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Abstract

Formation of the CenH3-independent holocentromere in
Lepidoptera avoids active chromatin

The centromere is an essential chromosomal locus that mediates the accurate
partitioning of the genome to daughter cells during cell division. Centromeric
chromatin is distinct wherein the highly conserved centromere-specific histone 3
(CenH3) (first identified as centromere protein A (CENP-A)) is the main epigenetic
marker of centromeres and has been detected in the great majority of eukaryotes
studied varying from protists to animals and plants. Despite the highly conserved
function and composition, centromere architectures are diverse among eukaryotes and
embody two main configurations: mono- and holocentromeres, referring respectively
to a localized or unrestricted distribution of centromeric activity. Previous studies
revealed that holocentricity in many insects strongly coincides with the loss of the
otherwise essential centromere marker CenH3, suggesting a molecular link between
the two events. This thesis aims to understand the molecular architecture of CenH3-
deficient holocentromeres in insects by exploiting the experimental tractability of
Bombyx mori (domestic silkmoth), which belongs to the insect order Lepidoptera- one
of several insect lineages in which CenH3 is lost. The work of this thesis has
leveraged recently-identified centromere components in B. mori as well as molecular
tools developed in our lab such as specific antibodies and classical genomics
approaches to map the locations of centromere sites along B. mori chromosomes.
Subsequently, we characterized the DNA sequences and chromatin elements
underlying newly mapped centromere sites along B. mori chromosomes. This
uncovered a robust correlation between B. mori centromere profiles and regions of
low chromatin dynamics found anywhere along the chromosome and indicated B.
mori centromere profiles to be shaped by chromatin activity. To test this hypothesis,
transcriptional perturbation experiments were subsequently done to demonstrate that
centromeres become excluded from active chromatin regions but can form de novo in
regions where chromatin activity is low. Taken together, the identified link to
chromatin dynamics allows us to discuss the plasticity of centromere identity. In this
context, we present a novel mechanism of centromere formation that occurs in a
manner recessive to the chromosome-wide chromatin landscape rather than being
defined by the otherwise essential presence of CenH3. Based on similar profiles
observed in additional Lepidoptera, we propose an evolutionarily conserved
mechanism that underlies the establishment of holocentromeres through loss of a
specified centromere.
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A note on silkmoths.

Bombyx mori is also known as the domesticated silkmoth, resonating a long history of
adaptation to human exploitation in the silk industry (Figure i1). Attempts to trace its
origins began in 1926 and were led by Chinese archaeologist and lecturer at Qinghua
University in Beijing, Li Ji, who recovered a spinning wheel and half of a fossilized
silkworm cocoon shell from the ancient ruins of the Xiyin village in China. These
remains were unearthed from remote areas of Yellow River Valley, which,
intriguingly, legend has was home to the mythical Empress from the 26™ Century
B.C., Lei Zu (wife to China’s first of five prehistoric rulers, the Yellow Emperor,
Huangdi), who is believed to have initiated silkworm breeding and growing of
Mulberry trees (the primary source of food for silkworms) in China. Artificial cuts on
the recovered cocoon shell and man-made tools found at the excavation site allowed
scientists to trace silkworm domestication and the start of silk farming (sericulture) in
ancient China to at least 5000 years ago (Wei et al., 2012). Not surprisingly,
phylogenetic studies indicate the direct divergence of B. mori from an ancestor of the
Chinese wild silkworm, B. mandarina (Wei et al., 2012).

As opposed to its wild counterpart, B. mori has evidently risen across continents as an
industrial workhorse that has been genetically reinvented to manufacture the world’s
finest quality silk, known as Mulberry silk. But also, as a tractable biological model
system for studies and applications in basic genetics and engineering, biotechnology,
endocrinology, and insect development and physiology. In fact, the first evidence of
Mendelian inheritance in animals was demonstrated in B. mori by early geneticist and
agricultural scientist Toyama Kametaro (Toyama 1906-cited from (Sahara et al.,
2016)). Toyama’s cross-breeding experiments in silkworms were the first attempts at
heterosis (or heterozygosis, referring to the breeding of hybrid offspring from selected
strains), a technique that is extensively used today in agriculture and farming. The
resulting sturdy worms yielding improved grades of silk are regarded as Toyama’s
efforts to help increase the silk yields in Japan during the early 1900’s (Sahara et al.,
2016).

Some of the very first observations of silkworm chromosomes were also made by
Toyama in as early as 1894 (Toyama 1894- cited from (Sahara et al., 2016)). Over 80
years later, in 1979, B. mori became the first Lepidopteran (the insect order
comprising moths and butterflies) to have a correctly published mitotic karyotype
(n=28) (Sahara et al., 2016). Arguably, detailed studies into the morphology of B.
mori chromosomes began around the same time. In 1974, Murakami and Imai
presented strong cytogenetic evidence supporting the holocentric nature of this
organism’s chromosomes (Murakami & Imai, 1974), depicting also in their
microscopy images the characteristically small, numerous and often round or bar-
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shaped structure of Lepidopteran chromosomes. However, the holocentric
chromosomes of B. mori or any other Lepidopteran has until now not been
investigated in detail using any high-throughput technique.

¢ Why were silkworms in particular amenable to
& domestication over other silk-producing insects? In fact,
+ spiders produce a superior silk fiber than silkworms and
= there have been modern attempts to domesticate spiders.
 However, these have failed on a large scale owing to
| spiders being highly territorial creatures and often
resorting to cannibalism when forced to live together in an
enclosure. Additionally, in contrast to harmless silkworms,
the aggressive nature of spiders when confronted, such as
during feeding, made it non-practical to adapt them for
maximized silk production facilities, which were often the
- homes of Japanese families. While spiders make silk as
adults for predation, silkworms make silk during larval
| stages, which may explain why the former are not known
- to be social animals, whereas the latter are even capable of
; ~ co-evolving with humans that led to the human-animal
|- T ~ partnership we refer to today as “domestication”.

Figure il: A woodblock print from around 1800 showing Japanese women spreading
mulberry leaves over a tray of silkworms. Adapted from (LeCain, 2019)

B. mori as a model system of the postgenomic era was greatly advanced by successful
initiatives to sequence its genome, which led to the release of the first draft sequences
in 2004 (Mita et al., 2004; Xia et al., 2004) followed by a low-quality chromosome-
level assembly in 2008 (Silkworm consortium, 2008). These assemblies greatly
facilitated investigations into basic silkworm biology that required genome
information; for example, functional analyses by mutation of mating behaviors and
disease resistance; elucidation of sex determination and small RNA (ribonucleic acid)
regulation. Using long and short read sequencing technologies, a high-quality genome
assembly was released in 2017, along with an accurate set of gene models (Kawamoto
et al.,, 2019). The genome size of B. mori is approximately 460 mb (mega bases)
(Kawamoto et al., 2019)- mid-range within the genome size limits reported in other
Lepidoptera, which can range from “200 to >1000 mb (Zhang et al., 2019). In addition
to a well-characterized transcriptome and proteome (Lu et al., 2019), cell lines, as
well as the realization of modern techniques to dissect the biology of this organism
such as CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats
and CRISPR-associated protein 9)-mediated genome-editing (Ma et al., 2015) and
RNAi (RNA interference) (Cortes-Silva et al., 2020; Mon et al.,, 2017), DNA
(deoxyribonucleic acid)-FISH (fluorescence in situ hybridization) and 3C
(chromosome conformation capture)-derived technologies like Hi-C (our lab), B. mori
is becoming increasingly amenable to a wider spectrum of molecular approaches and
integration into comparative genomics studies and homology analyses exploring

ix



among other things the evolutionary history and phylogenetic relationships to an
extent that was not so long ago beyond reach.

With the growth in available genome assemblies for additional Lepidopterans' (Ahola
et al.,, 2014; Drinnenberg et al., 2014; Fu et al.,, 2018; Zhang et al., 2019),
phylogeneticists have only recently begun to tap into the diversity lying within this
insect order. Moths and butterflies comprise a mere 10% of the Earth’s biodiversity
(Mora et al., 2011) and are one of the most speciose groups of organisms on Earth.
The domestic silkmoth, while may not be particularly popular for its size, looks ...
nor speed (to name a few), belongs to a superfamily, the Bombycoidea, which boasts
over 6000 known species covering some of the largest, fastest and most attractive
insect species in the world. Even among very closely-related butterflies, stark
variations in genome size can be seen (Zhang et al., 2019). If anything, these
differences highlight rapid diversification rates in this insect order and naturally,
directs curiosity toward the most primordially-associated cue, the karyotype.

Lepidoptera have distinctly high rates of chromosome evolution- at least during more
recent evolution, as reflected in substantially variable chromosome numbers across
species that range from as low as n=5 to as high as n>200 (with the most common
chromosome number being n=29-31) (Ahola et al., 2014). Yet, the total inter-species
DNA content is found to be very similar, suggesting that different karyotypes have
arisen through fission and fusion events of a similar number of ancestral
chromosomes (Ahola et al., 2014). The feasibility to undergo such structural changes
might be affiliated to the holocentric chromosomes of Lepidoptera, wherein
microtubule attachments forming chromosome-wide is presumed to allow flexibility
in the exact centromeric loci, such as in the event of breakage (fission) or fusion. In
fact, the B. mori genome is thought to consist of three fusion events comprising its
shortest chromosomes with six ancestral ones. Because the shorter chromosomes have
more repeats- specifically being retrotransposon-enriched at fusion sites, this suggests
that shorter B. mori chromosomes are more unstable and tend to undergo inter- and
intrachromosomal rearrangements with more ease (Ahola et al., 2014)- a feature that
likely extends to the TE (transposable element)-comprised genomes of other
Lepidopterans as well (Ahola et al., 2014; Talla et al., 2017). Nevertheless, the species
richness in this insect order is also attributed to a great number of other factors acting
as driving forces in Lepidopteran evolution, including the chemical range of food
plants; a variety of plant microhabitats that can be exploited for defense against
predation and parasitism; as well as abiotic factors like climate change, variation in
forest structures and river dynamics that influence the creation and maintenance of
habitat species diversity (Solis & Pogue, 1999).

1 A complete genome assembly for another Lepidopteran of interest to us, the cabbage looper
(a.k.a the owlet moth, Trichoplusia ni) was released in 2018 (Fu et al., 2018). We use this
genome assembly in the later part of our study for comparative experiments with B. mori.



B. mori continues to provide to one of the world’s most sought-after finer
commodities, as well as to further knowledge on insect development, endocrinology
and physiology, among others. Centromere enthusiasts like us on the other hand,
harness its genomic and proteomic tractability to understand a currently less-
characterized phenomenon in the field- holocentricity- in all its facets, including (I) its
origins, (II) its impacts on protein evolution; and (III) its impacts on centromere and
chromatin organization in 2-D (two dimensions), and (IV) in 3-D (three dimensions),
respectively.

In this thesis, I will describe the insights gained throughout the journey of my PhD to
the first (I) and third (III) of these four aspects.
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Introduction

The eukaryotic family tree shares the distinct property of having a nucleus per cell to
contain that cell’s genetic material. During cell division, (Flemming, Walther, 1882),
it is vital that the genetic material compacted into a set of chromosomes is accurately
partitioned into new daughter cells such that the genetic identity of the mother cell can
be propagated throughout the life of an organism. This transmission process is
mediated by an essential chromosomal structure known as the centromere. The
centromere defines a specific site on each chromosome onto which assembles a multi-
protein complex known as the kinetochore (Fukagawa & Earnshaw, 2014), which
connects the DNA of paired sister chromosomes to the spindle apparatus in order to
provide the mechanical forces needed to drive them apart (Musacchio & Desai, 2017).

Even a single chromosome that is unlatched from the spindle apparatus at the time of
cell division will doom that chromosome to be rapidly lost in the cell cycles that
follow. Centromeres are therefore vital for providing mitotic and meiotic stability to
chromosomes. Therefore, not surprisingly, anomalous centromere function culminates
in a defective genome with an unusual karyotype (aneuploidy). As detrimental as the
phrase sounds, it is so. Briefly, if not lethal at the embryonic stage, aneuploidy during
meiosis can seriously reduce the quality of life and is associated with profound
medical disorders in new-borns, such as the most common human aneuploidy, Down
syndrome. Centromere defects in the form of dicentric chromosomes (chromosomes
with two functional centromeres), have also been linked to genomic rearrangements
and human tumorigenesis (Gascoigne & Cheeseman, 2013) as well as Turner’s
syndrome, where 15% of all patients exhibit stable dicentricity (Chapelle et al., 1966;
McNulty & Sullivan, 2017; Ockey et al., 1966). In light of critical function, the
centromere is thus painted as a highly unadaptable structure that may resist change in
order to maintain fine-tuned control over the chromosome segregation process.

This is however not the case. In stark contrast to its highly conserved function, the
centromere architecture or organization at the molecular level, is in itself
astonishingly diverse among eukaryotes. On the one hand, simple eukaryotes like
most fungi to the more complex multicellular organisms like mammals and most
plants share an overall centromere organization that comprises a central
“centro”chromatin domain containing the centromere-specific histone known as
CenH3 (centromeric specific histone 3) (first described as CENP-A (centromere
protein A) in humans) (Earnshaw & Rothfield, 1985; Palmer et al., 1991) that is in
turn flanked along its perimeter by highly compact blocks of chromatin enriched in
silent histone marks-collectively referred to as “peri”centric heterochromatin (S. W.
Brown, 1966; Ho et al., 2014; Sullivan & Karpen, 2004). Yet, this common hc-cen-hc
(heterochromatin-centromere-heterochromatin) organization hugely under-represents

1



the great variety in overall size, underlying DNA sequence, and chromatin signatures
found at the centromere regions of individual species of these lineages. On the other
hand, an abundance of eukaryotes completely lacking the basic hc-cen-hc
organization are also present.

In the following sections, I will outline the diverse types of centromere architectures
that are found among eukaryotes, with a specific focus on the centromere type known
as the holocentromere. In the context of holocentromeres, I will discuss the molecular
architecture of a handful of holocentromere variants that have been profiled to date in
several model systems. This will lead me to summarize our previous work in which
we identified a unique holocentromere variant akin to certain insect lineages in that
these insects lacked the highly conserved centromere-specific protein CenH3. In the
known context of the importance of CenH3 for centromere function, I will then
outline key questions which arose from this discovery about the basic centromere
biology of CenH3-deficient holocentric insects. This will bring me to the focus of my
PhD project, which is to understand the molecular architecture of CenH3-deficient
insect holocentromeres. My results will finally lead me to discuss an alternative,
under-weighed model for CenH3-independent centromere regulation. In the context of
this model, I will share the overall insights we obtained from this study into
holocentromere evolution.



Diversity of centromere architectures

Walther Fleming was an anatomist who discovered chromosomes and correctly
described their sequential movement during mitosis starting from the mother nucleus
to the point of inclusion into daughter nuclei. When observing his stained preparations
of salamander gills and fins under his microscope, Fleming noticed that the
chromosomes, or “mitosen” as he called them, had a single region onto which spindle
fibers attached. He referred to this region as the primary constriction (Flemming,
Walther, 1882), that we synonymously refer to today as the centromere (Darlington,
1936). Only six years later, embryologist and trained artist, Theodor Boveri (Figure
i2, right), was studying the process of meiosis in Ascaris embryos together with his
wife and biologist Marcella O’Grady, when he noticed that the chromosomes of this
parasitic nematode lacked a primary constriction. In his illustrations (Figure i2, left),
Boveri clearly depicted that, as opposed to Fleming’s observations, the spindle fibre
attachments extended along the entire surface of Ascaris chromosomes (Boveri,
Theodor, 1888). These two independent observations from the late 19" century can
collectively be considered the first evidence that centromeres can indeed exhibit
different morphological forms. It was however only thirty-five years later that this
difference came to be acknowledged and the latter type was termed as the
holocentromere (or holokinetochore) by Franz Schrader (Schrader, Franz, 1935). At
the very basic level, this difference in microtubule attachment served as a hallmark
that allowed early cytologists to differentiate between the two most common
centromere architectures that are known to us today, with the former type being
known as the monocentromere. This criteria relating to the presence or absence of a
primary constriction and spindle distribution pattern contributed to much of the early
literature on the suspected mono-/holocentricity of several eukaryotic lineages
(discussed later).

A century after Fleming described centromeres using his innovative microscopy
techniques, the first centromere was characterized at the molecular level. This was
that of the budding or baker’s yeast Saccharomyces cerevisiae (Clarke & Carbon,
1980). Progressive work starting in 1982 and spanning over twenty-five years has
unravelled the budding yeast centromere to have a distinct tripartite DNA sequence
motif of ~125 bp (base pairs) that is essential for centromere function, which
specifically incorporates a single CenH3-containing nucleosome and binds a single
microtubule (Fitzgerald-Hayes et al., 1982; Furuyama & Biggins, 2007). This
organization is referred to as a point centromere, reflecting the 1:1 stoichiometry in
centromere components within a small restricted site. The point centromere is the
simplest monocentromere known to us and is akin to a handful of other budding
yeasts of the same sub-phylum (saccharomycotina) (Dujon et al., 2004; Meraldi et al.,



2006); although in some, the highly-conserved (consensus) tripartite DNA motif
appears to be entirely different (N. Kobayashi et al., 2015).

(Satzinger, Helga, 2008) (Groeben, 2019)

Figure i2: An instance where Boveri flaunted his highly trained hand at drawing can be seen
on the left, which shows a lithograph of an Ascaris megalocephala cell in division, 1901.
The characteristically large Ascaris chromosomes lacking a primary constriction and with
spindle microtubules attached along the polar length of sister chromatids were visualized by
Boveri using early light microscopy and staining techniques of the day. On the right, Boveri
can be seen in the distance enjoying a day out in Naples in the spring of 1896. Boveri visited
the Naples station from time to time, which was the first urban-placed research institute in
marine biology. Here, Boveri collected sea-urchin specimens from the Mediterranean Sea in
order to study chromosome inheritance and embryonic development in these organisms. This
laid the groundwork for his infamous chromosome theory of inheritance in collaboration
with geneticist and physician, Walter Sutton.

The genetically defined point monocentromeres of budding yeasts are the exception to
the rule because the majority of monocentric organisms have regional
monocentromeres that are defined in a sequence-independent manner (discussed
later). As opposed to budding yeasts, regional monocentromeres are contained within
a much larger span of the chromosome, at times exceeding several mb in length
(McKinley & Cheeseman, 2016; Muller et al., 2019), hence deriving the name.
Regional monocentromeres ranging from “4-300 kb (kilo bases) are found in fungi,
including in the second most widely studied ascomycete S. pombe (fission yeast) and
the pathogenic yeast Candida albicans. Collectively, the diversity in the features of
regional monocentromeres found in the fungal kingdom can to some extent be
consolidated by the lack of conserved recognition sequences for targeting the essential
centromere component CenH3? presence of multiple CenH3-containing centromeric
nucleosomes attaching to multiple microtubules, well-defined pericentric
heterochromatin enriched for silent histone marks like H3k9me2/3 (di/tri-methylated

2 In the centromeres of the first basal fungus to ever be characterized, which belongs to the
Mucormycotina, CenH3 is unidentified. However, it also has hybrid features of both a point
and regional monocentromere, including a centromere-specific DNA sequence motif
(Navarro-Mendoza et al., 2019), therefore blurring its classification into one or the other
category.



Lysine 9 on histone H3) 3, and centromeric or centromere-flanking repeats* (reviewed
in (Friedman & Freitag, 2017)) -key characteristics that extend to the regional
centromeres of animals and plants.

Regional monocentromeres of animals and plants can span up to several mb in size
(Steiner & Henikoff, 2015), where in particular, the presence of underlying repeat
sequences is a prominent feature (Melters et al., 2013; Steiner & Henikoff, 2015).
Distinct classes of centromeric repeats are affiliated to the centromeres of different
organisms. For example, the regional centromeres of monocentric plants such as
Arabidopsis thaliana, rice and maize are characterized by the presence of simple
tandem repeats (also known as satellite DNAs) and retrotransposon families that are
unique to each species (e.g. Athlia and LTR (Long Terminal Repeat) retrotransposons
in Arabidopsis; CRM (centromeric retrotransposons of maize); and CRR (centromeric
retrotransposons of rice) (reviewed in (Muller et al., 2019)). In mice, functional
centromeres form on 120 bp satellites known as minor satellites, whereas in human
(and all primates), satellite monomers known as alphoids of 171 bp length (Waye &
Willard, 1987) come together to form HOR (higher order repeat) structures (reviewed
in (Muller et al., 2019)). Furthermore, a conserved 17 bp DNA motif known as the
CENP-B box is found embedded within the centromeric satellites of mammalian
centromeres (Masumoto et al., 2004). In contrast, some monocentric organisms have
naturally repeat-less centromeres- first discovered in the satellite-less centromere of
chromosome 11 of the horse (Wade et al.,, 2009); and thereafter multiple
chromosomes with satellite-less centromeres in other equids (Nergadze et al., 2018);
several tandem repeat-less centromeres in chicken (Shang et al., 2010); the satellite-
less centromere on chromosome 12 of orangutan (Locke et al., 2011); as well as
several satellite-less centromeres in potato (Gong et al., 2012).

At the opposite spectrum of this variety of architectures that are collectively grouped
as variants of the monocentromere, lies the holocentromere. The holocentromere, as
mentioned earlier, is characterized by centromere activity that rests on extensive parts
or even the entire polar surface of the chromosome. This architecture is of particular
interest to our lab for reasons that emerge later (outlined in Introduction), which, also
served as the basis of my PhD research. Thus, is explored in detail in the sections that
follow.

3 One naturally occurring fission yeast strain lacks pericentric heterochromatin (W. R. A.
Brown et al., 2014).

4 The regional centromeres of C. albicans lack pericentric repeats in the majority of
chromosomes. However, inverted repeats of considerable length (* 520 bp to ~4.8 kb)
flanking the centromere core are found on two of its chromosomes (Sanyal et al., 2004).



The holocentromere: history and characteristics

Holocentric chromosomes were recurrently documented since Boveri’s first
illustrations in 1888, although never actually characterized per se until over thirty-five
years later (Schrader, Franz, 1935). Starting in 1935, and throughout decades of
collaborative work that followed, Franz Schrader with his wife and zoologist, Sally
Hughes-Schrader (Figure i3) used cytogenetic techniques and induced stresses on
Hemipteran insects (which includes true bugs, cicadas, hoppers, aphids and allies) to
demonstrate a number of characteristics (additional to the emblematic lack of a
primary constriction) (Figure i4) that are unique to this centromere architecture
(Hughes-Schrader & Schrader, 1961; Hughes-Schrader, Sally, 1944; Schrader, 1947;
Schrader, Franz, 1935).

Figure i3: Franz (Left) and Sally (Middle) Schrader and Mary R. Huettner (Right) at
Gansett Beach, 1923. When not collecting insect specimens or studying their cytological
behaviors, the Schraders enjoyed active pursuits such as swimming and boating around
Woods Hole, Massachusetts. Here, they can be seen sitting on a piece of the wrecked hull of
the Wanderer, a former whaling ship that crashed on the rocks at Cuttyhunk in 1921.
(Adapted from Marine Biology Laboratory Archives).

The basic criteria that were shaped by their observations and are still used today for
preliminary identification of holocentric chromosomes are outlined below:

1) Diffuse kinetochores cover the polar length of mitotic sister chromatids and serve
as the basis for spindle fibre attachments along the entire poleward surface of
chromosomes.

