR primers JC103 (5’GGTGCTAGATTTAGGAAAACA 3’) and

JC106 (5’GTGCATTCATGACTTTTAAGG 3’) were used to amplify 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 product was cloned into the PCR2.1 vector (Life Technologies,
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-
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dUTP labeled probe of 288 bp. The probe was lyophilized at 55°C for 3 hours, then
resuspended in 10 ul hybridization buffer (50% formamide, 2X 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 Ychromosome 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 et al. 2011).

Metaphase spreads and interphase nuclei: Wild-caught fish from Lake Union were

injected with 10 ul of 1% colchicine in PBS for 16 h to arrest mitotic cells. Spleen and
liver tissue was dissected and homogenized in 2 ml of 0.56% KCI using a glass dounce.

Metaphase spreads and interphase nuclei were prepared following the protocol described

in (Ross and Peichel 2008).

Hybridization: Slides were washed in 2X SSC for 5 min, then in denature solution (2X
SSC, 70% formamide) 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
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covered with a coverslip, sealed with rubber cement, and hybridized at 37°C overnight in
a humid chamber. Slides were washed in a 42°C water bath 3x5 min in wash solution 1
(2X SSC, 50% formamide), followed by 3x5 min in 2X SSC. Slides were air dried 5 min,
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% KCl 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 ul 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 3x5 min with PBST.
The secondary goat, anti-rabbit 568 antibody (Invitrogen, USA) was diluted 1:600 in
block, and 100 ul was added to the slide and incubated 4 h at room temperature in the
dark. Slides were washed 3x5 min in PBST, then post fixed with 4% formaldehyde in
PBS for 10 min at room temperature. 10 ul of PCR labeled CEN probe was lyophilized at
55°C for 4 h and resuspended in 10 ul 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.
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Microscopy

Slides were imaged using a Nikon Eclipse 80i microscope (Nikon, Japan) with an
automated filter turret (Chroma filters 31000v2 (DAPI), 41001 (FITC), and 41004 (Texas
Red); Chroma, USA). Images were taken using the 100X objective, using the
Photometrics CoolSNAP ES2 camera (Photometrics, USA). NIS Elements imaging
software (BR 3.00, SP7, Hotfix8, Build 548, Nikon, Japan) was used to pseudo-color the
images. 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,
respectively; 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 identified the entire coding sequence
of the threespine stickleback CENP-A gene, which is 447 bp and encodes a protein of
148 amino acids (Figure 2-1a). 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 (Figure 2-1b). The N-terminal tail is also
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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 (Figure 2-1b). 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 (Figure 2-
Ic). The antibody hybridizes to punctate spots on interphase nuclei (Figure 2-4a) and to
the primary constriction of all chromosomes on metaphase spreads (Figure 2-4b, c).

Taken together, 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 identified 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 2-1). After aligning these enriched sequences (Figure 2-2), 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 (Figure

2-3). The consensus repeat is 186 bp with an AT-content of 62.9% (Figure 2-5a), and was
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17.04 or 17.68-fold enriched in the IP relative to input in two independent ChIP-seq
experiments (Table 2-1). This repeat made up 4.43 and 4.29% of total reads from each
input sample, highlighting 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 (Figure 2-5b) (Masumoto et al. 2004;
Edwards and Murray 2005; Henikoff et al. 2015), and has a sequence length consistent
with wrapping around a single nucleosome (Willard 1991; Shelby et al. 1997; Henikoff et
al. 2001).

Nearly all of the sequences (316/320 from POF1; 289/299 from POF2) that were
enriched in the CENP-A IP relative to the input aligned to the consensus repeat (Table 2-
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 sequences
bound to CENP-A in the threespine stickleback are variants of the consensus repeat that

we identified (Table 2-1).

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 (Figure 2-6a), as well as to the

constriction on 41 of 42 metaphase chromosomes in male threespine sticklebacks (Figure
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2-6b, c). IF-FISH also shows that the centromere repeat co-localizes with CENP-A in
both interphase nuclei (Figure 2-7a), as well as on metaphase spreads (Figure 2-7b, c).
All of these results suggest that the 186 bp repeat, now referred to as GacCEN (GenBank

accession number KT321856), is the centromeric 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
chromosomes. 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 chromosome that did not hybridize to the GacCEN probe in males was the Y
(Figure 2-8b). Indeed, when we performed FISH with the GacCEN probe and a BAC
probe that distinguishes the X and Y chromosomes (Ross and Peichel 2008), we found
that the Y chromosome centromere shows very weak hybridization to this centromeric

repeat, while the X chromosome shows strong hybridization (Figure 2-8).

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 stickleback genome assembly (Jones et al. 2012; Ensembl BROADSI1) 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 assembled chromosomes,

corresponding to the locations of centromeric constrictions in metaphase spreads (Urton
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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 decrease in percent identity to the GacCEN as they move away from the core
centromere (Figure 2-9). 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 centromeres in fact have

a HOR structure.

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 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 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 (Figure 2-5b). The lack of a fully conserved
CENP-B box was consistent across all individual cluster repeats, suggesting there are no
small subsets of active CENP-B box containing repeats. Interestingly, we also find no

evidence for a CENP-B gene in the G. aculeatus genome assembly. Although it is not
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clear whether the CENP-B box in the GacCEN is functional, it is interesting that the
repeat shares similar sequence characteristics with other known centromeric repeats.

A previous study (Melters et al. 2013) used a bioinformatic pipeline to identify
candidate centromere sequences in 282 species, including two putative centromere
sequences of 313 bp and 186 bp in threespine stickleback (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 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 approach 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 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 candidates to
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test by FISH, but none hybridized to the centromere. However, after performing the
ChIP-seq experiment, we realized that the GacCEN repeat was actually identified using
both the computational and the restriction digest methods. Because the edges of many
genome assembly scaffold edges contained a few, more diverged, copies of this repeat,
our analysis showed that the putative sequences mapped to distinct chromosomes.
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 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 sequences identified by ChIP-seq (Figure 2-9). This is consistent with what
has been seen in human CENP-A ChIP-seq experiments in which the sequence homology
among a-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 homogenization 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. 2015). These differences allow
for the assembly of the centromeric repeats. However, Henikoff et al. 2015 showed that

more diverged repeats may lose their centromere function, implying that the core,
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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 repeat may still have centromeric function, by discarding any repeats 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 hybridization with the GacCEN probe in males, the Y centromere
appears to show weak hybridization. This could be due to either a different or divergent
Y specific centromere repeat (Pertile et al. 2009; Miga et al. 2014), or to 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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Table 2-1. Summary of CENP-A ChIP seq data from two independent Pacific Ocean

females.

Pacific Ocean

Pacific Ocean

female 1 female 2
Number enriched clusters in 500 most abundant 320 299
Number enriched clusters with GacCEN repeat 316 289
Average fold enrichment of IP/input 17.04 17.68
Range of fold enrichment across clusters 1.25 - 87.60 1.01 - 134.00
Total normalized IP RPM for enriched 307,600.96 308,096.65
GacCEN containing clusters
Total normalized input RPM for enriched 18,046.51 17,426.30
GacCEN containing clusters
Total IP reads 28,309,375 34,297,458
Total IP reads that map to GacCEN (% total) 20,245,271 (71.51%) 23,695,808 (69.09%)
Total input reads 26,102,993 30,137,027

Total input reads that map to GacGEN (% total)

1,155,758 (4.43%)

1,291,918 (4.29%)
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Chapter 2 Figures:

A

ATGCGTCACAATTCATCTACCAGCCGCCGGAAGGGGAAAACCCCCCAGCATCGTCCCCCGCT
GGCGGCCCCCGAGACGTCTGGTTCGAACCCCCGGTCCCAAACACACAGTGGAGCTTCAGGCC
AGCCGCCTGCGTCTCCCAGGAAGAGACGGTTTCGACCTGGGACCAGGGCCCTAATGGAAATC
CGCAAGTACCAAAAGACCACTGATCTCCTGCTCAGAAAGGGACCCTTCGCTCGTCTAGTTCG
AGAGGTGTGCCAGAGCTTCTCTGGTCAACATCTGCGGTGGCAGGTCTTTGCCCTCATGGCCC
TGCAGGAGGCTGCAGAGGCGTTTCTCGTCATGTTGTTCTCCGATGCCAATTTGTGTGCCATC
CATGCCAAGCGGGTCACGCTGTTCCCCCGTGACATTCAGCTCGCCAGGAGGATCCGCGGGGT

GGACAACCTGTAA
B C
D.re CENP-A 1 MPRHTSAHKRKPSTPRRRSPPASLPPPAGS--RTRRHSGPSGSSPR—KKH 47
| I O B O e 0 N N | kDa
G.ac CENP-A 1 [MRHNSSTSRRKGKTPQHR-PPLARPETSGSNPRSQTHSGASGOPPASPRKR 50
| I [T I | |
G.ac H3 1 MARTKQTARKSTGGKAPR-KQLATKAARKSAP----STGGVKKP—————— H 40
D.re CENP-A 48 KFRPGTRALMEIRKYQKSTGLLLRKAPFSRLVREVCQMFSREHMMWQGYAL 98
IR e e e . —40
G.ac CENP-A 51 RFRPGTRALMEIRKYQKTTDLLLRKGPFARLVREVCQSFSGQHLRWQVFAL 101 35
P te e e et e e [ —25
G.ac H3 41 RYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFK-TDLRFQSAAT 90
D.re CENP-A 99 MALQEAAEAFMVRLFSDANLCATIHAKRVTLFPRDIQLARRIRGVEHM 145 —15
CEPEEEEEEE 1 TEEEE e e ey
G.ac CENP-A 102 MALQEAAEAFLVMLFSDANLCAIHAKRVTLFPRDIQLARRIRGVDNL 148
FELEE T PP e 10
G.ac H3 91 GALQEASEAYLVGLFEDTNLCATHAKRVTIMPKDIQLARRIRGERA- 137

