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Preface

Non-coding repetitive DNAs constitute a considerable portion of most eukaryotic
genomes, and their function is being intensively investigated. Among the most
investigated non-coding repetitive DNAs are mobile transposable elements which
represent an important source of regulatory sequences. The functional significance
of another abundant class of non-coding repetitive elements such as satellite DNA is
also now beginning to be discerned. Satellite DNAs are tandemly repeated
sequences assembled within constitutive heterochromatin at the (peri)centromeric
and subtelomeric regions. However, many satellite DNAs are not only clustered
within centromeres or pericentromeric heterochromatin but are dispersed as short
arrays within euchromatin, in the vicinity of genes. Besides playing a role in the
modulation of global heterochromatin structure and centromere function, recent
results reveal a role for satellite DNAs in gene expression regulation during different
processes such as cell cycle progression, development, differentiation and stress
responses. Here, we review the rapidly advancing field of satellite DNAs describing
their structure, origin, organization and function in diverse eukaryotic systems. In
addition, the evolutionary aspect of activation of satellite DNAs in terms of tran-
scription and proliferation is highlighted, revealing the role of satellite DNAs in the
process of adaptation to changing environment and in the speciation process. This
book also deals with satellite DNA activation during pathological transformation and
the mechanisms by which they affect disease progression.

Since the discovery of satellite DNAs more than 50 years ago, species from the
Drosophila genus have continuously been used as models to study several aspects of
satellite DNA biology. Chapter 1 written by Maggie P. Lauria Sneideman and
Victoria H. Meller focuses on the functions of satellite repeats in Drosophila with
particular attention to the properties that make satellites a versatile and powerful
force in nuclear organization, gene regulation and evolution. The involvement of
Drosophila satellite DNAs in dosage compensation, meiotic drive and hybrid
incompatibilities is presented and discussed. Most satellite DNA studies in the
Drosophila genus have been largely focused on Drosophila melanogaster and
closely related species from the Sophophora subgenus, although the vast majority
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of all Drosophila species belong to the Drosophila subgenus. Chapter 2 by Gustavo
C.S. Kuhn and collaborators deals with studies on satellite DNA structure, organi-
zation and evolution in two species groups from the Drosophila subgenus: the
repleta and virilis groups. The authors highlight the centromeric satellite DNAs in
these species groups, their common structural features and association of satellite
DNAs with transposable elements.

Eva Satovi¢ and Miroslav Plohl in the first part of Chap. 3 summarize the
approaches that have contributed to the development of conceptual views and
added new levels to the understanding of the biology of satellite DNAs. Continuing
on, the topic of satellite DNA outside of heterochromatin and their association with
mobile elements is discussed. Following these aspects, in the third part they present
the current state of knowledge on satellite DNAs and heterochromatin in bivalve
molluscs, the group of species with rapidly accumulating genome data and with
certain peculiarities in abundance, ancestry, connection to transposable elements,
conserved sequence boxes, methylation patterns and evolutionary aspects of satellite
DNA s that bring into question the classical form of the “library model” within this
group of organisms.

In Chap. 4, Juan Pedro M. Camacho and co-authors review the current state of
knowledge related to the satellite DNA of the B chromosome. Since B chromosomes
often contain a large amount of satellite DNA, the question arises whether satellite
DNA has a functional significance or is it simply a consequence of B chromosome
properties such as dispensability and late replication. The authors discuss the origin,
evolution and possible function of B chromosome satellite DNA in different eukary-
otes, in particular its role in B chromosome drive.

Satellite DNAs may comprise a significant portion of plant genomes and are often
responsible for the genome size differences between related species. Chapter 5
written by Manuel A. Garrido-Ramos collects some of the most important advances
and the main lessons that were learnt about plant satellite DNAs with respect to
several aspects related to their origin, evolution and organization. In addition, the
role of satellite DNAs in plant centromere and telomere function is discussed.

The recent findings on the role of satellite DNA in gene expression regulation/
modulation and on the molecular mechanisms by which satellite DNA affects genes
are presented in Chap. 6 written by Purdica Ugarkovi¢ and co-authors. The chapter
is particularly focused on the impact of euchromatic satellite DNA repeats dispersed
outside of (peri)centromeric regions as well as of satellite transcripts on gene
expression modulation. Also discussed is the implication of satellite
DNA-mediated gene regulation on the evolution of gene-regulatory networks and
on the process of environmental adaptation as well as the effects and possible
consequences on different physiological processes.

Centromeres are chromosomal domains specialized for the faithful segregation of
the genetic material between daughter cells at each cell division, and in most higher
eukaryotes, they are made up of satellite DNA. In Chap. 7, Claire Francastel and
collaborators discuss the various roles proposed for centromere transcription and
their transcripts and the potential molecular mechanisms involved. In addition,
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evidence is presented on the unscheduled transcription of centromeric repeats or
aberrant accumulation of their transcripts and their association with various diseases.

Chapter 8 written by Vladimir Paar and collaborators focuses on higher order
repeats (HORs) which are characteristic of many satellite DNAs, in particular of the
major primate alpha satellite DNA. While HORs were so far largely investigated
only within the centromeric region, here more attention is turned to the cases of
HORs in human genes. The HOR-searching and monomer-searching methods are
explained and discussed, and novel human HORs discovered using the
HOR-searching method with GRM algorithm are presented. In addition, evolution
of the HORs among different primate species is analysed and their potential func-
tional significance is discussed.

In conclusion, the book gives a comprehensive overview of unique roles that
satellite DNAs play in different physiological and evolutionary processes.

Zagreb, Croatia DPurdica Ugarkovié
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Chapter 1 ®)
Drosophila Satellite Repeats e
at the Intersection of Chromatin, Gene
Regulation and Evolution

Maggie P. Lauria Sneideman and Victoria H. Meller

Abstract Satellite repeats make up a large fraction of the genomes of many higher
eukaryotes. Until recently these sequences were viewed as molecular parasites with
few functions. Drosophila melanogaster and related species have a wealth of diverse
satellite repeats. Comparative studies of Drosophilids have been instrumental in
understanding how these rapidly evolving sequences change and move. Remark-
ably, satellite repeats have been found to modulate gene expression and mediate
genetic conflicts between chromosomes and between closely related fly species. This
suggests that satellites play a key role in speciation. We have taken advantage of the
depth of research on satellite repeats in flies to review the known functions of these
sequences and consider their central role in evolution and gene expression.

Keywords Satellite DNA - Heterochromatin - Dosage compensation - Meiotic drive

1.1 Introduction

Repetitive DNA makes up a large portion of the genomes of higher eukaryotes.
Satellite DNA, composed of tandem repeats that assemble into constitutive hetero-
chromatin, was first described when mouse DNA was subjected to density gradient
centrifugation and “satellite bands” of different densities formed above or below the
bulk of the genome (Kit 1961; reviewed in Garrido-Ramos 2017). Fifty years ago the
pioneering technique of in situ hybridization to mitotic chromosomes demonstrated
that mouse satellite DNA was strikingly localized around the centromere (Pardue
and Gall 1970). Although satellites propagate and may be mobile, expansion and
movement are passive, relying on processes such as replication slippage, unequal
crossing-over, or gene conversion to expand and move. This distinguishes satellites
from transposable elements that typically insert as monomers and encode genes
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necessary for mobilization. However, this dichotomy is not clean. Some satellite
repeats may be derived from transposable elements (Dias et al. 2015; MeStrovic et al.
2015). Both transposable elements and satellite repeats are enriched in heterochro-
matic regions, are subject to silencing by heterochromatin formation, and are often
grouped with transposable elements for the purpose of analysis and discussion.

In spite of their abundance, satellite repeats are typically thought of as having few
cellular functions besides contributing to the formation of heterochromatin, centro-
meres, and telomeres. But satellite DNA and RNA participate in a number of diverse
processes, including gene regulation, stress response, and nuclear organization in
Drosophila melanogaster and many other organisms. The mutability of satellites
makes them prominent actors in the evolution of genomes. In accord with this,
satellite repeats are a potent and adaptable weapon in genomic conflicts between
species, and between chromosomes within a species. This review will focus on the
functions of satellite repeats in Drosophila with particular attention to the properties
that make satellites a versatile and powerful force in nuclear organization, gene
regulation and evolution.

1.2 Seeing the Dark Matter of the Genome

Much of eukaryotic genomes are comprised of vast, uncharted blocks of heterochro-
matin surrounding centromeres and telomeres. These regions, made up of satellite
repeats and transposable elements, resist cloning and have posed an insurmountable
barrier to traditional methods of genome sequencing and assembly. But advances in
long-read sequencing of unamplified DNA have allowed the most challenging
regions of genomes to be assembled. Nanopore sequencing of high molecular weight
DNA was used to complete human centromeres (Miga et al. 2020). PacBio sequenc-
ing has similarly enabled Drosophila centromeres to be assembled (Chang et al.
2019). These methods avoid bias in library preparation but have high error rates,
making assembly of repetitive regions challenging. The performance of correction
and assembly methods must consequently be validated before being used to recon-
struct repetitive regions (Khost et al. 2017). At present, sequencing and assembly of
major repetitive regions remains labor intensive and technically challenging. In
contrast, the diversity and abundance of different types satellite repeats in the
genome can be determined by sequencing of unamplified genomic DNA (Lower
et al. 2018). This approach revealed differences in satellite composition between
strains of Drosophila melanogaster, supporting the idea that satellites are a rapidly
evolving portion of the genome (Wei et al. 2014). Interestingly, the satellite com-
position of different chromosomes is often distinct. This is observed in humans,
where the variants of the a-satellite arrays that make up centromeres are chromo-
some specific (Rudd et al. 2006). It is also the rule in flies, where distinctive
combinations of satellite repeats make up the pericentric heterochromatin of differ-
ent chromosomes (Lohe et al. 1993; Blattes et al. 2006; Jagannathan et al. 2017;
Chang et al. 2019).
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Table 1.1 Major D. melanogaster satellite repeats

Sequence %AT | Notable features Citation
AATAT 100 Binds D1 1,8,12
AATAAAC 86 1,8
AATAG 80 1,8
AATAC 80 1,8
AATAACATAG 80 Prodsat, binds Prod 1,8,9
AATAGAC 71 1,8
AAGAC 60 1,8
AAGAG 60 1,8
TCAT 75 8
AAAAC 80 8
AACAC 60 Binds Lhr 8,11
AACAAAC 71 8
Hsrw 68 Stress induced, sequesters RNA processing factors 13
AAGAGAG 57 1,8
CCCGTACTCGGT |33 Dodeca, 11 and 12 bp variants, binds DP1 2,8,10
359 bp 69 X heterochromatin, binds D1 and topoisomerase 1,3,4,5,8
2, produces siRNA and IncRNA
1.688% 65-72 | 359 bp variant in X euchromatin, guides dosage 14
compensation
Rsp 71 Expansion on 2R, target of Segregation distorter 6,7
260 bp 71 2L heterochromatin 6,8

(1) Lohe et al. (1993), (2) Abad et al. (1992), (3) Dibartolomeis et al. (1992), (4) Waring and Pollack
(1987), (5) Kuhn et al. (2012), (6) Khost et al. (2017), (7) Wu et al. (1988), (8) Jagannathan et al.
(2017), (9) Torok et al. (2000), (10) Huertas et al. (2017), (11) Satyaki et al. (2014),
(12) Jagannathan et al. (2019), (13) Jolly and Lakhotia (2006), (14) Menon et al. (2014)

1.3 Biophysical Properties of Satellites

Many satellites have interesting biophysical properties that are often commented
on. How these contribute to function remains unclear in most instances. With the
exception of Dodeca, D. melanogaster satellites are notably AT rich (Table 1.1).
Indeed, AT richness is common in satellite DNA and may contribute to a curving of
the duplex that enhances nucleosome stability (Fitzgerald et al. 1994; reviewed in
Palomeque and Lorite 2008). Also suggestive is the observation that monomers of
longer and more complex satellites often approximate the length of mono-, di-, or
tri-nucleosomes, suggesting the potential for nucleosome phasing (Henikoff et al.
2001). For example, o-satellite repeats of human centromeres (171 bp) and the
359 bp satellite family of D. melanogaster suggest mono- and di-nucleosomes,
respectively (Table 1.1). Nucleosomes are phased over the centromeric satellites of
multiple species (reviewed in Heslop-Harrison and Schwarzacher 2013). The human
centromere protein CENP-B enforces phasing by binding a 17 bp sequence in
a-satellite repeats (Ando et al. 2002). The Responder (Rsp) repeats of
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D. melanogaster, composed of two similar 120 bp units, also enforce phasing as
demonstrated by an extended nucleosome periodicity of 240 bp (Doshi et al. 1991).
The Rsp locus is known for its role as the target of meiotic drive, but the potential
role of nucleosome phasing in this process is unknown. Taken together, these
observations suggest that satellites display intrinsic features that are expected to
contribute to nucleosome stability and influence the biophysical properties of
chromatin.

1.4 How Do Satellites Expand, Move and Change?

D. melanogaster is rich in satellites, having approximately twice the diversity as
humans (Shatskikh et al. 2020). The most abundant of these are 12 bp or less. As
satellites generally lack coding potential their movement is nonautonomous. In spite
of this limitation, they have been extraordinarily successful. Expansion and mobili-
zation of satellite DNA reflects the propensities of replication and repair systems. For
example, short tandem repeats are intrinsically unstable as they expand and contract
by replication slippage (Fig. 1.1a) (Tautz et al. 1986; Bzymek and Lovett 2001;
reviewed in Richards and Sutherland 1994; Levinson and Gutman 1987). Satellites
also expand and contract by unequal crossing over during replication or repair
(Fig. 1.1b). As longer, more complex monomers pose less of a challenge to the
replication machinery, unequal crossing over is presumed to be a major factor
variation of long repeats (Cabot et al. 1993; Southern 1975). A relevant question
is why the expansion of noncoding sequence is tolerated. Some organisms have a
considerably lower accumulation of satellite DNA, suggesting differences in sus-
ceptibility to slippage and unequal crossing over or tolerance of repetitive sequence.
A comparison of related organisms with dramatic differences in genome size
supports the idea that tolerance of additional genetic material is species specific
(Petrov et al. 2000; Hartl 2000).