2) As a result of chromosome-wide spindle fiber attachments, sister chromatids
exhibit parallel disjunction at anaphase (as opposed to the “V”-shaped movement of
monocentric chromosomes where the chromosome arms lag behind the centromere).



3) Due to the presence of scattered spindle attachment points, chromosomal
fragments (for example, from X-ray induced breakage) will retain kinetic activity
even after being separated from the original whole chromosome. These fragments are
mitotically potent over many cell divisions.

4) At meiosis, specific structural adaptations are present>: The Schraders noted that in
spermatocyte chromosomes of stink bugs (Sub-order: Heteroptera), there is a
temporary restriction of kinetic activity, where the diffuse spindle seen at mitosis is
altered such that it is now confined to a terminal region of the chromosome, thus
temporarily behaving like a monocentric chromosome. Additionally, when studying
the chromosome behaviors in some coccid species (scale insects) collected in Mexico,
Sally Hughes-Schrader noted the apparent loss of all cohesion on sister chromatids in
meiosis I (Hughes-Schrader, Sally, 1944)- a feature that is usually not observed until
meiosis II, as described in footnote #5. This phenomenon is now referred to as
“inverted meiosis®”. These observations are examples of meiotic adaptations in

5 Meiotic adaptation is necessary for holocentric chromosomes because of the complications
they would otherwise face due to the diffuse nature of their microtubule attachments.
Typically, at meiosis, following genetic exchange between homologous chromosomes
(homologous recombination), chromosomes must separate from each other (meiosis I, or
reduction division). In monocentric chromosomes, this separation is facilitated by the
selective retention of cohesion only at the single centromere region, while cohesion is
“released” from the centromere-distal regions. This allows sister chromatids of individual
chromosomes (held together at the centromere by the cohesin protein complex) to remain
together until their partition into gametes at much later stages (meiosis II) (reviewed in
(Dernburg, 2001). However, for a holocentric chromosome, because there is no defined
centromere locus, the regions at which cohesion must be released or maintained at meiosis I
are obscure, therefore blurring the distinction between a homologous chromosome and a sister
chromatid. Therefore, the question arises as to how in this case, sister chromatids ensure that
they maintain cohesion until meiosis II, while homologous chromosomes can release
cohesion and segregate at meiosis I? (Dernburg, 2001). Holocentric organisms have evolved
specific structural adaptations with regard to how the spindle attaches along the chromosome
so that correct, bi-oriented separation of chromosomes can take place. One of these
adaptations is to limit the kinetochore activity to the chromosomal ends such that puling
forces are exerted in only two opposite directions. In addition to the Schraders’ observations
in the Hemiptera, restricted kinetochore activity is also described in holocentric nematodes
like Caenorhabditis elegans (Melters et al.,, 2012) and Parascaris univalens (Goday &
Pimpinelli, 1989) as well as several other hemipterans such as Triatoma infestans (kissing
bugs/barber bugs) and milkweed bugs (Melters et al., 2012).

6 Inverted meiosis happens when the steps of meiosis I and II are reversed. In typical meiosis,
homologous chromosomes will first separate from each other (reduction division) (meiosis I).
Then, in meiosis II, sister chromatids of each chromosome will separate (similar to mitosis) to
form four haploid gametes. In inverted meiosis, sister chromatids of each homologous
chromosome will first separate in meiosis I. Then homologous sister chromatids re-pair prior
to meiosis II to reform a “chromosome” that can then be partitioned into gametes (meiosis II).
This switch in the steps allows diffuse kinetochore activity to be maintained. In addition to
coccids, inverted meiosis is also reported in other animals and plants including some
dragonflies and damselflies, spiders, and woodrushes (Melters et al., 2012).



holocentrics organisms, the molecular mechanisms of which are currently not well
understood.

F. Schrader further speculated on two possible types of holocentric architectures that
could reconcile the broad nature of spindle fibre attachments discernible to him by
eye. His interpretations referred to two different patterns of kinetochore distribution
along the chromosome (Schrader, 1947; Steiner & Henikoff, 2014):

1) The polycentric model (also known as the multiple kinetochore): the
holocentromere is composed of a chain of individual kinetochore units spread along
sister chromatids, each of which can connect to a spindle fiber.

2) The diffuse model (also known as the diffuse kinetochore): the holocentromere is
composed of kinetochores truly distributed chromosome-wide, where spindle fibers
attach randomly.

Either way, both models support an architecture that would impart similar kinetics to
mitotic chromosomes.

(Schrader, Franz, 1935)

Figure i4: F. Schrader’s drawings of dividing Protenor chromosomes from spermatocyte
cells as seen by light microscopy techniques of the day. Characteristics such as the lack of
a primary constriction, chromosome-wide microtubule attachments, and parallel migration
of sister chromatids can clearly be seen. 15 X.



Where did holocentromeres come from?

It must now be apparent that scientists were very aware of the fact that centromeres of
different organisms are indeed not conformed to a single structure. There is no doubt
today that holocentric organisms are widespread across diverse eukaryotic lineages
including nematodes such as the well-known C. elegans to a range of arthropods and
flowering plants (Melters et al., 2012) as well as zygnamatophyceae algae, the only
known holocentric class of charophyte algae (Zedek & Bures, 2018). As with any
other attempt to explain the origins of life, it can only be speculated where lies the
beginnings of holocentricity. Phylogenetic analyses to trace evolutionary relationships
is particularly advantageous in the aspect that it allows the simultaneous comparison
of hundreds to thousands of subjects, and importantly, to assimilate patterns in the
distribution of a certain trait in question that we would otherwise remain oblivious to
at the individual scale. What has been repeatedly revealed in such independent studies
that have compared large groups of both mono- and holocentric organisms is that the
trait of holocentricity has a sporadic pattern of distribution in the eukaryotic family
tree, therefore making it at least apparent that this was an adaptive trait that was
acquired by only some lineages and not others (also called adaptive evolution or
convergent evolution), and even still, by some species and not others of the same
family (Melters et al., 2012). An overarching pattern where entire holocentric clades
are found positioned nested within larger monocentric groups (Drinnenberg et al.,
2014; Escudero et al., 2016; Melters et al., 2012), has shaped the current consensus in
the field that the holocentric trait was derived from monocentric ancestors. The lack
of conclusive evidence pointing to reversions to the monocentric form in any
eukaryotic lineage further supports the unidirectional evolution of holocentricity and
suggests it to be a stable trait once adapted. This idea that a monocentric form
preceded the holocentric one is in fact apparent in the numerous models and
evolutionary drivers that have been put forward over the years based at times on
single-species studies, which, repeatedly conclude a monocentric ancestral state. I
briefly outline these models below:

1) Centromere drive suppression (Malik & Henikoff, 2009): Female meiosis is
asymmetrical in animals, plants and some ciliates (Malik & Henikoff, 2009). This
means that, during the formation of mature female gametes, the chromosomes in
primary oocytes which get included into the mature egg are determined by the
strength of their centromeres. In other words, those with weaker centromeres are
eliminated as polar bodies, while those with stronger centromeres (also called “selfish
centromeres”) get incorporated into the single surviving egg. Greater centromere
strength is thought to be imparted to a chromosome by the expansion of the
centromere region, thereby biasing the spindle strength in favor of the transmission of
that particular chromosome into the egg (Akera et al., 2017; Chmatal et al., 2014).



The expansion of centromere regions in this way is called “centromere drive”
(Henikoff, 2001), and is usually interpreted as the expansion of satellite DNAs that
are typically found at the regional centromeres of eukaryotes, resulting in the
concomitant expansion of the CenH3-bound chromatin window (Chmatal et al., 2014;
Iwata-Otsubo et al., 2017). Thus, centromeres would be in a continuous arms race
with each other for a greater transmission advantage. The holocentric architecture is
proposed to have evolved as a defense mechanism to prevent the harmful
consequences of this battle, where the presence of centromeres chromosome-wide
could impart to each chromatid the same likelihood of binding to the spindle,
therefore balancing out any favorism for spindle attachment. This model however
does not offer an explanation for the evolution of holocentrism in mitosis- a feature
that all currently known holocentric organisms have in common (Marques & Pedrosa-
Harand, 2016; Zedek & Bure§, 2018). Furthermore, there are many lineages that are
holocentric in mitosis but because of meiotic adaptations, are essentially monocentric
in meiosis (e.g. Hemiptera as described in previous section) (Marques & Pedrosa-
Harand, 2016) during which this battles takes place. Therefore, this model does not
reconcile this plasticity of meiotic holocentromeres.

2) Kinetochore formation parallel to the chromosomal axis (Nagaki et al., 2005):
Here, the primary constriction of monocentric chromosomes is proposed to be linked
to the presence of the kinetochore in a position that is orthogonal to the chromosome
axis. The authors proposed that if instead, the direction of kinetochore formation turns
by 90 degrees so that kinetochore formation now happens along the direction of the
chromosomal axes (i.e. sideways), this would give rise to holocentric chromosomes,
because of the horizontally-directed assembly of kinetochore components, resulting in
an extended primary constriction spanning the sister chromatid. The authors support
this model by the observation that a centromere “groove” structure resembling an
extensive primary constriction can be seen on mitotic chromosomes of holocentric
plants (Heckmann et al., 2011; Marques et al., 2015; Nagaki et al., 2005). This model
however does not explain the chromosomes of holocentric animals, where the
centromere “groove” has not been observed.

3) Telomere to centromere model (Villasante et al., 2007): This model proposes that
holocentromeres arose from the telomeric sequences of monocentric chromosomes,
which could have spread by amplification throughout internal chromosomal regions.
The authors draw support for this model from the repeat distribution pattern in the
classic holocentric model system, C. elegans, where tandem repeats, including
telomeric repeats are found at internal sites of its chromosomes with a higher
abundance at chromosomal ends. Although some repeats are also found in certain
holocentric plants (Haizel et al., 2005; Marques et al., 2015), repeat distribution (or
presence altogether) is not characterized broadly enough among holocentric
organisms to generalize this theory and as of now, only a high degree of heterogeneity
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in repeat distributions among holocentric organisms can be observed (Melters et al.,
2012). In addition, in C. elegans, which was used to support this model, centromeres
are not associated with repeats (Gassmann et al., 2012).

4) Spreading of satellites (Neumann et al., 2012): Based on the observation that in the
holocentric plant Luzula nivea, satellite DNA LCS1 (Luzula centromeric sequence 1)
shows similarity to the monocentric rice satellite RCS2 (rice centromeric sequence 2),
Neumann et. al. extended the centromere drive hypothesis in that satellite sequences
present at monocentromeres may have spread chromosome-wide. The authors further
draw support to this theory from pea plants, which also have multiple clusters of
satellites localizing along their meta-polycentromeres (elongated regional
monocentromeres containing several distinct CenH3-enriched regions). These are
proposed to represent an intermediate form between the mono- and holocentric forms.

5) Nematode development through fixed cell lineages (Pimpinelli & Goday, 1989):
Goday and Pimpinelli presented a different hypothesis driving holocentricity within
the specific context of nematode development. Nematodes undergo “mosaic
development” that gives rise to fixed somatic cell lineages. That is, each pre-cursor
cell undergoes a pre-determined number of divisions to differentiate into a pre-
determined terminal state that is necessary for the fitness and survival of the entire
multicellular organism. Thus, in most cases, one cell cannot be compensated by, nor
compensate for, another cell. Given this critical sequence of events for correct
development, even a single inappropriate cell death during the developmental process
could be, in the worst case, lethal to the embryo. The authors speculate that
holocentricism may have been selected in nematodes as a defense against the lethal
effects of DNA damage such as an un-repaired chromosome breakage that could lead
to loss of acentric fragments and cell death, which in this case could critically affect
the progression of development.

6) Environmental stimuli (Zedek & BureS, 2018): Zedek and Bures have presented
numerous examples from both experimental and natural (Figure i5) contexts, where
holocentric species demonstrate greater resistance over monocentrics to certain
clastogenic stimuli such as UV (ultraviolet), gamma and X-ray irradiation. Based on
the knowledge that this trait can protect against associated chromosomal
fragmentation and loss (Hughes-Schrader & Schrader, 1961), the authors argue by
correlating the evolutionary time points at which holocentric clades have diverged -to
the time of early terrestrial colonization, to put forward the theory that holocentricity
could have been a valuable adaptation that offered resistance against exposure to
various natural sources of radiation dominating the Earth’s atmosphere at the time.
They draw particular support to this theory from the phylogenetic distance observed
between land plants and the Zygnematophyceae- which, interestingly, are the only
known holocentric lineage of algae that also happen to be the closest relative to land
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plants. Here, the authors argue that holocentric chromosomes may have allowed this
relatively primitive eukaryote to leave the oceans, move to a new environment and
colonize land half a billion years ago by directly counteracting the clastogenic effects
of the Sun’s cosmic radiation on its DNA. The authors find additional examples in the
feeding habits of insects, where they point out that the majority of phytophagous
insects species belong to holocentric orders of the Hemiptera and Lepidoptera. This
link is associated by them to the clastogenic effects of chemical compounds present in
certain plants fed on by these insects (such as the presence of nicotine in tobacco on
which aphids (hemiptera) feed).

(Miehe et al., 2008)

Figure i5: As opposed to a handful of experimental studies that demonstrate the resistance of
holocentric organisms to clastogenic stimuli, isolated carpets of the bog sedge Kobresia
Pygmaea found along the intensely-UV-exposed Tibetan highlands might offer a purely
natural example of such endurance. K. pygmaea turfs reach altitudes as high as 6000 meters
on the slopes of Mount Everest and dominate over a coverage between 90-98%. K. pygmaea
belongs to the Cyperaceae, one of the two monocot holocentric plant families.

With only preliminary or marginal support of a selective advantage, the last driver (6)
being perhaps the most generalizable factor driving the transition to holocentricity in
distant, non-related eukaryotic lineages which in particular does not imply a prior
context of the status of DNA sequence (as is the case for most models proposed). The
importance of considering this criterion becomes apparent when zooming into the
holocentromere architectures that have been characterized to date in different
organisms (discussed below), where in a nutshell, no functional correlation between
centromeres and DNA sequence can be identified.
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Known holocentric architectures

Historically, a combination of the four criteria put forth by F. Schrader (discussed
previously) has been applied by early cytogeneticists to determine whether an
organism possesses holocentric chromosomes, where the fate of irradiated
chromosomal fragments served as the ultimate exam. However, limited often by the
small size of chromosomes in certain species and poor cytological resolution of early
light microscopes, to this day much remains to be verified about the inferred
holocentricity in some clades. For present day holocentromere enthusiasts, much of
these hurdles are overcome because of the availability of fine-tuned molecular
methods to precisely confirm the presence of holocentric chromosomes in an
organism. Owing to a growing number of sequenced genomes and molecular tools
such as centromere- or kinetochore-specific antibodies coupled with high-resolution
microscopy techniques and high-throughput sequencing technologies, the nature of
occupancy of kinetochores and spindle microtubules along a chromosome can be
determined with high confidence. Indeed, scientists have used such approaches -
particularly immunolocalization techniques- to target and profile the centromere-
specific protein CenH3, to get insights into the holocentromere architecture in a
handful of organisms. This has contributed majorly to our current understanding of
holocentromere organization at the molecular level. These are discussed below.

() Nematodes

The presence of holocentric chromosomes was documented very early on in at least
two parasitic nematode species: the previously described small-intestinal roundworm
of the horse A. megalocephala (known today as Parascaris) by Boveri (Boveri,
Theodor, 1888); and almost a century later, in the plant-parasite known as the northern
root nematode (Meloidogyne hapla) by Goldstein and Triantaphyllou (Goldstein &
Triantaphyllou, 1980). Whereas Boveri used a combination of light microscopy,
advanced staining techniques of the day and his exceptional artistic skills to depict the
chromosome structures in Ascaris, the latter group used EM (electron microscopy)
techniques to visualize the diffuse kinetochores along M. hapla meiotic and mitotic
chromosomes that they described to move with “no visible trailing of the arms” —
referring to the characteristic parallel movement of holocentric sister chromatids
toward opposite spindle poles.

Holocentromere organization is however best characterized in the genetically-docile
model nematode C. elegans. Several of the earlier described characteristics associated
to the holocentric architecture (i.e. lack of a primary constriction and presence of
diffuse kinetochores and microtubule attachments on mitotic chromosomes as well as
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the mitotic stability of radiation-induced chromosomal fragments) were first
demonstrated in C. elegans using light microscopy and EM by Albertson and
Thompson in 1982 (Albertson & Thomson, 1982), thus confirming very early on that
holocentricity is a trait that extends to multiple nematode orders’. In 1999, Buchwitz
et al. used immunolocalization techniques to show that the centromere-specific
protein CenH3 (HCP-3 (histone H3-like centromeric protein 3) in C. elegans)
localizes as longitudinal bands that span the polar length of condensed C. elegans
chromosomes (Figure i6, Left) (Buchwitz et al., 1999). These images are the first to
vividly show the diffuse kinetochore plates on holocentric chromosomes that are
described in previous literature. It was proposed that this “band like” distribution of
kinetochores is a result of higher order chromosomal rearrangements at mitosis that
bring together in space “centromeric modules™ that are otherwise scattered throughout
the C. elegans interphase chromatin that are visible as “foci” in interphase nuclei
(Albertson & Thomson, 1982; Buchwitz et al., 1999). Indeed, a general model for
holocentromere organization has been put forward that describes the formation of
distinct domains containing primarily CenH3 nucleosomes that could present
centromeric chromatin as a unit at the polar surface of sister chromatids while
packaging histone H3 nucleosomes inwards to form the chromatin bulk of the
chromosome (Maddox et al., 2004). This model is in fact similar to what is speculated
to be the case for monocentromere organization as well (Blower et al., 2002) and was
to become a model put forward by independent groups for additional holocentromeres
that were to be profiled in the future.

Inner Kinetochore Centromeric

Centromeric  Nucleosomal DNA
Centromere Chromatin

A

Quter Kinetochore Plate

(Buchwitz et al., 1999) (Maddox et al., 2004)

Figure i6: Left: IF (Immunofluorescence) image showing diffuse CenH3"*3staining (green)
along mitotic C. elegans chromosomes (red). Scale bar 10 pm (micrometers). Right: Model
for formation of CenH3-containing chromatin domains on a condensed holocentric
chromatid. Interspersed regions of histone H3-containing nucleosomes and CenH3-
containing nucleosomes are organized such that CenH3-containing domains face outward
and direct formation of the outer domains of the kinetochore, while histone H3 domains are
internal and constitute the chromatin bulk.

7 While holocentricity appears to be widespread in nematodes, some monocentric species are
reported. Whereas some others are inferred to be holocentric based on the phylogenetic
relationship to C. elegans rather than based on karyotypic evidence. Still others, like the
causative agent of river blindness (Onchocerca volvulus) have conflicting reports for
possessing holocentric chromosomes (Melters et al., 2012).
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It still remained a subject of speculation though what factors must be involved in
determining where CenH3 modules formed along the overall template that is the C.
elegans chromosome. Two recent studies have profiled CenH3 localization patterns
along C. elegans chromosomes using DNA microarray technology and high-
throughput sequencing, respectively (Gassmann et al., 2012; Steiner & Henikoff,
2014). These studies revealed a wealth of information about both the DNA and
chromatin signatures underlying C. elegans centromeres that have allowed us to infer
the role of molecular components in determining how CenH3 localizes to where it
does along this organism’s chromosomes. At the level of primary DNA sequence, the
identified CenH3-enriched regions were found to be generally repeat-poor and
comprised of a heterogenous, unique set of DNA sequences (Gassmann et al., 2012).
At the chromatin level, CenH3-enriched regions were also enriched for H3K9me3-
marked heterochromatin (Steiner & Henikoff, 2014). Additionally, the above
discussed model by Maddox et. al. proposing interphase CenH3 nucleosomes to be
interspersed among canonical H3 nucleosomes could be experimentally reconciled
based on CenH3 quantifications (Gassmann et al., 2012). It was further revealed that
in later embryonic stages, CenH3 assembles into low occupancy CenH3 domains
which span transcriptionally-silent chromatin that are interspersed among discrete,
high occupancy CenH3 sites (Figure i7) (Gassmann et al., 2012; Steiner & Henikoff,
2014). CenH3 incorporation into transcriptionally-silent chromatin was inferred to be
a result of low nucleosome turnover in those regions, which delimited CenH3 to these
sites by way of exclusion from regions with high nucleosome turnover. In very early,
transcriptionally-inactive embryonic stages, this simple inverse relationship to
transcription might however be more complex. Instead, cues transmitted from the
female-germline related to its transcriptional status might determine centromeric
profiles in these early embryonic stages (Gassmann et al., 2012). Additional tangible
evidence using photobleaching experiments demonstrated CenH3 to not be stably
inherited in dividing C. elegans embryos (Gassmann et al., 2012). Notably, these
collective results brought to attention that as opposed to the general consensus that the
majority of eukaryotic centromeres need epigenetic cues related to pre-exisitng
CenH3 to propagate centromere identity (discussed later), centromere patterns could
indeed be shaped independently of any prior memory of CenH3’s location from the
mother cell- as was evident in the complete turn-over of this protein between
embryonic divisions. We will later revisit these observations in the broader context of
the subject matter of this thesis.
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(Gassmann et al., 2012; Steiner & Henikoff, 2014) (Gassmann et al., 2012)

Figure i7: Left: Genome browser snapshot showing regions enriched for C. elegans
CenH3"“*3, Low occupancy CenH3 domains (black bars) and high occupancy CenH3
sites (black stars) are indicated. Right: Genome-wide correlation plot of C. elegans
CenH3"*3 and RNA Pol II (RNA Polymerase II) occupancy. The correlation coefficient
(r) is in the upper right corner.
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(1) Plants

Holocentric chromosomes are inferred to have evolved at least four independent times
in the plant kingdom (Melters et al., 2012). Specifically, this trait is confined to the
flowering plants (Angiosperms) and include species of both monocots and eudicots
(Melters et al., 2012). Recent groups have applied fluorescence light microscopy to
visualize CenH3 staining patterns in two monocots belonging to the Juncaceae family,
the snowy woodrush (Luzula nivea) and Luzula elegans. In both, CenH3 forms diffuse
dot-like foci in interphase that merge during mitosis to form the characteristic
continuous lines along the polar length of sister chromatids (Heckmann et al., 2011;
Nagaki et al., 2005). A tandem repeat monomer of length 173-178 bp (LCS1) that was
conserved in most Luzula species and that has homology to rice RCS2 repeats was
also located. LCS1 monomers form up to 50 kb long arrays that co-localize at
heterochromatic sites which are also enriched for centromere-specific proteins (Haizel
et al., 2005). However, no centromere-specific role for these repeats has been
described.

The holocentromere architecture is also characterized in one member of the monocot
Cypereaceae family, the beak-sedge (Rhyncospora pubera). Using IF- FISH and
CenH3 ChIP-seq (chromatin immunoprecipitation followed by high throughput
sequencing), R. pubera holocentromeres were revealed to be enriched in 172 bp long
satellite DNAs (Tyba -1 and -2 satellites) (Figure i8) that form 3-16 kb long arrays
that are further organized into HORs- similar to the centromeres of most other
eukaryotes. Similar to most plant monocentromeres moderate levels of LTR
retrotransposons belonging to the Ty3/gypsy clade (termed as CRRh) were also found
(Figure i8). While the satellite DNAs were found to be transcriptionally active, a
functional role for any of the identified DNA sequences or transcripts at R. pubera
centromeres remains unknown. Nevertheless, the presence of dot-like CenH3 foci at
interphase that were observed to merge into continuous lines on mitotic chromosomes
(as seen for Luzula species in independent studies (Heckmann et al., 2011; Nagaki et
al., 2005)) led the authors to propose a model similar to that put forward by Maddox
in 2004, where interspersed CenH3 nucleosomes in interphase are described to be
placed at the chromosome surface upon condensation (Marques et al., 2015).