Figure 2-1. Threespine stickleback Pacific Ocean CENP-A cDNA, protein, and antibody.
a Full-length cDNA sequence for the threespine stickleback CENP-A protein. This
sequence has been deposited in GenBank (accession number KT321854). b Alignment
between the Danio rerio CENP-A protein (D.re CENP-A), the threespine stickleback
CENP-A protein (G.ac CENP-A), and the threespine stickleback H3 protein (G.ac H3)
reveals extensive divergence in the N-terminal tail (red). The threespine stickleback H3
protein sequence is a product of the gene ENSGACG00000005779 (Ensembl BROAD
S1; Feb 2006). The antibody was raised against the peptide sequence highlighted with a

box. ¢ Western blot of the CENP-A antibody on protein lysates from threespine

stickleback liver and kidney.
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Figure 2-2. Alignment of the enriched repeats found in the most abundant clusters from
both ChIP-seq samples. All repeats that were enriched in the IP relative to input from the

500 most abundant clusters in each sample were aligned in Geneious (Biomatters, New

Zealand), but only the 44 repeats (Pacific Ocean female 1 (POF1)) and 41 repeats
(Pacific Ocean female 2 (POF2)) that were enriched in the IP relative to input from the 50
most abundant clusters are shown here for simplicity. The blue box indicates the 186 bp

repeating unit found in all enriched clusters.
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1 GAGGTGCTAGTTTTAGGAAAACACTGTTAACCAATGCATTCTTGTGTTCTGTGCGTTTTCAGCTT

1 GAGGTGCTAGTTTTAGGAAAACACTGTTAACCAATGCATTCTTGTGTTCTGTGCGTTTTCAGCTT

66 TCTCTCGGCCTGCAAACGCCTTAATAGTCAAGAATGCACCAAAACTTAGTTTGAACAAAAAAGGT

66 TCTCTCGGCCTGCAAACGCCTTAATAGTCAAGAAWGCACCAAAACTTAGTTTGAACAAAAAAGGT

131 TGGAAAACTATTCACAAACCATGATACCATCATAAAACAGATAAATGTACTTTCCT

131 TGGAAAACTATTCACAAACCATGATACCATCATRAAACAGATAAATGTACTTTCCT
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Figure 2-3. Alignment of the consensus repeating unit from each independent ChIP-seq
sample. The consensus repeat sequences from the Pacific Ocean female 1 (POF1) and
Pacific Ocean female 2 (POF2) were aligned to create the final consensus centromere
repeat sequence shown in Figure 2-5. Nucleotide ambiguities: R=A or G; W=A or T.
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Figure 2-4. The threespine stickleback CENP-A antibody localizes to the centromere.
Immunofluorescence reveals that the CENP-A antibody (purple) hybridizes to a distinct
puncta in interohase 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, 5um
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GAGGTGCTAGTTTTAGGAAAACACTGTTAACCAATGCATTCTTGTGTTCTGTGCGTTTTCAG
CTTTCTCTCGGCCTGCAAACGCCTTAATAGTCAAGAATGCACCAAAACTTAGTTTGAACAAA
AAAGGTTGGAAAACTATTCACAAACCATGATACCATCATAAAACAGATAAATGTACTTTCCT
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Figure 2-5. 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 humans (Homo sapiens), dog (Canis familiaris),

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).
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MERGED

Figure 2-6. The threespine stickleback CEN repeat hybridizes to the centromere. FISH
reveals that the CEN probe (green) hybridizes to a distinct puntca 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
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Figure 2-7. The threespine stickleback centromere repeat colocalized with CENP-A. IF-
FISH with CENP-A antibody (purple) shows colocalization with the CEN probe (green)
in a interphase nuclei and b,c metaphase chromosomes from Lake Union embryos. Panel
(c) shows a higher magnification view of the boxed region in panel (b). Scale bar, 5 um



MERGED

Figure 2-8. 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 chromosome 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
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Figure 2-9. Scaffolds containing centromere repeats. Assembled scaffolds containing
centromere repeats were found on both edges of the gap in the chromosome 9 assembly
corresponding to the position of the centromere, and on a single edge of the gaps
corresponding to the centromeres of chromosomes 1, 3, 5, 7, 17, 18, 20, and the X
chromosome (Urton et al. 2011). Additional GacCEN like repeats were found on four
scaffolds from unassembled regions of the genome. Each arrow shows the size of the
repeat variant, and the percent identity to GacCEN is represented by color: blue <90 %;
green 90-95 %; red >95 %. The direction of the arrow points towards the center of the
genome assembly gap. The dark shaded regions in each chromosome drawing depicts the
region where the GacCEN containing scaffold is found; relative position of the
centromeres is based on Urton et al. 2011.
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Chapter 3: Centromere inactivation on a neo-Y fusion chromosome in stickleback
fish

Introduction
The centromere of a chromosome was first described by Walther Flemming in the 1880’s
as the primary constriction observed on condensed chromosomes during both mitosis and
meiosis (Flemming 1880). This primary constriction is the region of the chromosome
where microtubules attach, allowing for the segregation of chromosomes during cell
division. Many organisms, including mammals and some plants, contain “regional”
centromeres. Regional centromeres are found at a single location on each chromosome,
and are comprised of kilobases to megabases of DNA. The sequence of these regional
centromeres is often repetitive and AT rich, but the specific sequence varies dramatically
between species (Henikoff et al. 2001; Alkan et al. 2011; Melters et al. 2013), and can
even vary among centromeres within a species (Nagaki et al. 2004; Piras et al. 2010; Tek
et al. 2010; Shang et al. 2010; Gong et al. 2012). Regional centromeres have a common
epigenetic characteristic; the presence of a histone variant, centromere protein A (CENP-
A) (Palmer et al. 1987; Palmer et al. 1989; Palmer et al. 1991; Sullivan et al. 1994).
CENP-A replaces histone H3 in centromeric nucleosomes, and its presence is considered
the hallmark of an active centromere (Voullaire et al. 1993; Warburton et al. 1997,
Warburton 2004; Heun et al. 2006; Foltz et al. 2006; Marshall et al. 2008; Allshire and
Karpen 2008; Silva and Jansen 2009; Olszak et al. 2011; Barnhart et al. 2011; Mendiburo
et al. 2011; Sekulic and Black 2012; Shang et al. 2013; Fukagawa and Earnshaw 2014).
While the centromere has conserved and essential functions for chromosomes, it
is also essential that every chromosome has one and only one active centromere in

organisms with monocentric chromosomes. A normal monocentric chromosome only has
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a single centromere that can bind microtubules and form a bipolar spindle, allowing
normal chromosome segregation. However, a dicentric chromosome has two centromeres
that can both bind microtubules, leading to instability during cell division. Barbara
McClintock first described this instability and termed it the breakage-fusion-bridge cycle
(McClintock 1939; McClintock 1941). If the microtubules from spindle poles on the
opposing sides of the cell bind to the two centromeres, the chromosome will be pulled in
opposite directions. This leads to “anaphase lag” where the dicentric chromosome lags in
the middle during anaphase as it is being pulled to opposite poles. The physical tension
on the chromosome can lead to breakage of the chromosome. When the broken ends are
replicated during the next S- phase of the cell cycle, the broken ends can anneal back to
each other, re-creating a dicentric. Not only does the breakage-fusion-bridge cycle start
again, but the breakage and re-annealing leads to gene loss and gene gain. This is evident
in cancer cells where dicentrics are often observed, leading to cells with “increased
genetic heterogeneity” (Gisselsson et al. 2000; Gisselsson et al. 2001).

Although dicentric chromosomes should be very unstable, it has also been shown
that if two centromeres on a fusion chromosome are close enough to each other, they will
act as a single centromere (Koshland et al. 1987; Page and Shaffer 1998; Sullivan and
Willard 1998). This is seen both in chromosome fusions that were artificially created in
the lab as well as in naturally occurring Robertsonian fusions, where a shorter
intercentromeric distance allows for two active centromeres, and a long intercentromeric
distance is associated with centromere inactivation (Page and Shaffer 1998; Sullivan and

Willard 1998; Higgins et al. 2005; Lange et al. 2009).
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There are also examples of non-Robertsonian fusions that should create dicentric
chromosomes and are stable, suggesting that the chromosomes are able to alleviate the
problems associated with being dicentric by inactivating one of the centromeres, thereby
re-establishing monocentric chromosomes. Most of our current understanding of how
dicentrics are stabilized comes from artificially created dicentric chromosomes in yeast,
fruit flies, maize, and human cell lines (Sears and Camara 1952; Agudo et al. 2000;
Higgins et al. 2005; Pobiega and Marcand 2010; Zhang et al. 2010; Stimpson et al. 2010;
Sato et al. 2012; Stimpson et al. 2012), and a few examples of naturally occurring
dicentric chromosome in humans and wheat (Therman et al. 1989; Maraschio et al. 1990;
Fisher et al. 1997; Page and Shaffer 1998; Sullivan and Willard 1998; Higgins et al.
2005; Han et al. 2006; MacKinnon and Campbell 2011; Koo et al. 2011; Stimpson et al.
2012; Flemming 1880; Liu et al. 2015).