The movement of satellites may also occur by the formation of extrachromosomal
loops that occur by recombination within an array. rDNA and noncoding tandem
repeats are recovered as extrachromosomal loops in Drosophila and mammalian
cells (Kiyama et al. 1986, 1987; Pont et al. 1987; Cohen et al. 2003, 2006; reviewed
in Cohen and Segal 2009). This suggests a simple mechanism for movement to new
sites. Extrachromosomal loops could undergo recombination with similar sequences
or insert at random (Fig. 1.1c). The risk of extrachromosomal loops to genome
integrity is moderated by the assembly of satellite repeats into heterochromatin. In
accord with this idea, the loss of heterochromatin factors elevates the level of
extrachromosomal loops and increases genomic damage (Larson et al. 2012; Peng
and Karpen 2007). The erosion of heterochromatic silencing that is observed in
aging and cancer is presumed to lead to the increase in extrachromosomal loops and
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Fig. 1.1 The repetitive structure of satellite repeats facilitates movement and change. (a) Replica-
tion stalling at repeats allows mispairing and template slippage. This produces contraction (top) or
expansion (bottom) of tandem repeats. (b) Unequal crossing over leads to the expansion and
contraction of tandem arrays. Cycles of unequal crossing over homogenize repeats at the center
of an array. (c) Extrachromosomal loops generated by recombination within a tandem array can
insert at a new site. (d) Gene conversion occurs when a related sequence serves as a template for
recombination or repair

contribute to genome instability in these cells (Sinclair and Guarente 1997; Larson
et al. 2012; Turner et al. 2017; deCarvalho et al. 2018; Kim et al. 2020).

Tandem arrays are also subject to gene conversion by recombination within a
cluster or with similar sequences from elsewhere in the genome (Fig. 1.1d). This
general process is of interest for its role in the evolutionary divergence of duplicated
genes (Osada and Innan 2008). The extreme abundance of satellite repeats that could
be used as templates favors this process but raises the potential for large, damaging
genome rearrangements. The idea that protection of repetitive DNA from inappro-
priate recombination is one of the functions of heterochromatin is supported by the
behavior of repair foci in heterochromatic regions (Caridi et al. 2018). These foci
move out of the nuclear territory occupied by heterochromatin before completion of
the repair, supporting the idea that recombination and repair of repetitive DNA are
potentially dangerous and under tight control.
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1.5 Evolution of Satellite Repeats Is Rapid and Driven

Closely related species often display striking variations in satellite repeat composi-
tion and abundance (Bosco et al. 2007; Jagannathan et al. 2017; Lohe and Brutlag
1987). A comparative study of the satellite composition of four closely related
species, D. melanogaster, D. sechellia, D. simulans, and D. mauritiana used hybrid-
ization to mitotic chromosomes to compare satellite composition and localization
(Jagannathan et al. 2017). Some classes of satellites undergo complete replacement
in closely related species. For example, Prodsat (AATAACATAG, Table 1.1) makes
up 2% of the D. melanogaster genome but is not detected in the other three species
(Torok et al. 2000; Jagannathan et al. 2017). One caveat of this approach is that sites
with low copy numbers of repeats are below the detection limit on mitotic chromo-
somes. For example, several megabases of 359 bp satellites in pericentromeric
heterochromatin on the D. melanogaster X are detected by this method, but hun-
dreds of closely related satellites dispersed throughout X euchromatin are not.

Dispersed satellites in euchromatin have also been subject to rapid, widespread
changes in sequence, position, and abundance (Sproul et al. 2020). Although
striking, this wholesale replacement is the natural outcome of two mutagenic
processes with vastly different speeds. Point mutations diversify sequence, and the
accumulation of mutations will eventually destroy the identity between sequences
derived from the same progenitor. In contrast, gene conversion occurs orders of
magnitude much more rapidly and acts to homogenize repeats within an array, and
between arrays at different sites in the genome (Ohta and Dover 1984). The outcome
of these competing mutational processes is the replacement and homogenization of
satellites throughout the genome, termed molecular drive (Dover 1982). This is
particularly dramatic when comparing closely related species, such as the
Drosophilids (Jagannathan et al. 2017; Sproul et al. 2020; de Lima et al. 2020;
Larracuente 2014).

1.6 Satellites, Silencing, and Organization of Chromatin

One of the most prominent features of satellite repeats is their role in heterochroma-
tin formation. Large arrays of tandem repeats trigger silencing through heterochro-
matin formation that is largely sequence independent (Henikoff 1998). This has
bedeviled mouse genetic studies because random transgene insertions produce
tandem arrays subject to silencing. Using Cre/LoxP to excise extra copies from a
mouse transgene array, Garrick et al. (1998) demonstrated that chromatin compac-
tion and transgene silencing was not an intrinsic feature of the insertion site or
transgene sequence, but was instead induced by multicopy arrays. Silencing of
tandem transgenes is also observed in flies and plants, indicative of a common
strategy for inactivating repetitive DNA (Dorer and Henikoff 1994). As most
repetitive sequences are potential threats to genome integrity, the recognition and
silencing of repeats represent a triumph of genome defense.
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RNA derived from transposable elements and satellites direct the chromatin
modifications that initiate heterochromatin formation in fission yeast and this serves
as a useful model for the process (reviewed by Grewal and Elgin 2007). Transcrip-
tion through repeats generates RNAs that are processed into siRNAs and loaded onto
Argonaut effector complexes (Hock and Meister 2008). Nascent RNA from cognate
regions of the genome is bound by these complexes, which recruit a histone
methyltransferase that places the H3K9me mark. The heterochromatin protein
Swi6, and a number of small RNA processing factors, are recruited by H3K9me to
ensure maintenance of silencing (Zhang et al. 2008). While Drosophila heterochro-
matin is heterogeneous, evidence suggests that small RNA pathways also contribute
to chromatin regulation in flies (Swenson et al. 2016; Cernilogar et al. 2011).
Mislocalization of heterochromatin proteins and break down of silencing have
been observed when Argonaut effectors or the genes necessary to produce small
RNAs are inactivated (Fagegaltier et al. 2009). A genetically distinct silencing
system in the germ line controls transposable elements by message destruction and
transcriptional silencing (Khurana et al. 2010). This is directed by Piwi RNAs
(piRNAs), generated from transposon sequences archived in piRNA clusters and
expressed in the germ line (Brennecke et al. 2007). The resulting piRNAs enable
Piwi, a germ line-specific Argonaut protein, to identify and bind nascent transcripts
from mobile elements. Piwi recruits an H3K9 methyltransferase through an adapter
protein to establish silencing (Sienski et al. 2015). Components of the Piwi system
are also involved in chromatin compaction and silencing at later developmental
stages. Maternal depletion of Piwi impairs heterochromatic silencing in the adult, a
long-lasting effect that is observed by reduction of Position Effect Variegation
(PEV) (Gu and Elgin 2013). PEV occurs when transgenes in repressive environ-
ments are silenced in some cells (Elgin and Reuter 2013). The majority of piRNAs
have the identity to transposons, consistent with their vital role in the repression of
mobile elements (Brennecke et al. 2007). But satellite piRNA are also present and
may direct heterochromatin compaction of some repeats in the early embryo.
Maternally deposited cues, possibly small RNA, direct the formation of zygotic
heterochromatin over a cluster of 359 bp satellites on the X chromosome (Ferree and
Barbash 2009; Yuan and O’Farrell 2016). The 359 bp satellites are notable for their
role in hybrid incompatibility between closely related species, discussed in a fol-
lowing section.

Heterochromatin itself displays remarkable biophysical properties. Visualization
of D. melanogaster heterochromatin reveals a subnuclear compartment that is
distinct from euchromatin and which may consolidate the major heterochromatic
regions of all chromosomes (see Caridi et al. 2018). The discovery that fly and
human HPI phase separate in vitro, and that heterochromatin itself displays the
properties of phase separation in cells, suggested a biophysical explanation for how
segregation is achieved (Strom et al. 2017; Larson et al. 2017). Phase separation of
subcellular bodies occurs by the self-association of disordered proteins (reviewed in
Hall et al. 2019). Separation is favored by multivalent interactions, protein crowding,
and assembly with a polymer, such as RNA or chromatin. HP1 has disordered
domains, interacts with a large number of proteins and also binds RNA
(Alekseyenko et al. 2014; Muchardt et al. 2002; Roach et al. 2020). A functional
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role for RNA in HP1 localization is suggested by the finding that HP1a is released
from mouse nuclei by RNase and the association of fly HP1a with chromatin is also
RNA dependent (Maison et al. 2002; Piacentini et al. 2003).

Many chromatin proteins in addition to HP1 have RNA-binding domains or
interact with RNA-binding proteins, in a manner that suggests a structural role for
RNA in chromatin organization. One of these, Decondensation factor 31 (Df31), a
small, hydrophobic, and highly disordered RNA binding protein, also boasts a large
protein—protein interaction network. The general distribution of Df31 in the nucleus
suggests a role in maintaining chromosome territories (Rohrbaugh et al. 2013). In
cultured Drosophila cells association of Df31 with RNA is necessary for accessible
chromatin (Schubert et al. 2012). In vitro assays found that Df31 association with
chromatin was RNA dependent and RNase treatment collapsed chromatin into a
nuclease-resistant state. While Df31 shows hallmarks of a protein involved in phase
separation, it is enriched in euchromatic regions.

Scaffold Attachment Factor A (SAF-A, HNRNPU in humans) and SAF-B have
DNA binding domains that recognize AT-rich matrix or scaffold attachment sites
(Fackelmayer et al. 1994; Gohring and Fackelmayer 1997; Nozawa et al. 2017; Fan
et al. 2018). These similar proteins also have RNA binding domains and large
disordered regions. Loss of these proteins disrupts chromatin structure and DNA
accessibility, as does RNase digestion (Nickerson et al. 1989; Nozawa et al. 2017,
Fan et al. 2018). Mouse SAF-B binds a variety of long noncoding RNAs, but
transcripts from pericentric satellite repeats are its predominant partners (Huo et al.
2020). Depletion of mouse SAF-B allowed heterochromatin bodies in the nucleus to
expand and make interchromosomal contacts. Imaging reveals that SAF-B coats the
exterior of H3K9me3-rich heterochromatin bodies, suggesting a SAF-B shell that
prevents inappropriate mingling of phase-separated heterochromatin domains from
different chromosomes (Huo et al. 2020). Drosophila SAF-B binds chromatin and is
also visualized as an extrachromosomal network (Alfonso-Parra and Maggert 2010).
The Association of fly SAF-B with chromatin responds to transcription and is
differentially affected by mutation of its DNA binding domain and RNase treatment,
but whether or not fly SAF-B interacts with specific RNAs is unknown.

Responses to heat shock and stress suggest that satellite RNA is situated in an
interconnected web of RNA-binding proteins that organize chromatin and coordi-
nate mRNA processing. When mammalian cells are subjected to stress, transcription
of Sat III RNA is dramatically upregulated (Rizzi et al. 2004). SAF-B, and many
RNA-binding factors involved in message processing, are recruited to nuclear stress
bodies that form at sites of Sat III transcription (Valgardsdottir et al. 2008). Knock-
down of Sat IIT RNA partially reversed the transcriptional repression induced by heat
shock, suggesting a mechanism for rapidly restructuring chromatin and RNA
processing pathways during stress (Goenka et al. 2016). In flies the Heat shock
RNA omega (Hsrw) RNA serves a similar function. This noncoding transcript
orchestrates stress response by sequestering splicing and RNA processing factors
(reviewed by Jolly and Lakhotia 2006). D. melanogaster Hsro includes 20 kb of
AT-rich, 280 bp tandem repeats, thus conforming to the pattern of AT-rich satellites
with a repeat length corresponding to multiples of nucleosome length.
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1.7 Tandem Repeats in Euchromatin Modulate
Nearby Genes

The role of satellite repeats in nucleating heterochromatin formation is well known,
but tandem repeats of all types, including satellites, play interesting and surprising
roles in gene regulation in euchromatin. A portion of satellite DNA is distributed
throughout the euchromatic genome in tandem arrays. Changes in the number of
repeats have created a wealth of genetic variation that has been exploited in forensic
analysis, population genetics, and conservation. Although often considered neutral,
microsatellites are highly represented in the promoters of human genes (Sawaya
et al. 2013; Tomilin 2008). Dinucleotide repeats are enriched in fly enhancers, where
they contribute to normal expression levels (Yanez-Cuna et al. 2014). These authors
concluded that the association of short tandem repeats with regulatory regions is
broadly conserved. Roughly 25% of the promoters in baker’s yeast, Saccharomyces
cerevisiae, also contain tandem repeats (Vinces et al. 2009). These increase gene
expression as the length of the repeats expanded. Tandem repeats also mediate
repression. In the beetle Tribolium castaneum a major satellite DNA family near
euchromatic genes maintains repression after heat stress (Feliciello et al. 2015). The
mutability of short tandem repeats suggests a potential source of phenotypic varia-
tion. In accord with this idea, variation in repetitive DNA has been linked to
expression differences in plants and insects (Ranathunge et al. 2018; Brajkovic¢
et al. 2012). Repeat length variations in developmental genes, coupled with selection
by breeders, are responsible for rapid phenotypic evolution in dogs (Fondon and
Garner 2004). Social behavior in voles is influenced by satellite polymorphisms in a
vasopressin receptor and length variants of repeats in the period (per) gene of
D. melanogaster determine the male courtship song rhythm (Yu et al. 1987; Ham-
mock and Young 2005). In addition to providing a source of genetic diversity,
satellite repeats have been recruited to wage genomic conflicts and enable sex
chromosome dosage compensation, described in the following sections. Their use-
fulness in these contexts owes to the properties described above: mobility, rapid
evolution, and multifaceted roles in the structure and regulation of chromatin.

1.8 Chromosome Identification During Dosage
Compensation

Organisms with highly differentiated sex chromosomes, such as humans and Dro-
sophila, must address the problem of sex chromosome gene dosage. Males are
functionally hemizygous for X-linked genes. Flies meet this challenge by increasing
expression from virtually every gene on the single male X chromosome to match that
of the two female X chromosomes. The Male-Specific Lethal (MSL) complex,
composed of five proteins and one of two redundant RNAs, is essential for this
process (reviewed in Kuroda et al. 2016). The MSL complex is selectively recruited
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to actively expressed X-linked genes (Alekseyenko et al. 2006; Bell et al. 2008;
Sural et al. 2008). One of the MSL proteins, Males absent on the first (Mof), is a
histone acetyltransferase that deposits the H4K16ac mark within the gene body
(Kind et al. 2008; Copur et al. 2018). Histone acetylation increases the likelihood
that initiated transcripts will be completed, raising the level of transcripts approxi-
mately twofold (Larschan et al. 2011). A long noncoding RNA, roX1 or roX2, must
be part of the complex for proper X localization (Meller and Rattner 2002). Severe
roX1 roX2 mutants are male lethal, the expression of X-linked genes is reduced and
MSL proteins localize to ectopic autosomal sites (Deng and Meller 2006). How the
MSL complex identifies the X chromosome with the required selectivity is still
unknown. Studies in a number of laboratories characterized Chromatin Entry Sites
(CES) on the X chromosome that bind an adapter protein and recruit the MSL
complex directly (Alekseyenko et al. 2008; Straub et al. 2008; Soruco et al. 2013).
However, the adapter protein binds related sites on all chromosome arms but only
recruits the MSL complex in the context of X-linked sites. This suggests the
presence of additional X identity elements.