DAPI Tyba Merge Figure i8: SIM (structured
P o A illumination  microscopy)  image
showing DNA-FISH with
retrotransposon CRRh (red) and Tyba
1+2 (green) on metaphase
chromosomes of R pubera.
Arrowheads indicate the longitudinal
centromere groove. Scale bar 5 pm.

(Marques et al., 2015)
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Recently, immunodetection techniques have also been applied to visualize the diffuse
nature of microtubule binding along the chromosomes of a holocentric, parasitic
eudicot, Cuscuta (dodders) (Oliveira et al., 2020). These were the first precise
experiments to confirm holocentricity in this genus as opposed to previous reports
based on chromosome morphology and mitotic and meiotic behaviors (reviewed in
(Oliveira et al., 2020).

18



An Unorthodox holocentromere variant in insects

While these studies have provided us a significant understanding of the spectrum of
holocentromere architectures out there, our previous studies interrogating the
kinetochore composition changes associated with holocentricity revealed yet another
variant that lay on the extreme other end. As opposed to the above discussed types,
this holocentromere type lacked the centromere-specific histone H3 variant CenH3
and with the exception of a few Hemipteran species was unique to all holocentric
insect lineages tested (Cortes-Silva et al., 2020; Drinnenberg et al., 2014) (See:
Overview of holocentricity in insects).

CenH3 and canonical H3 share a highly conserved HFD (histone fold domain) at the
C (carboxyl)-terminus of their protein structure. However, in order to distinguish the
two proteins, bioinformatic criteria pertaining to several unique features of CenH3 can
be used. These include the presence of a longer, highly divergent N (amino)-terminal
tail (as opposed to the invariant N-terminal tail of canonical H3) and in particular,
lack of a conserved glutamine and a longer loop 1 region in the HFD (Malik &
Henikoff, 2003).Typically, the use of these criteria has in the past allowed
identification of even the more considerably divergent CenH3 proteins in some
organisms (Malik & Henikoff, 2003). By applying these criteria to available genome
assemblies or in the absence, by using transcriptomic screens to search for CenH3
transcripts, previous work led to the identification of putative CenH3 homologs in all
monocentric insect orders that were analyzed (Diptera (flies and mosquitoes);
Hymenoptera (wasps, bees, and ants); Coleoptera (beetles); Blattodea (cockroaches);
Orthoptera (crickets); Phasmatodea (stick insects); and Ephemeroptera (mayflies). In
strike contrast, a similar approach using all available genome sequences or in the
absence, transcriptomes that collectively covered five insect orders comprising all
four known holocentric insect lineages, CenH3 (and CENP-C) homologs could not be
detected (Drinnenberg et al., 2014). Importantly, the branching order in the insect
family tree as deciphered by comparing the phylogeny of the HFD that is conserved
between CenH3 and other H3 proteins allowed confirmation that the absence of
CenH3 in holocentric insects was due to recurrent loss in at least four independent
lineages rather than the recurrent invention of or the horizontal transfer of CenH3
genes between monocentric clades (Drinnenberg et al., 2014). Furthermore, given the
knowledge that holocentric insects are derived from monocentric ancestors, loss of
CenH3 in every holocentric insect lineage suggested that dramatic changes in
centromere architecture may have rendered this protein dispensable in the latter
(Drinnenberg et al., 2014).

CenH3 is indispensable at the centromeres of most eukaryotes as evident in the
catastrophic defects in chromosome segregation that follow upon its deletion in
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several model organisms (M. D. Blower & Karpen, 2001; Buchwitz et al., 1999;
Howman et al., 2000; Stoler et al., 1995; Talbert et al., 2002). Therefore, the
centromere-specific function of CenH3 must be explored in order to perceive why the
natural loss of this protein in some complex eukaryotes was indeed intriguing.

Overview of holocentricity in Insects

Holocentricity is a relatively common trait in insects. Based on phylogenetic studies,
holocentricity in insects is believed to have evolved at least four independent times from
monocentric ancestors (Drinnenberg et al., 2014). These four independent lineages comprise
(i) the common ancestor of true bugs and lice (Hemiptera and Phthiraptera); (ii) butterflies
and moths (Lepidoptera); (iii) dragonflies (Odonata); and (iv) earwigs (Dermaptera) (Figure
i9).

The Hemiptera are by far the oldest group in which this trait was identified owing to the
Schraders who greatly articulated this chromosome morphology in various insect specimens
of the sub-order Heteroptera, which included broad-headed bugs and stink bugs, as well as in
the sub-order Sternorrchyncha (coccids) (Hughes-Schrader & Schrader, 1961; Hughes-
Schrader, Sally, 1944; Schrader, Franz, 1935). Thereafter, cytogenetic evidence (based on
meiotic behaviors, X-ray fragmentation tests, EM studies and C (constitutive heterochromatin
or centromere)-banding techniques) supporting holocentricity of many additional hemipteran
insects is available, including in Rhodnius proxilus ((Buck, 1967)- cited from (Drinnenberg et
al., 2014))), the principal vector of the parasite transmitting Chagas disease. Holocentricity is
therefore considered to be a general characteristic of the Hemipteran insects (reviewed in
(Drinnenberg et al., 2014)).

A wealth of similar cytogenetic studies describe holocentric chromosomes in multiple species
of the Lepidoptera. Characterizing the chromosome morphology in species of this order is
complicated by the characteristically small and numerous nature of chromosomes, where
often chromosomes are visualized as tiny dots or rod-shaped structures under a microscope.
Nevertheless, convincing cytogenetic evidence for holocentricity based on mitotic behavior
and X-ray irradiation tests (Murakami & Imai, 1974) and more recently, IF-microscopy
(Senaratne et al., 2020) is available for the domestic silkmoth, B. mori (Family: Bombycidae).
Holocentricity is also convincingly reported for additional moth species from diverse families
including the powdered quaker moth (Noctuidae), rusty tussock moth (Erebidae) and the
Ailanthus silkmoth (Saturniidae), to name a few. There is also moderate evidence in some
butterflies like the cabbage butterfly (Pieridae) (reviewed in (Drinnenberg et al., 2014)).

Overall, owing to the considerable sampling sizes within these two insect orders, a strong
consensus has emerged that Hemiptera and Lepidoptera are representatively holocentric. In
contrast, a few select species belonging to the remaining insect orders — namely, in the sister
order to the Hemiptera- Phthiraptera; Odonata; and Dermaptera- have had their mitotic
chromosome morphologies investigated, however is mostly restricted to cytological
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observations (such as the lack of a primary constriction and the parallel migration of sister
chromatids). Nevertheless, more convincing tests such as the mitotic behavior of irradiated
chromosomal fragments (for the Phthiraptera); observation of obvious meiotic structures (for
the Odonata); or the easily discernible primary constriction in the relatively fewer and longer
chromosomes of some earwigs (Dermaptera) has allowed scientists to conclude holocentricity
in some species belonging to these three orders. Additional sampling is however needed
before concluding whether these insect orders are representatively holocentric (reviewed in

(Drinnenberg et al., 2014)).

Diptera (Flies)
i Lepidoptera (Butterflies, moths)

Hymenoptera (Wasps, bees, ants)

Coleoptera (Beetles)

Hemiptera (True Bugs)

Phthiraptera (Lice)

— Blattodea (Cockroaches)
H

Dermaptera (Earwigs)
‘ljl:Phasmatodea (Stick insects)

Orthoptera (Crickets)

H QOdonata (Dragonflies)
Ephemeroptera (Mayflies)

(Cortes-Silva et al., 2020)

Figure i9: Phylogeny of insects. Holocentric insect orders and species are indicated in
blue. Inferred multiple transitions to holocentric chromosomes are labeled with “H.”
Using protein homology searches of genomes or assembled transcriptomes, the ability
and inability to find CenH3 is indicated by a black or white box, respectively.

Drosophila melanogaster
Aedes aegypti

Bombyx mori

djodoptera frugiperda
anaus plexippus

Heliconius melpomene

is mellifera
asonla vitripennis
Bombus terrestris
Atta cephalotes

Tribolium castaneum

Acyrthosiphon pisum
Rhodnius prolixus
Gerris buenoi
Aquarius paludum

Pediculus humanus corporis

Blatella germanica

Forficula auricularia

Siploidae sipylus
Acheta domestica

Ladona fulva
Libellula vibrans

Ephemera danica

CenH3

21



The role of CenH3 at centromeres

In most eukaryotes, CenH3 is specifically enriched in centromeric nucleosomes in
place of canonical histone H3 that is incorporated into nucleosomes forming the bulk
of the chromatin. In addition to demarcating the physical location of the centromere
on chromosomes by the presence of CenH3, the memory of this location must be
passed on to newly divided chromosomes. The ability to inherit the memory of the
centromere location is essential, because with each round of DNA replication that
happens once during each cell cycle, centromeric nucleosomes get equally dispersed
into two daughter chromatids. Accompanying this equal partition is the reduction by
half of CenH3-containing nucleosomes in each daughter chromatid and the gaps
resulting from CenH3 dilution are occupied by histone H3.1 and H3.3 nucleosomes
(Bodor et al., 2013; Dunleavy et al., 2011; Jansen et al., 2007; Ross et al., 2016).
Continued dilution of CenH3 nucleosomes with the completion of each round of DNA
replication without a means of replenishment would eventually lead a chromosome to
lose its centromere identity. Therefore, it is essential that the centromere identity is
stably propagated from one cell cycle to the next. The role of a centromere marker if
not achieved by a genetic mechanism (such as the centromere-specific DNA sequence
of budding yeast), which is inherited by daughter DNA strands upon DNA replication,
must be achieved by other epigenetic (DNA sequence-independent) means (Karpen &
Allshire, 1997).

Multiple lines of experimental evidence, for example in flies (Heun et al., 2006;
Mellone et al., 2011; Mendiburo et al., 2011; Palladino et al., 2020; Roure et al., 2019)
and in humans (Barnhart et al.,, 2011; Black et al., 2004; Carroll et al., 2010;
Fachinetti et al., 2013; Guse et al., 2011; Jansen et al., 2007; H. Kato et al., 2013;
Logsdon et al., 2015; Tachiwana et al., 2015) points to CenH3 being at the heart of
centromere establishment, kinetochore formation, and stable propagation of
centromere identity, thus making it the most upstream candidate for epigenetically
marking the centromere in most eukaryotes.

CenH3 participates in a closed epigenetic loop that links newly-synthesized pre-
nucleosmoal CenH3 to “old” CenH3 present within centromeric nucleosomes at
replicated centromeres from the previous cell cycle. Diverse organisms that have
CenH3-defined centromeres use CenH3-specific chaperones to partially maintain the
link between new and old CenH3 in order to propagate centromere identity across cell
cycles by assembling new CenH3-containing nucleosomes. The CenH3-specific
chaperone HJURP (Holliday Junction Recognition Protein) in humans, Scm3 in yeast

(Dunleavy et al., 2009; Foltz et al., 2009) or CAL1 (chromosome alignment defect 1)
in flies (Chen et al., 2014) directly binds pre-nucleosomal CenH3 through its N-
terminal Scm3 domain (Scm3 domain is conserved among eukaryotes except for
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Drosophila melanogaster CAL1 which has an Scm3-like domain at its N-terminus
(Phansalkar et al., 2012; Sanchez-Pulido et al.,, 2009)). Upon binding, pre-
nucleosomal CenH3 is sequestered for incorporation at the replicated centromere,
which the CenH3-specific chaperone simultaneously recognizes by interacting
directly with a network of centromere-associated components. A simplified version of
this network consists only of the inner kinetochore protein CENP-C in flies (Heeger,
2005; Roure et al., 2019)(Figure i10, Left). CENP-C is the direct binding partner of
CenH3 nucleosomes at the centromere (Carroll et al., 2010; H. Kato et al., 2013) and
therefore can be considered as the “reader” of old, pre-existing CenH3 at centromeres.
Whereas in humans, the network extends to (although is not limited to) both CENP-C
and the Mis18 complex (containing Mis18-alpha, Mis18-beta and MIS18BP1/KNL2
(Mis18 binding proteinl/kinetochore null 2)). The Mis18 complex mediates the link
between pre-existing CenH3-bound- CENP-C and new CenH3-bound-HJURP (Figure
i10, Right). Here, Mis18BP1 and Mis18-beta directly bind CENP-C (Dambacher et
al., 2012; Moree et al., 2011; Stellfox et al., 2016); while the Mis18 complex also
directly interacts with HJURP via HJURP’s centromere targeting domain within
HCTD1 (HJURP carboxy terminal domain 1) (Barnhart et al., 2011; Fujita et al.,
2007; Nardi et al., 2016; Wang et al.,, 2014) to mediate HJURP and CenH3
recruitment to centromeres. With the exception of budding yeast and Drosophila, the
role of Mis18 proteins in the CenH3 deposition pathway is evolutionarily conserved
from fission yeast to humans (Fujita et al., 2007; Hayashi et al., 2014; Maddox et al.,
2007). In addition to the unique strategy for centromere inheritance in Drosophila
discussed above that partly relies on CAL1 binding to CENP-C, the genetically
inherited centromeres of budding yeast similarly rely on the coupling of CenH3-
specific chaperones to the existing centromere to preserve CenH3 at the centromere
locus (reviewed in (Zasadzinska & Foltz, 2017)).

Drosophila melanogaster Homo sapiens
-
T
FACT i) Mis18 , o
N
BP1 B A
RNAPol Il o & °

Y
= CENP-C
< ENP

dodddadans @ sddaddaddd

(Zasadzinska & Foltz, 2017)

Figure i10: Protein complexes involved in CenH3 deposition pathway in Drosophila (left)
and human (right). In Drosophila, CenH3 deposition requires active transcription mediated
by the FACT (facilitates chromatin transcription) complex and RNA Pol II (Chen et al.,
2014). CenH3 nucleosomes are depicted in red; canonical H3 nucleosomes are depicted in
green.

More recently, CenH3 has also been implicated in a genetic basis of centromere
identity. HJURP was originally named based on its in vitro ability to bind cruciform
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DNA structures called Holliday junctions (Kato et al.,, 2007). Non-B form DNA
conformations (such as DNA cruciforms) formed by centromere-specific sequences
that are organized as dyad symmetries were recently reported to be enriched at the
centromeres of many eukaryotes (Kasinathan & Henikoff, 2018). It has thus been
speculated that non-B form DNA structures at eukaryotic centromeres may be
recognized by HJURP and allow it to simultaneously deposit CenH3 at centromeres
through its CenH3-specific chaperoning activity (Kasinathan & Henikoff, 2018).

Collectively, given the central involvement of CenH3 in maintaining centromere
identity in diverse eukaryotes, CenH3 loss must be compensated for by an alternative
strategy for the very same purpose. Together with its role in forming the foundation of
kinetochore assembly in order to link DNA to microtubules, the identified loss of
CenH3 in most holocentric insects was therefore intriguing in that it raised the most
intuitive questions about the centromere biology of these organisms. For example,

(i) How are microtubule attachment sites delimited along the holocentric
chromosomes of CenH3-deficient insects?

(ii) Is the memory of centromere location passed on to daughter cells and if so, how?
And further,

(iii) Given that CenH3 forms the foundation of the canonical kinetochore complex,
has its loss also accompanied drastic changes to the kinetochores of holocentric

insects?

I summarize below the studies in our lab focusing on this very last aspect (iii).
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What we know about the kinetochore of CenH3-
deficient holocentric insects

Initial studies on the kinetochore® of CenH3-deficient holocentric insects were based
on computational methods to search genome sequences and transcriptomes for
conserved kinetochore components. Using this approach, several conserved
components of the CCAN (inner kinetochore) and KMN network (outer kinetochore)
could be identified (Drinnenberg et al., 2014). Conservation of inner and outer
kinetochore components in CenH3-deficient holocentric insects suggested critical
roles for identified proteins in the Lepidopteran chromosome segregation process and
additionally to have kinetochores that are organized into a distinct inner and outer
subunit that is composed of the same building blocks found in the kinetochores of
CenH3-encoding organisms.

A recent study from our lab on the kinetochores of CenH3-deficient holocentric
insects were conducted using cell lines derived from B. mori and Spodoptera
frugiperda (Cortes-Silva et al., 2020), which belong to one of the four insect lineages
(the Lepidoptera) in which CenH3 loss was identified (Drinnenberg et al., 2014). This
recent study made use of stable cell-lines expressing tagged versions of the previously
computationally-identified “bait” proteins (CENP-M, CENP-N, CENP-I of the inner
kinetochore and Dsnl and Nnfl of the outer kinetochore) that were then used to
conduct IP (immunoprecipitation) experiments to further profile their interaction
partners by mass spectrometry. Mass-spectrometry analyses of pulled-down
components revealed a generous CCAN in Lepidoptera which confirmed all
previously predicted components. Importantly, mass-spec analyses combined with
sensitive homology searches, also revealed an additional, previously un-identified
protein that was pulled down with all bait proteins used- this was identified as the
CENP-T protein of the CCAN (discussed below) (Cortes-Silva et al., 2020).

Extending on previous functional analyses (Mon et al., 2017), RNAI screens indeed
verified that the identified components (particularly CENP-T and CENP-I of the inner

8 The kinetochore is a multi-protein complex that assembles specifically at centromeres
(Fukagawa & Earnshaw, 2014). The kinetochore is composed of a distinct inner and outer
subunit. The inner kinetochore subunit comprises a protein network known as the CCAN
(constitutive centromere associated network) that is made of up to 16 different proteins
present throughout the cell cycle. Several CCAN components can directly establish contacts
to centromeres by physically interacting with CenH3 nucleosomes (Carroll et al., 2009, 2010;
Falk et al., 2015; H. Kato et al., 2013) or by binding to DNA (Hori et al., 2008; Nishino et al.,
2012; Sugimoto et al.,, 1994) to form the centromere-kinetochore interface. Upon cell
division, the CCAN recruits the outer kinetochore subunit composed of the KMN network
(Knl1l, Mis12 and Ndc80 complex) (Musacchio & Desai, 2017), which interacts with
microtubules to drive chromosome segregation (Monda & Cheeseman, 2018).
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kinetochore and all outer kinetochore proteins) are essential for chromosome
segregation in B. mori. Localization of CENP-T is dependent on several other inner
kinetochore components (Cortes-Silva et al., 2020) and preliminary observations
indicate an interdependent relationship between many CCAN factors (unpublished
data from the lab). Further functional analyses focusing on identified CCAN
components that are known to be more upstream in the kinetochore assembly
pathway, specifically, the newly-identified Lepidopteran CENP-T protein, showed
that CENP-T is not only essential for accurate mitosis, but is sufficient to direct
complete outer kinetochore assembly in these organisms (Cortes-Silva et al., 2020).

The picture therefore emerges that in CenH3-deficient holocentric insects, in the event
of losing CenH3-mediated kinetochore assembly as a means for physically connecting
chromosomes to the spindle apparatus, this is compensated for by employing a
CCAN-mediated pathway- potentially via its DNA-binding components such as
CENP-T- to recruit the outer kinetochore and alternatively establish the required link
to the spindle. The DNA-binding potential of Lepidopteran CENP-T was consistent
with the identification of several positively charged amino acids in the conserved
HFD at its C-terminus (Cortes-Silva et al., 2020). However, the DNA-binding
potential of Lepidopteran CENP-T remains to be verified experimentally.
Phylogenetic analyses additionally revealed that CENP-T is in fact retained in all
other CenH3-deficient insect lineages (Cortes-Silva et al., 2020), indicating conserved
critical functions for it such as in the aforementioned alternative pathway to the
spindle and furthermore indicating that additional CENP-T-independent paths to the
spindle are likely to exist in Lepidoptera, possibly via CENP-I (Cortes-Silva et al.,
2020). Future studies will allow to dissect the hierarchy in this protein network even
further.
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Research aims

During my PhD research, I aimed to find answers to the former two of the basic
questions listed previously, which interrogate the molecular architecture of the
CenH3-deficient holocentromere:

(i) How are kinetochore assembly sites delimited along the holocentric chromosomes
of CenH3-deficient insects?

(ii) Is the memory of centromere location passed on to daughter cells and if so, how?

I used cell lines derived from B. mori to carry out my experiments pertaining to these
questions. My investigations were greatly facilitated by molecular tools that were
developed in our lab, which included specific antibodies to some of the above-
discussed Lepidopteran kinetochore components that were previously identified- in
particular to the potentially DNA-binding kinetochore protein CENP-T.

Specifically, my research goals can be divided into four parts:

1) To map the centromere locations along the chromosomes of CenH3-deficient
Lepidoptera (Result 1)

2) To characterize the DNA sequence components underlying the identified
centromere sites (Result 2)

3) To characterize the chromatin components underlying centromere sites (Result 3)

4) To carry out functional analyses on the necessity of identified components for
centromere specification in Lepidoptera (Results 4(i) & 4(ii))

Importantly, as opposed to previous reports of isolated cases of CenH3 loss in
primitive eukaryotic lineages like the kinetoplastids (Akiyoshi & Gull, 2014; Talbert
et al., 2009) and some early-diverging fungi (Hooff et al., 2017; Navarro-Mendoza et
al.,, 2019), the concomitant occurrence of CenH3 loss and the presence of a
holocentric architecture in at least four independently-derived insect lineages- each
comprising multiple species with confirmed cases of CenH3 loss- is the first time a
general correlation could be made between the loss of this protein and a change in
centromere organization spanning an evolutionary timescale. This therefore also
highlights the need to revisit the current evolutionary standpoint of the origins of
holocentricity in itself. I address this point within the context of my results in the
discussion.
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Results
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Result 1: The kinetochore forms a broad localization
pattern along B. mori mitotic chromosomes

To understand holocentromere architecture in CenH3-deficient insects, we used a cell
line derived from our representative insect model system, B. mori. We targeted one
previously identified centromere-proximal component of the B. mori kinetochore,
CENP-T (Cortes-Silva et al., 2020) to visualize its localization pattern on mitotic B.
mori chromosome spreads by IF microscopy using a custom-made antibody (Cortes-
Silva et al., 2020). We observed that the CENP-T-specific IF signal formed broad
localization patterns along the polar length of sister chromatids (Figure 1A), a pattern
reminiscent to kinetochore staining in other holocentric organisms (Buchwitz et al.,
1999). While CENP-T is an inner kinetochore component that binds directly to DNA
as shown in vertebrates (Hori et al., 2008), the centromere-distal outer kinetochore
components bridge centromeric DNA to the spindle apparatus, thus serving as a proxy
for potential sites of spindle fiber attachment (Musacchio & Desai, 2017). To test
whether the broad localization pattern we observed for CENP-T corresponds also to
sites of outer kinetochore assembly, we co-stained our chromosome spreads with
another custom-made antibody specific for the outer kinetochore component Dsnl
(Cortes-Silva et al., 2020). We found that the CENP-T and Dsn1 immunosignals co-
localize with one another (Figure 1B), demonstrating that diffuse regions along the
poleward surface of B. mori sister chromatids represent potential sites driving
chromosome segregation during mitosis. These stainings are the first visualizations of
kinetochore components along B. mori chromosomes, thereby building on previous
cytological data (Murakami & Imai, 1974) and confirming that B. mori chromosomes
are holocentric.