From these studies, there are three proposed mechanisms of dicentric
stabilization: chromosome re-breakage, and centromere inactivation by either genetic or
epigenetic inactivation of one centromere. In chromosome re-breakage, the dicentric is
simply re-broken between the two centromeres, thereby re-creating two monocentric
chromosomes. The other two models both propose stabilization through two different
mechanisms of centromere inactivation. In genetic inactivation, deleterious mutation of
the DNA sequence of one centromere prevents it from binding CENP-A and therefore
microtubules. In epigenetic inactivation, the DNA of the inactivated centromere is still
present, but CENP-A is not. Without CENP-A, the centromeric DNA does not recruit
kinetochore components and therefore does not bind mictrotubules during cell division.

While we have learned about the possible mechanisms of dicentric stabilization
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from artificially created dicentrics and from human disease patients, there is currently
almost nothing known about the stabilization of natural dicentric chromosomes, which
are often created when chromosomes fuse in an evolutionary context. Chromosome
fusion and fission events are common during evolution as evidenced by the extensive
variation in chromosome number among species. For example, in multicellular
eukaryotes, chromosome number ranges from a diploid number of 2 in the Jack jumper
ant (Crosland and Crozier 1986) to 1260 in the Addlers tongue plant (Van der Burg
2004). In eutherian mammals, the diploid chromosome number ranges from 6 to 102 in
the Viscacha rat (Gallardo et al. 1999); this diversity results from many independent
fusion and fission events (Ferguson-Smith and Trifonov 2007). The mammalian species
with the lowest number of chromosome is the Indian muntjac with a diploid number of 6
in females or 7 in males. Interestingly, a closely related species, the Chinese muntjac has
a diploid chromosome number of 46. This large difference in chromosome number does
not prevent these two sister species from breeding in captivity (Shi et al. 1980; Yang et
al. 1995; Wang and Lan 2000). It is speculated that a series of chromosome fusion events
between the telocentric chromosomes present in the Chinese muntjac created the much
larger Indian muntjac chromosomes (Wang and Lan 2000). Chromosome fusions have
also occurred in the primate lineage; human chromosome 2 is a fusion between chimp
chromosomes 2a and 2b (Lejeune et al. 1973; [Jdo et al. 1991; Avarello et al. 1992). All
of these data suggests that chromosome fusion and fission events are common and can
account for much of the diversity of karyotype number we see today. Based on these
findings, it is theorized that many of these chromosome fusion events must have been

accompanied by centromere inactivation to stabilize the chromosome fusions. However,
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almost nothing is known about the mechanisms involved in centromere inactivation
during evolution.

The stickleback family (Gasterosteidae) provides a unique opportunity to study
the mechanisms that stabilize natural dicentric chromosomes during evolution because
there have been several chromosome fusion events that have occurred within in the past
35 million years (Ross et al. 2009; Kitano et al. 2009). Previous work has identified a
chromosome fusion involving the ancestral metacentric Y chromosome present in the
Pacific Ocean threespine stickleback (Gasterosteus aculeatus). This Y chromosome has
fused to the acrocentric chromosome 9 in males of the Japan Sea threespine stickleback
(Gasterosteus nipponicus) species within the past two million years, creating a neo-Y
chromosome (Kitano et al. 2009) (Figure 3-1). Because this fusion involved the
metacentric Y and an acrocentric chromosome, the neo-Y should have been dicentric
upon formation. Preliminary data suggested that there was no loss of a chromosome arm
on the Japan Sea neo-Y chromosome fusion or re-breakage of the fusion chromosome.
These data suggest that centromere inactivation has occurred on the Japan Sea neo-Y
chromosome.

In this study, we aimed to first determine if centromere inactivation has occurred
on the neo-Y, and to then test whether inactivation is due to a genetic or epigenetic
mechanism. Both the genetic and epigenetic mechanisms of centromere inactivation
ultimately result in only one functional centromere, as defined by the presence of CENP-
A staining. If centromere inactivation has occurred, we expect to see only one region on
the neo-Y with CENP-A staining. If no centromere inactivation has occurred, we expect

to see two regions of CENP-A staining on the neo-Y. Using CENP-A antibody staining,
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we determined that the Japan Sea neo-Y has only one active centromere, as defined by

presence of CENP-A. In an extension of our previous study (Cech and Peichel 2015), we
then performed chromatin immunoprecipitation followed by high throughput sequencing
(ChIP-seq) to determine the centromere sequence in the Japan Sea species. We then used
fluorescence in situ hybridization (FISH) to determine that there have likely been genetic
changes to the ancestral Y centromere on the Japan Sea neo-Y, leading to inactivation of

this centromere.

Materials and Methods

Fish use and care

Two species of lab reared threespine stickleback fish were used in this study: Pacific
Ocean (Gasterosteus aculeatus) and Japan Sea (Gasterosteus nipponicus). Lab-reared
fish were derived from wild caught fish collected in Akkeshi on Hokkaido Island, Japan
(Kitano et al. 2007, 2009). Fish were kept in in 3.5% saltwater (3.5 g/l Instant Ocean salt
(Spectrum Brands, USA); 0.4 ml/l sodium bicarbonate) in 29-gal aquarium tanks, at 16
°C and 16 hr light / 8 hr dark lighting conditions. Fish were fed twice daily with live
Artemia nauplii and once daily with frozen Mysis shrimp. 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).

CENP-A immmunoprecipitation followed by high throughput sequencing (ChIP-seq)
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Chromatin immunopreciptation with the stickleback specific CENP-A antibody was
performed using the SimpleChIP Plus Enzymatic Chromatin IP Kit (Magnetic Beads;
Cell Signaling Technology, USA). 0.1 g of liver and tissue was taken from each of two
Pacific Ocean males, two Japan Sea females, and two Japan Sea male sticklebacks. The
chromatin immunoprecipitation was performed at the same time and following the same
protocol as for the two Pacific Ocean female samples described in Cech and Peichel
(2015). To identify the Japan Sea consensus centromere sequence, ChIP analysis was
performed using the same methods as in Cech and Peichel (2015).

To search for the Pacific Ocean Y centromere sequence, the top 500 enriched
reads for both Pacific Ocean males and Japan Sea males and females were determined as
in Cech and Peichel (2015). Using CD-EST-HIT2d (Li and Dogzik 2006; Fu et al. 2012)
Pacific Ocean male enriched reads were compared to Pacific Ocean female enriched
reads to find Pacific Ocean male unique reads that were less than 80% similar to female
samples (Cech and Peichel 2015). Pacific Ocean male enriched reads were also compared
to Japan Sea male enriched reads to find Pacific Ocean male unique reads not found in
Japan Sea male samples. These two data sets were then aligned to the threespine
stickleback centromeric repeat sequence (GacCEN) to identify reads that differed from

the consensus GacCEN (Cech and Peichel 2015).

Fluorescence in situ hybridization (FISH) on metaphase spreads and interphase nuclei
Lab reared Pacific Ocean and Japan Sea male and female lab fish were injected with 10
ul of 1 % colchicine in PBS for 14-16 hours to arrest metaphase cells. Metaphase and

interphase cells were obtained following the same protocol described in Ross and Peichel
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(2008), with the exception that metaphase slides were dried at 50 °C, not 37 °C. The
GacCEN probe was made as described in Cech and Peichel (2015). Bacterial artificial
chromosome (BAC) probes listed in Table 1 were prepared following the protocol in
Urton et al. (2011) and labeled with either Alexa-488 or Alexa-568.

Metaphase slides were first washed for 5 min with phosphate buffered saline
Tween-20, fixed for 10 min in 4% paraformaldehyde in phosphate buffered saline, then
washed again in phosphate buffered saline Tween-20 for 5 min. Subsequent FISH
hybridization with just GacCEN or just BAC probes was performed as described in Cech
and Peichel (2015). For metaphase slides hybridized with combined GacCEN and BAC
probes, 10 pl of the GacCEN probe was first lyophilized at 50 °C for four hours. The
dried GacCEN probe was then resuspended with either 10 pl of a single BAC probe in

hybridization buffer, or 20 pl of equal parts of two BAC probes in hybridization buffer.

Telomere staining
Telomere staining was performed according to manufacturers instructions using the

DAKO telomere PNA FISH kit/FITC no. K5325 (Agilent Technologies, USA).

Immunofluorescence-FISH (IF-FISH)

For IF-FISH, 15 Pacific Ocean or Japan Sea embryos at 48 hours days post fertilization

were dounced in 10 ml 0.56 % potassium chloride using a glass dounce. The remainder

of the IF-FISH protocol follows Cech and Peichel (2015).

Microscopy
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Images were taken using the Nikon Eclipse 801 microscope (Nikon, Japan) with an
automated filter turret (Chroma filters 31000v2 (DAPI), 41001 (FITC), and 41004 (Texas
Red); Chroma, USA) using the 100x objective. Following Cech and Peichel (2015),
images were pseudo-colored using NIS Elements imaging software (BR 3.00, SP7,

Hotfix8, Build 548, Nikon, Japan).

Results
No loss of chromosome arms on the Japan Sea neo-Y fusion chromosome
To determine if the neo-Y fusion was a complete fusion between both chromosomes, or if
large portions of each or one of the respective p-arms was lost, we performed two types
of FISH experiments. First, we conducted hybridization with BAC probes homologous to
the ends of chromosome 9 (44L.12) and the Y chromosome (101E8) that are near the
fusion site, as well as the end of the Y chromosome (188J19) opposite to the fusion site
(Table 3-1). Hybridization of these probes on Japan Sea male metaphase chromosomes
not only shows only three chromosomes (X, X,, neo-Y) with hybridization, but also
demonstrates that loss of an entire chromosome arm has not occurred on the neo-Y fusion
chromosome (Figure 3-2). Hybridization of these same BAC probes on Pacific Ocean
male metaphase chromosomes further demonstrates that there have not been gross
rearrangements between the Japan Sea and Pacific Ocean sticklebacks on either
chromosome 9 or the Y chromosome (Figure 3-3).