The striking enrichment of a clade of 359 bp repeats, termed the 1.688> repeats
(Table 1.1) in X euchromatin pointed to a potential role in an X chromosome-
specific process such as dosage compensation (Hsieh and Brutlag 1979; Waring
and Pollack 1987; Dibartolomeis et al. 1992). The 1.688% repeats are enriched near
genes, including promoters and introns, leading to the suggestion that they could
modulate expression (Kuhn et al. 2012). Autosomal insertions of short clusters of
these repeats induced recruitment of the MSL complex and partial compensation of
genes as much as 140 kb away (Joshi and Meller 2017; Deshpande and Meller
2018). A clue to how these repeats function came from the discovery that mutations
in the siRNA pathway enhanced the lethality of males with partial loss of function
roX1 and roX2 chromosomes (Menon and Meller 2012). Furthermore, ectopic
expression of siRNA from one 1.688% repeat partially restored MSL localization
and rescued roX1 roX2 males (Menon et al. 2014). Taken together, these studies
reveal that the 1.688™ satellite repeats are X identify elements and suggest that the
siRNA pathway mediates their function. Interestingly, other Drosophilid X chromo-
somes are highly enriched for chromosome-specific repeats, although the sequence
of these repeats is not highly conserved (Gallach 2014). Particularly striking is the
rapid acquisition of repeats by neo-X chromosomes that arise by the fusion of an
autosome to a sex chromosome. These fusions also produce a neo-Y, fated to
degenerate as it passes exclusively through males without recombination (reviewed
by Wei and Barbash 2015). Degeneration of the neo-Y necessitates compensation of
genes on the neo-X. The relative mobility of satellite repeats makes them well suited
for marking a young X chromosome to enable it to capture the dosage compensation
machinery.

The manner in which the 1.688% satellites identify the X chromosome remains
unknown, but there are clues that the mechanism is very different than that of the
CES. The 1.688% satellites on the X chromosome are not generally enriched for the
MSL proteins, suggesting that they do not recruit directly but mark the X chromo-
some in some fashion (Deshpande and Meller 2018). Ectopic expression of 1.688%
siRNA increased the repressive H3K9me2 mark on autosomal 1.688% satellite
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insertions (Deshpande and Meller 2018). Contrary to conventional expectations for a
repressive mark, this increased the expression of nearby genes in males. The finding
that HP1 is modestly enriched on the male X chromosome, and that mutations in
several heterochromatin factors selectively disrupt the structure of the polytenized
male X, support the idea that repressive marks are in some way linked to fly dosage
compensation (Spierer et al. 2005, 2008; De Wit et al. 2005). How satellite repeats
and repressive marks might accomplish this is speculative, but one possibility is
through influencing chromatin organization in the nucleus. Nuclear organization is a
factor in X chromosome compensation in other organisms. For example, the single
male X chromosome of C. elegans is located at the periphery of the nucleus, but the
two female X chromosomes are centrally located (Sharma et al. 2014). Interaction
with nuclear pore proteins may elevate the expression of X-linked genes in this
species. A role for nuclear pore proteins in MSL loading and activation has also been
proposed in flies (Mendjan et al. 2006). More generally, the ability of X-linked genes
to acquire dosage compensation during development is attributed to the three-
dimensional organization of X chromosomes in the nucleus of mammals and flies
(Engreitz et al. 2013; Schauer et al. 2017; Ramirez et al. 2015). A role of the location
or organization of the X chromosome is one way that 1.688% satellites might
promote X recognition.

1.9 Satellites and Centromeres

The most widely appreciated function of satellite DNA is at centromeres. Human
centromeres contain a-satellite arrays harboring a motif that interacts with the
centromeric H3 variant CENP-A, suggesting determination by sequence (Masumoto
et al. 1989; reviewed by McNulty et al. 2017; Willard 1985; Schueler et al. 2001).
However, human centromeres occupy only part of the array and satellites are absent
from some neo-centromeres, challenging the idea that sequence is the primary
centromere determinant. Fly centromeres also form within extensive arrays of
satellite repeats, but the centromere itself assembles at “islands” of transposons
embedded in this sea of satellites (Chang et al. 2019). Fly centromeres are defined
by the incorporation of an H3 variant called Cid. The importance of epigenetic
information in specifying centromeres in flies is demonstrated by the fact that the
transposons at the fly centromere are by no means limited to the centromere,
appearing in both heterochromatic and euchromatic contexts throughout the genome
(Chang et al. 2019). It is also reflected in the persistence of a functional centromere
following transient anchoring of the centromere-specific chaperone CAL-1, which is
capable of loading Cid at ectopic sites (Chen et al. 2014). These findings indicate that
both fly and humans centromeres are specified by a combination of DNA sequence,
genomic context, and epigenetic marking. Centromeres are surrounded by hetero-
chromatin that contributes to their function. A large deletion of heterochromatin
flanking a fly centromere produced mitotic instability and premature sister chromatid
separation (Wines and Henikoff 1992). This is consistent with the enrichment of
cohesin in heterochromatin and suggests that the mitotic machinery is tuned to a
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certain arrangement of heterochromatin surrounding the centromere (Bernard and
Allshire 2002).

RNA from satellites has also been found to localize to centromeres. Transcripts
from a large block of pericentric 359 bp satellites on the D. melanogaster X
chromosome bind in cis to the centromeric region (Bobkov et al. 2018). RNA
from the mammalian a-satellite also binds to centromeric proteins and localizes in
cis at centromeres (Wong et al. 2007; reviewed in Ideue and Tani 2020; McNulty
etal. 2017). This RNA is also necessary for characteristic localization of centromeric
proteins CENPC1 and INCENP, and so may function to recruit or stabilize compo-
nents of the centromere.

1.10 Satellites Are the Ammunition of Genomic Conflicts

Chromosomes are fundamental units of inheritance and take an active role in biasing
their own transmission to the next generation. Meiotic drive, when a genetic element
manipulates reproduction to favor its own transmission and overthrow Mendel’s
rules, is the outcome. A selfish chromosome able to accomplish this will increase in
the population. Evolutionary theory posits that systems of meiotic drive emerge
frequently and sweep through the population, driving enrichment of one chromo-
some and limiting genetic variation. In addition, unfavorable, genetically linked
alleles are allowed to proliferate (Courret et al. 2019). This extracts a cost in fitness
that enables suppressors of drive to emerge and restore Mendelian segregation. A
history of recurring cycles of drive and suppression is revealed when wild-caught
flies are outcrossed and suppressed drivers emerge (Hartl and Hartung 1975). These
conflicts are often mediated through satellite repeats and the outcome shapes the
genome.

Sex differences in meiosis ensure that a strategy for biasing chromosome trans-
mission can only function in one sex. While all products of male meiosis have the
potential to develop into sperm, only one of the four products of female meiosis will
become the egg. To gain an advantage in female meiosis the critical point is the
alignment of homologs on the spindle at the first division (Fig. 1.2a). A centromere
that attaches to the egg pole will escape elimination in the polar body (Rosin and
Mellone 2017; Kursel and Malik 2018). To take advantage of this requires asym-
metry in the meiotic spindle and a centromere able to exploit the asymmetry. The
extraordinary reproductive advantage that a stronger centromere holds is thought to
fuel an evolutionary race that drives rapid changes in centromeric DNA and proteins
(Malik 2009). Predictions of this model are fulfilled in mice where an expansion of
satellite repeats has produced a large centromere with an advantage over a homolog
with fewer satellites (Iwata-Otsubo et al. 2017). Interestingly, the kinetochores of the
larger centromere detach more frequently from cortical spindle fibers, providing an
opportunity to reattach to the egg pole (Akera et al. 2019). Suppressors of centro-
mere drive would benefit a population in which a chromosome had begun to cheat.
The observation that the centromeric variants Cid and CEN-A are remarkably fast-
evolving and divergent from other histones suggests their involvement (Black et al.
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Fig. 1.2 Meiotic drive in female and male germlines. (a) Stronger centromeres (larger dot) gain an
advantage in the female germline by avoiding the cortical spindle and becoming an egg nucleus
more than 50% of the time. (b) Chromosomes that achieve drive in males do so by sabotaging their
homolog. This may be direct, as implied in the cartoon, or indirect by the establishment of an
environment that is toxic to cells inheriting the susceptible homolog. Left) The Paris sex ratio X
chromosome produces a factor that blocks segregation of the Y at the second meiotic division.
Failure to form Y-bearing sperm ensures predominantly female broods. Right) The Sd and Winters
drivers sabotage the maturation of sperm carrying susceptible homologs. In both systems, arrest
occurs before chromatin compaction and these malformed cells are eliminated (center). Sperm
carrying the driver (right) develop normally

2004). Amino acid changes in Cid are concentrated in a region that interacts with H4
and an extended loop that contacts DNA (Vermaak et al. 2002). The rapid evolution
of centromeres and the proteins that bind them seems at odds with the very
conservative function of centromeres but is in accord with the idea that these
structures are the site of an evolutionary battle (Malik 2009).

All products of male meiosis have the opportunity to become sperm. To gain an
advantage in the male germ line a chromosome must exert a negative effect on its
homolog (Fig. 1.2b). Several examples of this are well known, including Segrega-
tion distorter/Responder (Sd/Rsp) in D. melanogaster. Rsp, the target of drive, is an
array of two very similar 120 bp repeats present in dozens to thousands of copies
(Khost et al. 2017). Larger arrays confer increased sensitivity to Sd (Larracuente and
Presgraves 2012; Moschetti et al. 1996). Sd is a truncated but enzymatically active
duplication of RanGAP that mislocalizes to the interior of the nucleus (Kusano et al.
2001). When a male has Sd on one homolog and a sensitive Rsp allele (Rsp®) on the
other, maturation of sperm carrying Rsp® is arrested and these cells are eliminated.
The sperm carrying Sd develop normally and are responsible for most or all
fertilizations. The Sd phenotype is enhanced by a number of modifiers, all geneti-
cally linked to Sd on the second chromosome (reviewed by Larracuente and
Presgraves 2012). Of course, Sd chromosomes must themselves carry insensitive
Rsp arrays in order to escape elimination. Although the precise molecular defect that
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causes arrest is unclear, abnormal localization of mutant RanGAP is thought to
disrupt the RanGTP/GDP gradient across the nuclear envelope and this may interfere
with transport in and out of the nucleus (Kusano et al. 2003). In this environment, the
expanded repeats on Rsp® chromosome precipitate failure of sperm maturation. The
process that is affected must be unique to sperm development as Sd/Rsp® females
produce normal offspring ratios. During sperm maturation chromatin is remodeled
by the replacement of histones, a process requiring the import of protamine. This
step is male-limited and appropriate to the stage of arrest, but it is unclear how
expanded Rsp® arrays and defects in protamine levels would induce arrest. Disrup-
tion of small RNA import leading to a defect in repackaging Rsp chromatin is also
possible. Small RNAs from Rsp have been identified in the germ line and mutations
in aubegine (aub), an argonaut family protein that participates in piRNA production,
enhances distortion by Sd (Gell and Reenan 2013; Nagao et al. 2010). This finding
suggests that an additional role of germ line small RNA systems is to defend against
meiotic drive.

Rsp provides an excellent example of satellite turnover. Two families of repeats,
the Rsp and Rsp-like family and the 359 bp family, which includes an extensive array
of pericentromeric 359 bp repeats in X heterochromatin and the euchromatic 1.688
satellites, were found to occupy overlapping sites in related species (Sproul et al.
2020). Both the Rsp and 359 families are AT-rich, but the 359 bp repeats are
widespread, older, and more diversified in related species. Examination of satellite
repeats in several Drosophila species revealed that 1.688 and Rsp-like satellites
occupy many of the same euchromatic sites (Sproul et al. 2020). Sites in which Rsp-
like repeats have been inserted in an existing 1.688™ array, possibly in the process of
replacing it, were identified in D. simulans and D. mauritiana. This suggests a model
in which young Rsp-like repeats use homology with existing 1.688% repeats to enter
these sites, a process that may be facilitated by long-range interactions in the
nucleus. Extrachromosomal circular DNAs are also a potential mechanism for
movement. The correlation between the abundance of one of the repetitive elements
and extrachromosomal DNA also suggests a role in Rsp-like invasion (Sproul et al.
2020).

D. simulans has at least three meiotic drive systems that bias sex chromosome
inheritance and thus distort the sex ratio. All of these involve drivers on the X
chromosome. In the Winters system, named for the location where the flies were
collected, the X chromosome distorter prevents Y-bearing gametes from completing
maturation. Failure occurs during condensation of the haploid nucleus, a timing that
is similar to that observed in the D. melanogaster Sd/Rsp system (Tao et al. 2007b).
The driver, Distorter on the X chromosome (Dox), is a partial duplication that
produces an RNA with limited coding potential (Tao et al. 2007a). The mechanism
of Dox action is unknown but suppressors of Dox on the second chromosome
generate siRNAs that reduce levels of the Dox transcript (Lin et al. 2018). As the
Y chromosome is primarily composed of satellite repeats and transposons, it is likely
that the toxic effect of Dox depends on the unique sequence and chromatin compo-
sition of this chromosome. A second D. simulans sex ratio distortion system, Paris,
induces anaphase bridges and failure of Y chromosome disjunction during the
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second meiotic division (Fig. 1.2b, Cazemajor et al. 2000). One component of the
X-linked driver was discovered to be a loss of function mutation in a rapidly
evolving member of the HPI family, HP1D2 (Helleu et al. 2016). Intriguingly, the
HPI1D2 protein is specifically enriched on the Y chromosome, suggesting that a
defect in the organization or compaction of this chromosome prevents segregation.
Sex ratio distortion leads to populations with unbalanced ratios of males and females
and creates a strong selective advantage for an individual with a novel suppressor of
drive. In accord with this, Y chromosomes that are resistant to the Paris or Winters
driver have been discovered (Branco et al. 2013; Helleu et al. 2019). As the coding
potential on the Y is limited, it is quite possible that these suppressors are changes in
satellite or transposon content that make them insensitive to the X-linked driver.