Result 2: Half of the B. mori genome is permissive for
kinetochore assembly

We proceeded to perform X (cross-linked)-ChIP-seq experiments targeting CENP-T
in unsynchronized B. mori cell populations in order to obtain genomic resolution
maps of CENP-T’s distribution on chromatin. These analyses revealed broad regions
of CENP- T enrichment (Figure 1C) with maximum enrichment scores of about 2-fold
(log2) over input, indicating an extensive, yet low level of CENP-T localization along
chromosomes. This pattern was highly reproducible across replicates (Figure S1A and
S1B). Given that the ChIP-seq libraries were prepared from asynchronous cell
populations containing ~ 2% mitotic cells (Cortes-Silva et al., 2020) and that the B.
mori CENP-T, as the vertebrate CENP-T homologs (Hori et al., 2008) also localizes to
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chromatin during interphase (Figure S1E), CENP-T interphasic localization likely
contributes to the majority of its enrichment signal.

To evaluate the extent to which CENP-T-enriched sites identified by ChIP-seq are
functional kinetochore assembly sites to drive chromosome segregation during
mitosis, we performed X-ChIP-seq to map the genome-wide distribution pattern of
Dsnl. As other outer kinetochore components, Dsnl is found on centromeric
chromatin only during mitosis (Musacchio & Desai, 2017). Analogous to our co-
stainings of CENP-T and Dsnl on mitotic chromosome spreads, the ChIP-seq profile
of Dsnl1 also correlated well with that of CENP-T (r = 0.8) (Figure 1C, G).

To better characterize CENP-T-binding patterns, we used a custom domain-calling
pipeline to annotate CENP-T domains. This method revealed that CENP-T domains
show no obvious clustering towards the center or telomeric regions of chromosomes
(Figure 1D); are of variable size (median size = 36 kb); and have a genome-wide
median coverage of 54% (Figure 1E). Considering that CENP-T coverage is
quantified for CENP-T ChIP-seq signal from a cell population, this number reflects
the average CENP-T coverage for that population. Thus, while approximately half of
the genome is CENP-T-permissive, it is possible that from one cell to the next, CENP-
T occupies only a fraction of permissive sites.

Next, we analyzed the distribution of repeat sequences underlying CENP-T sites.
Approximately 47% of the B. mori genome is comprised of repetitive DNA
sequences, with around 97% of these repeats being Class I and Class II TEs
(Kawamoto et al., 2019). To determine if CENP-T domains preferentially occur in
these repetitive elements, we first intersected our annotated CENP-T domain
coordinates with a database of consensus transposon sequences for B. mori (kind gift
from the Pillai Lab, University of Geneva). This approach revealed that the proportion
of transposon sequences underlying CENP-T domains is not significantly different to
that in the rest of the genome (Figure 1F). Second, as a complementary approach, we
searched de novo for any centromere-enriched repeats as described (Smith et al.,
2020). Consistent with the first approach, these analyses also revealed that CENP-T-
permissive sites in the B. mori genome are not enriched for repetitive DNA sequences
(Figure S1F). Additionally, intersecting the CENP-T domain coordinates with B. mori
gene annotations (obtained from SilkBase: http://silkbase.ab.a.u-tokyo.ac.jp) revealed
that CENP-T domains are relatively depleted in genes (Figure 1F). Collectively, these
results led us to conclude that B. mori centromeres are organized as broad domains
that are composed of complex DNA and depleted from gene bodies.
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Figure 1: Kinetochore localization patterns in B. mori.

A) Representative IF image of B. mori DAPI (4',6-diamidino-2-phenylindole)-stained mitotic
chromosomes (blue) showing broadly-distributed immunosignal patterns of CENP-T (green).
Scale bar: 5 pm. B) Representative IF image of B. mori DAPI-stained mitotic chromosomes
(blue) showing immunosignal patterns of CENP-T (red) and Dsn1 (green). Co-localization of
CENP-T and Dsnl1 signals can be distinguished as yellow foci in the overlay. Scale bar: 5 pm.
C) Genome-browser snapshot of a representative portion of B. mori chromosome 1 for
CENP-T X-ChIP-seq, CENP-T domains, Dsnl X-ChIP-seq and annotated genes. ChIP-seq
signals are represented as histograms of the average log2 ratio of IP/Input in genome-wide 1
kb windows. D) Size-scaled schematics of 28 B. mori chromosomes showing the distribution
of CENP-T domains (dark blue segments). E) Features of CENP-T domains: boxplots
showing the sizes of CENP-T domains (left) and the genome coverage in percent by CENP-T
domains (right). F) Genomic features underlying CENP-T domains: barplots showing the
fraction in percent of annotated interspersed repeats within CENP-T domains (dark grey) and
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genome-wide (light grey) (left); and the fraction in percent of annotated genes within CENP-
T domains (dark grey) and genome-wide (light grey) (right). G) Genome-wide correlation
plot of CENP-T and Dsn1 occupancy. Average log2 ratios of IP/Input in 10 kb windows were
used for plotting and calculating the pearson correlation coefficient ().

Result 3: Kinetochore attachment sites in B. mori are
anti-correlated with actively transcribed chromatin

Given the broad distribution pattern and absence of any consensus sequence
underlying CENP-T sites, it is unlikely that centromeres along B. mori chromosomes
are defined by a specific DNA sequence. Our use of genomics approaches to profile
the underlying chromatin environment instead revealed several correlations in the
distribution of CENP-T with respect to chromatin marks governing transcriptional
status. We found a positive correlation between the distributions of CENP-T and
H3K27me3 (tri-methylated Lysine 27 on histone H3) (r = 0.6) (Figure 2A, B), a
histone mark that is typically associated with transcriptionally-silent heterochromatin
(Kouzarides, 2007). Conversely, we found a negative correlation in the distributions
of CENP-T and two histone marks that are associated with a transcriptionally-active
chromatin state (Kouzarides, 2007): (i) H3K4me3 (tri-methylated Lysine 4 on histone
H3) (r =-0.2), and (ii) H3K36me3 (tri-methylated Lysine 36 on histone H3) (r = -0.6)
(Figure 2A, B). We also profiled the distribution of H3K9me2 and H3K9me3 (di- and
tri-methylated Lysine 9 on histone H3, respectively), two histone marks that are
typically associated with transcriptionally silent heterochromatin (Kouzarides, 2007).
However, the resulting ChIP-seq profiles generated using multiple different antibodies
and ChIP protocols for H3K9me2/3 were very similar to a histone H3 ChIP-seq
profile (r = 0.8 for H3K9me2 vs H3; and r = 0.7 for H3K9me3 vs H3, respectively)
(Figure S2B, C). This offered us limited confidence in the observed patterns of
H3K9me2/3 in our cell line. However, as opposed to the H3K9me3-enriched
heterochromatin blocks found at the pericentromeres of monocentric organisms
(Sullivan & Karpen, 2004), a lack of such regions was observed in our B. mori cell
line as evident in the absence of any chromocenters in interphase nuclei (Figure S2D).

We additionally generated mRNA-seq (messenger RNA sequencing) data for our cell
line in order to assess the expression levels at B. mori kinetochore attachment sites.
We found that mapped transcripts negatively correlated with CENP-T domains
(Figure 2A). Additionally, annotated genes that did fall completely within CENP-T
domains had significantly lower expression levels (median = 0.06 normalized
expression units) compared to the genome-wide average (median = 1.53 normalized
expression units) (Figure 2C). To account for transcripts mapping to non-annotated
genes, we also looked at the expression levels across the entire genome. As with the
gene-level analysis, we found that genomic regions that are enriched for CENP-T
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ChIP-seq signal have significantly lower expression values (median = 0.2 normalized
expression units) than CENP-T- depleted regions (median = 3.06 normalized
expression units) (Figure 2C). Consistent with our ChIP-seq profiles for histone marks
and our mRNA-seq profiles, the ChIP-seq profile of RNA Pol II also revealed a
negative correlation with CENP-T throughout the genome (r = -0.64) (Figure 2A, B).
Finally, we also profiled by ChIP-seq epitope-tagged H3.3 (histone 3.3) driven under
a constitutive promoter in order to map regions of nucleosome turnover (Kraushaar et
al., 2013). Here, we found that H3.3-enriched sites show a stronger anti-correlation
with CENP-T (r = -0.76) than the active histone marks and RNA Pol II profiles
(Figure 2A, B). Taken together, our results indicate that B. mori centromeres are
excluded from genomic regions undergoing active nucleosome turnover, driven by
transcription or other chromatin remodeling processes (Figure 2A, B).
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Figure 2: B. mori kinetochore attachment sites are anti-correlated with actively
transcribed chromatin and nucleosome turnover.

A) Genome-browser snapshot of a representative portion of B. mori chromosome 1 for
CENP-T X-ChIP-seq, CENP-T domains, H3K27me3 N (native)-ChIP-seq, H3K4me3 X-
ChIP-seq, H3K36me3 N-ChIP-seq, H3.3-3X-FLAG N-ChIP-seq, RNA Pol II X-Chlp-seq,
mRNA-seq and annotated genes. ChIP-seq signals are represented as histograms of the
average log2 ratio of IP/Input in genome-wide 1 kb windows. mRNA-seq signal is
represented as a histogram of log2 transformed BPM (bins per million mapped reads). B)
Genome-wide correlation plots comparing the occupancy of CENP-T and H3K27me3,
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H3K4me3, H3K36me3, H3.3-3X-FLAG and RNA Pol II. Average log?2 ratios of IP/Input in
10 kb windows were used for plotting and calculating the pearson correlation coefficient (r).
Comparisons between N-ChIP-seq and X-ChIP-seq or X-ChIP-seq replicates for the histone
marks are shown in Figure S2A. C) Top: boxplot showing the expression levels in genome-
wide 10 kb windows that are CENP-T-enriched (blue) or CENP-T-depleted (purple), and
bottom: boxplot showing the expression levels in annotated genes that are 100% within
CENP-T domains (blue) as compared to annotated genes genome-wide (grey). Expression
levels are represented as the log2 transformed TPM (transcripts per million mapped reads).
Statistical significance was tested using the Kolmogorov-Smirnov test.

Result 4 (i): Hormone-induced perturbations of gene
expression result in proximal CENP-T loss or gain

To test our hypothesis that there is a causal link between B. mori centromere location
and chromatin activity, we used an approach that allowed us to study the effects of
induced transcriptional changes on CENP-T localization patterns. In insects, the
ecdysone hormone response is a well-defined transcriptional response leading to the
systematic activation or repression of a subset of specific genes involved in
metamorphoses and development (Yamanaka et al., 2013).

We treated asynchronous B. mori cells with 20E (20-Hydroxyecdysone) for forty-
eight hours and carried out mRNA-seq to determine whether our cell line had an
effective transcriptional response (Figure 3A). Indeed, we found that while the
expression pattern in annotated genes remained overall well-correlated before and
after 20E treatment (r = 0.99), several genes showed differential expression upon
treatment (as indicated by clusters forming away from the diagonal in the +/- 20E
correlation scatterplot; Figure 3B). To identify a subset of differentially expressed
genes for further analyses, we applied cut-offs in expression level to define up- and
down-regulated genes (See Methods). Among a subset of twenty-six up-regulated
genes, we found known 20E-responsive genes including orphan nuclear receptor
genes (Yamanaka et al., 2013)(Figure 3B). We also identified one down-regulated
gene that corresponded to a 20E-hydroxylase (Figure 3B). The functional annotations
of these genes furthered our confidence in the specificity of the 20E response in our
cell line.

Having confirmation of a visible change in expression, we next profiled CENP-T
occupancy under the same conditions (Figure 3A). To identify any changes in CENP-
T localization, we compared CENP-T enrichment patterns across genome-wide 10 kb
windows between treated and untreated conditions. Consistent with the largely
unaltered transcriptome in annotated genes (Figure 3B) and 10 kb windows (Figure
3D), global CENP-T occupancy levels were also well-correlated in treated and
untreated conditions (r = 0,9) (Figure 3C). Nevertheless, we were able to identify
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specific loci with altered CENP-T levels after treatment (Figure 3C). Comparing
mRNA expression levels in genomic regions showing lost or gained CENP-T binding
after 20E treatment revealed that CENP-T depleted regions showed elevated
expression while CENP-T enriched regions showed decreased levels of expression
(Figure 3D). This is in agreement with our above findings that CENP-T binding is
more robust in transcriptionally silent regions.

Next, we zoomed in on each of the individual loci that lost or gained CENP-T after
treatment in order to further interpret each CENP-T loss or gain event with respect to
the broader chromosomal environment. We found that the most pronounced cases of
CENP-T loss (representing seventeen out of forty-eight CENP-T-depleted 10 kb
genomic windows) were in fact in the proximity of two up-regulated genes. These loci
corresponded to large consecutive regions of CENP-T loss after 20E treatment on
chromosomes 10 and 15 where in each case, the losses were just upstream of the
genes encoding for a 20E-specific nuclear receptor protein (Figure 3E). On the other
hand, when we zoomed in on a genomic region on chromosome 7 that gained CENP-
T after 20E treatment, we observed the opposite scenario, where the gain in CENP-T
was in close proximity to a down-regulated 20E-hydroxylase gene (Figure 3E). While
we cannot explain all of the observed changes in CENP-T occupancy after 20E
treatment, the above described examples of CENP-T gain or loss near genes with
altered expression allowed us to partially link CENP-T localization patterns to
changes in transcriptional activity. The fact that altered CENP-T occupancy did not
necessarily co-localize with the altered transcriptional output, but rather extended to
large upstream regions, reinforces our hypothesis that changes of the chromatin
landscape such as nucleosome eviction or reassembly in gene bodies, promoter or
enhancer regions of up- or down regulated genes interfere with CENP-T localization.

In order to further evaluate whether it is a change in chromatin dynamics in the
proximity of differential-regulated genes that underlies the changes in CENP-T
occupancy, we allowed the transcriptional program to reset over the course of five
days upon removal of the 20E hormone from the media (Figure 3A). Analyses of gene
expression levels in the hormone-washout sample revealed that the previously
identified subset of induced genes was mostly restored to expression levels similar to
that of the control gene subset (Figure S3A). To evaluate the effects of restored gene
expression on CENP-T localization, we once again profiled CENP-T occupancy 10
days following hormone-washout (Figure 3A). We found that upon 20E-washout, the
prominent CENP-T losses on chromosomes 10 and 15 were recovered to levels
similar to wild-type profiles (Figure 3E). The recovered events of previous CENP-T
loss extended upstream of the now repressed mRNA output, once again indicating a
link between chromatin activity and CENP-T deposition. The CENP-T gain upon
20E-treatment that was proximal to the down-regulated 20E-hydroxylase gene on
chromosome 7 did not completely recover, which could be explained by incomplete
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restoration of expression of this gene (Figure 3E). In addition to these individual
cases, similar levels of recovery following 20E-washout were observed genome-wide
for regions with differential CENP-T occupancy (Figure S3B) along with comparable
expression levels across all genomic windows (Figure S3C).

Taken together, our results support the hypothesis that the dynamics of the chromatin
landscape determined by promoter activation or RNA Pol II passage govern CENP-T
occupancy such that CENP-T is removed from active chromatin. The complete loss of
CENP-T upon promoter and gene activation also shows that no immediate recycling
mechanism exists to restore CENP-T levels in those regions. Finally, the recovery of
CENP-T localization upon 20E-washout also indicates that restoring low chromatin
dynamics is sufficient for centromere formation.
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Figure 3: Hormone-induced perturbations of gene expression result in proximal CENP-
T loss or gain.

A) Schematic summarizing the steps of 20E-treatment and 20E-washout. B) Genome-wide
correlation plot comparing the expression levels of annotated genes in 20E-treated vs DMSO
(dimethyl sulfoxide) control. Twenty-six differentially-expressed genes are highlighted.
Functions of two up-regulated genes and one down-regulated gene that could be linked to
three cases of differential CENP-T occupancy in the 20E-treated condition are annotated.
Log2 transformed TPM is used to represent expression level per gene and to calculate the
pearson correlation coefficient (r). C) Genome-wide correlation plot comparing CENP-T
occupancy before (WT (wild type)) and after 20E-treatment in 10 kb windows. 10 kb
windows with differential CENP-T occupancy are demarcated. Average log2 ratio of IP/Input
in 10 kb windows is plotted and used for calculating the pearson correlation coefficient (r).
Only those 10 kb windows with total loss or total gain of CENP-T after 20E treatment from a
previously enriched or depleted state, respectively were considered. D) Boxplot: difference in
expression levels between 20E treatment and control in genome-wide 10 kb windows (grey)
and the subset of 10 kb windows with depleted or enriched CENP-T occupancy (red and blue,
respectively). Difference in expression was calculated by subtracting the log?2
transformedTPM scores of control from 20E-treated for each 10 kb window. Statistical
significance was tested using the Kolmogorov-Smirnov test. E) Genome-browser snapshots
of B. mori chromosomes showing two cases of CENP-T loss (left & middle) and one case of
CENP-T gain (right) that could be linked to proximal changes in gene expression. Tracks:
CENP-T X-ChIP-seq profiles (blue) and RNA-seq (RNA-sequencing) profiles (orange) for
WT (DMSO control for RNA-seq), 20E-treated and 20E-washout. Pre-identified 10 kb
windows with differential CENP-T occupancy (grey rectangles) fall consecutively within
these regions. The three differentially-expressed 20E-specific genes lying upstream of these
regions are annotated. ChIP-seq signal is represented as the log2 ratio of IP/Input in genome-
wide 1 kb windows. RNA-seq signal is represented as log?2 transformed BPM. CENP-T
occupancy around the remaining twenty-three pre-identified differentially-expressed genes
are shown in Figure S3D.

Result 4 (ii): Differentially expressed orthologous
genes in Lepidoptera show opposite patterns of
CENP-T localization

Given that the same chromosomal locus could be made permissive or repressive to
CENP-T by merely changing the underlying chromatin activity status, we reasoned
that such opposite patterns of CENP-T enrichment should be readily observable in an
experimentally unperturbed setting, for example, on a gene that naturally varies in
expression levels. To address this possibility, we turned to a close Lepidopteran
relative to B. mori, the cabbage looper Trichoplusia ni. We hypothesized that
differentially- expressed orthologous genes between these two species should provide
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a natural template of varying expression levels at orthologous loci to which we could
correlate CENP-T occupancy levels (Figure 4A).

To first evaluate whether centromeres in T. ni are defined in a similar way to B. mori,
we profiled CENP-T in an unsynchronized germ cell line derived from T. ni
(Granados et al., 1986). We found that the distribution of T. ni CENP-T X-ChIP-seq
signal resembled that of B. mori, wherein CENP-T localized to broad chromosomal
regions (Figure S4A). Next, we did ChIP-seq profiling of the histone marks
H3K27me3 and H3K36me3 in our T. ni cell line, which we used as markers of
transcriptionally-repressed and -active chromatin, respectively. Similar to B. mori, in
T. ni, the genome-wide distribution of CENP-T was positively and negatively
correlated with H3K27me3 (r = 0.5) and H3K36me3 (r = -0.5), respectively (Figure
S4A, B) and showed a negative correlation to mapped mRNA transcripts (Figure
S4A). Thus, we concluded that the CENP-T localization in T. ni is correlated with
silent chromatin- similar to what is seen in B. mori.

We then reciprocally searched the B. mori and T. ni proteomes with one another to
select a set of encoding orthologous genes. This revealed > 9500 orthologs to which
we applied a fold-change and cut-offs in expression to select a subset of differentially-
expressed genes for each species (See Methods). Accordingly, we selected 115 genes
that are expressed in B. mori (and low in T. ni) and 110 genes that are expressed in T.
ni (and low in B. mori) (Figure 4B). We then quantified the average CENP-T ChIP-
seq scores for B. mori and T. ni over both sets of genes. In line with our previous
observations, we found that CENP-T ChIP-seq signal was depleted over those genes
that are expressed in B. mori, while CENP-T ChIP-seq signal was enriched over the
corresponding lowly expressed orthologs of T. ni (Figure 4C). In a similar manner, we
observed that CENP-T ChIP-seq signal was enriched over those genes that are lowly
expressed in B. mori, while CENP-T ChIP-seq signal was depleted over the
corresponding expressed orthologs of T. ni. We have thus demonstrated that across
orthologous genes, CENP-T occupancy is significantly different only in those cases
where there is differential expression, further supporting our hypothesis linking
centromere formation to the underlying chromatin activity status.
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Figure 4: Differentially expressed orthologous genes in Lepidoptera show opposite
patterns of CENP-T localization.

A) Schematic summarizing the concept to identify a link between CENP-T occupancy and
transcriptional activity by using naturally differentially-expressed orthologous genes of B.
mori and T. ni as a template. B) Correlation plot showing the expression level of orthologous
genes in B. mori and T. ni. Genes with similar expression levels (grey circles) and those
corresponding to the subsets of the most highly expressed genes that were identified in each
species, which are silent in the corresponding species (purple or green circles) are indicated.
Expression level per gene is represented as a log2 transformed TPM score and was used to
calculate the pearson correlation coefficient (r). C) Boxplot: difference in CENP-T occupancy
across all orthologs (grey) and across the subset of highly expressed genes of B. mori and T.
ni (purple and green, respectively). Difference in CENP-T occupancy per gene was calculated
by subtracting the average log2 IP/Input scores for CENP-T ChIP-seq in B. mori from that of
T. ni. Statistical significance was tested using the Kolmogorov-Smirnov test.
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Discussion

The results of my PhD project unravelled the CenH3-deficient holocentromere
architecture of Lepidoptera, which allowed us to make an important link between
their chromatin landscape and centromere distribution. Our use of a perturbation
system to show that this landscape is critical for creating centromere-permissive or -
dismissive environments along Lepidopteran chromosomes provides insights into a
new mode of centromere definition independent of CenH3.

More precisely, we identified recurrent patterns of negative correlations between the
genome-wide distribution of CENP-T and factors associated with active chromatin.
This included RNA Pol II, the passage of which through a DNA template is known to
disrupt and mobilize nucleosomes in its wake during transcription (Teves & Henikoff,
2014); as well as the histone H3 variant H3.3, which is deposited in a replication-
independent manner at regions undergoing replication-uncoupled nucleosome
replacement (Ahmad & Henikoff, 2002)(such as during transcription) (Torné et al.,
2019). Both of these are good indicators of chromatin disruption associated with
transcriptional elongation activity. Importantly, our study allowed us to link CENP-T
localization specifically to chromatin activity resulting from nucleosome turnover and
not transcription for the following reasons: Although we could identify a negative
correlation to other proxies of gene activity like (i) RNA-seq data; and (ii) to histone
marks present on active gene bodies (H3K36me3), H3.3 reflected the strongest anti-
correlation to CENP-T. H3.3 enrichment is not just a consequence of transcriptional
elongation; rather, can also mark dynamic regions outside of active genes and can
reflect histone replacement in additional dynamic regions throughout the genome
(Deal et al., 2010; Deaton et al., 2016; Kraushaar et al., 2013). Additionally supported
by the observation that induced CENP-T loss/gain occurred in regions upstream of
annotated genes that are likely to comprise gene regulatory elements, a direct link to
dynamics resulting from nucleosome turnover could be made with transcription or
RNA Pol II passage being one of the contributing factors.