Second, to test if there was truly no loss of any genetic material, we also used a
FISH probe to the 6bp telomere sequence (TTAGGG) found in all vertebrates (Meyne et

al. 1989). Telomere staining on the neo-Y chromosome shows no internal telomere
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signal, indicating that at least some loss of genetic material occurred on the neo-Y fusion
(Figure 3-4). This is not surprising, as telomeric signals are normally found at the ends of
chromosomes (Meyne et al. 1989). Interestingly, telomere loss can induce chromosome
fusions (Gisselsson et al. 2001; Maser and DePinho 2002; Bailey 2006; Pobiega and
Marcand 2010; Murnane 2010; Stimpson et al. 2010). However, we do not know whether
loss of telomeres is a cause or consequence of the neo-Y fusion. Taken together, these
data do suggest that the neo-Y chromosome resulted from a fusion between two nearly
complete monocentric chromosomes, creating a dicentric neo-Y chromosome. The Japan
Sea fish are fertile, and we observe no evidence for the chromosome segregation
associated aneuploidy (Chapter 4) often seen with dicentric chromosomes. Furthermore,
there is only evidence of only one constriction on the neo-Y in metaphase chromosome
spreads (Figure 3-4). Thus, we hypothesized that the neo-Y chromosome has been
stabilized by one of the three mechanisms described above. There is no evidence of re-
breakage of the Japan Sea neo-Y, suggesting that the stabilization occurred by

centromere inactivation via either genetic or epigenetic inactivation.

Evidence for centromere inactivation on the Japan Sea neo-Y chromosome

Using CENP-A antibody staining in combination with FISH, we determined that only
one region of CENP-A staining is found on the neo-Y in multiple independent metaphase
spreads from Japan Sea males (Figure 3-5). The CENP-A staining was flanked by BAC
probes present at the end of the Y near the fusion breakpoint and at the distal end of
chromosome 9, indicating that the active centromere is on chromosome 9 (Figure 3-5).

The CENP-A staining on the neo-Y is in a similar location to the CENP-A staining found
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on the unfused chromosome 9, further suggesting that the active centromere on the neo-Y
is retained from the ancestral acrocentric chromosome 9 (Figure 3-5f).

To confirm that the ancestral Y chromosome centromere was active before the
fusion that created the neo-Y occurred, we performed CENP-A staining in combination
with FISH using a BAC probe (91G03; Table 3-1) that specifically labels the Y
chromosome on Pacific Ocean male chromosomes (Figure 3-6). We found normal
CENP-A staining on the ancestral Y centromere (Figure 3-7). This is evidence that the
ancestral Y chromosome had an active centromere, and that the Y chromosome

centromere was inactivated after the fusion to chromosome 9 in Japan Sea males.

Evidence for genetic inactivation on the Japan Sea neo-Y chromosome

Because we found evidence for only a single active centromere on the Japan Sea neo-Y
chromosome, we wanted to determine whether this was due to genetic inactivation (i.e.
deletion or alteration) of the ancestral Y chromosome centromere. We had previously
identified the centromere sequence (GacCEN) in the Pacific Ocean threespine stickleback
(Cech and Peichel 2015). Although this centromere sequence appears to be present on all
autosomes, including chromosome 9 and the X chromosome, we observed very weak
hybridization of the centromere sequence to the Y chromosome in the ancestral Pacific
Ocean population (Cech and Peichel 2015). It was unclear whether the centromere on the
Y chromosome has a completely different sequence, a highly divergent sequence, or a
reduced number of repeats. Here, we further explored these possibilities in order to
analyze the fate of the ancestral Y chromosome centromere on the Japan Sea neo-Y. We

first performed additional FISH experiments on Pacific Ocean males with the centromere
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probe and confirmed that centromere hybridization on the ancestral Y is weak and
variable. Over 12 independent FISH experiments, we counted 28 metaphase spreads with
positive GacCEN staining, and 27 with negative GacCEN staining. This variability is
demonstrated by both positive and negative staining on metaphase spreads from the same
male (Figure 3-8). These data suggest that the Y centromere is likely not a completely
different sequence, but instead might represent a divergent repeat sequence and/or a
reduced number of the same repeat sequence.

To further determine whether there is a unique Y centromere sequence, we
utilized CENP-A ChIP sequencing data obtained from Pacific Ocean male and female
samples. Using analyses pipeline that we previously developed to identify the GacCEN in
Pacific Ocean female samples (Cech and Peichel 2015), we first identified the 500 most
abundant sequence clusters in two Pacific Ocean males. Of these 500 most abundant
sequence clusters, 328 and 309 were enriched in the CENP-A immunoprecipitation (IP)
sequences relative to input sequences in the two independent Pacific Ocean male
samples. We then compared the top enriched clusters from Pacific Ocean males to those
identified previously in Pacific Ocean females (Cech and Peichel 2015) to find CENP-A
associated sequences unique to Pacific Ocean males. Of these 140 male unique sequence
clusters, 131 had homology ranging from 76.9% to 93.5% similarity to GacCEN. The
remaining nine sequence clusters all had a very low number of overall reads in both the
input and IP sample, comprising only 0.003% of the 11,582,843 total IP reads from the
top 637 enriched clusters. Seven of these reads are mostly CA dinucleotide repeats.
Taken together with the FISH data, these analyses suggest that there is not a unique

centromere sequence on the ancestral Pacific Ocean Y chromosome. However, until we
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are able to completely sequence the Pacific Ocean Y chromosome, including the
centromere, we will be unable to verify this hypothesis.

To determine whether the centromere sequence in the Japan Sea species is the
same as in the Pacific Ocean species, we also performed CENP-A ChIP-seq in Japan Sea
males and females at the same time we performed the Pacific Ocean CENP-A ChIP-seq
(Cech and Peichel 2015). We had previously demonstrated that the Pacific Ocean and
Japan Sea CENP-A genes only differ by a single amino acid (Cech and Peichel 2015),
which is not in the region of the protein used for the antibody design (Figure 3-9). Using
previously described methods (Cech and Peichel 2015), we identified a consensus CENP-
A associated putative centromere sequence in both Japan Sea males and females. The
Japan Sea putative centromere sequence is 98.7% similar to the Pacific Ocean GacCEN,
and is also 186 bp and 61.2 % AT rich (Figure 3-10). Similar to the Pacific Ocean
population, the Japan Sea GacCEN probe shows hybridization to the constriction on
metaphase spreads (Figure 3-11) as well as co-localization with CENP-A (Figure 3-12).

We performed FISH using the GacCEN probe in combination with BAC probes
on Japan Sea metaphase spreads. There is strong hybridization of the GacCEN probe to
the ancestral chromosome 9 centromere, providing evidence that this centromere has not
been deleted on the neo-Y (Figure 3-13). Although we also observed strong GacCEN
staining on both X chromosomes in Japan Sea females (Figures 3-14), there was no
hybridization of the GacCEN probe to the ancestral Y centromere on the neo-Y (Figure
3-13). This lack of hybridization to the Y chromosome was consistently observed in
seven different metaphase spreads from three different experiments. Because the

GacCEN probe staining is weak on the ancestral Y centromere, we cannot determine
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whether the lack of staining to the Y centromere on the neo-Y is due to deletion of the
centromeric DNA on the neo-Y or divergence of the centromeric DNA on the neo-Y.
However, these data do suggest that there has been a genetic alteration to the ancestral Y
chromosome centromere on the Japan Sea neo-Y.

To further assess whether there has been a deletion of the ancestral Y centromere
on the neo-Y, we examined the hybridization pattern of BAC probes flanking the
ancestral Y centromere on the neo-Y. Previous work had identified two BAC probes
(171H24 and 180J08; Table 3-1) flanking the centromeric constriction on both the X and
Y chromosomes in the Pacific Ocean species (Ross and Peichel 2008). Note that the
order of these probes is different between the X and Y chromosomes due to the presence
of several inversions on the Y chromosome relative to the X (Ross and Peichel 2008).
There is no loss of hybridization with either probe on the Japan Sea neo-Y (Figure 3-15),
indicating that these large regions flanking the centromere are still present. However,
when compared to hybridization on the Japan Sea X, these probes do appear to be closer
together on the neo-Y (Figure 3-15). Additionally, hybridization with these two probes
and the GacCEN probe shows that there is also a slight distance between these two
probes on the ancestral Pacific Ocean Y chromosome, along with weak internal
centromere staining (Figure 3-16). By contrast, there is no internal GacCEN signal
between these two BACs on the Japan Sea neo-Y (Figure 3-17) although there is clear
separation between these BACs and internal GacCEN signal on both X chromosomes in
Japan Sea females (Figure 3-18). Taken together, these data suggest, but do not definitely
prove, that there has been a deletion of the ancestral Y chromosome centromere on the

Japan Sea neo-Y. Taken together, our data support a model in which there has been a
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genetic inactivation of the ancestral Y centromere on the Japan Sea neo-Y, leading to a

single functional centromere on this chromosome fusion.

Discussion

In order to determine if the ancestral Y was truly deleted or has just diverged, further
experiments will be needed to sequence the ancestral Y centromere. As in most
organisms besides humans, a few other primates and mice (Wolfe et al. 1985; Pertile et
al. 2009), there is no Y chromosome sequence assembly in stickleback. This work is
currently in progress and will hopefully include the sequence of the Y centromere. Once
the Y chromosome is assembled, we can further test for genetic deletion by fine mapping
the centromere boundaries using new BAC probes.