1.11 Satellite Repeats Mediate Conflict Between Species

Hybrid incompatibilities enforce the reproductive isolation that defines species
(Castillo and Barbash 2017). The rapid evolution of heterochromatin DNA and
proteins is a potential source of incompatibilities that produce lethality or infertility
upon hybridization of closely related Drosophilids (Presgraves 2010; Ferree and
Barbash 2009; Gatti et al. 1976; Yunis and Yasmineh 1971; reviewed in Ferree and
Prasad 2012). For example, when D. melanogaster males are mated to D. simulans
females, male offspring emerge as sterile adults but females die as embryos. Early
female lethality is attributable to the D. melanogaster X chromosome in D. simulans
cytoplasm. Specifically, the large array of 359 bp repeats at the base of the
D. melanogaster X chromosome fails to compact and X chromatids become
entangled in anaphase bridges (Ferree and Barbash 2009). But when
D. melanogaster males transmitted a Zygotic hybrid rescue (Zhr) chromosome that
was deleted for the pericentric 359 bp repeats, female offspring survived (Sawamura
et al. 1993). Small RNAs from the 359 bp satellite are present in oocytes from
D. melanogaster females, and it is plausible that these direct heterochromatin
formation over the 359 bp satellites in fertilized embryos (Ferree and Barbash
2009). The X chromosome of D. simulans lacks 359 bp repeats and the relevant
class of siRNA is not present in D. simulans eggs. These ideas are supported by a
study demonstrating that heterochromatin formation at the 359 bp satellites occurred
with different timing than that of another large satellite array and required maternal
factors missing from D. simulans ooplasm (Yuan and O’Farrell 2016).

The reciprocal mating, D. melanogaster females mated to D. simulans males,
produced sterile female adults but no male offspring. The toxic interaction producing
male lethality can be traced to heterochromatin proteins, Lethal hybrid rescue (Lhr,
D. simulans) and Hybrid male rescue (Hmr, D. melanogaster) (Maheshwari and
Barbash 2012). Higher expression of Lhr from the D. simulans chromosome is the
basis of hybrid lethality. Loss of D. simulans Lhr rescues hybrid lethality, but loss of
D. melanogaster Lhr, which is expressed at only half the rate as D. simulans, does
not achieve rescue. Lhr encodes a rapidly evolving heterochromatin protein that
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interacts with HP1 (Brideau et al. 2006; Brideau and Barbash 2011; Thomae et al.
2013). Loss of Lhr results in bloated polytene chromosomes in D. simulans, a
phenotype associated with a loss of chromosome structure (Pal Bhadra et al.
2006). The Hmr gene is also rapidly evolving and encodes a DNA binding protein
that localizes to heterochromatin in a complex with Lhr and HP1la (Satyaki et al.
2014; Alekseyenko et al. 2014). Hybrid males, which die as larvae, display poorly
condensed chromosomes and anaphase bridges between sister chromatids, consis-
tent with the idea that heterochromatin assembly and compaction is the primary
defect (Blum et al. 2017).

The conflicts between genetic elements within a species that produce meiotic
drive, and between species that lead to hybrid incompatibility, rely on an
overlapping cast of characters. In accord with this, it has been suggested that meiotic
drive contributes to the genetic divergence that produces hybrid incompatibility
(McDermott and Noor 2010). This notion is supported by the discovery that a single
gene, Overdrive (Ovd), appears responsible for both meiotic drive and hybrid
incompatibility in D. pseudoobscura (Phadnis and Orr 2009). Males from a mating
between subspecies are sterile when young but become weakly fertile and produce
almost exclusively daughters when aged. Although the molecular mechanisms at
play are currently unknown, the finding that one gene is involved in both phenomena
supports the idea that meiotic drive and hybrid incompatibility are produced by
similar genetic conflicts.

Summary

Satellite repeats appeared both troublesome and singularly unpromising at the dawn
of the genomics era. The typical concentration of satellites in vast, unclonable blocks
of heterochromatin was an additional deterrent to their study. But the ability of
satellites to move, expand, and undergo relatively rapid genome-wide replacement
enables them to shape genomes and respond to evolutionary pressures. Satellite
DNA, and small RNA pathways capable of directing modifications to chromatin, are
a powerful combination that can be adapted to novel roles. This can be appreciated
by the dispersed, euchromatic 1.688™ satellites that recruit dosage compensation
while very similar heterochromatic 359 bp satellites mediate hybrid incompatibility
at a different life stage and in different sex. In spite of the stark differences in the
roles of these satellites, it is likely that small RNA normally directs chromatin
modifications to both, and that these modifications are essential for normal function.
When heterochromatin is compromised satellites become unstable and devastating
disruptions of nuclear organization result. This intrinsic risk can be appreciated by
the destruction unleased by 359 bp satellites in a hybrid environment. The remark-
able ability of heterochromatin to assemble satellite DNA into a nondestructive form
can be credited with enabling satellite repeats to expand to their current position of
prominence in higher eukaryotes. All of the properties described above, including
the mutability of satellites and their intrinsic danger, put repetitive sequences at the
leading edge of evolution.
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Chapter 2 ®)
Structure, Organization, and Evolution e
of Satellite DNAs: Insights from

the Drosophila repleta and D. virilis Species
Groups

Gustavo C. S. Kuhn, Pedro Heringer, and Guilherme Borges Dias

Abstract The fact that satellite DNAs (satDNAs) in eukaryotes are abundant
genomic components, can perform functional roles, but can also change rapidly
across species while being homogenous within a species, makes them an intriguing
and fascinating genomic component to study. It is also becoming clear that satDNAs
represent an important piece in genome architecture and that changes in their
structure, organization, and abundance can affect the evolution of genomes and
species in many ways. Since the discovery of satDNAs more than 50 years ago,
species from the Drosophila genus have continuously been used as models to study
several aspects of satDNA biology. These studies have been largely concentrated in
D. melanogaster and closely related species from the Sophophora subgenus, even
though the vast majority of all Drosophila species belong to the Drosophila subge-
nus. This chapter highlights some studies on the satDNA structure, organization, and
evolution in two species groups from the Drosophila subgenus: the repleta and
virilis groups. We also discuss and review the classification of other abundant
tandem repeats found in these species in the light of the current information
available.
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2.1 Introduction

Satellite DNAs are sequences typically found in large arrays containing more than
one thousand repeats (extending up to megabase-Mb size arrays) that are mainly
concentrated in heterochromatin-rich regions of the chromosomes, such as centro-
meres and subtelomeric regions (Tautz 1993; Charlesworth et al. 1994; L6pez-Flores
and Garrido-Ramos 2012; Plohl et al. 2012; Garrido-Ramos 2017), but sometimes
also showing dispersed distribution along the euchromatin in the form of small
arrays usually containing 1-20 tandem repeats (between full and partial repeats)
(Fig. 2.1; Kuhn et al. 2012; Brajkovi¢ et al. 2018; Sproul et al. 2020).

In the Drosophila genus, satDNAs account for more than 20% of the total DNA
in several species including D. melanogaster (Bosco et al. 2007) and can reach up to
70%, as in the Hawaiian D. cyrtoloma (Craddock et al. 2016). Several satDNAs are
usually found in the genome of a single Drosophila species. For example, there are at
least 15 satDNAs in the genome of D. melanogaster (Lohe et al. 1993). The satDNA
repeat length described in Drosophila typically ranges from a few bp (<10 bp) up to
~400 bp (Palomeque and Lorite 2008; Melters et al. 2013). Several studies in
Drosophila support the assumption that satDNAs are among the fastest evolving
components of eukaryotic genomes, both in abundance and at the nucleotide
sequence level. Accordingly, a single satDNA family can be found restricted to
one species, as found in D. guanche (Bachmann et al. 1989), or shared by a group of
closely related species, as found in some species from the Drosophila obscura group
(Bachmann and Sperlich 1993).

Despite the general lack of evolutionary conservation, an increasing number of
studies in Drosophila and other organisms has been showing the participation of
satDNAs in diverse functional roles, such as in spatial chromosome organization
(Pathak et al. 2013; Jagannathan et al. 2018, 2019), centromeric architecture (Rosi¢
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Fig. 2.1 Schematic representation of a eukaryotic chromosome and the distribution of satDNA
repeats. While the main bulk of satDNA repeats resides in the heterochromatic regions of the
chromosomes (here illustrated at the centromere and subtelomeric regions), arrays typically
containing few repeats (less than 20) may be found dispersed along the euchromatin. Arrows
indicate that repeats may expand towards the telomeres
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et al. 2014), male fertility (Mills et al. 2019), and gene regulation (Menon et al. 2014;
Joshi and Meller 2017).

In Drosophila, satDNAs studies have been mainly focused on D. melanogaster
and other species from the Sophophora subgenus, despite the fact that more than
80% of all Drosophila species belong to the Drosophila subgenus (O’Grady and
DeSalle 2018). In the subgenus Drosophila, the virilis-repleta radiation
(Throckmorton 1975) with over 200 species is one of the most numerous and
includes several species groups, among them the repleta and virilis groups (O’Grady
and DeSalle 2018).

The New World repleta group includes more than 100 described species, most of
which use cactus decaying tissues as breeding and feeding sites (Oliveira et al.
2012). The virilis group comprises 13 Palearctic and Nearctic tree sap-feeding
species (Spicer and Bell 2002; Morales-Hojas et al. 2011). Our group and others
have been using species from the repleta and virilis groups as models to address
several aspects of satDNA structure, organization, and evolution. While initial
studies involved satDNAs isolated by gradient centrifugation and restriction enzyme
digestion (e.g., Gall et al. 1971; Kuhn and Sene 2005), more recent analyses have
been conducted directly from whole sequenced genomes (e.g., Dias et al. 2015; de
Lima et al. 2017; Silva et al. 2019; Flynn et al. 2020). Here we summarize some of
the main findings.

2.2 Contrasting Patterns in the repleta and virilis Groups

In the repleta group, we have been mainly studying satDNAs in seven species from
the buzzatii cluster (D. buzzatii, D. koepferae, D. serido, D. antonietae, D. seriema,
D. gouveai, and D. borborema), that belong to the buzzatii complex, and in
D. mojavensis, from the more distant mulleri complex (Fig. 2.2). Divergence times
between these species range from 11 My to less than 1 My, which provides us with
interesting time frames to study satDNA evolution at both long and short evolution-
ary terms. All these species share similar karyotypes consisting of 4 pairs of
telocentric autosomes, 1 pair of microchromosomes (or chromosome 6), and 1 pair
of sex chromosomes (X and Y). Heterochromatic blocks are present in the proximal
region of the chromosomes, while the microchromosomes and Y chromosome are
almost entirely heterochromatic (Kuhn et al. 2007).

The pBuM satDNA, initially found in D. buzzatii, was the first satDNA described
in species from the repleta group (Kuhn et al. 1999). This satDNA has been found in
species from both mulleri and buzzatii complexes, so that its age could be estimated
as at least 11 million years (My), the oldest satDNA found in the repleta group to
date (Fig. 2.2) (Kuhn and Sene 2005; Kuhn et al. 2008; de Lima et al. 2017).

Within the buzzatii complex, the pBuM satDNA exists as two main repeat
variants: in the form of 190 bp repeat units, called pBuM-1 alpha repeats, and as
~370 bp repeats, called pBuM-2 alpha/beta repeats, made by an alpha 190 bp
sequence plus a beta 180 bp sequence. The pBuM-1 repeats are present in species
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Fig. 2.2 Phylogenetic tree containing Drosophila species from the repleta and virilis groups
mentioned in the text and the distribution of the most abundant tandem repeat families found in
each species. The species D. melanogaster is only shown here as a reference. The scale under the
phylogeny represents distances between taxa millions of years ago (Mya). Data from Kuhn et al.
(2007, 2008) Franco et al. (2008); de Lima et al. (2017), Gall et al. (1971, 1974); Gall and Atherton
(1974); Cohen and Bowman (1979); Zelentsova et al. (1986); Vashakidze et al. (1989); Heikkinen
et al. (1995); Biessmann et al. (2000); Abdurashitov et al. (2013); Dias et al. (2014, 2015); Silva
et al. (2019); Flynn et al. (2020)

from both mulleri and buzzatii complexes, but pBuM-2 repeats are restricted to the
buzzatii complex (Fig. 2.2). Therefore, pBuM-1 repeats most likely represent the
primitive state of this satellite, while the origin of pBuM-2 could be explained by
the insertion of a beta sequence into an alpha array, creating an alpha/beta repeat
that subsequently underwent amplification. The befa sequence has no significant
sequence identity with any other described genetic element, so that beta could have
been derived from a previously single-copy noncoding DNA sequence. The pBuM
satDNA repeats are mainly located in the centromeric regions, although in
D. seriema, it is also present in the subtelomeric regions of the microchromosomes
(Kuhn et al. 2009). The pBuM chromosomal distribution varies across species, from
being present in only one chromosome (the microchromosome) in D. mojavensis to
all chromosomes in D. buzzatii except the X (Kuhn et al. 2008).

There is an interesting pattern of evolutionary turnover of pBuM-1 and pBuM-2
repeats across species from the buzzatii complex. While pBuM-1 is the main variant
present in D. buzzatii, both pBuM-1 and pBuM-2 were found in D. serido and
D. antonietae, only pBuM-2 were found in D. seriema and D. gouveai and both
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Fig. 2.3 Rapid evolutionary turnover of pBuM across species from the Drosophila buzzatii cluster
(repleta group). The species shown here may contain only pBuM-1 (alpha), both pBuM-1 and
pBuM-2 (alpha/beta), only pBuM-2, or not detectable levels of pPBuM-1 and pBuM-2 based on
fluorescence in situ hybridization (FISH) experiments. The pBuM variants are depicted as arrows
and undetected repeats are represented with doted lines. Chromosomes were counterstained with
DAPI (blue), or PI (red). The pBuM location is seen in red for DAPI or yellow for PI. Adapted from
Kuhn et al. (2008)

pBuM-1 and pBuM-2 are almost absent from the genomes of D. borborema and
D. koepferae. Given the phylogenetic position of the last two species, it can be
assumed that the events resulting in pBuM loss occurred independently twice. Such
pattern of turnover of pBuM variants has happened remarkably fast, considering that
most forementioned species diverged from each other less than 2 Mya (Figs. 2.2 and
2.3).

The DBC-150 satDNA, with repeat units around 150 bp, has been found in
species from the buzzatii complex, but it is absent in the more distantly related
D. mojavensis. Therefore, this satDNA originated at least around 4 million years ago
(Ma) (Fig. 2.2). In almost all species from the buzzatii cluster, DBC-150 satDNA
repeats are abundantly located (and likely restricted) to the microchromosomes
(Kuhn et al. 2007). In D. buzzatii, however, DBC-150 repeats are very scarce and
detected only by the sensitive method of PCR, suggesting that DBC-150 likely
underwent amplification after the split of D. buzzatii from the remaining species
from the buzzatii cluster. Interestingly, while DBC-150 repeats could be detected in
a D. buzzatii strain from Ibotirama (Brazil), they seem to be absent in the D. buzzatii
strain used for genome sequencing, which was founded by flies from Carboneras
(Spain) (Guillén et al. 2015). Such pattern of satDNA polymorphism has also been
reported in a study comparing satDNA abundance among populations of
D. melanogaster (Wei et al. 2014) and it is likely a common phenomenon, especially
for species containing low-copy-number satDNAs.