Thus, we propose that Lepidopteran kinetochores can assemble non-specifically and
anywhere along the chromosomes where nucleosome turnover is low rather than
being dependent on an active recruitment process involving a centromere-specific
epigenetic or genetic component. Changes to the chromatin landscape, resulting for
example from changes in gene expression can thereafter disrupt kinetochore
attachment leading to its complete loss due to the absence of an active recycling
mechanism. The CENP-T profile that we thus measure corresponds to attached
kinetochores that could persist over the cell cycle. This is different to the dynamics of
H3.3 during transcription for instance, where a combination between new H3.3
deposition and recycling of pre-existing H3.3 coordinated by its dedicated chaperone,
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the HIRA (histone regulator A) complex enables the maintenance of the epigenetic
information at that locus (Torné et al., 2019). In contrast, the presence of the
lepidopteran kinetochore is not memorized and can change from cell cycle to cell
cycle dependent on the chromosome-wide chromatin landscape (Figure 5).

Figure 5: Model for the architecture
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The apparent dependency on nucleosome turnover for centromere localization implies
a challenge for holocentric organisms such as Lepidoptera and C. elegans in that their
chromosome segregation efficiency is likely to directly depend on being able to
establish a minimum number of stably attached kinetochores chromosome-wide.
Thus, holocentromeres could be relatively more sensitive to any stimuli that can
globally increase or decrease chromatin dynamics to the extent of negatively
impacting chromosome segregation fidelity. Therefore, as opposed to inducing local
changes to the transcriptional landscape, it would be interesting to test this hypothesis
by applying a non-specific stress such as an environmental change (eg. a gradient
of temperatures) that could globally affect the nucleosome turnover profile to various
extents and to study its consequences on holocentric chromosome segregation fidelity.
It would be interesting to compare these results to similar experiments in monocentric
organisms which have a specific and therefore perhaps more robust centromere
definition mechanism that might tolerate better the impacts of such global changes on
the chromosome segregation efficiency. Given the absence of an active centromere
specification mechanism, holocentric B. mori would therefore serve as an ideal model
system in which to characterize the role of environment in centromere fitness for the
first time.
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Holocentromere regulation further emphasizes
centromere plasticity

The organization and inheritance of the Lepidopteran holocentromere might be
conceptually similar to the CenH3-encoding holocentromere in C. elegans. In this
organism, it was proposed that in later embryonic stages and adult worms, CenH3
incorporation into transcriptionally-silent chromatin may be a result of low
nucleosome turnover in those regions, which delimited CenH3 to these sites by way
of exclusion from regions with high nucleosome turnover (Steiner & Henikoff,
2014). CenH3 nucleosomes are thus proposed to stably remain over chromosomal
domains with low levels of RNA Pol II occupancy. Given the observation that C.
elegans CenH3 was completely turned-over at each cell cycle and discontinued in the
germline, the authors further proposed that CenH3 might not propagate centromere
identity in this organism (Gassmann et al., 2012). The ubiquitous negative relationship
between active chromatin and centromeres throughout the genomes of CenH3-
deficient Lepidoptera closely resembles that of C. elegans. That is, based on our
chromatin-perturbation experiments, we can conclude that chromatin activity (such as
by way of transcription) is sufficient to induce complete dissociation of CENP-T
(Figure 3). In particular, the 20E washout experiment further showed that CENP-T
can thereafter accumulate de novo, with no pre-exisitng requirement of CENP-T as a
cue. The potential similarities in centromere regulation regardless of the absence or
presence of CenH3 highlight the relevance of chromatin dynamics for holocentromere
organization across species. In the broader context, it also highlights the degree of
centromere plasticity across eukaryotes.

Adding it all up...

The relevance of chromatin dynamics for shaping holocentromere architecture further
stands out when we correlate the characteristics of annotated centromere domains in
both C. elegans (Gassmann et al., 2012) and B. mori (this study) to the respective
fraction of active compartments in each genome. The C. elegans genome size is 100
mb (C. elegans Sequencing Consortium 1998), "4.6X smaller than that of B. mori
("460 mb) (Kawamoto et al., 2019). Given its relatively smaller size, it is also not
surprising that protein-coding genes in C. elegans results in a higher gene density per
genomic window, which we approximate to be 6.6 X higher than that of B. mori
based on published statistics (Table 1). This therefore reveals a significant level of
gene compaction in C. elegans, as also evident in the fact that it has one of the
smallest average intron sizes among eukaryotes (Suetsugu et al., 2013). C. elegans
(and other nematodes) are in fact among the few eukaryotes to have genes organized
in clusters (operons), which constitutes 15% of all its genes (Lercher, 2003). It is
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known that the gene distribution in C. elegans is biased, where the distal
chromosomal arms have longer genes with larger introns while the chromosome
centers have shorter genes that are more highly expressed (Ahringer & Gasser, 2018).
This gene expression pattern is reflected in its chromatin and centromere landscape,
where silent histone marks like H3K27me3, H3K9me2/3 as well as CenH3 domains
are enriched in the distal arms while active histone marks like H3K36me3 are
enriched in the center (Ahringer & Gasser, 2018; Ho et al., 2014; Steiner & Henikoff,
2014). We do not not see a similar skewed distribution in B. mori. Nevertheless, in
both organisms, "50% of the genome is centromere-permissive (Gassmann et al.,
2012; Senaratne et al., 2020). However, when we compare the centromere domain
sizes, C. elegans centromere domains are “3X smaller than those of B. mori. We
wanted to assess further whether this difference could be correlated to the gene
compaction level in each organism. In other words, are the centromere domains
smaller in C. elegans simply due to there being less intergenic spaces (i.e. low-
nucleosome turnover regions) to which CenH3 could localize to as a result of higher
gene density? To test this, we mapped previously published C. elegans CenH3-
specific genomic sequences from ChIP-seq experiments (Steiner & Henikoff, 2014) to
the C. elegans genome and after a series of bioinformatic steps to annotate CenH3-
enriched “domains”, we calculated the enrichment of centromere domains in B. mori
over C. elegans as a fraction of the domain size (Figure 6). Indeed, this revealed that
the B. mori genome is overall enriched for larger centromere domains while the C.
elegans genome is enriched for smaller centromere domains. This comparison gave us
a different vantage point to reaffirm that the cues defining holocentromeres are
directly linked to chromatin landscape, where larger inter-gene spaces could leave
ample space with low chromatin dynamics along which continuous, that is, longer
centromere domains can stably form.

Table: Genome and centromere statistics for C. elegans and B. mori

C. elegans B. mori
Genome size 100 mb 460 mb
n=6; 5 autosomes +1X (males) |n=28 + 668 unplaced
(C. elegans Sequencing | scaffolds
Consortium 1998) (Kawamoto et al., 2019)
# annotated protein coding 720 000 ~16 000
genes (Wormbase) (Kawamoto et al., 2019)
Gene density per 100 kb 20 (extrapolated from C. |3 (Ahola et al., 2014)
elegans Sequencing Consortium
1998.
% genes: % intergenes 53: 47 36: 64
(Wikipedia) (Senaratne et al., 2020)
Mean exon length (kb) 147 353

43




(Suetsugu et al., 2013)

Mean intron length (kb) 410 1904
(Suetsugu et al., 2013)
% TEs in genome "12 "38

(Suetsugu et al., 2013) (Kawamoto et al., 2019)
% total repeats in genome ~20% "46%

(Ahringer & Gasser, 2018) | (Kawamoto et al., 2019)
# coverage by centromere 47 % (total) 54 % (median)
domains (Gassmann et al., 2012) (Senaratne et al., 2020)
Median size of centromere 10-12 kb 36 kb

domains (Gassmann et al., 2012) (Senaratne et al., 2020)
“Figure 6: Enrichment of centromere domains sizes in B. mori over C. elegans
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Finally, it will be useful to combine available centromere profiles for both organisms
with additional datasets from techniques like ATAC-seq (Assay for Transposase-
Accessible Chromatin using sequencing) (Buenrostro et al., 2015) and CATCH-IT
(Covalent Attachment of Tagged Histones to Capture and Identify Turnover) (Deal et
al., 2010), which directly measure chromatin accessibility and nucleosome turnover,
respectively and facilitate direct visualization of the link between centromere profiles

and chromatin activity.
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Evolutionary establishment of holocentric
chromosomes in insects

The findings of our study further allow us to propose a molecular mechanism
underlying the mono- to holocentric transition in Lepidoptera and possibly other
holocentric insects. Ancestral insects were monocentric and CenH3-dependent
(Drinnenberg et al., 2014; Melters et al.,, 2012). CenH3 in ancestral monocentric
insects might have self-propagated centromere identity at a restricted locus where it
nucleated kinetochore assembly, resembling the monocentromeres in Drosophila
melanogaster and other monocentric organisms (Barnhart et al., 2011; Black et al.,
2004; Carroll et al.,, 2010; Fachinetti et al., 2013; Guse et al., 2011; Karpen &
Allshire, 1997; H. Kato et al., 2013; Logsdon et al., 2015; Mendiburo et al., 2011;
Palladino et al., 2020; Roure et al., 2019; Tachiwana et al., 2015). Alternatively,
centromeres could have been defined by a genetic mechanism (Kasinathan &
Henikoff, 2018). In contrast, in the CenH3-deficient derived state that we
characterize in this study, kinetochore assembly and thus, centromere activity occurs
chromosome-wide, only antagonized by chromatin disruption processes (Figure 5).
Given that CenH3 in insects is essential in monocentric Diptera (M. D. Blower &
Karpen, 2001) and its loss is only found in holocentric lineages (Drinnenberg et al.,
2014), the establishment of this derived holocentric state is likely to have preceded
and subsequently allowed the loss of CenH3. This is also supported by the fact that
some holocentric Hemipteran insects have CenH3 homologs (Cortes-Silva et al.,
2020). These Hemipterans could therefore represent an intermediate form leading to
the establishment of the CenH3-deficient state.

While the molecular function of CenH3 during this possible transition state seen in
some Hemipterans is an open question, two events must have occurred to allow the
progression to a CenH3-deficient state: (i) centromere identity conferred through an
epigenetic loop and/or a genetic component of centromere identity was lost, which led
to the establishment of a holocentric architecture; (ii) kinetochore assembly on DNA
must have become CenH3-independent, perhaps through the replacement of its ability
to attach the kinetochore complex to chromatin by other kinetochore components,
such as CENP-T described in this study. Future studies aiming to characterize the
centromere architecture of additional holocentric insects will give more resolution to
these intermediate events. Furthermore, The fact that meiosis in CenH3-encoding
holocentric C. elegans proceeds in a CenH3-independent manner (Dumont et al.,
2010; Monen et al., 2005), highlights that this organism harnesses the ability to use
alternative (CenH3-independent) modes of chromosome segregation. However,
CenH3 must be retained in C. elegans due to its critical functions at the centromere.
The complex CCAN of holocentric insects mediates CenH3- and CENP-C-
independent kinetochore assembly by employing alternative means to anchor the
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kinetochore (such as via CENP-T) (Cortes-Silva et al., 2020). In contrast, the inner
kinetochores of holocentric nematodes lack the CCAN but contain only CenH3 and its
direct binding partner CENP-C (Buchwitz et al., 1999; Cheeseman, 2004; Moore &
Roth, 2001). Thus, it is possible that CenH3 has a crucial role in C. elegans to allow
CENP-C to anchor and assemble the outer kinetochore at the centromere by way of
the ability of CENP-C to directly interact with CenH3 nucleosomes (Carroll et al.,
2010; Cheeseman, 2004; Desai, 2003; Milks et al., 2009; Przewloka et al., 2011;
Screpanti et al., 2011). Thus, retention of CenH3 in holocentric nematodes could be in
compensation for the absence of CCAN components other than CENP-C that can
anchor and assemble the outer kineotchore- as demonstrated in CCAN-mediated
kinetochore assembly in CenH3-deficient holocentric insects (Cortes-Silva et al.,
2020)) Future studies to characterize the kinetochores of other CenH3-encoding
holocentric organisms will reveal whether other similar cases exist.

A link between holocentromere occurrence and the dosage of CenH3 in independent
holocentric organisms has previously been speculated (Cuacos et al., 2015). Such
speculation derives from several observations: (I) the presence of two CenH3s in C.
elegans -HCP-3 and CPAR-1 (CENP-A related 1) (Monen et al., 2005); (ii) CenH3
being essential for C. elegans mitosis while is dispensable in male meiosis (Monen et
al., 2005); (iii) two CenH3 found in L. nivea- Ln CenH3-A and LnCenH3B, where at
least LnCenH3B is found at centromeres (Moraes et al., 2011); (iv) entire loss of
CenH3 in most holocentric insects (Drinnenberg et al., 2014). Holocentric insects
provide a good experimental system to test such a correlation given the known
existence of Hemipteran species that have lost CenH3 while a few others have
retained it (Cortes-Silva et al., 2020). The few CenH3-encoding Hemipteran species
can be used to the advantage of understanding the gradation of events leading to
holocentromere establishment and CenH3 loss by testing whether their centromeres
are already CenH3-independent in spite of having CenH3. Given that these species
are known to encode other kinetochore components like CENP-T (Cortes-Silva et al.,
2020), in terms of dissecting the transition state, one could profile by ChIP-seq both
CenH3 and CENP-T. The two profiles can be expected to overlap only if they are part
of the same centromere unit. If they do not overlap, it would indicate a path to loss of
CenH3 function at centromeres. On the other hand, dissecting kinetochore assembly
in CenH3-encoding Hemiptera will shed light on the critical components needed for
kinetochore anchoring and assembly. Collectively, these experiments will give insight
into why CenHa3 is retained in some holocentric insects.
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An intrinsic potential to be holocentric?

Lack of conclusive evidence pointing to reversions to the monocentric form in any
eukaryotic lineage is consistent with an advantage over tolerance to DNA damage.
This tolerance has been hypothesized within the context of exposure to clastogenic
environments (Zedek & Bure§, 2018) and in the specific context of nematode
development that is characterized by fixed cell lineages (Pimpinelli & Goday, 1989)
(See Introduction). Nevertheless, the large abundance of monocentric organisms over
holocentric ones suggests that the challenges associated with acquiring this trait could
outweigh its benefits (Mandrioli & Carlo Manicardi, 2012).

Although speculative, theoretically, distinct heterochromatic states found scattered
along the chromosome arms of monocentric metazoans (Ho et al.,, 2014) could
provide a stable scaffold for non-specific anchoring of the kinetochore. However, this
intrinsic potential to support holocentric morphology might be counteracted by the
problems associated with having unrestricted kinetochore activity. One such challenge
is the need to overcome merotely. Typically, the kinetochore of each sister chromatid
of a chromosome interacts specifically with the microtubules emanating from a single
respective spindle pole (and not both). Merotely refers to defects in this bi-polar
attachment, where one kinetochore can attach to microtubules emanating from both
poles. Studies in several monocentric systems to induce relatively subtle changes in
kinetochore size and shape have indeed demonstrated its impacts on maintaining
properly attached microtubules. For example, when mammalian cells are treated with
anti-mitotic drugs such as Nocadazole, this results in deformed kinetochores that
stretch up to around >5 fold and is seen to be accompanied by a drastic increase in
lagging chromosomes and aneuploidy (10% as compared to <1-5% in the wild-type
condition) that underlie merotelically attached sister kinetochores (Cimini et al.,
2001). Thus, intuitively, in holocentric organisms it would seem that the proneness to
merotely would be drastically increased in the presence of naturally stretched
kinetochores. Yet, being holocentric is not described to impart such an elevated risk.
Although it is still unclear what the underlying mechanisms might be, efforts to
understand kinetochore orientation in the holocentric condition have led to bits of
evidence from C. elegans that give some insight to the factors associated with
maintaining stable bi-polar attachment. For example, screening for chromosome
segregation mutants in C. elegans led to the identification of a conserved subunit of
the condensin-2 complex subunit, HCP-6 (holocentric protien 6), that was found to
have critical roles for ensuring the correct alignment, condensation and maintenance
of rigidity of mitotic chromosomes to prevent chromosome twisting and to ensure bi-
polar attachment of sister kinetochores (Stear & Roth, 2002), thus making a clear link
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in how defects in chromosome condensation translates to chromosome mis-
segregation by way of merotely.

Previous studies also in C. elegans revealed that the pattern of condensin 1 & 2 along
holocentric mitotic chromosomes is drastically different from the monocentric form
(Csankovszki et al., 2009). While in the monocentric form condensin 1 & 2 show an
alternating distribution within the core of each sister chromatid arm with an
enrichment of condensin 2 at the centromere, in the holocentric C. elegans, condensin
2 is restricted to the polar surface of sister chromatids where the extended centromere
lies, while condensin 1 is broadly distributed internal to condensin 2 (reviewed by
(Csankovszki et al., 2009). This lends to the idea that a differential distribution of
condensin 1 & 2 between the mono- and holocentric forms may indeed play a role in
shaping the architecture and placement of each chromosome morphology
(Csankovszki et al., 2009). While it is likely that kinetochore orientation is regulated
by similar mechanisms in both mono- and holocentric organisms (Dernburg, 2001), it
would indeed be worthwhile to investigate whether a particular organization of
condensin regulates the propensity to merotely in holocentric organisms using
additional genetically tractable holocentric systems like B. mori, and further, to
compare that to any organism having a large centromere such as the regional
monocentromere of human. One additionally interesting hypothesis regarding the
adaptation of holocentric chromosomes to prevent merotely is that the size of
holocentric chromosomes could be optimal for allowing bi-polar orientation
(Dernburg, 2001). Here, Dernburg pointed out that the size of C. elegans
chromosomes ("14 to 21 mb) lies within the separating distance ("20 mb) at which di-
centromeres of mammalian chromosomes are implied to act in concert such that
dicentric chromosomes could remain mitotically stable (Dernburg, 2001). Thus, this
hypothesis essentially implies that all kinetochores along a holocentric chromatid are
within a distance that allows them to act in concert as a single unit in order to
specifically bind microtubules radiating from a single pole.

Finally, in contrast to the in vivo scenario where the presence of centromere-specific
components like CenH3 would mediate the localization of the kinetochore to a
specified centromere, testing the mitotic potency of extrachromosomal DNA in a
CenH3-independent environment such as in a lepidopteran system, would alleviate a
prior notion of a restriction to form a centromere at a specific site. This can be used to
test the flexibility of a piece of DNA to build an alternative chromatin template that
can be used to then build a centromere. While these studies have been carried out in
holocentric systems in the past (Stinchcomb et al., 1985), where extrachromosomal
DNA arrays in C. elegans are shown to recruit centromeric chromatin and kinetochore
proteins to remain mitotically potent (Wong et al., 2020; Yuen et al., 2011), similar
experiments in a naturally CenH3-deficient holocentric system would have
overarching implications on how centromere regulation is perceived at the very basic
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level across eukaryotes. Ongoing experiments in our lab should shed more light on
this aspect in the future.

49



Methods

50



Lepidopteran cell lines and culture conditions

Cultured silkworm ovary-derived BmN4 (ATCC catalog # CRL-8910; RRID:
CVCL_Z633), BmN4- SID-1(systemic = RNA interference-deficient 1)
(RRID:CVCL_Z091) (I. Kobayashi et al., 2012) and T. ni Hi5 cell lines (Granados et
al., 1986) were maintained in Sf-900 II SFM medium (GIBCO catalog # 10902-088)
supplemented with (BmN4, BmN4-SID-1) or without (Hi5) 10% FBS (fetal bovine
serum) (Eurobio catalog # CVFSVF0001), antibiotic-antimycotic (GIBCO catalog #
15240-062) and 2 mM (millimolar) L-glutamine (GIBCO catalog # 25030-024) at 27
°C (degrees Celsius).

Construction of a stable cell line expressing 3xFLAG-tagged B. mori H3.3

3xFLAG N-terminally tagged H3.3 c (complementary) DNA derived from B. mori
was cloned into pIZV5 plasmid vector (Invitrogen, catalog # V800001) using Kpnl
and Xhol restriction enzymes. To construct the stable BmN4 cell line around 1-5 pg
(micrograms) of plasmid DNA was transfected into 10° BmN4 cells using Cellfectin II
(GIBCO, catalog # 10362100) according to the manufacturer’s instructions and was
selected using 300 pg/ml (micrograms/milliliter) Zeocin (GIBCO, catalog # R25001)
until no viable untransfected cells were observed. Expression of the H3.3 transgene
was confirmed by IF.

Validation of B. mori CENP-T mouse antibody specificity by RNAi

BmN4-SID-1 cells were grown in 24-well plates for 3 days with or without 400 pg/pl
(picograms/microliter) double-stranded RNA targeting CENP-T. At the end of 3 days,
RNAi-treated or WT cells were fixed with 100% ice-cold MeOH (methanol) for 10
min at -20 °C and then processed for IF microscopy.

Preparation of mitotic chromosome spreads

BmN4 cells were grown in 6-well plates and collected by mild centrifugation (300 g
(units of gravity)) at room temperature. Supernatant containing growth medium was
decanted and cell pellet was gently re-suspended in hypotonic buffer (80% water,
20% PBS (phosphate buffered saline)) that was added drop-wise under mild vortex to
the cell pellet. Cells were incubated in hypotonic buffer for 30 min at room
temperature. Swollen cells in hypotonic buffer were then aliquoted into disposable
funnels and cytospun onto coverslips using a Shandon cytospin 3 centrifuge.
Chromosome spreads were un-mounted from cytospin and were fixed immediately
with 4% PFA (paraformaldehyde) for 10 min at room temperature and processed for
IF microscopy.
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IF

Cells fixed in either 100% ice-cold MeOH (stainings in BmN4-SID-1 cells) or 4%
PFA (mitotic chromosome spreads and H3K9me3 stainings in BmIN4 cells and mouse
ES (embryonic stem) cells were permeabilized using 0.3% Triton x-100 in PBS. Cells
were then blocked in 3% BSA (Bovine Serum Albumin)-PBS. Primary antibody
incubations were done in blocking buffer overnight at 4 °C. The following primary
antibodies were used at 1:1000 dilution: anti-CENP-T serum (rabbit or mouse
polyclonal), anti-Dsn1 serum (rabbit polyclonal) generated by Covalab (Villeurbanne,
FR) (Cortes-Silva et al., 2020), and H3K9me3 antibodies: rabbit polyclonal, Abcam,
ab8898 and mouse monoclonal, MBL MABI0318. The next day, cells were washed
three times with 0.3% Triton x- 100 in PBS and were incubated for 1 hour at 4 °C
with secondary antibodies diluted to 1:1000 in blocking buffer. The following
fluorescent-conjugated secondary antibodies were used: goat anti-rabbit IgG
(Immunoglobulin G) Alexa Fluor 488 (Thermo Fisher Scientific, catalog # A-11034,
RRID AB_2576217), goat anti-rabbit IgG Alexa Fluor 568 (Thermo Fisher Scientific,
A-11011, RRID AB_143157), and goat anti-mouse IgG Alexa Fluor 568 (Thermo
Fisher Scientific, catalog # A-11004, RRID AB_2534072). Cells were washed three
times with 0.3% Triton x-100 in PBS and counterstained with DAPI for 3 min at room
temperature (Sigma catalog # D9542) before washing again in 0.3% Triton x-100 in
PBS and mounting samples in Vectashield Antifade Mounting Medium (Vector
Laboratories catalog # H-1000; RRID:AB_2336789).

Microscopy

Images of chromosome spreads and H3K9me3 stainings in mitotic or interphase
BmN4 or mouse ES cells were acquired on a LSM780 confocal microscope. Z stacks
were acquired at 0.1-0.2 pm intervals using the 100X oil objective. Images of BmN4-
SID-1 interphase cells stained for CENP-T in WT or RNAI conditions were acquired
on a Zeiss Axiovert Z1 light microscope. Z stacks were acquired at 0.2 pm intervals
using the 100X oil objective.