While we cannot rule out if the ancestral Y centromere region has been deleted or
has changed in some other way on the neo-Y, our experiments suggest there have been
genetic changes, and likely some deletion on the neo-Y ancestral Y centromere. Our
evidence for a partial deletion or loss of centromeric DNA is consistent with genetic
deletions observed in inactivated human centromeres (Maraschio et al. 1990; Fisher et al.
1997; Stimpson et al. 2010). These results suggest that epigenetic and genetic changes
may both play a role in centromere inactivation.

Overall, we have shown that the Japan Sea neo-Y chromosome fusion has been
stabilized by centromere inactivation. The ancestral Y centromere has been inactivated as
evidenced by loss of CENP-A staining, and the active neo-Y centromere comes from
chromosome 9 (Figure 3-19). Future work should further characterize this inactivation by

looking for additional histone and DNA methylation changes. Centromere inactivation in
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maize shows the replacement of H3K4me2 with H3K27me2/3 (Zhang et al. 2010), as
well as hypermethylation of DNA at inactivated centromeres (Koo et al. 2011). It would
be interesting to characterize the inactive and active states of stickleback centromeres at
the histone and DNA methylation level.

Interestingly, the ancestral Y chromosome has independently fused to the
acrocentric chromosome 12 in males of the blackspotted stickleback (Gasterosteus
wheatlandi) species within the past 15 million years, creating an independent neo-Y
chromosome (Ross et al. 2009). From an evolutionary perspective, it is intriguing that of
the seven known species of stickleback, two have undergone fixation of a Y-autosome
fusion. Future work will test whether the Y chromosome centromere is also inactivated
on the blackspotted neo-Y, leaving the ancestral chromosomel2 centromere functional.

The Japan Sea neo-Y is one of the first examples in which centromere
inactivation has been demonstrated as mechanism to stabilize a chromosome fusion in an
evolutionary context. Because dicentrics are so detrimental, we hypothesize that there
was likely a reason the fusion led to fixation. Further experiments (Chapter 4) will test for
why this fusion was selected, and how it potentially led to the speciation of the Japan Sea
sticklebacks from the Pacific Ocean ancestral population (Kitano et al. 2009). Another
interesting evolutionary question would be to assess the reason for the fusion in the
blackspotted stickleback. Because both the blackspotted and the Japan Sea species have a
fusion between an autosome and the Y chromosome, comparing the genes found on
chromosome 9 in Japan Sea and chromosome 12 in blackspotted sticklebacks would

allow us to test for similar genes or gene families that might be play a role in the fusion.
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Table 3-1: List of BACs used in this study

Chr BAC Library Genomic position (bp)  Cytogenetic position*

9 441.12 CHORI-213 497,589 — 729,621 Distal end of short arm

9 35K20 CHORI-215 18,760,858 — 18,914,793  Distal end of long arm

X 188J19 CHORI-213 2,384,200 — 2,563,816 Distal end of short arm

Y 188J19 CHORI-213  unknown Distal end of short arm

X 180J08 CHORI-213 3,377,138 — unknown Proximal end of short arm
Y 180J08 CHORI-213  unknown Proximal end of long arm

X 171H24 CHORI-213 5,465,262 — 5,643,381 Proximal end of long arm

Y 171H24 CHORI-213  unknown Proximal end of short arm
X 101E08 CHORI-213 11,446,792 -11,651,387 Middle of long arm

Y 101E08 CHORI-213  unknown Distal end of long arm

Y 91G03  CHORI-215 unknown Distal end of long arm

*Position is relative to the centromere; proximal is closer to the centromere and distal is
further from the centromere. The genomic positions of the BACs on chromosome 9 and
the X chromosome were determined by BLASTing the publicly available BAC end
sequences (Kingsley and Peichel 2007) to the updated threespine stickleback genome
assembly (Glazer et al. 2015). The genomic positions of BACs on the Y chromosome are
unknown because a complete genome assembly of the Y chromosome is not available.

Chromosome
9 X Y
44112 188J19 188J19
171H24
101E08 171H24
101E08
91G03
35K20
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Chapter 3 Figures:

Pacific Ocean

Japan Sea
male

male
99 X Y

Pacific Ocean
female
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X, X, X, X,

Figure 3-1. Pacific Ocean (ancestral) and Japan Sea (derived) chromosomes used in this

study. A fusion between the acrocentric chromosome 9 and the metacentric Y
chromosome from the ancestral Pacific Ocean species gave rise to the neo-Y
chromosome in the Japan Sea species around two million years ago. The Japan Sea
sticklebacks still retain the ancestral submetacentric X chromosome (now termed X)),

and the unfused acrocentric chromosome 9 (now termed X>).
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Figure 3-2. The Japan Sea neo-Y is a fusion between two complete chromosomes. FISH
with the ancestral X and Y chromosome BACs 188J19 (purple) and101E0S8 (green) and
the chromosome 9 BAC 44L.12 (purple) on a Japan Sea male metaphase spread shows (a)
three chromosomes with BAC hybridization each highlighted by square boxes. Higher
magnification of the boxed regions in panel (a) shows the neo-Y fusion (b), the X;
chromosome, which is derived from the ancestral X chromosome (c¢) and the X,
chromosome, which is derived from the ancestral chromosome 9 (d). Scale bar, 5 pym
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Figure 3-3. The ancestral state of chromosome 9, and the X and Y in Pacific Ocean
stickleback fish. FISH with the ancestral X and Y chromosome BACs 188J19 (purple)
and101EO08 (green) and the chromosome 9 BAC 44L12 (purple) on a Pacific Ocean male
metaphase spread shows (a) the two unfused chromosome 9s, the X chromosome, and the
unfused Y chromosome each highlighted with a square box. Higher magnification of the
boxed regions in panel (a) shows the X chromosome with two regions of BAC
hybridization(b), the unfused Y chromosome with two regions of BAC hybridization (c),
and the two unfused chromosome 9s (d, e). Scale bar, 5 pm
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MERGED DAPI TELOMERE

Figure 3-4. Telomere staining in Japan Sea male and female metaphase spreads.
Telomere staining is seen on the ends of chromosomes in (a) Japan Sea female metaphase
chromosomes and (b) Japan sea male metaphase chromosomes. The neo-Y is the largest
chromosome and is highlighted by a box in panel (b). Panel (¢) shows a higher
magnification view of the neo-Y with no internal telomere signal. The primary
centromeric constriction on the neo-Y is indicated by the white arrowhead. Scale bar, 5
um
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MERGED DAPI CENP-A  101E08, 35K20
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Figure 3-5. The CENP-A antibody only localizes to one region on the Japan sea neo-Y
chromosome. Panels (a) and (¢) show two independent metaphase spreads from Japan
Sea embryos stained with the CENPA antibody (green) as well as the X and Y
chromosome BAC 101E08 (purple) and the chromosome 9 BAC 35K20 (purple). Panels
(b) and (d) are higher magnifications of the boxed regions in panels (a) and (c¢),
highlighting the neo-Y chromosome with the two regions of BAC staining (purple
arrowheads) flanking two distinct CENP-A puncta (white arrowhead). The CENP-A
staining is located on the chromosome 9-derived part of the neo-Y chromosome. Panel
(e) is a higher magnification of the boxed region in (a), highlighting the ancestral X;
chromosome; 101E08 hybridizes to the middle of the long arm of X, (purple arrowhead),
and there is one region of two CENP-A puncta (white arrowhead). Panel (f) is a higher
magnification of the boxed region in (¢), highlighting the unfused chromosome 9 (X5);
35K20 hybridizes to the end of the long arm of X, (purple arrowhead), and there is one
region of two CENP-A puncta (white arrowhead). Scale bar, 5 pm
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Figure 3-6. The BAC clone 91G03 is a Y specific BAC. (a) FISH was performed on a
Pacific Ocean male metaphase spread with BACs 101E08 (green), and 91GO03 (purple).
101E08 hybridizes to the X and Y chromosome, while 91G03 only hybridizes to the Y.
Panel (b) is a magnification of the Y chromosome from (a) showing hybridization of the
known sex chromosome BAC 101E08 and BAC 91GO03 to the very end of the Y
chromosome. Panel (¢) is a magnification of the X chromosome from (a), with
hybridization of BAC 101E08 to the middle of the long arm, and no hybridization of
BAC 91G03. Scale bar, 5 ym
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Figure 3-7. CENP-A antibody staining on the ancestral Pacific Ocean Y chromosome. (a)
A metaphase spread from Pacific Ocean embryos was stained with the CENPA antibody
(green) and the Y chromosome specific BAC 91G03 (purple). Panel (b) is a
magnification of the boxed region in panel (a), highlighting the Y chromosome with
91GO03 staining on the end of the long arm, and two distinct CENP-A puncta hybridizing
to the centromere of each sister chromatid on the Y chromosome. Scale bar, 5 pm
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MERGED DAPI GacCEN 91G03 (Y)

.
’ ’ are v .-,
- »* v -
s 4 - LR >
. -~ .
. . . . g
AT
f .
- -
b, .
» .
X . b - o
a -d » - \ e
" - * " R o S .
. '] e e - -
p ot A -, R o
- an LIRS
.'\ - e N -
-~ - - *®
g - ?
. s 11
( <