The CDSTR138 satDNA, with repeat units 138 bp long was found in D. seriema
and could not be detected in the sequenced genomes of D. buzzatii or D. mojavensis
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(Fig. 2.2). This satDNA co-localizes with pBuM-2 in the centromeric region of four
autosomes. Finally, the CDSTR130 satDNA, with repeat units 130 bp long, was
found in D. mojavensis and could not be detected in the genomes of D. buzzatii and
D. seriema (Fig. 2.2). This satDNA is located in the centromeric region of all
D. mojavensis chromosomes, except the Y (de Lima et al. 2017).

All the four satDNAs presented above (pBuM, DBC-150, CDSTR130, and
CDSTR138) are abundant in at least one species, with an estimated average number
of repeats per locus >1000, except for CDSTR138 (~720 repeats). In addition, they
all map to the heterochromatin, as expected for satDNAs. A fifth putative satDNA,
called SSS139, has been described in all species from the buzzatii cluster except
D. buzzatii, but its chromosome location has not been determined (Fig. 2.2) (Franco
et al. 2008).

The whole set of satDNAs from D. buzzatii, D. mojavensis, and D. seriema
account for 1.5%, 2.5%, and 2.9% of the total genomic DNA, respectively (de Lima
et al. 2017). These values are surprisingly low compared to the satDNA content in
other Drosophila species and eukaryotes in general, where satDNAs typically
comprise more than 20% of the total genomic DNA (Bosco et al. 2007; Craddock
et al. 2016; Garrido-Ramos 2017). Interestingly, the estimated heterochromatin
content in D. mojavensis is also low (2%) compared to most Drosophila species,
where heterochromatic regions typically comprise more than 15% of the genome
(e.g., 24% in D. melanogaster or 44% in D. virilis) (Bosco et al. 2007). Finally,
genome sizes have been estimated for D. mojavensis and D. buzzatii and they are
also in a lower range (~150 Mb) compared to several other Drosophila species
including D. melanogaster, where genome sizes are typically above 180 Mb (Bosco
et al. 2007; Gregory and Johnston 2008). Interestingly, genome sizes of more distant
Drosophila species from the repleta group, such as D. mercatorum (mercatorum
subgroup) and D. hydei (hydei subgroup), are also small (Bosco et al. 2007),
suggesting that perhaps small genomes could be a widespread characteristic in the
repleta group.

Moving to the D. virilis group, we have been mainly studying satDNAs and other
tandem repeats in D. virilis and D. americana, species that have diverged from each
other between 4.1 and 4.5 Mya (Fig. 2.2; Caletka and McAllister 2004; Morales-
Hojas et al. 2011). D. virilis has a karyotype consisting of 4 pairs of acrocentric
autosomes, 1 pair of microchromosomes (or chromosome 6), and 1 pair of sex
chromosomes (X and Y). The D. americana karyotype differs from the one found
in D. virilis by centromeric fusions between chromosomes 2 and 3, and chromo-
somes X and 4 (Caletka and McAllister 2004). In these species, heterochromatic
blocks are found in the proximal region of all autosomes and the X chromosome,
with the Y chromosome appearing entirely heterochromatic (Mahan and Beck
1986).

The studies of D. virilis satDNAs were among the first in Drosophila, and
revealed that most of the (peri)centromeric heterochromatin in this species is com-
posed of three related satDNAs, all with 7 bp repeat units: sat | (AAACTAC), sat I
(AAACTAT), and sat III (AAATTAC) (Gall et al. 1971, 1974; Gall and Atherton
1974). A fourth satDNA from this family, sat IV (AAACAAC), was identified in
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D. virilis and other species from the virilis group. Based on its phylogenetic
distribution, the 7 bp satDNA family likely arose at least 4.5 Mya (Fig. 2.2)
(Flynn et al. 2020). The pvB370 family, with 370 bp repeat units, has also been
described as a satDNA in species from the virilis group (Heikkinen et al. 1995).
However, given its relationship with transposable elements (TEs) and genomic
distribution, this tandem repeat family will be discussed in separate topics in this
chapter.

In D. virilis, the 7 bp satDNAs are located in the centromeric and pericentromeric
regions from all chromosomes, while in D. americana, only the Y chromosome
seems to lack them (Silva et al. 2019). Consistent with a fast evolutionary turnover,
each one of the 7 bp satDNAs differ in their chromosomal distribution among
species from the virilis group, especially in the centromeric region (Flynn et al.
2020).

There are marked differences in the 7 bp satDNAs genomic abundance between
D. virilis and D. americana: while in D. virilis these satDNAs account for 40% of the
genomic DNA (Gall et al. 1971; Gall and Atherton 1974), in D. americana they
account for less than 20% (Flynn et al. 2020), similar to the amount of satDNAs
found in other Drosophila species. Therefore, the amount of satDNAs in D. virilis
can be regarded as unusually high among Drosophila, suggesting that satDNAs
experienced a large expansion in the genome of this species. Accordingly, the
heterochromatin content in D. virilis is also high (~40%) (Gall et al. 1971; Bosco
et al. 2007) compared to other Drosophila species, and its genome size, around
~390 Mb, is also among the largest found in Drosophila (Bosco et al. 2007). In this
context, it is important to mention that D. americana has not only a smaller satDNA
content but also a smaller genome (~240 Mb) compared to D. virilis (Bosco et al.
2007).

In summary, in this topic, we reviewed the satDNA data in some selected species
from the repleta and virilis groups. The satDNAs in the repleta group have repeat
lengths ranging from 130 to 370 bp. In contrast, the most abundant satDNAs in the
D. virilis and D. americana have repeat lengths of only 7 bp. Despite these
differences, some important structural features are shared among some of them
(see Sect. 2.5). While satDNAs account for up to 2% of the total DNA in the studied
species from the repleta group, satDNAs can account for more than 20% in the virilis
group and remarkably reaching 40% in D. virilis (Gall et al. 1971; Gall and Atherton
1974). Accordingly, species from the repleta group have small genomes (around
150 Mb) and low heterochromatin content (e.g., 2% in D. mojavensis), while species
from the virilis group have much larger genomes (>>240 Mb) and higher hetero-
chromatin content (e.g., 40% in D. virilis). These figures are in accordance with the
known positive correlation between satDNA content, heterochromatin content, and
genome sizes, found in many Drosophila species (Bosco et al. 2007; Gregory and
Johnston 2008).

In Drosophila variation in genome sizes might affect phenotypic features such as
cell sizes, body size, sperm length, and development time (Gregory and Johnston
2008). On the heterochromatin level, changes in its content are expected to affect
gene expression, centromere function, and genome stability, being therefore also
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considered of biological significance (reviewed in Allshire and Madhani 2018).
Since changes in satDNA affect both heterochromatin content and genome sizes,
it remains to be investigated whether the large discrepancies in satDNA con-
tent between species from the repleta and virilis groups have any adaptive explana-
tion(s).

2.3 Testing Concerted Evolution

Despite the fact that satDNAs are among the most rapidly evolving components of
the genome, repeats from the same satDNA family within a species usually exhibit
very low levels of sequence variability. This means that within a species, individual
repeats are not evolving and diverging independently from each other but that
somehow, they are evolving “together.” This pattern is known as “concerted evolu-
tion” and can also be seen in non-satellite multigene families (Dover 1982; Ganley
and Kobayashi 2007; Goebel et al. 2017).

It is generally accepted that the evolution of satDNA is affected by mutations that
create repeat variants, and by the “molecular drive” mechanisms of unequal
exchanges such as unequal crossing over and gene conversion, that may increase
the frequency of some particular variants in the array, leading to concerted evolution
(Dover 1982). For centromeric satellites, homogenization can be further accelerated
if the expanded variants confer an advantage for the chromosome to be transmitted to
the egg during female meiosis and consequently to the next generation, as proposed
in the “Centromere Drive” model (Henikoff et al. 2001; Malik 2009).

Early studies in Drosophila have been pivotal to show that concerted evolution is
essentially the result of a gradual process (Strachan et al. 1985). However, there are
also cases where satDNA changes happen too rapidly in evolution so that transitional
stages of satDNA turnover cannot be seen between species. An extreme example of
such rapid evolution is given by the existence of species-specific satDNAs, where
satDNA repeats present in one species cannot be detected even in a closely related
species (Bachmann et al. 1989). Such dramatic changes in satDNAs (both quantita-
tively and at the sequence level) occurring rapidly between populations likely
contribute to the speciation process. This is particularly interesting in the case of
centromeric satDNAs, where centromeric binding proteins also appear to be
coevolving with satDNAs (Malik 2009). In fact, it has already been shown in
Drosophila that changes in satDNA abundance and nucleotide sequence are related
to post-zygotic lethality in hybrids between D. melanogaster and D. simulans,
possibly because of incompatibilities between centromeric proteins from one species
and satDNA from the other (Ferree and Barbash 2009).

We tested the prediction of concerted evolution in two satDNAs from the repleta
group, the pBuM, and the DBC-150, given that these satellites are present in several
species and feature a reasonable number of nucleotide sites for phylogenetic analysis
(between 150 and 370 bp).
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Fig. 2.4 Maximum likelihood (ML) trees containing pBuM-1 or pBuM-2 repeats sampled from
species belonging to the repleta group. Concerted evolution is seen here because repeats from the
same species (same color) are allocated in species-specific branches. Scale bar represents the
number of substitutions per site

For the pBuM satDNA, we found a clear pattern of concerted evolution, with
repeats forming species-specific branches on phylogenetic trees (Fig. 2.4; Kuhn et al.
2007; de Lima et al. 2017). However, for species presenting very low amounts of
pBuM (e.g., only detectable by PCR amplification), these repeats do not form
species-specific branches (Kuhn et al. 2008). It is not clear why these low copy
number repeats did not undergo concerted evolution. Among possible hypotheses,
these low copy number repeats could belong to a pool of ancestral variants or a
“library” (Plohl et al. 2008) that independently underwent homogenization in some
species. Alternatively, these low copy number repeats could have been brought to
the genome through hybridization with other species during the early stages of
speciation. In fact, there is evidence for introgression of genetic material (both
mitochondrial and nuclear) among species from the buzzatii complex (Franco et al.
2010; Moreyra et al. 2019). Given the lack of evidence for the existence of a pool of
ancestral repeats in the sequenced genomes of D. buzzatii or D. mojavensis, the
introgression hypothesis seems more likely.

In D. buzzatii, we further detected an interesting case of concerted evolution
among chromosomes. In this species, pPBuM-1 repeats are found in all autosomes
and the Y, but a particular group of divergent pBuM-1 variants, first described in
Kuhn et al. (2003), is predominantly located in the Y chromosome (de Lima et al.
2017). These pBuM-1 variants linked to the Y chromosome illustrate how the
presence of a satDNA on a non-recombining chromosome may lead to efficient
local homogenization and chromosome-specific arrays.

The evolution of the DBC-150 in species from the buzzatii complex revealed a
more complex pattern. For this satellite, the individual repeats isolated from each
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species were not more similar to each other compared to repeats from different
species. Consequently, they were not grouped in species-specific branches on
phylogenetic trees (Kuhn et al. 2007). Moreover, the within-species inter-repeat
variability is also significantly higher in DBC-150 compared to pBuM. This was an
unexpected finding, considering that pBuM has a multi-chromosomal distribution
and DBC-150 is located on a single chromosome, a situation that in theory could
facilitate homogenization and concerted evolution (Strachan et al. 1985). The
microchromosomes in Drosophila do not undergo recombination during meiosis,
which led us to first hypothesize that the low homogenization of DBC-150 could be
somehow related to such lack of meiotic recombination (Kuhn et al. 2007).

In subsequent studies, we were able to study a larger sample of DBC-150 adjacent
monomers and this analysis revealed that DBC-150 can be organized in the form of
higher-order-repeats (HOR) (Kuhn et al. 2009). For example, in D. serido, we found
that DBC-150 is organized in the form of 3 variant monomers (3mer) that are
tandemly repeated. Although the variability between monomers within the HOR is
very similar to the variability between monomers obtained individually (~9%), when
the whole 3mers are compared to each other, the variability drops to 1.2% on
average.

The finding that DBC-150 can be organized as HOR showed that intraspecific
homogenization did take place in this satellite, but at the level of the HOR. Accord-
ingly, it is possible that as more DBC-150 repeats from the other species become
available, the concerted evolution of this satellite may become more evident.

2.4 SatDNAs as Major (but Likely Not Exclusive)
Components of Centromeres

Although centromeric and pericentromeric satDNAs are seemingly ubiquitous in
most eukaryotes (Plohl et al. 2012; Garrido-Ramos 2017; Hartley and O’Neill 2019),
the presence of long tandemly repeated arrays is not a sine qua non feature of
functional centromeric loci, especially in neocentromeres (Talbert and Henikoff
2020). Aside from a few exceptions, centromeric and pericentromeric satDNAs
appear to provide stabilization and characterize mature centromeres (Kalitsis and
Choo 2012; Nergadze et al. 2018).

In the three species from the repleta group with sequenced genomes, D. buzzatii,
D. seriema, and D. mojavensis, we were able to identify likely all the most abundant
centromeric satellites (Kuhn et al. 2008, 2009; de Lima et al. 2017). In D. buzzatii,
we found that the pBuM-1 is the satellite associated with the centromere on
chromosomes 2, 3, 4, 5, 6, and Y. In D. seriema, we found three satellites at the
centromeric region: (i) the pBuM-2 on chromosomes 2, 3, 4, 5, and 6; (ii) the
CDSTR138 satellite on the chromosomes 2, 3, 4, and 5, and (iii) the DBC-150 on
chromosome 6 (the microchromosome). In D. mojavensis, we found the CDSTR130
in the centromeres of chromosomes 2, 3, 4, 5, 6, and the X.
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None of the above satDNAs were mapped to the X chromosome of D. buzzatii, X
and Y chromosomes of D. seriema or the Y chromosome of D. mojavensis,
suggesting that these sex chromosomes may have satellite-free centromeres. In this
context, a TE called PERI, related to DINEs (a family of Helitrons found in
Drosophila; Locke et al. 1999; Yang and Barbash 2008), have been found enriched
at (or near) the centromeric regions of chromosomes X and Y in species from the
buzzatii cluster (Kuhn and Heslop-Harrison 2011; Rius et al. 2016) and are likely
candidates to fulfill the centromeric DNA from the forementioned sex chromosomes.
For D. seriema, it is also possible that the SSS139 tandem family (Fig. 2.2) (Franco
et al. 2008) might be present in some centromeres, including from sex chromosomes,
but unfortunately, the chromosome distribution of this family has not been
determined yet.