Quantification of fluorescence intensity was performed using the Fiji software
(Schindelin et al., 2012) on unprocessed TIFF (Tagged Image File Format) images.
IF signal in interphase BmN4-SID-1 cells stained for either CENP-T or Alexa Fluor
568 were quantified. Nuclei of 10 cells were manually segmented using DAPI signal.
The mean fluorescence intensity of each nucleus was then measured and corrected for
background. For background correction, the average of mean intensities of three
random circular regions of fixed size (10x10 pixels) placed outside the nuclear areas
was determined and subtracted from the CENP-T or Alexa-Fluor-specific IF signal of
each nucleus.
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X-ChIP using in-house protocol

X-ChIP was performed as previously described (Skene & Henikoff, 2015) with the
following modifications. Two confluent T75 flasks (Thermofisher, catalog # 156499)
of BmN4 cells (for CENP-T, Dsnl, RNA Pol II and FLAG ChIPs) or Hi5 cells (for
CENP-T ChIP) were used. Cells were cross-linked in freshly prepared 1% MeOH-
free formaldehyde (Thermofisher catalog # 28906) for 10 min at room temperature.
Cross-linking was quenched by adding glycine to 125 mM for 2 min at room
temperature. Cells were then washed in ice-cold PBS and incubated for 10 min with
150 pl ice-cold lysis buffer (1% SDS (sodium dodecyl sulfate), 10 mM EDTA
(Ethylenediaminetetraacetic acid), 50 mM Tris-Hcl (Tris hydrochloride) pH 8.1) with
cOmplete Protease Inhibitor Cocktail (Roche catalog # 11697498001). To the cell
lysates, 1350 pl ChIP buffer (1% Triton X-100, 150 mM NaCl (Sodium Chloride), 2
mM EDTA, 20 mM Tris-HCI pH 8.1,) with Protease inhibitor cocktail was added
along with 4.5 pl CaCl, (Calcium Chloride) 1 M (molar) (3 mM final) and then pre-
warmed for 2 min at 37 °C. Nuclei were then treated with 1 or 2 units of MNase
(Sigma catalog # N3755-500UN) for 15 min (CENP-T and FLAG ChIPs), 30 min
(CENP-T ChIP), 45 min (CENP-T, Dsnl, RNA Pol II ChIPs) or 60 min (CENP-T
ChIP), respectively at 37 °C. MNase reaction was stopped by adding a mix of 30 pl
EDTA (0.5 M stock) and 60 pl of EGTA (ethylene glycol-bis(f-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (0.5 M stock). Each MNase-treated nuclei sample was then
sonicated using a Covaris E220 sonicator under the following parameters: 150 sec
(WT CENP-T ChIPs in BmN4 cells) or 250 sec (Dsnl, RNA Pol II and 20E CENP-T
ChIPs in BmN4 cells; CENP-T ChIP in Hi5 cells), Duty 10%, Power 75 W (watts),
cycles/burst 200, 7 °C. Sonicated chromatin was centrifuged 3 min at 16000 g and
clear supernatant containing the solubilized chromatin was saved either as input or for
ChIP. Anti-CENP-T serum (rabbit polyclonal), anti-Dsn1 serum (rabbit polyclonal) or
anti RNA Pol II antibody (rabbit polyclonal, Abcam, ab817) diluted in 0.3% Triton X-
100 or 0.02% tween-20 was incubated with Protein A dynabeads (Thermofisher,
catalog # 10001D) for 10 min at room temperature to allow for Protein A-beads-
antibody binding. Antibody-bound beads were washed with ChIP buffer and mixed
with input chromatin. Alternatively, commercial beads-anti-FLAG M2 antibody
(Sigma catalog # M8823; RRID:AB_2637089) was directly added to input chromatin
for control FLAG X-ChIP. All samples were incubated overnight at 4 °C. Chromatin-
bound beads were collected the next day on a magnetic rack and washed with the
following ice-cold buffers: once with low-salt TSE 1 (0.1% SDS, 1% Triton X-100,
150 mM NaCl, 2 mM EDTA, 20 mM Tris-HCI pH 8.1,); four times with high-salt
TSE II (0.1% SDS, 1% Triton X-100, 500 mM NaCl, 2 mM EDTA, 20 mM Tris-HCI
pH 8.1); and three times with 1x TE (Tris-EDTA) buffer. DNA was directly extracted
from chromatin-beads or input by adding DNA extraction buffer (20 mM Tris-HCI pH
8.1, 10 mM EDTA, 5 mM EGTA, 300 mM NaCl, 1% SDS) and incubating at 37 °C
followed by reversing cross-links by addition of proteinase K (Qiagen, catalog #
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19131) and incubation overnight at 65 °C. DNA was isolated with Phenol:
Chloroform extraction and precipitated with NaOAc (Sodium Acetate) and 100%
EtOH (ethanol) in the presence of glycogen. DNA was finally re-suspended in 1x TE
containing RNase (1 pg/pl) and incubated for 15 min at 37 °C. Nucleosome profiles
for Input and ChIP DNA were analyzed using a Agilent bioanalyzer or Agilent 4200
Tapestation with a DNA high sensitivity kit.

X-ChIP using commercial protocol

ChIP and DNA extraction was performed as described in the Diagenode iDeal ChIP-
seq kit for histones (Diagenode, catalog # C01010051/ C01010057) using two
confluent T75 flasks of BmIN4 cells. Chromatin was sheared using a Covaris E220
sonicator. Solubilized chromatin was incubated overnight at 4 °C with the following
antibodies: H3K4me3 (positive control ChIP-seq grade antibody provided in
Diagenode iDeal ChIP-seq kit); H3K9me2 (mouse monoclonal, MBL, MABI0317;
and rabbit polyclonal, Diagenode, C15410060); H3K9me3 (mouse monoclonal, MBL,
MABI0318; and rabbit polyclonal, Abcam, ab8898); H3K27me3 (Rabbit polyclonal,
Cell Signaling Technology, C36B11); and H3K36me3 (rabbit polyclonal, Abcam,
ab9050). Nucleosome profiles for Input and ChIP were analyzed using a Agilent
bioanalyzer or Agilent 4200 Tapestation with a DNA high sensitivity kit.

Native ChIPs

ChIP and DNA extraction were performed as described (Orsi et al., 2015) using two
confluent T75 flasks of BmN4 or Hi5 cells. Solubilized chromatin was incubated
overnight at 4 °C with the following antibodies: H3K27me3 (Rabbit polyclonal, Cell
Signaling Technology, C36B11); H3K36me3 (rabbit polyclonal, Abcam, ab9050);
H3K9me2 (rabbit polyclonal, Activ Motif, AM39753); H3K9me3 (rabbit polyclonal,
Abcam, ab8898); H3 (rabbit polyclonal, Abcam, ab1791); for 3X-FLAG H3.3 ChIPs:
anti-FLAG M2 antibody (mouse monoclonal, Sigma, catalog # F1804; RRID:
AB_262044). Nucleosome profiles for Input and ChIP were analyzed using a Agilent
bioanalyzer or Agilent 4200 Tapestation with a DNA high sensitivity Kkit.

Next-generation sequencing and ChIP-seq data analysis

All steps of Illumina library preparation and sequencing were carried out at the Curie
Institute’s sequencing platform. Adapter trimmed, single-end Illumina reads of 100 bp
length were mapped using Bowtie2 (Langmead & Salzberg, 2012) with default
parameters to the B. mori genome assembly (Kawamoto et al., 2019) downloaded
from Silkbase: http://silkbase.ab.a.u-tokyo.ac.jp, which was modified to extract only
assembled chromosomes 1 to 28 or the T. ni genome (Fu et al., 2018) downloaded
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from the Cabbage Looper Database: https://cabbagelooper.org. After removal of
duplicates using Picard tools (http:/broadinstitute.github.io/picard/), Deeptools
bamCompare function (Ramirez et al., 2016) was used to generate ChIP-seq signal
tracks represented as histograms of the average log2-ratio of RPKM (reads per
kilobase per million mapped reads) -normalized read counts in IP over Input in
genome-wide 1 kb windows that were visualized in IGV (Integretive Genomics
Viewer) (Robinson, 2011). Deeptools multiBigWigSummary function (Ramirez et al.,
2016) was used to compute average log2-ratio of RPKM-normalized read count in IP
over Input in genome-wide 10 kb windows for making scatterplots of the correlation
between different ChIP-seq targets. Scatterplots and Pearson correlation (r)
calculations were done in RStudio (RStudio Team (2016). RStudio: Integrated
Development for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com/) after
filtering out those 10 kb windows with zero mapped reads in both IP and Input.

Annotation of CENP-T domains

CENP-T ChIP-seq signal originally in 1 kb windows was averaged over 2 kb. The
averaged windows with positive scores (log2-ratio>0) within a genomic distance of 5
kb were merged using BEDTools (Quinlan & Hall, 2010). This cut-off for merging
distance was determined so that the likelihood of finding consecutive 1 kb windows
with positive CENP-T signal was significant at p<=0.05. Average CENP-T ChIP-seq
signal was re- computed over the merged coordinates after removing any merged
intervals of size <5 kb. Any merged intervals with overall negative ChIP-seq scores
were further removed. These were defined as positive domains. Negative domains
were similarly annotated using a reciprocal approach where log2 scores <=0 were
considered as negative scores. BEDTools (Quinlan & Hall, 2010) was used to subtract
negative domains from positive domains to extract final CENP-T domains.

Repeat analyses using RepeatMasker

The B. mori genome assembly (chromosomes 1 to 28) and newly-annotated CENP-T
domains were searched using RepeatMasker software version 4.08 and RMBlast
version 2.10.0+ (http://www.repeatmasker.org) with a custom library of consensus
transposon sequences for B. mori (kind gift from the Pillai Lab, University of
Geneva). Simple repeats and low-complexity repeats accounting for <1% of the
genome (Kawamoto et al., 2019) were omitted from the analyses. The percentage of
interspersed repeats in CENP- T domains and genome-wide was calculated as the total
number of base pairs covered by interspersed repeats as a fraction of the total genome
size.
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Repeats analyses using k-mer clustering

k-mer based repeat analysis pipeline from the Straight Lab (Smith et al., 2020):
Single-end Illumina reads (adapter- trimmed, PCR (polymerase chain reaction)
duplicates removed) for CENP-T ChIP-seq and Input were used to generate k-mer
databases for each dataset at k-mer lengths of 10 bp and 25 bp. The abundance of each
k-mer in both datasets was counted and normalized to the total number of bp in that
dataset. K-mers found fewer than 10 times in either dataset were excluded from the
analysis. Normalized k-mer counts in the CENP-T dataset (y-axis) were plotted as a
function of normalized k-mer counts in input (x-axis). Enrichment values for each k-
mer were calculated as the ratio of normalized count in CENP-T dataset over the
normalized count in input dataset. Different enrichment cut-offs were defined
according to the number of median absolute deviations away from the median
enrichment ratio.

Transcriptional profiling

Total RNA was isolated from one confluent T75 flask of BmN4 or Hi5 cells using
Trizol reagent (Invitrogen, catalog # 15596018) following the manufacturer’s
instructions. PolyA-selected RNA-seq libraries were prepared using the Illumina
TruSeq stranded mRNA protocol and sequenced at the Curie Institute’s sequencing
platform. Adapter-trimmed, paired-end reads of 100 bp length were mapped to the B.
mori genome assembly (chromosomes 1 to 28) using STAR (Spliced Transcripts
Alignment to a Reference) version 2.7 (Dobin et al., 2013). The number of mapped
RNA-seq reads in annotated genes (downloaded from SilkBase: http://silkbase.ab.a.u-
tokyo.ac.jp) or in genome-wide 10 kb windows were counted using HTSeq software
(Anders et al., 2015). Read counts were log2 transformed into TPM scores to evaluate
normalized expression levels. 1 kb resolution TPM-normalized RNA-seq coverage
tracks were further generated using Deeptools (Ramirez et al., 2016) BamCoverage
function for visualization in IGV (Robinson, 2011) as histograms.

20E treatment and washout

20E-treated or DMSO-control samples were prepared by growing BmIN4 cells in 5
pg/ml of 20E-hydroxyecdysone (Sigma-Aldrich, H5142) or <1% DMSO for 48 hours,
following which RNA-seq (20E- treated and DMSO-treated) or CENP-T X-ChiP-seq
(20E-treated) was performed. For 20E-washout RNA- seq and ChIP-seq experiments,
cell layers growing for two days in the presence of 20E were softly rinsed with fresh
growth medium thrice to dilute out the hormone without disrupting the monolayer.
Cell layers were then allowed to grow in conditioned growth medium* for a further 5
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days (RNA-seq) or 10 days (ChIP-seq) before harvesting. Cells growing in
conditioned medium were expanded as appropriate by splitting with 50% fresh
growth medium and 50% conditioned medium.
* Conditioned medium was collected from WT BmN4 cells growing for the same
time period as the 20E treatment (2 days). Medium was decanted into a falcon tube
and centrifuged at 1000 g for 10 min to remove any cells in the medium. Supernatant
was filtered twice through a 0.22 pm filter and stored at 4 °C for a maximum of 3
hours until use.

Criteria for identifying differentially-expressed genes from 20E- or DMSO-
treated RNA-seq datasets

Up-regulated genes were defined as those whose expression increased by at least 5-
fold and had minimum expression levels of at least 5 log2 TPM units after 20E
treatment. Down-regulated genes were defined as those whose expression reduced by
at least 5-fold in the 20E-treated condition and had minimum starting expression
levels of at least 5 log2 TPM units in the DMSO control. Functional annotations of B.
mori gene models were a kind gift from M. Kawamoto, University of Tokyo.

Criteria for identifying CENP-T-enriched or-depleted genomic windows

Genomic windows from 20E-treated or -washout datasets with CENP-T level
differences that are equal to or exceed 3 standard deviations subtracted or added to the
mean log2 enrichment score of all bins in the WT were selected. In addition, only
those 10 kb windows with total loss or gain of CENP-T from a previously enriched or
depleted state, respectively, were considered for our analyses.

Identification of orthologous genes

B. mori and T. ni proteome datasets from Silkbase (http://silkbase.ab.a.u-tokyo.ac.jp,
published in (Kawamoto et al., 2019)) and Cabbage Looper Database
(https://cabbagelooper.org, published in (Fu et al.,, 2018) were used. Orthologous
genes were selected as those identified as reciprocal best hits in blastp (protein-protein
basic local alignment search tool) searches (Altschul et al., 1990) of B. mori against T.
ni proteome and vice versa. These analyses revealed 10212 orthologs between the two
organisms. We filtered out any orthologs that had multiple hits in the reciprocal
organism. This left us with a total of 9533 orthologs for differential expression
analyses.
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Criteria for identifying differentially-expressed orthologous genes

Highly expressed genes for either B. mori or T. ni were defined as those that had a
difference in expression level of at least 5 units to which was added (for B. mori) or
subtracted (for T. ni) the median difference in expression of all 9533 orthologs.
Difference in expression was calculated as log2 TPM+1(B. mori — T. ni) for each
gene.

Quantification and statistical analysis

Statistical details of experiments are detailed in the figure legends. Statistical analyses
were performed in RStudio (RStudio Team (2016). RStudio: Integrated Development
for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com/).
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Figure S1: CENP-T localizes to non-repetitive domains during interphase and mitosis

A) X-ChIP-seq profiles are well-correlated across varied MNase conditions. Genome-wide
correlation plot of CENP-T occupancy from replicate X-ChIP-seq profiles generated with 2
units of MNase and 45 min of digestion. Average log2 ratios of IP/Input in genome-wide 10
kb windows were used for plotting and calculating the pearson correlation coefficient (r). B)
Genome-browser snapshot of a representative portion of B. mori chromosome 11 for CENP-T
X-ChlIP-seq at varied MNase conditions, FLAG X-ChIP-seq (negative control), and annotated
genes. Time and concentration of MNase are annotated adjacent to each track. ChIP-seq
signal is represented as the average log2 ratio of IP/Input in genome-wide 1 kb windows. C)
Agarose gel image of nucleosome enrichment profiles for input and CENP-T pull-down at 15
min, 30 min, 45 min, and 60 min of Mnase digestion (2 units), respectively. IPs from
chromatin subject to 30 min and 45min of MNase digestion from the same experiment were
sequenced and resulting X-ChIP-seq profiles are shown above in Figure S1B tracks 2 and 3,
respectively. D) Validation of CENP-T antibody specificity. Representative images of BmN4-
SID-1 mitotic cells in eitherWT condition (top panel) or after three days of RNAi treatment
targeting CENP-T (bottom panel). Cells were stained for DNA (left), pre-validated CENP-T
antibody generated in mouse host used in this study for co-stainings wth Dsn1 (middle) and
CENP-T antibody generated in rabbit host (right) (Cortes-Silva et al., 2020). Scale bar: 5 pm.
E) CENP-T is present in interphase. Quantifications of mean fluorescence intensity of CENP-
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T as compared to control cells stained for secondary Alexa Fluor 568 antibody in BmN4-SID-
1 interphase cells (n=10 cells). Statistical significance was tested using the Wilcoxon-Mann-
Whitney test. Median is indicated with an orange triangle. F) CENP-T domains are non-
repetitive. k-mer plots showing the normalized k-mer counts (green circles) in CENP-T X-
ChIP-seq vs Input datasets for k-mer lengths of 10 bp (left) and 25 bp (right), respectively.
Black, blue, green and red diagonal lines depict increasingly stringent k-mer enrichment ratio
cut-offs.
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Figure S2: Histone mark patterns in B. mori

A) Genome-wide correlation plots of H3K27me3 N-ChIP-seq vs H3K27me3 X-ChIP-seq
(Left); replicates of H3K4me3 X-ChIP-seq (middle); and H3K36me3 N-ChIP-seq vs
H3K36me3 X-ChIP-seq (right). Average log2 ratios of IP/Input in 10 kb windows were used
for plotting and calculating the pearson correlation coefficient (r). B) Genome browser
snapshot of a representative portion of B. mori chromosome 5 for CENP-T X-ChIP-seq,
H3K9me2 N-ChIP-seq, H3K9me2 X-ChIP-seq I and II, H3K9me3 N-ChIP-seq, H3K9me3 X-
ChIP-seq I and II, H3 N-ChIP-seq and annotated genes. The antibody used for each H3K9 IP
is annotated adjacent to the respective track. ChIP-seq signal is represented as the average
log2 ratio of IP/Input in genome-wide 1 kb windows. C) Genome-wide correlation plots of
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H3K9me2 N-ChIP-seq or H3K9me3 N-ChIP-seq vs H3 N-ChIP-seq (top) and vs CENP-T X-
ChIP-seq (bottom). Average log? ratios of IP/Input in 10 kb windows were used for plotting
and calculating the pearson correlation coefficient (r). D) Representative IF microscopy
images of B. mori and mouse interphase cells stained for H3K9me3 (red) and DNA (blue).
The anti-H3K9me3 antibodies that were used are annotated to the right. Chromocenters
constituting H3K9me3-enriched heterochromatin can be seen as intensely DAPI- and
H3K9me3-stained nuclear foci in the mouse cells for both antibodies, whereas homogenous
DAPI staining can be seen for B. mori. Scale bar: 10pm.
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Figure S3: 20E-washout restores transcription and CENP-T occupancy levels.

A) Genome-wide correlation plot comparing the expression levels of annotated genes in 20E-
washout vs DMSO-control. Pre-identified subset of twenty-six differentially-expressed genes
upon 20E treatment are marked as pink and blue circles, respectively. Functions of two up-
regulated genes and one down-regulated that were linked to three cases of differential CENP-
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T occupancy in the 20E-treated condition are annotated in the plot. Log2-transformed TPM is
used to represent expression level per gene and to calculate the pearson correlation coefficient
(r). B) Genome-wide correlation plot comparing CENP-T occupancy in 20E-washout vs WT
conditions in 10 kb windows (grey boxes). Pre-identified 10 kb windows with differential
CENP-T occupancy upon 20E-treatment are marked as red or blue filled boxes, respectively.
Average log?2 ratios of IP/Input in 10 kb windows were used for plotting and calculating the
pearson correlation coefficient (r). C) Boxplot: difference in expression levels between 20E-
washout and DMSO-control in genome-wide 10 kb windows (grey) and in the subset of pre-
identified 10 kb windows with depleted or enriched CENP-T occupancy after 20E treatment
(red and blue, respectively). Difference in expression was calculated for each 10 kb window
by subtracting the log2 TPM score of control from 20E-washout. Statistical significance was
tested using the Kolmogorov-Smirnov test. D) Genome browser snapshots of B. mori
chromosomes for CENP-T X-ChIP-seq (blue) and RNA-seq (orange) surrounding twenty-
three remaining up-regulated genes (annotated) that were identified with user-defined
expression cut-offs. Tracks: CENP-T X-ChIP-seq profiles (blue) and RNA-seq profiles
(orange) for WT (DMSO control for RNA-seq), 20E-treated and 20E-washout. ChIP-seq
signal is represented as the average log2 ratio of IP/Input in genome-wide 1 kb windows.
RNA-seq signal is represented as log2 transformed BPM.
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Figure S4: Centromere specification is conserved among CenH3-lacking Lepidoptera.

A) Genome-browser snapshot of a representative portion of T. ni chromosome 4 for CENP-T
X-ChIP-seq, H3K27me3 N-ChIP-seq, H3K36me3 N-ChIP-seq and annotated genes. ChIP-seq
signal is represented as the average log2 ratio of IP/Input in genome-wide 1 kb windows.
CENP-T ChIP in T. ni was carried out using the same validated CENP-T antibody used for B.
mori ChIPs. B) Genome-wide correlation plots of T. ni CENP-T occupancy and H3K27me3
(left); and H3K36me3 (right). Average log?2 ratios of IP/Input in 10 kb windows were used for
plotting and calculating the Pearson correlation coefficient (r).
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Abstract

Despite their essentiality for chromosome segregation, centromeres are diverse among eukaryotes and
embody two main configurations: mono- and holocentromeres, referring respectively to a localized or
unrestricted distribution of centromeric activity. Previous studies revealed that holocentricity in many
insects coincides with the loss of the otherwise essential centromere component CenH3 (CENP-A),
suggesting a molecular link between the two events. In this study, we leveraged recently-identified
centromere components to map and characterize the centromeres of Bombyx mori. This uncovered a
robust correlation between centromere profiles and regions of low chromatin dynamics. Transcriptional
perturbation experiments showed that low chromatin activity is crucial for centromere formation in B.
mori. Our study points to a novel mechanism of centromere formation that occurs in a manner recessive to
the chromosome-wide chromatin landscape. Based on similar profiles in additional Lepidoptera, we
propose an evolutionarily conserved mechanism that underlies the establishment of holocentromeres

through loss of centromere specificity.

Introduction

The centromere of each chromosome in a eukaryotic cell precisely defines the point of spindle
fiber attachment in order to accurately partition the genome during each cell division. In the first
chronological descriptions of cell division dating back to 1882, Walther Flemming observed that upon

condensation, mitotic salamander chromosomes displayed a single region of narrowed chromatin to which
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spindle fibers physically attached. He termed this region as the primary constriction of a chromosome,
thus representing a single (mono) site of centromeric activity (Flemming, 1882). In 1888, Theodor Boveri
described that the mitotic chromosomes of the roundworm, Ascaris megacephala behaved differently to
what had been described earlier by Flemming. Ascaris chromosomes lacked a primary constriction and
had spindle fibers attached chromosome-wide, thus representing an unrestricted distribution of
centromeric activity (Boveri, 1888). These two observations are the hallmarks of the two most common
centromere architectures that we know of today, which are described as monocentric and holocentric,
respectively.