Figure 3-8. GacCEN staining is weak and variable on the ancestral Pacific Ocean male Y
chromosome centromere. FISH with the GacGEN probe (green) and Y chromosome
BAC 91GO03 (purple) on four different metaphase spreads from the same Pacific Ocean
male. Two metaphase spreads show GacCEN staining on the Y chromosome (a-d) while
two metaphase spreads lack GacCEN staining on the Y chromosome (e-h). Panels (b, d)
show higher magnification of the Y chromosome with the weak GacCEN staining (green
arrowhead), and panels (f, h) show higher magnification of the Y chromosome with no
GacCEN staining. Scale bar, 5 pm
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MRHNSSTSRRKGKTPOQHRPPLAAPETSGSNPRSQTHSGASGQPPASPRKRRFRPGTRALMEIR
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Figure 3-9. Comparison of the CENP-A protein amino acid sequence between the Pacific
Ocean (PO) and Japan Sea (JS) sticklebacks. There is only one amino acid difference (red
asterisk) between the two proteins, which is not in the amino acid sequence targeted by
the CENP-A antibody (red letters).
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GAGGTGCTAGTTTTAGGAAAACACTGTTAACCAATGCATTCTTGTGTTCTGTGCGTTTTCAG

GAGGTGCTAGTTTTAGGAAAACACTGTTAACCAATGCATTCTTGTGTTCTGTGCGTTTTCAG

* *
CYTTCTCTCGGCCTGCAAACGCCTTAATAGTCAAGAAAGCACCAAAACTTAGTTTGAACAAA

CTTTCTCTCGGCCTGCAAACGCCTTAATAGTCAAGAATGCACCAAAACTTAGTTTGAACAAA

*
AAAGGTTGGAAAACTATTCACAAACCATGATACCATCATRAAACAGATAAATGTACTTTCCT

AAAGGTTGGAAAACTATTCACAAACCATGATACCATCATAAAACAGATAAATGTACTTTCCT

Figure 3-10. Comparison of the CENP-A associated centromeric sequence between the
Pacific Ocean (PO) and Japan Sea (JS) stickleback species. The Japan Sea consensus
sequence is 98.9% similar to the GacCEN sequence previously identified in the Pacific
Ocean species (Cech and Peichel 2015). The red asterisk denotes the only three
nucleotide differences between these two consensus sequences. Nucleotide ambiguities:
Y=CorT;R=AorG.
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MERGED DAPI

Figure 3-11. The GacCEN probe hybridizes to the centromere on Japan Sea
chromosomes. (a) The GacCEN probe hybridizes to a single region on each chromosome
in a metaphase spread from a Japan Sea male. Panel (b) shows a magnification of the
boxed region in (a), highlighting the hybridization of the GacCEN probe to the primary
constriction (white arrowheads) on each chromosome. Scale bar, 5 pm
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MERGED GacCEN CENP-A

Figure 3-12. The GacCEN probe colocalizes with CENP-A on Japan Sea chromosomes.
The GacCEN probe (green) colocalizes with the CENP-A antibody (purple) at distinct
puncta in interphase nuclei (a) as well as to a single region on each chromosome in a
metaphase spread from a Japan Sea embryo (b). Panel (¢) shows a magnification of the
metaphase spread shown in (b). Scale bar, 5 pm
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Figure 3-13. GacCEN hybridizes to the centromere of chromosome 9 on the Japan Sea
neo-Y chromosome. FISH with the GacCEN probe (green), Y chromosome BAC probe
188119 (purple), and a chromosome 9 BAC probe 44L12 (purple) on a metaphase spread
from a Japan Sea male is shown in panel (a). Panel (b) is a magnification of the neo-Y
chromosome from the boxed region in panel (a). The GacGEN probe only localizes to the
region of the ancestral chromosome 9 centromere on the neo-Y. Scale bar, 5 pm
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MERGED DAPI GacCEN 188J19

Figure 3-14. Both submetacentric X; chromosomes in the Japan Sea female show strong
GacCEN hybridization. FISH with an X chromosome BAC 188J19 (purple), and
GacCEN (green) on a Japan Sea female metaphase spread in shown in panel (a). Panels
(b) and (c¢) are magnifications of the boxed regions in panel (a), showing the two
ancestral X; chromosomes, with strong GacCEN staining (green arrowhead) consistent
with the submetacentric centromere positioning. Scale bar, 5 um
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Figure 3-15. Mapping the regions flanking the ancestral Y centromere on the neo-Y
fusion. FISH with the X and Y BACs 180J08 (purple) and 171H24 (green) on Japan Sea
male interphase nuclei (a) and metaphase spreads (b). Both probes are present on the
neo-Y (¢) and the ancestral X; (d), although the probes appear to be closer together on
the neo-Y (c¢) as compared to the ancestral X; (d). Scale bar, 5 um
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Figure 3-16. GacCEN and centromere flanking regions on the Pacific Ocean X and Y
chromosomes. FISH with the X and Y BACs 180J08 and 171H24 (purple) and GacCEN
(green) on a metaphase spread from a Pacific Ocean male is shown in panel (a). Panels
(b) and (c¢) are magnifications of the boxed regions in panel (a) showing two distinct
regions of staining (purple arrowheads) flanking weak GacCEN staining (green
arrowhead) on the Y (b), and two distinct regions of staining (purple arrowheads)
flanking strong GacCEN staining (green arrowhead) on the X (¢). Scale bar, 5 pm
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Figure 3-17. GacCEN and centromere flanking regions on the Japan Sea neo-Y
chromosome. FISH with the Y BACs 180J08 and 171H24 (purple) and GacCEN (green)
on a metaphase spread from a Japan Sea male is shown in panel (a). Panel (b) is a
magnification of the boxed regions in panel (a) showing the two centromere flanking
probes (purple arrowheads) are very close together on the neo-Y with no GacCEN
staining in between. The strong GacCEN staining (green arrowhead) is from the
chromosome 9 centromere on the neo-Y. Scale bar, 5 pm
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Figure 3-18. GacCEN and centromere flanking regions on Japan Sea female X;
chromosomes. FISH with the X and Y BACs 180J08 and 171H24 (purple) and GacCEN
(green) on a metaphase spread from a Japan Sea female is shown in panel (a). Panels (b)
and (c¢) are magnifications of the boxed regions in (a) showing two distinct regions of
BAC hybridization (purple arrowheads) flanking strong GacCEN staining (green
arrowhead) on both X; chromosomes. Scale bar, 5 pm
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Figure 3-19. Summary of GacCEN and CENP-A staining. Strong GacCEN (green dashed
lines) staining is present on chromosome 9 and the X chromosome in Pacific Ocean
males. We find evidence for weak and variable GacCEN staining on the Pacific Ocean Y
centromere. The Japan Sea sticklebacks also show strong GacCEN staining on the
unfused chromosome 9 (X3) and the ancestral X, but only one region of strong GacCEN
staining at the chromosome 9 centromere in the neo-Y fusion. Similarly, we see CENP-A
staining (green dots) on the ancestral chromosome 9, and both the X and Y chromosomes
in Pacific Ocean males. The Japan Sea sticklebacks also show CENP-A staining on the
unfused chromosome 9 (X;) and the ancestral X, but only one region of strong CENP-A
staining at the chromosome 9 centromere in the neo-Y fusion. Together this is evidence
for centromere inactivation of the ancestral Y centromere on the neo-Y chromosome.
Purple lines indicate BAC probes used for FISH.
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Chapter 4: Why did the neo-Y chromosome fusion evolve in the Japan Sea
stickleback?

Introduction

The Japan Sea neo-Y fusion described in Chapter 3 is not only interesting from the
perspective of understanding the mechanisms that underlie centromere inactivation, but
also raises interesting questions about the evolutionary forces that lead to chromosomal
fusions. In experiments where dicentric chromosome fusions are artificially created, less
than 0.5% of the cells survive, emphasizing the detrimental affect of dicentric
chromosome fusions (Sato et al. 2012). Yet the neo-Y fusion has been fixed in the Japan
Sea stickleback species. We have already shown that this fusion was stabilized by
centromere inactivation. Thus, one major question remains unanswered: why did the neo-
Y chromosome fusion occur and became fixed in the population? We have four main
hypotheses as to why the neo-Y may have become fixed in the Japan Sea population: 1)
centromere hitchhiking, 2) meiotic drive, 3) sexually antagonistic selection, and 4)

genetic drift.

Centromere hitchhiking

The first hypothesis is “centromere hitchhiking.” In this model, we hypothesized that if
the ancestral Y chromosome had a weak centromere that did not function optimally, the
Y chromosome would not always properly segregate leading to aneuploidy. To alleviate
having a suboptimal centromere, the Y chromosome could “hitch” on to another
chromosome in order to maintain proper chromosome segregation. Currently, the

measure of centromere strength is determined by CENP-A staining intensity (Chmatal et
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al. 2014). It has been shown on both mouse and human Y chromosome centromeres that
reduced CENP-A staining may be indicative of a weakened centromere (Nath et al. 1995;
Irvine et al. 2004; Graham and Kalitsis 2014). Further supporting our hypothesis, in a
mouse cell line with a partial Y centromere deletion, there are reduced CENPA levels and
increased Y chromosome loss (Graham and Kalitsis 2014). Nath et al. 1995 similarly
shows in samples of human male cells ranging from newborn to 79 years old, there was a
significant increase in Y chromosome aneuploidy in older men, likely due to weakened
kinetochore on aging Y chromosome centromeres. To test if the cause of the neo-Y
fusion was a weak centromere, we examined levels of CENP-A staining on the ancestral
Pacific Ocean Y chromosome. We also tested for evidence of aneuploidy, or loss of the Y
chromosome, by examining sex ratios of crosses between Pacific Ocean females and

males.