In species from the virilis group, the 7 bp satDNAs (sat I, II, III, and IV) dominate
the centromeric regions from most chromosomes (Gall et al. 1971; Silva et al. 2019;
Flynn et al. 2020). However, the specific satDNA linked to each centromere varies
within and between species (Flynn et al. 2020). For instance, in D. virilis, the major
centromeric satDNAs are the sat II and sat III, while in D. americana, sat IV is the
major centromeric satDNA. In D. novamexicana, a species more closely related to
D. americana, sat IV also dominates the centromere of all chromosomes, except the
microchromosomes (Flynn et al. 2020).

In addition to the 7 bp satDNAs, another DINE TE, called DINE-TRI (see Sects
2.7 and 2.11), has been found enriched in the centromeres of chromosome 5 and Y in
D. virilis and the centromere of chromosome Y in D. americana (Dias et al. 2015).
As both DINE-TRI and 7 bp satDNAs are found in the centromeric region of
chromosomes 5 and Y from D. virilis, it is not possible to determine which sequence
likely corresponds to the functional centromeric DNA. In contrast, DINE-TRI is the
only sequence known to cover the Y centromeric region from D. americana.

Therefore, both repleta a and virilis groups may contain centromeres with DINE-
related transposable elements. Interestingly, both DINE-PERI and DINE-TR1 fea-
ture internal tandem repeats as part of their structure. While PERI contains two
blocks with internal tandem repeats, one with 97-153 bp repeats and another with
383 bp repeats (Kuhn and Heslop-Harrison 2011), DINE-TR1 contains one block
with 154 bp repeats, called 154TR (Dias et al. 2015). Furthermore, we found that in
both DINEs, these internal tandem repeats underwent independent expansions in
some Drosophila species. For example, the 154TR is one of the most abundant
tandem repeats found in D. virilis (Melters et al. 2013; Dias et al. 2015). Therefore,
there might be an interesting link between the presence DINEs in the centromeres
and the expansion of their internal tandem repeats, possibly forming satDNA-like
arrays in the centromeres (see also Sects. 2.7 and 2.11).

In summary, the centromeres of the Drosophila species from the repleta and
virilis groups are composed of one or more satDNAs, and perhaps by different types
of DINE Helitrons. Interestingly, non-LTR retroelements have recently been found
to participate in centromere function in D. melanogaster and D. simulans (Chang
etal. 2019). It remains to be investigated whether DINEs also perform a centromeric
function in species from the repleta and virilis groups.
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The centromeres of Drosophila species seem to have been evolving by
(i) turnover of different variants from the same satDNA family, for example, the
pBuM-1 in D. buzzatii and pBuM-2 in D. seriema; (ii) turnover of nonhomologous
satDNA families, for example, pBuM in several species from the buzzatii cluster but
CTR130 in D. mojavensis; and (iii) turnover of satDNAs and possibly non-satellite
sequences, as seen in the presence of DINE-Is in the centromeres of some chromo-
somes in species from both repleta and virilis groups. In most cases, a complete
turnover of centromeric satDNAs between species took only 4 My to happen, while
in other cases, it took even less than 1 My (Fig. 2.3). At the protein side, Cid
(Drosophila CenH3) and Cenp-C, which are centromeric proteins known to bind to
the centromeric DNA and essential for centromere function, also showed rapid
evolution in species from the repleta and virilis groups, including with some
instances of positive selection (Kursel and Malik 2017; Teixeira et al. 2018).
Therefore, it is possible that the rapid evolution of centromeric satDNAs, possibly
associated with deleterious effects associate with it, might be the driving force
behind the rapid evolution of these centromeric proteins (Malik 2009).

2.5 Common Structural Features Among Centromeric
satDNAs

Despite satDNA rapid evolution, dyad symmetries in stretches of short (<10 bp)
palindromic sequences are common features of eukaryotic centromeric satDNAs,
with the notable exception of the ones found in great apes and mice (Talbert and
Henikoff 2020). In centromeric regions, these palindromic sequences are expected to
adopt non-B-form DNA structures, such as stem-loops, that are thought to recruit
specific proteins which, in turn, work as centromere identifiers (Kasinathan and
Henikoff 2018; Talbert and Henikoff 2020). AT-rich DNA is another characteristic
of centromeric sequences, which may also facilitate non-B DNA forms by its
tendency to melt more easily in comparison to GC-rich sequences (Talbert and
Henikoff 2020).

All centromeric satDNA sequences found in species from the repleta group
contain short dyad symmetries covering a large portion of their length. In the virilis
group, only sat III and the 154TR repeats (the latter are expanded tandem repeats
initially present inside DINE-TR1 TEs), have dyad symmetries spanning most of
their length. In accordance with these observations, all these tandem repeats were
predicted to form stable secondary structures (also more stable than what would be
expected by chance) (Fig. 2.5), except for individual repeats from the DBC-150
satDNA found in the repleta group. However, DBC-150 was also found to be
organized as HOR in the form of 3mers (see Sect. 2.3), and taking into consideration
this longer repeated structure, DBC-150-HOR forms more stable secondary struc-
tures than DBC-150 individual repeats Fig. 2.5).
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Fig. 2.5 Predicted secondary structures of centromeric satDNAs found in species from the repleta
(CDSTR130, CDSTR138, DBC-150) and virilis (Sat III, 154 TR) groups. AT content (in %) is
shown below each satDNA. Minimum free energy (MFE) is shown below each predicted structure.
The asterisk in DBC-150 indicates that the secondary structure predicted for this satDNA is not
more stable than expected by chance

In addition, all centromeric satDNAs found in the repleta and virilis group
species, and 154TR, have a high AT content (~63-86%), except for DBC-150 and
the related sequence DBC-150_HOR, that have a 42% and 44% AT content,
respectively. Although DBC-150 and DBC-150_HOR diverge from the general
trend observed in the other centromeric satDNAs, they are still enriched in dyad
symmetries and expected to form secondary structures (Fig. 2.5).

The pBuM satDNA from the repleta group deserves some special comments. As
discussed previously, this satDNA is found as two main variants. The pBuM-1
variant consists of alpha repeats approximately 190 bp long. The pBuM-2 variant
consists of 370 bp repeats composed of a 190 bp alpha sequence plus a 180 bp beta
sequence. There is no homology between alpha and beta sequences. These pBuM
variants are found in high copy numbers in D. mojavensis (pBuM-1), D. buzzatii
(pBuM-1), D. antonietae (pBuM-1 and pBuM-2), D. serido (pBuM-1 and pBuM-2),
D. seriema (pBuM-2), and D. gouveai (pBuM-2). As these pBuM variants are
potentially associated with the centromeres in these species, we further verified if
both contain structural features typically found in centromeric DNAs.

Our analyses suggest that both pBuM-1 and pBuM-2 variants are enriched in
dyad symmetries and are predicted to form stable secondary structures (Fig. 2.6).
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Fig. 2.6 Predicted secondary structures of pBuM satDNA variants found in the centromeric
regions of species from the buzzatii cluster (repleta group). AT content (in %) is shown below
each satDNA. Minimum free energy (MFE) is shown below each predicted structure. The asterisk
in pBuM-1 from D. buzzatii indicates that the secondary structure predicted for this satDNA is not
more stable than expected by chance

Moreover, both pBuM-1 and pBuM-2 have a high AT content (~63%-71%), which
is a common feature for centromeric satDNAs. That is interesting, considering that
pBuM-1 and pBuM-2 differ in their repeat lengths (~190 and ~370 bp) and the fact
that almost half of the pBuM-2 length is nonhomologous to pBuM-1.

We have previously noted that both alpha and beta sequences share similar
lengths (~190 and 180 bp) and AT content (65% and 70%) (Kuhn and Sene
2005). Therefore, it is possible that the origin and subsequent centromeric expansion
of the most derived alpha/beta repeats were only possible because the beta sequence
shared similar size and structural features with alpha sequences, including propen-
sity to adopt non-B-form DNA structures.

In summary, even though the satDNA sequences from the virilis and repleta
group species may be very different concerning their repeat lengths and nucleotide
composition, they are generally enriched for dyad symmetries, they are expected to
form stable secondary structures and they are AT rich. Importantly, these features
appear to be essential for centromeric functions and are conserved between species,
despite the high turnover rates of centromeric satDNAs. It is also tempting to
speculate that the presence of structural features of centromeric satDNAs in the
154TR may have enabled this tandem repeat, initially restricted to the DINE-TR1 TE
at non-centromeric regions, to successfully colonize the centromeres of some chro-
mosomes in D. virilis (Fig. 2.9).
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2.6 Not Just Homogeneous Arrays

While satDNAs arrays have been often described as long and homogeneous, in some
species from the repleta group we found instances where two nonhomologous
satDNAs not only co-localize in the same chromosome regions, such as pBuM-2
and DBC-150 or pBuM-1 and CDSTR130, but are also highly interspersed with
each other in the same arrays. All the cases of satDNA interspersion were confirmed
using cytology and DNA sequence data (Kuhn et al. 2009; de Lima et al. 2017). The
analyses of sequence junctions between nonhomologous satDNAs indicate that
these high levels of interspersion arose multiple times through illegitimate recom-
bination, and possibly with subsequent rounds of unequal crossing-over expanding
the copy number of some of the junctions (Kuhn et al. 2009).

The interspersion between DBC-150 and pBuM, and between pBuM and
CDSTR130, take place in the microchromosomes. These highly heterochromatic
chromosomes can be found in several Drosophila species (including
D. melanogaster) and are typically referred to as the “dot” chromosomes. Due to
their small size, it is not possible to determine which satDNA is present in the
centromere core using cytology. However, the microchromosome present in
D. seriema is unusually large (Kuhn et al. 1996), which allowed us to verify that
in this chromosome DBC-150 is located in the centromere and pericentromeric
regions, while pBuM is distributed from more distal to terminal regions (Fig. 2.7).
For other species, like D. antonietae, looking at the distribution of pBuM and
DBC-150 repeats in the much less condensed chromosomes in the interphase nuclei,
it is possible to note a large compartment of DBC-150 repeats alone (that are
probably located in the centromere core) in contrast to a region where the distribu-
tion of pBuM and DBC-150 overlaps (Fig. 2.7).

Our data showing repeats mainly from one satellite in the centromere, but
interspersion of repeats from different satellites at more distal positions, is in
accordance with what has been found in other well-studied centromeres, where

nuclei Extended DNA fibers

DAPI (blue) DBC-150 (green), pBuM (red), DBC-150 + pBuM (yellow)

D. antonietae

D. seriema

Fig. 2.7 Colocalization and interspersion of pBuM and DBC-150 satDNA repeats in the
microchromosomes in two species from the repleta group. Different levels of interspersion can
be seen in all species where both satellites are present, but in the centromere, DBC-150 arrays are
most likely homogeneous (as seen here in D. seriema). Asterisk marks the centromere. Scale
bar = 10 kb. Adapted from Kuhn et al. (2009)
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repeat arrays at the core of the centromere are more contiguous and homogeneous,
while arrays at more distal positions, usually present higher levels of inter-repeat
variability and transposon insertions (Schueler et al. 2001; Khost et al. 2017). This
pattern of variation suggests that homogenization mechanisms, such as unequal
crossing over and gene conversion, act more efficiently at the core of satDNA arrays
compared to their edges. However, it is important to point out that different sets of
centromeric repeats may be homogenized in different species. In fact, this chapter
provides several examples showing a remarkably fast rate of evolution for centro-
meric satDNAs across species.

2.7 TE-Tandem Repeat Associations

Multiple studies have reported on the evolutionary relationships between tandem
repeats, including satDNAs, and transposable elements (TEs). These reports include
data from both plant and animal species and demonstrate many possible routes by
which tandem repeats and TEs can interact in eukaryotic genomes (MeStrovic¢ et al.
2015). Our group and others have described aspects of these associations in Dro-
sophila species, as well as explored the possible consequences of these interactions
to genome structure and function.

The first description of a TE-tandem repeat association in the virilis group came
from Heikkinen et al. (1995), where the authors detected sequence homology
between the pvB370 satDNA repeats and the termini of pDv transposable elements
(Fig. 2.8; Heikkinen et al. 1995). Because the known phylogenetic distribution of
pDv elements was restricted to the virilis subgroup and the pvB370 was more
broadly distributed, being found in all species of the virilis group, the authors
suggested that pDv TEs were derived from pvB370 repeats through sequence
rearrangements. This is the only report in Drosophila where a tandem repeat has
potentially contributed to the origin of a TE, although Heikkinen et al. (1995) has
cautioned that the evidence for pDv mobility is limited to interspecific hybrid studies
and no target site duplications were found.

Interestingly, in addition to their association with pvB370, pDv elements harbor
an internal array of 36 bp tandem repeats (later named 36TR) (Fig. 2.8; Zelentsova
et al. 1986; Silva et al. 2019). In D. virilis, these 36TR sequences are distributed in
~200 loci across chromosome arms and in the telomeric region. In D. lummei a
similar distribution was observed, albeit with a significantly lower abundance and
number of loci (~20 loci) (Vashakidze et al. 1989). This pattern likely replicates the
overall observed distribution of pDv itself (Zelentsova et al. 1986) and pvB370
sequences (Biessmann et al. 2000).

The second TE-tandem repeat association in the virilis group involves a Terminal
Inverted Repeat (TIR) transposable element named Tetris, a foldback DNA trans-
poson that includes 220 bp tandem repeats (TIR-220) as part of its large TIRs (Dias
et al. 2014; Fig. 2.8). TIR-220 can also be found forming long satDNA-like arrays in
the genomes of both D. virilis and D. americana, suggesting this tandem repeat
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Fig. 2.8 Transposable elements (TEs), and their associated tandem repeats (TRs) found in species
from the virilis group. Colored blocks indicate regions within the TE structure that are highly
similar to an existing TR. Numbers below brackets indicate the typical copy number of TRs within
structurally complete TE insertions, as determined from genome assembly data. Not drawn to scale

expansion event predates the virilis subgroup radiation (>4.1 Mya). Tetris and
TIR-220 are highly enriched in the p-heterochromatin of D. virilis and
D. americana chromosomes, and the molecular characteristics of this genomic
compartment were suggested as being conducive for the formation of long tandem
repeat arrays (see Sect. 2.8.) (Dias et al. 2014).