Most eukaryotes harbor monocentric chromosomes. Monocentromeres range from the simplest
~125 base pair point centromeres of budding yeast (Carbon and Clarke, 1984) to the regional centromeres
found abundantly in mammals and plants that can span up to several megabases in size (McKinley and
Cheeseman, 2016; Muller et al., 2019). Holocentric organisms are also considerably widespread and found
in diverse eukaryotic lineages such as nematodes, arthropods, and flowering plants (Melters et al., 2012).

The selective forces favoring either a mono- or holocentric architecture of chromosomes are
unclear. However, the nested occurrence of holocentricity within larger monocentric groups in the
eukaryotic tree has supported a general consensus that holocentric chromosomes in extant organisms were
derived from monocentric ancestors (Escudero et al., 2016; Melters et al., 2012). The lack of conclusive
evidence pointing to reversions to the monocentric form in any eukaryotic lineage further supports the
unidirectional evolution of holocentricity and suggests it to be a stable trait once adapted. To explain the
evolutionary transition from mono- to holocentric chromosomes, various, often species-specific, models
and evolutionary drivers have been proposed (Malik, 2002; Nagaki et al., 2005; Neumann et al., 2012).
Nevertheless, the underlying mechanism remains an open question.

Studies in a few select organisms have provided details into the molecular architecture of
holocentric chromosomes. Such studies relied on profiling the distribution of the widely conserved
centromere-specific histone H3 variant, CenH3 (first identified as CENP-A in mammals) (Earnshaw and
Rothfield, 1985; Palmer et al., 1991) and have revealed that holocentromere organization can be different
on the molecular level despite their common centromeric configuration. The elaborately described
holocentric model nematode Caenorhabditis elegans has been shown to have low occupancy CenH3
domains spanning transcriptionally-silent chromatin interspersed among discrete, high occupancy CenH3
sites (Gassmann et al., 2012; Steiner and Henikoff, 2014). In contrast, in some holocentric plants, families
of satellites and/or retrotransposons (Haizel et al., 2005; Marques et al., 2015) are found to partially co-
localize with centromeres, although a centromere-specific role for these repeat sequences is unknown.

The presence of holocentric chromosomes has also been reported in several lineages of insects

(Melters et al., 2012; Drinnenberg et al., 2014). Here, in contrast to holocentric nematodes and plants,
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protein homology predictions across mono- and holocentric insect orders revealed that multiple,
independently derived holocentric insects do not possess CenH3 (Drinnenberg et al., 2014). This finding
was unexpected given that the CenH3 protein is essential for chromosome segregation in most other
eukaryotes. Together with its deposition factor HTURP/Scm3 (Dunleavy et al., 2009; Foltz et al., 2009)
(CALT1 in flies (Chen et al., 2014)) and other kinetochore components, CenH3 takes part in a self-
propagating epigenetic loop enabling the replenishment of its replication-dependent dilution at
centromeres over cell divisions (Karpen and Allshire, 1997). With the exception of budding yeast and its
close relatives where centromere location is defined genetically (Carbon and Clarke, 1984, Dujon et al.,
2004; Kobayashi et al., 2015), the participation of CenH3 in this epigenetic loop has been demonstrated in
several monocentric systems including human cells (Barnhart et al., 2011; Black et al., 2004; Carroll et al.,
2010; Fachinetti et al., 2013; Guse et al., 2011; Kato et al., 2013; Logsdon et al., 2015; Tachiwana et al.,
2015) and flies (Mendiburo et al., 2011; Palladino et al., 2020; Roure et al., 2019). Alternatively, a genetic
basis of centromere identity has also been proposed through the recognition of tertiary DNA structures by
the CenH3 incorporation machinery, with the incorporation of CenH3 itself being a by-product of this
process (Kasinathan and Henikoff, 2018). Regardless of an epigenetic or genetic basis of centromere
definition, the centromere-specific function of CenH3 is found to be essential in all organisms tested
(Blower and Karpen, 2001; Buchwitz et al., 1999; Howman et al., 2000; Stoler et al., 1995; Talbert et al.,
2002).

In addition to multiple lineages of holocentric insects, cases of CenH3 loss have also been
reported in trypanosomes (Akiyoshi and Gull, 2014; Talbert et al., 2009) and in an early-diverging fungus
(Hooff et al., 2017; Navarro-Mendoza et al., 2019). Interestingly, the multiple CenH3 gene loss events in
several orders of insects that are notably concomitant with the occurrence of a holocentric architecture of
chromosomes in each case is the first common event to be reported surrounding the loss of CenH3. This
co-occurrence of holocentromeres with CenH3 loss suggests that these insects employ alternative, CenH3-
independent modes of centromere specification that occur genome-wide. Given their monocentric
ancestry, CenH3-deficient insects therefore represent a useful experimental tool to understand the
molecular mechanism that underlies the transition to holocentric architectures in these organisms.

In this study, we aimed to determine how CenH3-deficient holocentromeres are defined in a
representative insect order, Lepidoptera (butterflies and moths). We approached this question using a
combination of imaging, genomics and chromatin perturbation analyses to map and characterize the
centromeres in the silk moth, Bombyx mori. Our findings revealed a link between centromere location and
regions of low chromatin activity along the entire length of B. mori chromosomes. Based on our results,
we propose a model for how the loss of centromere specificity can lead to chromosome-wide

establishment of centromeres that is non-randomly defined by underlying chromatin activity states. Our
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study provides insights into the conditions governing the loss of centromere specifying components such

as CenH3 over evolutionary timescales.

Results

The kinetochore forms a broad localization pattern along B. mori mitotic chromosomes

To understand holocentromere architecture in CenH3-deficient insects, we used a cell line derived from
our representative insect model system, B. mori. We targeted one previously identified centromere-
proximal component of the B. mori kinetochore, CENP-T (Cortes-Silva et al., 2020) to visualize its
localization pattern on mitotic B. mori chromosome spreads by immunofluorescence (IF) microscopy
using a custom-made antibody (Cortes-Silva et al., 2020). We observed that the CENP-T-specific IF
signal formed broad localization patterns along the polar length of sister chromatids (Figure 1A), a pattern
reminiscent to kinetochore staining in other holocentric organisms (Buchwitz et al., 1999). While CENP-T
is an inner kinetochore component that binds directly to DNA as shown in vertebrates (Hori et al., 2008),
the centromere-distal outer kinetochore components bridge centromeric DNA to the spindle apparatus,
thus serving as a proxy for potential sites of spindle fiber attachment (Musacchio and Desai, 2017). To test
whether the broad localization pattern we observed for CENP-T corresponds also to sites of outer
kinetochore assembly, we co-stained our chromosome spreads with another custom-made antibody
specific for the outer kinetochore component Dsnl (Cortes-Silva et al., 2020). We found that the CENP-T
and Dsnl immunosignals co-localize with one another (Figure 1B), demonstrating that diffuse regions
along the poleward surface of B. mori sister chromatids represent potential sites driving chromosome
segregation during mitosis. These stainings are the first visualizations of kinetochore components along B.
mori chromosomes, thereby building on previous cytological data (Murakami and Imai, 1974) and

confirming that B. mori chromosomes are holocentric.

Half of the B. mori genome is permissive for kinetochore assembly

We proceeded to perform chromatin immunoprecipitation followed by sequencing (ChIP-seq)
experiments targeting CENP-T in unsynchronized B. mori cell populations in order to obtain genomic
resolution maps of CENP-T’s distribution on chromatin. These analyses revealed broad regions of CENP-
T enrichment (Figure 1C) with maximum enrichment scores of about 2-fold (log2) over input, indicating
an extensive, yet low level of CENP-T localization along chromosomes. This pattern was highly
reproducible across replicates (Figure S1A and S1B). Given that the ChIP-seq libraries were prepared
from asynchronous cell populations containing ~ 2% mitotic cells (Cortes-Silva et al., 2020) and that the

B. mori CENP-T, as the vertebrate CENP-T homologs (Hori et al., 2008) also localizes to chromatin
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during interphase (Figure S1E), CENP-T interphasic localization likely contributes to the majority of its
enrichment signal.

To evaluate the extent to which CENP-T-enriched sites identified by ChIP-seq are functional
kinetochore assembly sites to drive chromosome segregation during mitosis, we performed ChIP-seq to
map the genome-wide distribution pattern of Dsnl. As other outer kinetochore components, Dsn1 is found
on centromeric chromatin only during mitosis (Musacchio and Desai, 2017). Analogous to our co-
stainings of CENP-T and Dsn1 on mitotic chromosome spreads, the ChIP-seq profile of Dsnl also
correlated well with that of CENP-T (» = 0.8) (Figure 1C, G).

To better characterize CENP-T-binding patterns, we used a custom domain-calling pipeline to
annotate CENP-T domains. This method revealed that CENP-T domains show no obvious clustering
towards the center or telomeric regions of chromosomes (Figure 1D); are of variable size (median size =
36 kb); and have a genome-wide median coverage of 54% (Figure 1E). Considering that CENP-T
coverage is quantified for CENP-T ChIP-seq signal from a cell population, this number reflects the
average CENP-T coverage for that population. Thus, while approximately half of the genome is CENP-T-
permissive, it is possible that from one cell to the next, CENP-T occupies only a fraction of permissive
sites.

Next, we analyzed the distribution of repeat sequences underlying CENP-T sites. Approximately
47% of the B. mori genome is comprised of repetitive DNA sequences, with around 97% of these repeats
being Class I and Class II transposable elements (Kawamoto et al., 2019). To determine if CENP-T
domains preferentially occur in these repetitive elements, we first intersected our annotated CENP-T
domain coordinates with a database of consensus transposon sequences for B. mori (kind gift from the
Pillai Lab, University of Geneva). This approach revealed that the proportion of transposon sequences
underlying CENP-T domains is not significantly different to that in the rest of the genome (Figure 1F).
Second, as a complementary approach, we searched de novo for any centromere-enriched repeats as
described (Smith et al., 2020). Consistent with the first approach, these analyses also revealed that CENP-
T-permissive sites in the B. mori genome are not enriched for repetitive DNA sequences (Figure S1F).
Additionally, intersecting the CENP-T domain coordinates with B. mori gene annotations (obtained from
SilkBase: http://silkbase.ab.a.u-tokyo.ac.jp) revealed that CENP-T domains are relatively depleted in
genes (Figure 1F). Collectively, these results led us to conclude that B. mori centromeres are organized as

broad domains that are composed of complex DNA and depleted from gene bodies.

Kinetochore attachment sites in B. mori are anti-correlated with actively transcribed chromatin

Given the broad distribution pattern and absence of any consensus sequence underlying CENP-T

sites, it is unlikely that centromeres along B. mori chromosomes are defined by a specific DNA sequence.
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Our use of genomics approaches to profile the underlying chromatin environment instead revealed several
correlations of the distribution of CENP-T with respect to chromatin marks governing transcriptional
status. We found a positive correlation between the distributions of CENP-T and tri-methylated Lysine 27
on histone H3 (H3K27me3) (»= 0.6) (Figure 2A, B), a histone mark that is typically associated with
transcriptionally-silent heterochromatin (Kouzarides, 2007). Conversely, we found a negative correlation
in the distributions of CENP-T and two histone marks that are associated with a transcriptionally-active
chromatin state (Kouzarides, 2007): (i) tri-methylated Lysine 4 on histone H3 (H3K4me3) (» = -0.2), and
(i1) tri-methylated Lysine 36 on histone H3 (H3K36me3) (» =-0.6) (Figure 2A, B). We also profiled the
distribution of di-and tri-methylated Lysine 9 on histone H3 (H3K9me2 and H3K9me3, respectively), two
histone marks that are typically associated with transcriptionally silent heterochromatin (Kouzarides,
2007). However, the resulting ChIP-seq profiles generated using multiple different antibodies and ChIP
protocols for H3K9me?2/3 were very similar to a histone H3 ChIP-seq profile (» = 0.8 for H3K9me2 vs H3;
and r = 0.7 for H3K9me3 vs H3, respectively) (Figure S2B, C). This offered us limited confidence in the
observed patterns of H3K9me?2/3 in our cell line. However, as opposed to the H3K9me3-enriched
heterochromatin blocks found at the pericentromeres of monocentric organisms (Sullivan and Karpen,
2004), a lack of such regions was observed in our B. mori cell line as evident in the absence of any
chromocenters in interphase nuclei (Figure S2D).

We additionally generated mRNA-seq data for our cell line in order to assess the expression levels
at B. mori kinetochore attachment sites. We found that mapped transcripts negatively correlated with
CENP-T domains (Figure 2A). Additionally, annotated genes that did fall completely within CENP-T
domains had significantly lower expression levels (median = 0.06 normalized expression units) compared
to the genome-wide average (median = 1.53 normalized expression units) (Figure 2C). To account for
transcripts mapping to non-annotated genes, we also looked at the expression levels across the entire
genome. As with the gene-level analysis, we found that genomic regions that are enriched for CENP-T
have significantly lower expression values (median = 0.2 normalized expression units) than CENP-T-
depleted regions (median = 3.06 normalized expression units) (Figure 2C). Consistent with our ChIP-seq
profiles for histone marks and our mRNA-seq profiles, the ChIP-seq profile of RNA Polymerase II (RNA
Pol II) also revealed a negative correlation with CENP-T throughout the genome (» = -0.64) (Figure 2A,
B). Finally, we also profiled epitope-tagged histone H3.3 driven under a constitutive promoter as a
measure of nucleosome turnover (Kraushaar et al., 2013). Compared to our RNA Pol II and active histone
mark profiles, we found that the H3.3 profile shows the strongest anti-correlation with CENP-T (r = -0.76)
(Figure 2A, B). Thus, our results indicate that centromeres are excluded from genomic regions undergoing
active nucleosome turnover, driven by transcription or other chromatin remodeling processes (Figure 2A,

B).
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Hormone—induced perturbations of gene expression result in proximal CENP-T loss or gain

To test our hypothesis that there is a causal link between B. mori centromere location and
chromatin activity, we used an approach that allowed us to study the effects of induced transcriptional
changes on CENP-T localization patterns. In insects, the ecdysone hormone response is a well-defined
transcriptional response leading to the systematic activation or repression of a subset of specific genes
involved in metamorphoses and development (Yamanaka et al., 2013).

We treated asynchronous B. mori cells with 20-Hydroxyecdysone (20E) for 48 hours and carried
out mRNA-seq to determine whether our cell line had an effective transcriptional response (Figure 3A).
Indeed, we found that while the expression pattern in annotated genes remained overall well-correlated
before and after 20E treatment (r = 0.99), several genes showed differential expression upon treatment (as
indicated by clusters forming away from the diagonal in the +/- 20E correlation scatterplot; Figure 3B). To
identify a subset of differentially expressed genes for further analyses, we applied cut-offs in expression
level to define up- and down-regulated genes (See Methods). Among a subset of twenty-six up-regulated
genes, we found known 20E-responsive genes including orphan nuclear receptor genes (Yamanaka et al.,
2013) (Figure 3B). We also identified one down-regulated gene that corresponded to a 20E-hydroxylase
(Figure 3B). The functional annotations of these genes furthered our confidence in the specificity of the
20E response in our cell line.

Having confirmation of a visible change in expression, we next profiled CENP-T occupancy
under the same conditions (Figure 3A). To identify any changes in CENP-T localization, we compared
CENP-T enrichment patterns across genome-wide 10 kb windows between treated and untreated
conditions. Consistent with the largely unaltered transcriptome in annotated genes (Figure 3B) and 10 kb
windows (Figure 3D), global CENP-T occupancy levels were also well-correlated in treated and untreated
conditions (r = 0,9) (Figure 3C). Nevertheless, we were able to identify specific loci with altered CENP-T
levels after treatment (Figure 3C). Comparing mRNA expression levels in genomic regions showing lost
or gained CENP-T binding after 20E treatment revealed that CENP-T depleted regions showed elevated
expression while CENP-T enriched regions showed decreased levels of expression (Figure 3D). This is
consistent with our above findings that CENP-T binding is more robust in transcriptionally silent regions.

Next, we zoomed in on each of the individual loci that lost or gained CENP-T after treatment in
order to further interpret each CENP-T loss or gain event with respect to the broader chromosomal
environment. We found that the most pronounced cases of CENP-T loss (representing 17 out of 48 CENP-
T-depleted 10 kb genomic windows) were in fact in the proximity of two up-regulated genes. These loci
corresponded to large consecutive regions of CENP-T loss after 20E treatment on chromosomes 10 and 15
where in each case, the losses were just upstream of the genes encoding for a 20E-specific nuclear

receptor protein (Figure 3E). On the other hand, when we zoomed in on a genomic region on chromosome
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7 that gained CENP-T after 20E treatment, we observed the opposite scenario, where the gain in CENP-T
was in close proximity to a down-regulated 20E-hydroxylase gene (Figure 3E). While we cannot explain
all of the observed changes in CENP-T occupancy after 20E treatment, the above described examples of
CENP-T gain or loss near genes with altered expression allowed us to partially link CENP-T localization
patterns to changes in transcriptional activity. The fact that altered CENP-T occupancy did not necessarily
co-localize with the altered transcriptional output, but rather extended to large upstream regions,
reinforces our hypothesis that changes of the chromatin landscape such as nucleosome eviction or
reassembly in gene bodies, promoter or enhancer regions of up- or down-regulated genes interfere with or
enable CENP-T localization, respectively.

In order to further evaluate whether it is a change in chromatin dynamics in the proximity of
differential-regulated genes that underlies the changes in CENP-T occupancy, we allowed the
transcriptional program to reset over the course of 5 days upon removal of the 20E hormone from the
media (Figure 3A). Analyses of gene expression levels in the hormone-washout sample revealed that the
previously identified subset of induced genes was mostly restored to expression levels similar to that of
the control gene subset (Figure S3A). To evaluate the effects of restored gene expression on CENP-T
localization, we once again profiled CENP-T occupancy 10 days following hormone-washout (Figure
3A). We found that upon 20E-washout, the prominent CENP-T losses on chromosomes 10 and 15 were
recovered to levels similar to wild-type profiles (Figure 3E). The recovered events of previous CENP-T
loss extended upstream of the now repressed mRNA output, once again indicating a link between
chromatin activity/status and CENP-T deposition. The CENP-T gain upon 20E-treatment that was
proximal to the down-regulated 20E-hydroxylase gene on chromosome 7 did not completely recover,
which could be explained by incomplete restoration of expression of this gene (Figure 3E). In addition to
these individual cases, similar levels of recovery following 20E-washout were observed genome-wide for
regions with differential CENP-T occupancy (Figure S3B) along with comparable expression levels across
all genomic windows (Figure S3C).

Taken together, our results support the hypothesis that the dynamics of the chromatin landscape
determined by promoter activation or Pol II passage govern CENP-T occupancy such that CENP-T is
removed from active chromatin. The complete loss of CENP-T upon promoter and gene activation also
shows that no immediate recycling mechanism exists to restore CENP-T levels in those regions. Finally,
the recovery of CENP-T localization upon 20E washout indicates that restoring low chromatin dynamics

is sufficient for centromere formation.
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Differentially expressed orthologous genes in Lepidoptera show opposite patterns of CENP-T

localization

Given that the same chromosomal locus could be made permissive or repressive to CENP-T by
merely changing the underlying chromatin activity status, we reasoned that such opposite patterns of
CENP-T enrichment should be readily observable in an experimentally unperturbed setting, for example,
on a gene that naturally varies in expression levels. To address this possibility, we turned to a close
lepidopteran relative of B. mori, the cabbage looper Trichoplusia ni. We hypothesized that differentially-
expressed orthologous genes between these two species provide a natural template of varying expression
levels at orthologous loci to which we can correlate CENP-T occupancy levels (Figure 4A).

To first evaluate whether centromeres in 7. ni are defined in a similar way to B. mori, we profiled
CENP-T in an unsynchronized germ cell line derived from 7. ni (Granados et al., 1986). We found that the
distribution of 7. ni CENP-T ChIP-seq signal resembled that of B. mori, wherein CENP-T localized to
broad chromosomal regions (Figure S4A). Next, we did ChIP-seq profiling of the histone marks
H3K27me3 and H3K36me3 in our 7. ni cell line, which we used as markers of transcriptionally-repressed
and -active chromatin, respectively. Similar to B. mori, in T. ni, the genome-wide distribution of CENP-T
was positively and negatively correlated with H3K27me3 (» = 0.5) and H3K36me3 (r = -0.5), respectively
(Figure S4A, B) and showed a negative correlation to mapped mRNA transcripts (Figure S4A). Thus, we
concluded that the CENP-T localization in 7.ni is correlated with silent chromatin similar to what is seen
in B. mori.

We then reciprocally searched the B. mori and T. ni proteomes with one another to select a set of
encoding orthologous genes. This revealed > 9500 orthologs to which we applied a fold-change and cut-
offs in expression to select a subset of differentially-expressed genes for each species (See Methods).
Accordingly, we selected 115 genes that are expressed in B. mori (and low in 7. ni) and 110 genes that are
expressed in 7. ni (and low in B. mori) (Figure 4B). We then quantified the average CENP-T ChIP-seq
scores for B. mori and T. ni over both sets of genes. In line with our previous observations, we found that
CENP-T ChIP-seq signal was depleted over those genes that are expressed in B. mori, while CENP-T
ChlIP-seq signal was enriched over the corresponding lowly expressed orthologs of 7. ni (Figure 4C). In a
similar manner, we observed that CENP-T ChIP-seq signal was enriched over those genes that are lowly
expressed in B. mori, while CENP-T ChIP-seq signal was depleted over the corresponding expressed
orthologs of T.ni. We have thus demonstrated that across orthologous genes, CENP-T occupancy is
significantly different only in those cases where there is differential expression, further supporting our

hypothesis linking centromere formation to the underlying chromatin activity status.
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Discussion

In this study, we characterized the CenH3-deficient holocentromere architecture of Lepidoptera,
which allowed us to make an important link between their chromatin landscape and centromere
distribution. Our use of a perturbation system to show that this landscape is critical for creating
centromere-permissive or -dismissive environments along lepidopteran chromosomes provides insights
into a new mode of centromere definition independent of CenH3.

More precisely, we identified recurrent patterns of negative correlations between the genome-wide
distribution of CENP-T and factors associated with high nucleosome turnover including RNA Pol II and
H3.3. We propose that lepidopteran centromere formation does not depend on an active recruitment
process involving a centromere-specific epigenetic or genetic factor. Instead, kinetochores can assemble
non-specifically and anywhere along the chromosomes where nucleosome turnover is low. Changes in
gene expression and thus the chromatin landscape can thereafter disrupt kinetochore attachment leading to
its complete loss due to the absence of an active recycling mechanism. The CENP-T profile that we thus
measure corresponds to attached kinetochores that could persist over the cell cycle. This is different to the
dynamics of H3.3 during transcription for instance, where a combination between new H3.3 deposition
and recycling of pre-existing H3.3 coordinated by the HIRA complex enables the maintenance of the
epigenetic information at that locus (Torné et al., 2019). In contrast, the presence of the lepidopteran
kinetochore is not memorized and can change from cell cycle to cell cycle dependent on the chromosome-
wide chromatin landscape (Figure 4D).