Meiotic drive

The second hypothesis is “meiotic drive.” Meiotic drive (Unckless et al. 2015; Lindholm
et al. 2016) is a phenomenon where chromosomes defy the Mendelian rules of
segregation and are not transmitted in equal ratios to progeny. Many examples of meiotic
drive are found in female meiosis because only one of the four potential chromosomes
becomes an egg, while the other three become polar bodies (Pardo-Manuel de Villena
and Sapienza 2001; Ubeda et al. 2014). Female meiotic drive predicts that one of a pair of
homologous chromosomes or chromatids may preferentially segregate to the cell destined
to become the egg, while the other of the pair becomes an evolutionary dead end in the

polar bodies. However, the Japan Sea fusion involves the Y chromosome, which is never
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subjected to female meiotic drive. Male meiotic drive also occurs, and is most easily
recognized as sex ratio distortion when it involves the sex chromosomes (Lindholm et al.
2016). Because all four products of male meiosis become active sperm, male meiotic
drive results from a difference in the ability of the sperm containing different
chromosomes to fertilize eggs. If male meiotic drive was driving fixation of the Japan
Sea neo-Y fusion, we hypothesized that in the ancestral Pacific Ocean population,
unfused X and unfused Y containing sperm are equally able to fertilize eggs, resulting in
an optimal sex ratio of 50:50 male to female offspring. In the Japan Sea population, we
hypothesized that sperm with the neo-Y outcompeted sperm with the X to fertilize eggs,
leading to a skewed sex ratio with more than 50% neo-Y males in the initial population.
This skewed sex ratio may have further led to the evolution of a suppressor of male
meiotic drive on the Japan Sea X chromosomes. Such a suppressor should not be present
on the Pacific Ocean X chromosome. Thus, to test if there is any evidence for meiotic
drive on the neo-Y fusion, we designed an experiment to test the ability of neo-Y
containing sperm vs ancestral X containing sperm to fertilize eggs (recapitulating the

fertilization ability of sperm at the time of the fusion).

Sexually antagonistic selection

The third hypothesis is “sexually antagonistic selection.” This theory has been proposed
as a mechanism to drive sex chromosome-autosome fusions (Charlesworth and
Charlesworth 1980). In a system with already established heterogametic sexes, an
autosome — Y chromosome fusion might evolve if the autosome contained a gene that has

alleles with differential fitness effects in the two sexes. More specifically, if an autosome
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contained a gene in which an allele is male beneficial but female detrimental, selection
would favor the fusion of the autosome containing the male beneficial allele to the Y
chromosome, where reduced recombination would lead to linkage with the sex
determination gene. In this way, only males would carry the allele that is beneficial and
females would not carry the allele that is detrimental. It is possible that sexually
antagonistic selection was a driving force in the evolution of the Japan Sea neo-Y fusion.
Interestingly, two male mating traits (dorsal spine length and dorsal pricking behavior)
that are important to reproductive isolation between the Pacific Ocean females and Japan
Sea males map to the Japan Sea neo-X chromosome (Kitano et al. 2009). However, this
study was unable to assess whether these traits map to the neo-Y chromosome, as would
be predicted by evolutionary theory (Charlesworth and Charlesworth 1980). Current
work in the Peichel Lab is aimed at testing this hypothesis by determining whether genes
on the Japan Sea neo-Y show genomic signatures of sexually antagonistic selection

(Kirkpatrick and Guerrero 2014).

Genetic drift

The fourth hypothesis is that genetic drift due to a bottleneck allowed for the fixation of
the fusion. The Japan Sea and Pacific Ocean species are thought to have diverged two
million years ago when the Japan Sea and the Pacific Ocean were geographically isolated
(Kitano and Mori 2007). After the last glacial period 10-70,000 years ago, coastal lines
changed such that these two species do currently co-occur in coastal waters around Japan
(Higuchi et al. 2014). However, this period of geographical isolation may have allowed

for genetic and chromosomal changes to occur leading to their current reproductive
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isolation when they co-occur (Kitano and Mori 2007; Kitano et al. 2009). Although not
tested here, it is possible that there was not direct selection for the fixation of the Japan
Sea neo-Y fusion and that it fixed via genetic drift because the Japan Sea went through a
bottleneck when it was isolated from the Pacific Ocean. Interestingly, a recent study
demonstrated that Y-autosome fusions are more common that X-autosome fusions, and
that XY systems (male heterogametic) are more likely to have sex chromosome-
autosome fusions than ZW systems (female heterogametic) in both fish and squamate
reptiles (Pennell et al. 2015). Population genetic modeling studies suggest that this
pattern is not driven by meiotic drive or sexually antagonistic selection; rather the
prevalence of Y-autosome fusions is best explained if the fusions occur more frequently
in males, are slightly deleterious, and fix by genetic drift (Pennell et al. 2015). Thus,
fixation by genetic drift remains a plausible hypothesis for the Japan Sea neo-Y

chromosome.

Materials and Methods

Crosses

To test for deviations in sex ratios, three separate crosses were made. We intercrossed
Pacific Ocean males and females as well as Japan Sea males and females to test for the
baseline sex ratios in the Pacific Ocean and Japan Sea species. The Pacific Ocean crosses
also allowed us to test whether there is evidence for loss of the Y chromosome during
meiosis due to a weak centromere. To test for whether meiotic drive of the initial neo-Y
fusion might have occurred, we first crossed a Pacific Ocean female to a Japan Sea male

to create F1 hybrid males with both the ancestral X and the neo-Y. By crossing these F1
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males back to a Pacific Ocean female, we tested the ability of the F1 male sperm
containing either the ancestral X or the neo-Y to fertilize eggs containing the ancestral X
(Figure 4-1).

For each cross, male testes were dissected and stored in 1 ml of Ginzberg solution
(Hart and Messina 1972). Eggs from a single female were then fertilized with around 100
ul of sperm from a male of the appropriate population. Eggs were allowed to fertilize for
10 min, then put in fish water in a petri dish. At 24 hours, any non-fertilized eggs were
removed. At 48 hours, any embryos that had died were also removed, and the remaining

embryos were fixed in 100% ethanol until genotyping.

DNA extraction from embryos

A single embryo from each cross was individually placed in a PCR plate well containing
60 ul of 50mM sodium hydroxide (NaOH). A plate seal was placed on the PCR plate and
the embryos were digested at 95 °C for 30 minutes. The embryos were dissociated by
manual pipetting with individual, sterile, single use pipette tips. A new plate seal was
added to the plate, and the embryos were digested again at 95 °C for an additional 10
min. The plate seal was removed and 8 ul 1M Tris-HCI pH 7.4 was added to each well to

neutralize the solution. 1 ul of this DNA extraction was used for sex genotyping by PCR.

Sex genotyping
Sex genotyping was performed using two sets of PCR primers. For the Pacific Ocean
crosses, primers flanking the sex-linked IDH gene were used (Peichel et al. 2004). These

primers amplify a single product from the X chromosome of around 300 bp in females,
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but two products of 300 bp (X chromosome) and 270 bp (Y chromosome) in males. The
sequence of the IDH primers are: F3 5°- GGGACGAGCAAGATTTATT and R4 5°-
TTATCGTTAGCCAGGAGATGG. PCR parameters are described below. PCR products
were run on a 2% TBE gel and then imaged. For both the backcross and Japan Sea
crosses, we used PCR primers in LRRC61, a gene next to IDH. These primers amplify a
single product of ~500 bp in females, and two products (~500 bp and ~180 bp) in males.
The sequence of the LRRC61 primers are: F1 5°-
TGGGGAGTGTATGAGTTTAGAGAA and R1 5’- CTCAAAGGCTGAAGGCAGTG.
PCR products were run on a 1.5% TBE gel and then imaged. PCR parameters were as
follows for the different primers:

IDH PCR:

(95°C2:00, 56 °C 1:00, 72 °C 2:00), (5X: {94°C 1:00, 56 °C 1:00, 72 °C 2:00}), (30X: {90
°C 1:00, 56 °C 1:00, 72 °C 2:00}), (72 °C 5:00)

LRRC61 PCR:

(94°C 1:00), (5X: {94 °C0:30s, 65°C 0:30s, 72 °C 3:00}), (94 °C 0:30s, 64 °C 0:30s, 72°C
3:00), (94 °C 0:30s, 63 °C 0:30s, 72 °C 3:00), (94 °C 0:30s, 62 °C 0:30s, 72 °C 3:00), (94°C
0:30s, 61 °C 0:30s, 72 °C 3:00), (25x: {94 °C 0:30s, 60 °C 0:30s, 72 °C 3:00}), (72°C

10:00)

Results
Centromere hitchhiking
If the ancestral Y centromere has a weakened centromere function, we would expect

CENP-A staining to be decreased, or lacking on the Y chromosome. We tested this
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hypothesis by performing CENP-A staining in combination with BAC probes to
distinguish the Y chromosome in Pacific Ocean males (see Chapter 3 for Methods).
Immunofluorescence CENP-A staining on Pacific Ocean male metaphase spreads shows
no evidence for decreased staining on the Y chromosome compared to the other
chromosomes on the metaphase spread (Figure 3-7). While we did not directly quantify
the levels of staining, these data suggest that the ancestral Y chromosome does not likely
have a weak or non-functioning centromere. If the Y centromere was weak or
suboptimal, we might expect to see mis-segregation or aneuploidy of the Y chromosome,
yet we see equal sex ratios in 2517 offspring of Pacific Ocean crosses (Table 4-1). Thus,
there is no evidence of aneuploidy associated with a suboptimal centromere on the
ancestral Y chromosome, further supporting the conclusion that the ancestral Y

chromosome centromere is active.