The third and latest description of a TE-tandem repeat association in the virilis
group involves the DINE (Drosophila Interspersed DNA Elements) TE family
(Locke et al. 1999). These elements comprise one of the most abundant TE families
in Drosophila and are currently classified as Helentrons, a group of nonautonomous
endonuclease-encoding Helitrons (Kapitonov and Jurka 2007; Yang and Barbash
2008; Thomas et al. 2014). Based on previous work that identified an abundant
Helitron-associated tandem repeat in the genome of D. virilis (Abdurashitov et al.
2013), we have described a new group of DINEs in Acalyptratae (Diptera) called
DINE-TRI that contains central tandem repeats (CTRs) with ~150 bp monomers
(Fig. 2.8; Dias et al. 2015). DINE-TRI CTRs (later named 154TR) were also
detected forming multi-kb sized satDNA-like arrays in the genomes of both
D. virilis and D. americana, suggesting an expansion event that took place before
the divergence of the virilis subgroup (>4.1 Mya). Although DINE-TRI can be
detected in multiple euchromatic sites, an overabundance of 154TR was observed in
the P-heterochromatin of multiple chromosomes in D. virilis and D. americana
(Fig. 2.9). Additionally, DINE-TRI and 154TR are highly enriched in the hetero-
chromatic Y chromosome in D. virilis and D. americana, covering most of its length
(Dias et al. 2015). A similar enrichment in the Y chromosome was also observed for
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Fig. 2.9 Distribution of euchromatic and heterochromatic tandem repeats (TR) in the Drosophila
virilis genome. Ideograms representing the six acrocentric chromosomes of D. virilis are depicted
with black and white regions representing the heterochromatin and euchromatin, respectively.
Heterochromatin is further subdivided into o and P, the latter being the most distal to the
centromere. (a, b) Distribution of DINE and 154TR in metaphasic and polytenic chromosomes.
(c, d) Distribution of Sat I, II, and III, and the putative minisatellite 172TR in mitotic and
metaphasic and polytenic chromosomes. Metaphasic chromosomal distribution of repeats was
compiled from fluorescence in situ hybridization (FISH) experiments (Dias et al. 2015; Silva
et al. 2019; Flynn et al. 2020). Depiction of euchromatic repeats indicates approximate abundance
rather than actual locations. The morphology of chromosomes Y and 6 can be hard to determine in
DAPI-stained preparations and, as a result, the inferred position of probes relative to the centro-
meres of Y and 6 might be inaccurate

a related element named PERI in D. serido from the D. buzzatii cluster (Marin et al.
1992; Kuhn and Heslop-Harrison 2011), indicating that DINE-derived sequences
might be important players in sex chromosome differentiation in Drosophila. An
independent tandem repeat expansion event from a homologous DINE-TRI element
was also suggested in D. biarmipes, which shares a common ancestor with
D. virilis > 40 Mya. This suggests that DINE-TRI might be a recurrent source of
abundant tandem repeats, and maybe satDNAs, in Drosophila (Dias et al. 2015).
The four satDNAs we studied in the repleta group (pBuM, DBC-150,
CDSTR130, and CDSTR138), are nonhomologous and showed no significant
sequence identity to any known transposable element, intron sequence, or annotated
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coding sequence. Thus, they likely originated from single copy noncoding DNA
sequences.

The fact that all TE-tandem repeat associations described in the virilis-repleta
radiation so far are restricted to the virilis group is intriguing. One possibility is that
the frequency of tandem repeat expansion events correlates with the diversity and
abundance of repeats in any given genome, ultimately reflecting the known corre-
lation between repeat abundance and genome size (Elliott and Gregory 2015).
Indeed, the virilis and repleta groups contain species with some of the highest and
lowest genome sizes and repeat contents in Drosophila, respectively. Specifically,
D. virilis has the highest and D. buzzatii the lowest amount of satDNAs reported in
the Drosophila genus (see Sect. 2.2).

Another aspect of identifying TE—tandem repeat relationships is that such ana-
lyses heavily depend on the availability and quality of the DNA sequencing data and
the genome assemblies. In this sense, one thing to note is the high number of species
in the repleta group for which no genome assembly or DNA sequencing data is
available. Only ~4% of the 106 described species in the repleta group have a genome
assembly available in GenBank as of October 2020. In contrast, nearly two-thirds of
virilis group species have an assembly available. Importantly, the contiguity of
genome assemblies greatly impacts the ability to analyze repetitive DNAs, and it
has been discussed that more fragmented short-read assemblies result in an overall
underestimation of repeat content (Treangen and Salzberg 2011; Rius et al. 2016).

Additional DNA sequencing and analysis of repleta group species genomes,
especially with long-read technologies, will provide a clearer picture of the differ-
ences in repetitive DNA abundance and composition between the repleta and virilis
species groups. Importantly, assembly-free methods based on short-read sequencing
such as RepeatExplorer and TAREAN (Novak et al. 2013, 2017) have been shown
to enable initial detection of TE—tandem repeat associations, which should provide a
valuable method for conducting large surveys of these connections across taxa (Silva
et al. 2019).

2.8 p-Heterochromatin: Origin of New Tandem Repeats
and the Chromatin Sink Hypothesis

In Drosophila chromosomes, the transition zone between the highly compacted
o-heterochromatin, which includes the centromere and pericentromeric regions,
and the more lightly packed euchromatin, which includes most protein-coding
genes, is called f-heterochromatin (Heitz 1934). This region does not develop a
precise banding pattern during salivary gland chromosome polytenization and
instead forms a mesh-like mass around the chromocenter. We have identified two
independent events of TE—internal tandem repeat expansions in the Drosophila
virilis subgroup involving TEs with radically different structures and copy numbers.
Despite these differences, in both cases, we have detected a significant enrichment of
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TEs and their derived tandem repeats in the p-heterochromatin (Dias et al. 2014,
2015).

Tetris and TIR-220 are enriched in the p-heterochromatin of chromosome 2 in
D. virilis, and chromosome 2;3 (fused) in D. americana (Dias et al. 2014). DINE-
TRI and the 154TR satDNA are enriched in the f-heterochromatin of chromosomes
2, 3,4, 5, and X in D. virilis, and chromosomes 2;3 (fused), 5, and X;4 (fused) in
D. americana. This recurrent localization of recently formed abundant tandem
repeats in the f-heterochromatin indicates a possible role for this genomic compart-
ment as a “nursery” of new satDNA-like sequences (Dias et al. 2014, 2015).
Specifically, the lower gene density compared to euchromatin and the higher
recombination rates compared to a-heterochromatin could be argued to make
B-heterochromatin a suitable environment for the frequent insertion and
rearrangement of TE sequences that could lead to the generation and expansion of
tandem repeats. Earlier work in D. melanogaster has already highlighted the com-
plex repetitive nature of f-heterochromatin (Miklos et al. 1988; Vaury et al. 1989).
This region has been dubbed a “graveyard” of TEs given its “clustered-scrambled”
organization and density of repetitive sequences (Wensink et al. 1979).

More recent genomic data has revealed that the f-heterochromatin contains most
piRNA clusters in Drosophila (Brennecke et al. 2007). These loci are transcribed
regions of the genome which act like a catalog of repetitive sequences to be silenced
transcriptionally (through histone modifications and heterochromatinization) or
post-transcriptionally (through RNA degradation) by the PIWI-piRNA machinery
(Brennecke et al. 2007; Thomas et al. 2013). We have found DINE-TRI copies
inserted in multiple piRNA clusters in D. virilis, as well as short RNAs derived from
DINE-TRI1 that match the piRNA sequence profile (Dias et al. 2015). This indicates
that DINE-TRI, as well as 154TR, could be targeted for piRNA silencing, which led
us to speculate more broadly that TE-derived tandem repeat arrays could be tran-
scriptionally silenced when their parental TE sequence inserts within an active
piRNA cluster. Since piRNA-mediated transcriptional silencing in Drosophila
involves the deposition of repressive chromatin marks such as tri-methylation of
lysine 9 in histone H3 (H3K9me3), insertion of a TE containing internal tandem
repeats could result in heterochromatinization of both the TE loci across the genome,
as well as the tandem repeat loci derived from that TE (Dias et al. 2016). In cases
where TE-derived repeat arrays are very abundant (or satDNA-like), this silencing
could interfere with chromatin dynamics in the whole genome by introducing
sudden shifts in the amount of heterochromatin, i.e., acting as “chromatin sinks”
(Dimitri and Pisano 1989; Francisco and Lemos 2014; Berloco et al. 2014). Addi-
tionally, tandem repeat array length fluctuations inside piRNA-targeted TEs in the
euchromatin could act as tuning knobs of gene expression by altering the amount of
chromatin repressors covering the nearby regions (King et al. 1997; Lee 2015). In
this sense, the apparent tendency of tandem repeat expansions from TEs within
B-heterochromatin could have manifold consequences for genome structure.
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2.9 Alternative Scenarios for Tandem Repeat Origin
from TEs

Although the number of cases describing TE-tandem repeat relationships in eukary-
otes has been mounting, no clear themes have emerged so far indicating recurrent
features such as TE family, tandem repeat length, chromosome distribution, etc. One
exception to this lack of a pattern might be the tendency of TEs containing
preexisting tandem repeats to serve as the substrate and vehicle for the formation
of satDNA-like repeats. This phenomenon has been more extensively studied in
plant genomes where multiple long terminal repeat (LTR) retrotransposons with
preexisting tandem repeats were found to be a recurrent source of novel satDNAs as
well as microsatellite repeats in a wide range of species (Macas et al. 2009; Smykal
et al. 2009). This pathway of repeat-containing TEs acting as seeds for satDNA
formation is somewhat expected since replicative transposition provides an imme-
diate path for copy number expansion, with ectopic recombination enabling further
amplification of tandem arrays even if transposition stops.

An alternative scenario for the origin of abundant tandem repeats from TEs has
been proposed, in which tandem insertions of entire TEs could kickstart satDNA
formation (McGurk and Barbash 2018). This model suggests insertion site prefer-
ence during transposition as the main cause of tandem insertions of TEs, as in the
case of the 16 tandem copies of hobo found in a population of D. melanogaster.
According to this hypothesis, TE tandem repeats could be a frequent by-product of
transposition, and thus TE activity itself could be seen as a substrate for satDNA
emergence (McGurk and Barbash 2018). A related scenario has been explored by us
and others involving tandem insertions of Helitrons. While Helitrons appear to have
rather unspecific target sites (5’-A 3’-T) (Kapitonov and Jurka 2007) we have
previously detected up to 11 tandem insertions of DINE-TRI Helitrons in
D. virilis (Dias et al. 2015). We predicted that such arrays could only be formed
by rolling-circle replication if Helitron transposition involved a double-stranded
extrachromosomal circular DNA intermediate (Dias et al. 2016). The reconstruction
of Hellraiser, a modified Helitron from the bat Myotis lucifugus, has offered direct
evidence for the generation of double-strand DNA circles during Helitron mobili-
zation. This provided the first experimental data that could explain Helitron tandem
insertions in eukaryotic genomes (Grabundzija et al. 2016, 2018). Together, these
data indicate that Helitrons and other TEs might contribute to abundant tandem
repeat and satDNA formation in more than one way in eukaryotes.

2.10 Euchromatic satDNAs: It Depends

Besides satDNAs, other types of non-protein-coding tandemly repeated DNAs are
typically found in the genome of eukaryotes, most notably the micro- and
minisatellites (Tautz 1993; Charlesworth et al. 1994). However, both are found in
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smaller arrays (from two repeats up to a few hundred repeats) compared to satDNAs
arrays (typically more than 100 repeats) and are dispersed in euchromatic regions.
While the repeat sizes of microsatellites are small (1-10 bp), minisatellite repeats are
in the range of 10-100 bp and can also be found enriched at subtelomeric regions.
This repeat length range for minisatellites was largely compiled from loci used as
markers in human individual identification and population genetics, and there is no
reason to assume that minisatellite repeat length should be constrained to this size
variation across eukaryotes.

The main bulk of repeats from satDNAs resides in heterochromatin, but some
homologous repeats might exist in the euchromatin, usually in the form of small
arrays (less than 20 repeats). Examples of satDNAs showing this kind of organiza-
tion include the 1.688 (Kuhn et al. 2012) and the Responder (Larracuente 2014)
satellites of D. melanogaster. Abundant and dispersed tandem repeats exclusively
located in the euchromatin have also been found in Drosophila, such as the
175-200 bp repeats of D. ananassae (Nozawa et al. 2006), but these are usually
present in small arrays compatible with the minisatellite DNA definition. Below, we
show examples of euchromatic repeats found in species from the repleta and virilis
and review their classification based on their current known features (Table 2.1).

In the repleta group, we found two examples of euchromatic tandem repeats. The
first is illustrated by the pBuM-1 satDNA of D. buzzatii. As already mentioned, this
satellite is the main component of the centromeric heterochromatin in D. buzzatii
species cluster and there is no doubt pBuM-1 is a typical satDNA. But in addition,
we found in the euchromatic assembled genome of D. buzzatii four arrays with less
than two tandem repeats on chromosomes X, 2, and 4.

The second example of euchromatic tandem repeats in the repleta group is the
CDTR198 family, with repeat lengths around 198 bp and making up 0.23% and
0.02% of the genomic DNA of D. buzzatii and D. seriema, respectively. The
CDTR198 repeats have been found in a highly dispersed pattern along euchromatin
and subtelomeric regions of some chromosomes (de Lima et al. 2017). In the
euchromatic assembled genome of D. buzzatii, we identified around 150 arrays
containing CDTR198 repeats. Based on its abundance, exclusive euchromatic dis-
tribution, and low estimated number of repeats per array (less than 20 repeats on
average), the CDTR198 shares more features with minisatellite DNAs.

In the virilis group, we found five examples of euchromatic tandem repeats. Short
arrays containing the 7 bp satDNAs have been detected in a few euchromatic loci in
D. americana, D. texana, D. novamexicana (Cohen and Bowman 1979), and
D. virilis (Silva et al. 2019). Similar to pBuM-1 in D. buzzatii, the 7 bp satDNA
repeats are the main components of the centromeric heterochromatin in species from
the virilis group (Flynn et al. 2020), and there is no doubt they represent typical
satDNAs.