The organization and inheritance of the Lepidopteran holocentromere might be conceptually
similar to the CenH3-encoding holocentromere in C. elegans. It has been proposed that actively
transcribed chromosomal domains are refractory to CenH3 incorporation in C. elegans late-stage embryos
likely due to elevated nucleosome turnover in those regions (Gassmann et al., 2012; Steiner and HenikofT,
2014). Instead, CenH3 nucleosomes can stably remain over chromosomal domains with low levels of
RNA Pol II occupancy. Given the observation that C. elegans CenH3 was completely turned-over at each
cell cycle and discontinued in the germline, the authors further proposed that CenH3 might not propagate
centromere identity in this organism (Gassmann et al., 2012). The ubiquitous negative relationship
between active chromatin and centromeres throughout the genomes of CenH3-deficient Lepidoptera
closely resembles that of C. elegans. That is, based on our chromatin-perturbation experiments, we can
conclude that the induction of transcriptional activity or chromatin remodeling is sufficient to induce
complete dissociation of CENP-T (Figure 3). In turn, CENP-T can accumulate de novo in regions without
requiring pre-existing CENP-T as cues (Figure 3). The potential similarities in centromere regulation in
the absence or presence of CenH3 highlight the relevance of chromatin dynamics for holocentromere

organization across species.
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Evolutionary establishment of chromosomes with holocentric architecture in insects

The findings of this study allow us to propose a molecular mechanism underlying the mono- to
holocentric transition in Lepidoptera and possibly other holocentric insects. Ancestral insects were
monocentric and CenH3-dependent (Drinnenberg et al., 2014; Melters et al., 2012). CenH3 in ancestral
monocentric insects might have self-propagated centromere identity at a restricted locus where it
nucleated kinetochore assembly, resembling centromeres in Drosophila melanogaster and other
monocentric organisms (Barnhart et al., 2011; Black et al., 2004; Carroll et al., 2010; Fachinetti et al.,
2013; Guse et al., 2011; Karpen and Allshire, 1997; Kato et al., 2013; Logsdon et al., 2015; Mendiburo et
al., 2011; Palladino et al., 2020; Roure et al., 2019; Tachiwana et al., 2015). Alternatively, centromeres
could have been defined by a genetic mechanism (Kasinathan and Henikoff, 2018). In contrast, in the
CenH3-deficient derived state that we characterize in this study, kinetochore assembly and thus,
centromere activity occurs chromosome-wide, only antagonized by chromatin disruption processes
(Figure 4D). Given that CenH3 in insects is essential in monocentric Diptera (Blower and Karpen, 2001)
and its loss is only found in holocentric lineages (Drinnenberg et al., 2014), the establishment of this
derived holocentric state is likely to have preceded and subsequently allowed the loss of CenH3. This is
also supported by the fact that some holocentric Hemipteran insects have CenH3 homologs (Cortes-Silva
et al., 2020). These Hemipterans could therefore represent an intermediate form leading to the
establishment of the CenH3-deficient state.

While the molecular function of CenH3 during this possible transition state is an open question,
two events must have occurred to allow the progression to a CenH3-deficient state: (i) centromere identity
either conferred through an epigenetic feedback loop or through a genetic definition of centromere identity
was lost, which led to the establishment of a holocentric architecture; (ii) kinetochore assembly on DNA
must have become CenH3-independent, perhaps through the replacement of its ability to attach the
kinetochore complex to chromatin by other kinetochore components. Future studies aiming to characterize
the centromere architecture of additional holocentric insects will give more resolution to these
intermediate events.

It is plausible that C. elegans and other holocentric nematodes that encode CenH3 may resemble
this transitional stage of centromere organization. Compared to the complex CCAN of holocentric insects
that mediates CenH3- and CENP-C-independent kinetochore assembly (Cortes-Silva et al., 2020), the
inner kinetochores of nematodes lack CCAN but contain CenH3 and its direct binding partner CENP-C
(Buchwitz et al., 1999; Cheeseman, 2004; Moore and Roth, 2001) explaining their critical roles for
kinetochore attachment and outer kinetochore assembly (Carroll et al., 2010; Oegema et al., 2001;

Cheeseman, 2004; Desai, 2003; Milks et al., 2009; Przewloka et al., 2011; Screpanti et al., 2011).
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Figure legends

Figure 1: Kinetochore localization patterns in B. mori.

A) Representative IF image of B. mori DAPI-stained mitotic chromosomes (blue) showing broadly-
distributed immunosignal patterns of CENP-T (green). Scale bar: Spum B) Representative IF image of B.
mori DAPI-stained mitotic chromosomes (blue) showing the immunosignal patterns of CENP-T (red) and
Dsnl (green). Co-localization of CENP-T and Dsn1 signals can be distinguished as yellow foci in the
overlay. Scale bar: 5 um. C) Genome-browser snapshot of a representative portion of B.mori
chromosome 1 for CENP-T X-ChIP-seq, CENP-T domains, Dsnl X-ChIP-seq and annotated genes. ChIP-
seq signals are represented as histograms of the average log2 ratio of IP/Input in genome-wide 1 kb
windows. D) Size-scaled schematics of 28 B. mori chromosomes showing the distribution of CENP-T
domains (dark blue segments). E) Features of CENP-T domains: boxplots showing the sizes (left) and the
genome coverage in percent by CENP-T domains (right). F) Genomic features underlying CENP-T
domains: barplots showing the fraction in percent of annotated interspersed repeats within CENP-T
domains (dark grey) and genome-wide (light grey) (left); and the fraction in percent of annotated genes
within CENP-T domains (dark grey) and genome-wide (light grey) (right). G) Genome-wide correlation
plot of CENP-T and Dsnl occupancy. Average log2 ratios of IP/Input in 10 kb windows were used for

plotting and calculating the pearson correlation coefficient (#) indicated on the top-left corner.

Figure 2: B. mori kinetochore attachment sites are anti-correlated with actively transcribed
chromatin and nucleosome turnover.

A) Genome-browser snapshot of a representative portion of B. mori chromosome 1 for CENP-T X-ChlIP-
seq, CENP-T domains, H3K27me3 N-ChIP-seq, H3K4me3 X-ChIP-seq, H3K36me3 N-ChIP-seq, H3.3-
3X-FLAG N-ChIP-seq, RNA Pol II X-Chlp-seq, mRNA-seq and annotated genes. ChIP-seq signals are
represented as histograms of the average log2 ratio of IP/Input in genome-wide 1 kb windows. mRNAseq
signal is represented as a histogram of log2 normalized counts per million mapped bins (BPM). B)
Genome-wide correlation plots comparing the occupancy of CENP-T and H3K27me3, H3K4me3,
H3K36me3, H3.3-3X-FLAG and RNA Pol II. Average log?2 ratios of IP/Input in 10 kb windows were
used for plotting and calculating the pearson correlation coefficient (») indicated on the top-right corner of
each plot. Comparisons between N-ChIP-seq and X-ChIP-seq or X-ChIP-seq replicates for the histone
marks are shown in Figure S2A. C) Top: boxplot showing the expression levels in genome-wide 10 kb
windows that are CENP-T-enriched (dark blue) or CENP-T-depleted (light purple), and bottom: boxplot
showing the expression levels in annotated genes that are 100% within CENP-T domains (dark blue) as
compared to annotated genes genome-wide (grey). Expression levels are represented as the log2

normalized transcripts per million mapped reads (TPM). Statistical significance was tested using the
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Kolmogorov-Smirnov test.

Figure 3: Hormone—induced perturbations of gene expression result in proximal CENP-T loss or
gain.

A) Schematic summarizing the steps of 20E treatment and 20E washout in BmN4 cells. B) Genome-wide
correlation plot comparing the expression levels of annotated genes (grey circles) in 20E-treated vs control
(DMSO-treated) conditions. The subset of twenty-six differentially-expressed genes with user-defined
expression cut-offs is highlighted (pink and blue circles, respectively). Functions of two up-regulated
genes and one down-regulated gene that could be linked to three cases of differential CENP-T occupancy
in the 20E-treated condition are annotated in the plot. Log2-transformed transcripts per million mapped
reads (TPM) are used to represent expression level per gene and to calculate the pearson correlation
coefficient () indicated on the top-left corner. C) Genome-wide correlation plot comparing CENP-T
occupancy before (WT) and after 20E treatment in 10 kb windows (grey boxes). 10 kb windows with
differential CENP-T occupancy with user defined enrichment cut-offs are demarcated (red or blue boxes,
respectively). Average log2 ratio of IP/Input in 10 kb windows were used for plotting and for calculating
the pearson correlation coefficient (») indicated on the top-left corner. Only those 10 kb windows with
total loss or total gain of CENP-T after 20E treatment from a previously enriched or depleted state,
respectively were considered for our analyses. D) Boxplot: difference in expression levels between 20E
treatment and control in genome-wide 10 kb windows (grey) and the subset of 10 kb windows with
depleted or enriched CENP-T occupancy (red and blue, respectively). Difference in expression was
calculated by subtracting the log2 TPM scores of control from 20E-treated for each 10 kb window.
Statistical significance was tested using the Kolmogorov-Smirnov test. E) Genome-browser snapshots of
B. mori chromosomes showing two cases of CENP-T loss (left & middle) and one case of CENP-T gain
(right) that could be linked to proximal changes in gene expression. Tracks are shown for CENP-T X-
ChlIP-seq profiles (blue) for WT, 20E-treated and 20E-washout conditions and RNA-seq profiles (orange)
for control, 20E-treated and 20E-washout conditions. Pre-identified 10 kb windows with differential
CENP-T occupancy (grey boxes) were found to fall consecutively within these regions. The three
differentially-expressed 20E-specific genes lying upstream of these regions are highlighted with a red box
in the gene track. Gene direction is marked with a black arrowhead. ChIP-seq signal is represented as the
log2 ratio of IP/Input in genome-wide 1 kb windows. RNA-seq signal is represented as log2 normalized
counts per million mapped bins (BPM). Genome-browser snapshots showing CENP-T occupancy around

the remaining twenty-three pre-identified differentially-expressed genes are shown in Figure S3D.
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Figure 4: Differentially expressed orthologous genes in Lepidoptera show opposite patterns of
CENP-T localization.

A) Schematic summarizing the concept to identify a link between CENP-T occupancy and transcriptional
activity by using naturally differentially-expressed orthologous genes of B. mori and T. ni as a template.
B) Correlation plot showing the expression level of orthologous genes in B. mori and T. ni. Genes with
similar expression levels (gray circles) and those corresponding to the subsets of the most highly
expressed genes that were identified in each species which are silent in the corresponding species (purple
or green circles) are indicated. Expression level per gene is represented as the log2-transformed number of
transcripts per million mapped reads (TPM) score and was used to calculate the pearson correlation
coefficient (r) indicated on the bottom-right corner. C) Boxplot: difference in CENP-T occupancy across
all orthologs (gray) and across the subset of highly expressed genes of B. mori and T. ni (purple and green,
respectively). Difference in CENP-T occupancy per gene was calculated by subtracting the average log2
IP/Input scores for CENP-T ChIP-seq in B. mori from that of 7. ni. Statistical significance was tested
using the Kolmogorov-Smirnov test. D) Model for the architecture of CenH3-deficient holocentromeres in
insects. Kinetochores bind chromosome-wide due to lack of centromere specificity. Binding is opposed
only by high nucleosome turnover. Any changes to the chromatin landscape that result in alterations to

the nucleosome turnover profile will also alter kinetochore attachments toward more stable regions. This
kinetochore binding profile is not epigenetically inherited from one cell cycle to the next, therefore

resulting in different kinetochore binding patterns for every different nucleosome turnover profile.
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All that is old does not wither: Conservation of outer
kinetochore proteins across all eukaryotes?
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The kinetochore drives faithful chromosome segregation
in all eukaryotes, yet the underlying machinery is diverse
across species. D’Archivio and Wickstead (2017. J. Cell
Biol. https://doi.org/10.1083/jcb.201608043) apply
sensitive homology predictions to identify proteins in
kinetoplastids with similarity to canonical outer kinetochore
proteins, suggesting some degree of universality in the
eukaryotic kinetochore.

High-throughput sequencing technologies combined with com-
parative genomics have provided insights into the evolution of
biological pathways. Computational prediction of homologous
pathway components can trace back the ancestral origin of the
underlying genes. This approach leverages knowledge of the
primary amino acid sequence and is powerful if residues of the
protein components are moderately conserved across species.
However, its performance is limited when applied to the chro-
mosome segregation pathway, where sequence conservation
of several underlying proteins is limited. The lack of sequence
conservation among some chromosome segregation compo-
nents stands in stark contrast to the essentiality of this pathway.
Chromosome segregation ensures the faithful transmission of
genetic material from generation to generation. Crucial for this
process is the kinetochore. The kinetochore is a multiprotein
mosaic that assembles onto centromeric DNA to physically
couple the movement of spindle microtubules to the separation
of sister chromatids during anaphase.

Extensive biochemical and genetic studies in classical
eukaryotic model organisms have identified a large catalog
of kinetochore proteins (Cheeseman, 2014). Though similar
analyses have not been performed in other organisms, com-
putational predictions have identified homologues of several
kinetochore proteins in additional species scattered across the
tree of eukaryotes (Meraldi et al., 2006; Schleiffer et al., 2012).
These findings reveal that most eukaryotic kinetochores consist
of at least two common building blocks, namely, the histone
H3 variant CenH3/CENP-A at the inner kinetochore and the
Ndc80 complex at the outer kinetochore. CenH3 is enriched in
centromeric chromatin at the DNA—kinetochore interface and is
crucial for the initiation of kinetochore assembly (Howman et
al., 2000; Blower and Karpen, 2001; Régnier et al., 2005). The
Ndc80 complex binds spindle microtubules at the kinetochore—
spindle interface and is crucial for driving sister chromatid
separation (Kline-Smith et al., 2005). Given their widespread
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conservation, it appears unexpected that computational surveys
would fail to identify true homologues of canonical kinetochore
proteins in kinetoplastids, a group of early-branching protozo-
ans that include the trypanosomes.

In 2014, a pioneering study by Akiyoshi and Gull (2014)
performed the first foray into the composition of kinetoplastid
kinetochores. These authors applied an elegant candidate ap-
proach evaluating chromosomal localization patterns of un-
characterized proteins encoded by cell cycle-regulated genes.
This led to the identification of a protein that exhibited a typical
“kinetochore-like” localization behavior, termed kinetoplastid
kinetochore protein 1 (KKT1). KKT1 was subsequently used as
a starting point for iterative protein interaction surveys, which
identified 18 additional kinetoplastid kinetochore components.
While the KKT proteins are conserved among kinetoplastid
species, no detectable homology to canonical kinetochore pro-
teins could be determined, suggesting that kinetoplastids as-
semble their kinetochores using an alternative set of proteins. In
this issue, D’ Archivio and Wickstead add to this prior work and
identify new kinetoplastid kinetochore proteins, one of which
exhibits similarity to canonical outer kinetochore proteins.

D’Archivio and Wickstead (2017) took a reverse ap-
proach by applying remote homology predictions targeted for
canonical kinetochore proteins followed by experimental val-
idations of predicted candidates in kinetoplastids. Reasoning
on a functional constraint for conservation of outer kinetochore
proteins (with respect to their essential roles in forming the mi-
crotubule interface), the authors undertook a sensitive hidden
Markov model (HMM)-based approach to search for remote
homologues of the Ndc80 complex, Ndc80 and Nuf2. Both
Ndc80 and Nuf2 have similar domain architectures consisting
of an N-terminal Calponin homology (CH) fold followed by
a C-terminal coiled-coil tail region (DeLuca and Musacchio,
2012). In fact, Ndc80 and Nuf2 are likely derived from a sin-
gle evolutionary ancestor (Schou et al., 2013). HMM profiles
constructed for the two individual protein families, separate or
combined into a Ndc80/Nuf2 HMM model, were iteratively
matched against proteomes of select eukaryotes. Working from
true homologues into more distant evolutionary lineages, these
searches identified previously undetected “Ndc80/Nuf2-like”
proteins in several organisms; namely, two Excavates and the
golden algae Aureococcus anophagefferens. Importantly, in
organisms with true Ndc80/Nuf2 homologues, no additional
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non-homologous coiled-coil/CH fold proteins were identified,
thereby indicating the specificity of the search. Next, HMM
profiles containing both true Ndc80/Nuf2 homologues and
newly identified hits were matched against profiles of orthol-
ogous proteins of select kinetoplastids. This search revealed
additional hits with Ndc80/Nuf2-like sequence properties
in these organisms. However, sequence similarity to Ndc80/
Nuf2 homologues was considerably low and the contribution
to detection was from alignment to coiled-coil regions of the
profile. Notably, an expected CH domain was not detected in
newly identified proteins.

The apparent lack of sequence similarity between canoni-
cal Ndc80/Nuf2 proteins and kinetoplastid hits meant that their
role at the kinetochore-microtubule interface was still question-
able and could not be inferred solely based on their computa-
tional predictions. In fact, phylogenetic analyses grouped these
newly identified proteins as a separate clade distinct from all
known Ndc80 and Nuf2 homologues. Acknowledging this lim-
itation, the authors turned to experimental approaches to evaluate
their candidates. As a model system, they chose Trypanosoma
brucei, the same organism previously used by Akiyoshi and
Gull (2014) for the identification and characterization of the
19 KKT proteins. Fluorescently labeling their Ndc80/Nuf2-like
candidate allowed D’Archivio and Wickstead (2017) to fol-
low its subcellular localization over the cell cycle. The authors
found the localization dynamics to be very similar to KKT1, the
first kinetoplastid kinetochore protein identified by Akiyoshi
and Gull (2014). D’ Archivio and Wickstead (2017) named their
newly identified protein KKT-interacting protein 1 (KKIP1).

Further, D’ Archivio and Wickstead (2017) examined the
functional relevance of KKIP1 for chromosome segregation in
T. brucei. In vertebrates and fungi, Ndc80 and Nuf2 depletion
impairs kinetochore—microtubule binding, leading to aberrant
chromosome partitioning and segregation defects (Kline-Smith
et al., 2005). Comparably, upon KKIP1 depletion in 7. bru-
cei, aneuploid cells rapidly accumulated with progressing cell
cycles. The authors leveraged the dispensability of 7. brucei
mini-chromosomes for cell viability to further test for chromo-
some loss in KKIP1-depeleted cells by monitoring the main-
tenance of marked mini-chromosomes over cell cycles. The
authors detected amplified loss rates in the range of one to two
orders of magnitude. Overall, their observations are similar to
those seen for Ndc80- and Nuf2-compromised cells in other
organisms (Kline-Smith et al., 2005). However, D’Archivio
and Wickstead (2017) found impaired spindle assembly in
KKIP1-depleted T. brucei cells—a defect not observed in other
organisms. While the mechanistic link is unclear, the authors
hypothesize that, in 7. brucei, spindles are perhaps unstable
when not associated with kinetochores.

D’Archivio and Wickstead (2017) next addressed the
functional relationship of KKIP1 to the KKT proteins (Aki-
yoshi and Gull, 2014). The authors performed semiquanti-
tative cross-linking affinity purifications under native, low,
and high formaldehyde conditions and mass spectrometry to
identify KKIP1 interacting partners. This approach revealed
a significant enrichment of several KKT proteins as well as
a nuclear pore complex component known to associate with
spindles during mitosis. The central mitotic kinase, Aurora B,
was also identified, further supporting participation of KKIP1
in the chromosome segregation machinery. Interestingly, the
centromere-proximal proteins KKT2 and KKT3, as well as
KKT13 that reaches peak levels during S phase (Akiyoshi and

Gull, 2014), were not among the potential interaction partners.
Collectively with the protein localization studies, these results
support a centromere-distal localization of KKIP1, enriched
predominantly during mitosis.

In addition, the proteomic analyses identified a new set
of potential kinetochore proteins in 7. brucei. D’ Archivio and
Wickstead (2017) used the same approaches to characterize the
localization and function of these proteins as they did for KKIP1,
which allowed them to narrow the list down to six potential
interactors, named KKIP2 to 7. While none of these proteins
showed any recognizable homologues in species outside the
kinetoplastids, KKIP7 was predicted to contain a phosphatase
domain belonging to the family that includes members of other
known mitotic phosphatases. Correct kinetochore assembly and
spindle attachment in other eukaryotes are regulated by the in-
terplay of mitotic kinases and phosphatases that modify proteins
of the kinetochore (Reinhardt and Yaffe, 2013). D’ Archivio and
Wickstead (2017) speculate that KKIP7 acts as an antagonist of
trypanosomal mitotic kinases (Aurora B and KKT kinases) to
regulate phosphorylation-dependent kinetochore function.

Additional parallels to the outer kinetochore complex
could be drawn from insights into the kinetoplastid kinetochore
assembly cascade. In other eukaryotes, kinetochore assembly
happens in an ordered manner, with the assembly of inner com-
ponents preceding that of outer ones (Cheeseman, 2014). Con-
sistent with an analogous, centromere-distal arrangement of
KKIP1 (and KKIP4), D’ Archivio and Wickstead (2017) found
that the localization of KKIP1 occurs downstream of most rep-
resentative KKT members. Conversely, other KKIP proteins
were found to be dependent on KKIP1 for recruitment, indicat-
ing the upstream localization of KKIP1 in the assembly hierar-
chy of centromere-distal proteins in kinetoplastids.

To directly observe the arrangement of KKIP1 relative
to centromere-proximal proteins such as KKT2, D’ Archivio
and Wickstead (2017) applied two-color fluorescence mi-
croscopy on relaxed kinetochores in anaphase cells. Con-
sistent with its localization closer to the centromere, KKT2
appeared to be significantly skewed away from the spindle
pole compared to KKIP1. The calculated distance between
the two proteins was similar to the estimated thickness of
kinetochore-like plaques observed by electron microscopy in
Trypanosomes (Ogbadoyi et al., 2000). Thus, this arrangement
of centromere-proximal and -distal proteins recapitulates the
size of the T. brucei kinetochore complex.

This study by D’Archivio and Wickstead (2017) gives
new insights into conserved principles of kinetochore compo-
sition and structure. Proteins of the Ndc80 complex are among
the most conserved kinetochore components across eukary-
otes, yet homologues have not been identified in kinetoplastids.
Using bioinformatics analyses and experimental validations,
the authors identified a novel kinetoplastid outer kinetochore
component with some structural and functional similarity to
Ndc80/Nuf2 homologues. Still, it is challenging to provide evi-
dence of homology for several reasons. First, at primary amino
acid sequence level, a high degree of sequence divergence is ob-
served. Second, at structural and functional levels, the essential
microtubule-binding interfaces found in canonical Ndc80—the
N-terminal tail domain, the CH domain, and the characteris-
tic microtubule binding loop region following the CH domain
(Varma and Salmon, 2012)—are not detected in the kineto-
plastid Ndc80/Nuf2-like candidate, KKIP1. To this end, it is
still unclear how kinetoplastid outer kinetochore proteins make
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essential microtubule contacts in the absence of otherwise indis-
pensable functional motifs. As far as a universal chromosome
segregation model is concerned, the findings from D’ Archivio
and Wickstead (2017) show that outer kinetochore proteins with
recurring structural motifs such as coiled-coil domains are con-
stitutive members of eukaryotic kinetochores (Westermann and
Schleiffer, 2013). This thereby indicates some degree of univer-
sality of the eukaryotic outer kinetochore complex, particularly
with regard to the presence of conserved secondary structures.
In addition, this study also proves the potential of D’ Archivio
and Wickstead’s approach for characterizing kinetochore pro-
teins in divergent eukaryotic lineages, which may not have been
detected with classical homology searches.
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