Meiotic drive

Because having equal sex ratios is so important, there is the possibility that the current
Japan Sea X chromosome has evolved a suppressor allele to combat meiotic drive on the
neo-Y, re-establishing a 50:50 sex ratio in the current Japan Sea population (Ubeda et al.
2014; Unckless et al. 2015). Therefore, we backcrossed a Pacific Ocean x Japan Sea F1
male to a Pacific Ocean female (Figure 4-1) and genotyped the sex of 2978 offspring.
This allowed us to test the ability of the F1 sperm containing either the Japan Sea neo-Y
or the Pacific Ocean ancestral X (with no potential suppressor), to fertilize Pacific Ocean
ancestral X containing eggs. If the neo-Y shows drive against the ancestral X, the neo-Y

containing sperm will out compete the ancestral X containing sperm and there will be a
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greater proportion of male offspring. As a control, we also tested the sex ratio of 2517
Pacific Ocean embryos and 1038 Japan Sea embryos. Our results show that there are no
deviations from equal sex ratios in any of the crosses (Table 4-1). These results suggest

that meiotic drive was not likely the reason for fixation of the Japan Sea neo-Y fusion.

Discussion

While we have not yet tested all of the hypotheses, we predict that either sexually
antagonistic selection or genetic drift led fixation of the neo-Y. Because we know
dicentric chromosomes are inherently unstable, it is likely that some driving force (like
sexually antagonistic selection) was strong enough to overcome the negative effects of
the dicentric fusion, allowing the neo-Y to persist until centromere inactivation took
place on the neo-Y, ultimately allowing for its fixation. However, it is also possible that
this neo-Y was fixed in the Japan Sea population due to a bottleneck before the last
glacial period, consistent with recent theory on the evolution of sex chromosome fusions
(Pennell et al. 2015). Current work on the Peichel Lab is focused on testing whether there
are genes with sexually antagonistic effects on the neo-Y chromosome, which will shed

further light on the evolution of the Japan Sea neo-Y chromosome fusion.
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Table 4-1. Sex genotyping to test for meiotic drive

Cross Total embryos | # male embryos | # female embryos | Chi-sq
genotyped (percent of total) | (percent of total) | P -value
Backcross 2878 1416 (49.2%) | 1462 (50.80%) | 0.39
Pacific Ocean 2517 1261  (50.10%) | 1256  (49.90%) | 0.92
Japan Sea 1038 521 (50.19%) | 517  (49.81%) |0.90
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Chapter 4 Figure:
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Figure 4-1. Crosses to test for meiotic drive and aneuploidy. For the backcross, a Pacific

Ocean female was crossed to a Japan Sea male creating F1 hybrids. A male F1 hybrid

would have sperm containing either the ancestral X or the neo-Y. F1 males were

backcrossed to Pacific Ocean females to test if the neo-Y containing sperm fertilized

more eggs than the ancestral X containing sperm. We also crossed Pacific Ocean males to

Pacific Ocean females, as well as Japan Sea males to Japan Sea females to assess the

current sex ratios for these species. The “S” on the Japan Sea X; chromosome designates
the presence of a possible suppressor of meiotic drive.
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Chapter 5: Perspectives and future work

Further characterization of centromere inactivation on the neo-Y

We have shown that the Japan Sea neo-Y was a fusion between two complete
chromosomes leading to an initially dicentric chromosome. We have further shown that
there is only one active centromere on the neo-Y, and that the mechanism of dicentric
stabilization involved centromere inactivation. Using a combination of CENP-A
Immunoflourescence, and GacCEN and BAC probe FISH staining, we show the ancestral
Y centromere on the neo-Y is no longer active, as it lacks CENP-A staining.
Furthermore, our data suggest that there have been additional genetic changes to the
inactivated centromere on the neo-Y. While lack of CENP-A is characteristic of inactive
centromeres, future work should further characterize this inactivation by looking for
additional histone and DNA methylation changes on the inactivated neo-Y centromere.
Centromere inactivation in maize involves the replacement of H3K4me?2 with
H3K27me2/3 (Zhang et al. 2010), as well as hypermethylation of DNA at inactivated
centromeres (Koo et al. 2011). These changes alter the centromeric chromatin to a more
repressive heterochromatic state. It would be interesting to characterize the inactive and

active states of stickleback centromeres at the histone and DNA methylation level.

Centromere inactivation on the blackspotted Stickleback neo-Y

Interestingly, the ancestral Y chromosome has independently fused to the acrocentric
chromosome 12 in males of the blackspotted stickleback (Gasterosteus wheatlandi)
species within the past 15 million years, creating an independent neo-Y chromosome

fusion (Ross et al. 2009). From an evolutionary perspective, it is intriguing that two of
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the seven known species of stickleback have undergone fixation of a Y-autosome fusion.
Future work should test to see if the Y chromosome centromere is also inactivated on the
blackspotted neo-Y, leaving the ancestral chromosome 12 centromere functional. Initial
hybridization of the GacCEN sequence on metaphase spreads from blackspotted
sticklebacks show little signal, suggesting that the blackspotted stickleback may have a
different centromere sequence than the threespine stickleback. If the CENP-A protein
sequence is the same in the blackspotted and threespine stickleback, we can use our
CENP-A antibody in a ChiP-seq experiment to identify the blackspotted stickleback
centromere sequence. If the CENP-A protein is different in the two species, a new
antibody would need to be developed first. It would also be interesting to assess the

reason for the fusion in this species.

Y chromosome centromeres

Our current evidence supports some level of genetic changes occurring on the Y
centromere in both the ancestral Pacific Ocean Y chromosome and the Japan Sea neo-Y
chromosomes. However, in order to determine if the ancestral Y centromere was truly
deleted on the neo-Y or has just diverged, further experiments will be needed to sequence
the ancestral Y centromere in the Pacific Ocean population. Sequencing Y centromeres
has revealed that both the mouse and the human Y chromosome centromere sequences
have diverged relative to centromeres from the autosomes and the X chromosomes
(Wolfe et al. 1985; Pertile et al. 2009; Miga et al. 2014). The mouse Y min satellite is
~77% similar to the centromere sequence found on other chromosomes, and the human Y

chromosome centromere sequence is about 70% similar to the X chromosome centromere
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sequence. Higher mutation rates in males and lack of recombination between X and Y
chromosomes (Pennell et al. 2015) might cause the increased divergence of the Y
chromosome centromeres. Thus, it is possible that the stickleback Y centromere sequence
is simply a divergent form of the GacCEN, or contains fewer repeats, leading to weak
and variable GacCEN hybridization using our current FISH methods. While our
preliminary ChiP-seq data supports the hypothesis that the ancestral Y is likely a
divergent repeat, and not a unique sequence, we can only verify this by sequencing the Y

chromosome centromere.

Y chromosome fusions

Another evolutionary question that remains is why we often see certain chromosomes
(like the Y) involved in fusions and why certain centromeres are preferentially
inactivated. Is there something about particular centromeres that make them more likely
to inactivate upon fusion? A study of centromere inactivation among Robertsonian
fusions found a hierarchy of which centromere was inactivated (Sullivan et al. 1994). In
83% (29/35) of Robertonsian translocations involving chromosome 14, the chromosome
14 centromere remained active. Similarly, in all of the Robertsonian translocations
involving chromosome 15, the chromosome 15 centromere was always inactivated. One
hypothesis is that the centromeres differ in strength and size and that the stronger
centromere remains active over the weaker centromere upon fusion. Recent work in
plants shows that the smaller of the two centromeres is always inactivated on dicentric

chromosomes (Liu et al. 2015).
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These data suggest that the Y chromosome centromere in sticklebacks in smaller
or weaker. In humans, the Y chromosome centromere was on average the smallest
(680kb), while the chromosome 11 centromere was on average the largest (3000kb)
centromere array (Wevrick and Willard 1989). More recent work compared centromere
array size between human X and Y chromosomes and also found the Y chromosome
centromeres are on average smaller than the X chromosome centromeres (~1Mb vs
~3.5Mb respectively) (Miga et al. 2014). CENP-A domain size is proportional to
centromere array size with Y centromeres having less CENP-A than X chromosomes
(Sullivan et al. 2011). Consistent with this, in human cells lines, the Y chromosome
centromere has the least amount of CENPA (Irvine et al. 2004). If having more CENP-A
imparts a “stronger” centromere, and a larger centromere array has more CENP-A, are Y
centromeres inherently weaker when compared to other centromeres because they are
smaller? Consistent with this idea, a mouse line with high rates of Y chromosome
instability was due to Y centromere deletion and subsequent reduction in CENP-A levels.
(Graham and Kalitsis 2014). Using this rationale, I hypothesize that while a smaller
centromere on a Y chromosome can function independently and contain an active
centromere, when a Y chromosome fuses to a chromosome with a stronger centromere,
the Y chromosome centromere becomes “weaker” in comparison and may be more easily
inactivated. Interestingly, there are significantly more Y-autosome fusions in fish than X-
autosome fusions in fish (Pennell et al. 2015). If the Y centromeres are smaller than the
X centromeres in fish, a Y-autosome fusion might be less detrimental, as the Y
centromeres might more easily be inactivated. In this model, X-autosome fusions might

result more often in the BFB cycle than Y-autosome fusions in fish species. Future work
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should compare the size of the ancestral Y centromere to the ancestral chromosome 9
centromere to see if this prediction holds true in the neo-Y fusion as well. If the ancestral
Y centromere is smaller than the chromosome 12 centromere in the blackspotted
stickleback, we would then hypothesize that the ancestral Y centromere would be
inactivated on the blackspotted neo-Y as well. It would also be interesting to compare the
centromeres of other fish species with Y-autosome fusions to see if the Y centromere is
always inactivated.

The Japan Sea stickleback neo-Y is one of the few examples of a natural, and
stable, dicentric chromosome involving two functionally important chromosomes that
shows evidence for centromere inactivation. It is also one of the first examples showing
centromere inactivation as a potential mechanism used to maintain a chromosome fusion
that may play a role in the formation of new species. My thesis work paves way for
future work that will aim to further characterize the Y chromosome centromere, and

better understand its role in stickleback chromosome fusions and speciation.
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