A second example is the pvB370 family (370 bp long repeats), which is present in
all species from the virilis group and it is associated with the pDv transposon
(Heikkinen et al. 1995) (see Sect. 2.7). This abundant tandem repeat localizes
in the subtelomeric region of all chromosomes and in many euchromatic loci in
D. virilis, D. americana, D. novamexicana, D. lummei, and D. montana. In
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Table 2.1 Main features of the most abundant tandem repeat families found in Drosophila species
from the repleta and virilis groups and proposed classification

Tandem Aprox. Association
repeat Repeat |A+T with known
family length content | Chromosome location TEs Classification
repleta group®
pBuM-1 190bp | >60% Centromeric heterochromatin, | No Satellite
occasionally at euchromatin DNA
pBuM-2 370 bp | >60% Centromeric heterochromatin, | No Satellite
occasionally at subtelomeric DNA
regions
DBC-150 150 bp | 43-50% | Centromeric heterochromatin | No Satellite
DNA
CDSTR138 |138bp |>60% Centromeric heterochromatin | No Satellite
DNA
CDSTR130 |130bp |>60% Centromeric heterochromatin | No Satellite
DNA
CDSTR198 | 198 bp >60% Euchromatin and No Minisatellite
subtelomeric regions DNA
SSS139 139bp | >60% ND ND ND
virilis group®
Sat I 7 bp 71% Centromeric heterochromatin, | No Satellite
occasionally at euchromatin DNA
Sat II 7bp 86% Centromeric heterochromatin, | No Satellite
occasionally at euchromatin DNA
Sat IIT 7 bp 86% Centromeric heterochromatin, | No Satellite
occasionally at euchromatin DNA
Sat IV 7 bp 71% Centromeric heterochromatin | No Satellite
DNA
pvB370 370bp | 67% Euchromatin and Yes (pDv) | Minisatellite
subtelomeric regions DNA
36TR 36 bp 50% Euchromatin and Yes (pDv) | TE-internal
subtelomeric regions tandem
repeat
172TR 172bp | >61% Euchromatin and No Minisatellite
subtelomeric regions DNA
TIR-220 220 bp ~70% Euchromatin and Yes (Tetris) | TE-internal
f-heterochromatin tandem
repeat
154TR 154 bp | 69% Mainly euchromatin and Yes (DINE- | Transitional
B-heterochromatin, but occa- | TR1) satDNA
sionally at centromeric
heterochromatin

ND = not determined based on available data
Data from: “Kuhn et al. (2007, 2008, 2009), Franco et al. (2008), de Lima et al. (2017). Gall et al.
(1971, 1974), Gall and Atherton (1974), Cohen and Bowman (1979), Zelentsova et al. (1986),
Vashakidze et al. (1989), Heikkinen et al. (1995), Biessmann et al. (2000), Abdurashitov et al.
(2013), Dias et al. (2014, 2015), Silva et al. (2019), Flynn et al. (2020)
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D. littoralis and D. ezoana, only a small number of pvB370 arrays were detected in
the euchromatin, with no evidence for pvB370 sequences in the subtelomeric region
(Biessmann et al. 2000). In D. virilis and D. americana, pvB370 covers ~1.7% of
their genomes (Silva et al. 2019), and are found in array sizes with up to ~110 copies
in their assembled genomes. Although pvB370 has been originally referred to as a
satDNA (Heikkinen et al. 1995; Biessmann et al. 2000), its predominant distribution
in euchromatic and subtelomeric loci, organized in likely small arrays, indicates that
pvB370 should be regarded as a minisatellite DNA.

The 36TR family (36 bp long repeats) is also associated with the pDv transposon
(Fig. 2.8) and was found distributed across ~200 loci in the euchromatin of D. virilis
(Vashakidze et al. 1989). Recently, we found that 36TR cover 0.7% and 0.4% of the
D. virilis and D. americana genomes, respectively (Silva et al. 2019). In a different
study, 36TR was estimated to cover ~0.2% (~800 kb) of the D. virilis assembled
genome (Flynn et al. 2020). Altogether, the available data indicate that 36TR are
distributed in arrays with a few hundred copies. However, there is no current
evidence that 36TR exists independently from pDv. Hence, 36TR should be classi-
fied as a “TE-internal tandem repeat,” with a distribution that reflects the putative
mobile nature of pDV sequences.

The fourth example of euchromatic repeats in the virilis group is illustrated by the
172TR family (172 bp long repeats) (Abdurashitov et al. 2013; Silva et al. 2019),
which is located across multiple euchromatic and subtelomeric regions in all chro-
mosomes from D. virilis and D. americana (Fig. 2.9; Silva et al. 2019). The 172TR
repeats cover ~1% and ~ 4% of D. virilis and D. americana genomes, respectively
(Silva et al. 2019). In D. virilis, we found that some 172TR arrays can reach more
than 200 copies, with an average of 27 tandem repeats per array. Therefore, 172TR
displays several attributes of a minisatellite DNA.

Finally, TIR-220 (220 bp long repeats), which are part of the terminal inverted
repeats from Tetris transposons (see Sect. 2.7), are found in a few euchromatic loci
from D. virilis. However, because there is no evidence of TIR-220 existing inde-
pendently from Tetris in the euchromatin, and only a few arrays have more than
50 copies (average of 9 copies per array) (Dias et al. 2014), we propose that TIR-220
should be classified as a “TE-internal tandem repeat,” similarly to the 36TR case.

The existence of euchromatic arrays containing repeats homologous to satDNAs
that are not associated with TEs raises the question about what mechanisms lead to
their dispersion. One possibility is that satDNA movement can be mediated by TEs
during their transposition process. For example, Helitrons are particularly abundant
near centromeric regions in D. buzzatii (Rius et al. 2016) and we found copies of
Helitrons in the vicinity of pBuM euchromatic arrays in the same species. Given the
fact that during transposition Helitrons can capture downstream DNA sequences
(reviewed in Thomas and Pritham 2015), it is possible that these pBuM repeats could
have been brought from heterochromatin to euchromatin together with the transpo-
sition of their neighbor Helitron sequences. Another possibility involves the deletion
of a few tandem repeats from heterochromatin through ectopic recombination
between repeats, leading to the formation of satDNA-containing circular DNAs
followed by re-integration in euchromatin through illegitimate recombination
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(Walsh 1987). Circular DNAs made by tandem repeats have been reported in
Drosophila and several organisms (Cohen et al. 2003). Whatever the mechanisms
of dispersion are, there is an increasing number of studies reporting euchromatic
arrays containing satellite or minisatellite repeats (Pita et al. 2017; Brajkovic et al.
2018). Some of these euchromatic families are relatively abundant and their distri-
bution closely resembles that of TEs, which are known to affect genome evolution in
many ways. In fact, there are data from Drosophila and other organisms showing the
participation of euchromatic satDNA repeats in gene regulation (Menon et al. 2014;
Feliciello et al. 2015; Joshi and Meller 2017), revealing that at least some of these
euchromatic arrays may have an important functional role in the genome.

2.11 The Special Case of 154 TR: A Transitional satDNA?

The TE-internal tandem repeats discussed in this chapter are almost exclusively
distributed in short- or medium-sized arrays within euchromatic and
B-heterochromatic regions, thus not fitting classical definitions for satDNAs. In
contrast, 154TR, which is an internal tandem repeat from DINE-TRI TE
(Fig. 2.8), is found not only dispersed in euchromatic and p-heterochromatic regions,
but also in large heterochromatic blocks within some chromosomes from virilis
group species (Fig. 2.9). For instance, 154TR covers a large portion of D. virilis and
D. americana Y chromosomes, and the centromeric heterochromatin from chromo-
some 5 in D. virilis (Fig. 2.9; Dias et al. 2015). Hence, 154TR shares features from
both TE-internal tandem repeats and satDNAs. Considering these unique interme-
diate features, we propose that 154TR should be classified as a “transitional
satDNA.” In this case, transitional satDNAs would encompass tandem repeats
that, despite being part of TEs and displaying features of TE-internal tandem repeats,
are also found as large expanded arrays within constitutive heterochromatic loci,
similarly to classical satDNAs.
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Chapter 3 )
Exploring Satellite DNAs: Specificities s
of Bivalve Mollusks Genomes

Eva Satovié¢ Vuksié¢ and Miroslav Plohl

Abstract Noncoding DNA sequences repeated in tandem or satellite DNAs make
an integral part of every eukaryotic genome. Development and application of new
methodological approaches through time enabled gradual improvement in under-
standing of structural and functional roles of these sequences, early misconsidered as
“junk DNA”. Advancing approaches started adding novel insights into details of
their existence on the genomic scale, traditionally hard to access due to difficulties in
analyzing long arrays of nearly identical tandem repeats of a satellite DNA. In turn,
broadened views opened space for the development of new concepts on satellite
DNA biology, highlighting also specificities coming from different groups of organ-
isms. Observed diversities in different aspects and in organizational forms of these
sequences proclaimed a need for a versatile pool of model organisms. Peculiarities of
satellite DNAs populating genomes of bivalve mollusks, an important group of
marine and fresh-water organisms, add to the diversity of organizational principles
and associated roles in which tandemly repeated sequences contribute to the
genomes.

Keywords Satellite DNA - Mobile elements - Satellitome - Heterochromatin -
Genome evolution - Bivalve mollusks

3.1 Introduction

The ubiquitous and at the same time still the least understood DNA components of
every eukaryotic genome are repetitive DNA sequences. The totality of repetitive
DNAs in a genome, the repeatome, defines and is responsible for significant
variations in the genome size among species, regardless of the genome complexity.
Repetitive DNA sequences are traditionally subdivided into two groups, one
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composed of arrays formed by sequences repeated in tandem, and the other
consisting of repeats distributed in the genome in an interspersed manner, as a result
of transposition processes (Charlesworth et al. 1994; Schmidt and Heslop-Harrison
1998; Jurka et al. 2007; Lopez-Flores and Garrido-Ramos 2012; Biscotti et al. 2015).

Noncoding sequences repeated in tandem, satellite DNAs (satDNAs), are pre-
dominantly associated with tightly packed heterochromatic chromosomal regions.
Except for this feature, and the capability to build megabase-long arrays of head-to-
tail repeated satDNA monomers, they represent an extremely heterogeneous group
of sequences (Charlesworth et al. 1994; Ugarkovi¢ and Plohl 2002; Plohl et al. 2008,
2012; Garrido-Ramos 2017; Hartley and O’Neill 2019).

Sequences repeated in tandem evolve in a nonindependent manner, known as
concerted evolution. In this process, divergences among monomers in arrays of a
satDNA are homogenized by mechanisms of nonreciprocal sequence transfer
(unequal crossover, for example), keeping monomer sequence variability within
the genome low, and fixed at the species level (usually <5%). This mode of
evolution is called molecular drive and assumes rapid divergent evolution of a
satDNA sequence in reproductively isolated organisms (Elder and Turner 1995;
Dover 1982, 1986; Plohl et al. 2008, 2012). Despite that, some satDNA families can
remain preserved in diverged taxa through unexpectedly long evolutionary periods,
probably because of non-stochastic preferences in the process of concerted evolution
and/or putative constraints on the satDNA monomer sequence (Strachan et al. 1985;
Plohl et al. 2012). Many satDNA subfamilies or unrelated families exist in a genome,
and they differ strikingly in genomic abundance (from <0.5% to >50%), which is
also subject to rapid alterations in short evolutionary periods (Ugarkovi¢ and Plohl
2002). In this regard, even if nucleotide sequences of satDNAs are preserved,
changes in copy number are sufficient to define species-specific profiles, even
between very closely related genomes (Fry and Salser 1977; Mestrovi¢ et al. 1998;
Ugarkovi¢ and Plohl 2002).

Recent methodological advances changed dramatically views on satDNAs and
brought into the focus their essential roles, such as in functional architecture and
evolution of chromosomes, chromatin modulation, reproductive isolation, genome
stability, and evolution (Henikoff et al. 2001; Slamovits and Rossi 2002; Pezer and
Ugarkovi¢ 2008; Adega et al. 2009; Ferree and Barbash 2009; Garrido-Ramos 2017,
Lower et al. 2018; Louzada et al. 2020; Shatskikh et al. 2020). SatDNAs represent
the most common form of DNA sequences in functional centromeres, where they
associate with the centromere protein determinant, histone variant CenH3 (Henikoff
et al. 2001; Plohl et al. 2014; Garrido-Ramos 2017; Hartley and O’Neill 2019;
Talbert and Henikoff 2020). In addition, significant roles in chromatin organization
and gene expression have transcripts of satDNAs, exampled in insects (Pezer et al.
2011; Feliciello et al. 2015). Data are also accumulating showing that disturbances in
some of satDNA features are associated with diseases, including cancer (Miga 2019;
Louzada et al. 2020).

Because satDNAs are, together with transposable elements (TEs), considered to
be the main determinants of genome architecture and drivers of its evolution, it is
important to understand different patterns of organization, mutual links, and
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functional roles of repetitive sequences in different groups of species, distinct in the
biology of repetitive DNAs. In the first part of this review, we summarize approaches
that have built conceptual views and added new levels to our understanding of the
biology of satDNAs. In continuation, the topic of satDNA outside of heterochroma-
tin and their association to mobile elements is attended. Following these aspects, in
the third part we present the current knowledge about satDNAs and heterochromatin
in bivalve mollusks, the group of species with rapidly accumulating genome data,
and with certain peculiarities in abundance, ancestry, connection to TEs, conserved
sequence boxes, methylation patterns and evolutionary aspects of satDNAs that even
bring into question the classical form of the “library model” within this group of
organisms.

3.2 Chronology of Key Advancements in satDNA Research

3.2.1 Detection and Characterization of satDNAs
in the Pre-genomic Era

The term “‘satellite DNA” has been coined about 60 years ago. It was originally used
to describe DNA fraction contained in the additional band, separated from the bulk
of mouse genomic DNA in experiments of density gradient centrifugation because of
differences in nucleotide composition (Kit 1961; Sueoka 1961; Szybalski 1968).
Such fractions turned out to be enriched in highly repetitive DNAs (Waring and
Britten 1966). Since then, the name “satellite DNA” has been commonly used for all
noncoding DNA sequences repeated in tandem. SatDNAs were localized in situ as
dominant DNA components of constitutive heterochromatin (Pardue and Gall 1970),
known to accumulate around centromeres and telomeres, structures indispensable
for division and stability of chromosomes. Based on these observations, some early
works anticipated the structural importance of repetitive sequences at the chromo-
somal and the nuclear organization level, including in speciation, supporting the
proposed roles of heterochromatin (Yunis and Yasmineh 1971). Nevertheless, an
opposing view presented satDNAs (as well as other repetitive sequences) as useless
genomic ballast, accumulated just because of DNA sequence dynamics in hetero-
chromatic regions and tolerated until overloading (Ohno 1972; Orgel and Crick
1980). This opinion had been based on the monotony of highly similar monomers
repeated one after the other, lack of the coding capacity, and, as it was thought in that
time, of transcription, as well as by rapid evolution resulting in a high diversity of
satDNAs among species.

Breakthroughs in methodologies and introduction of new strategies suitable for
satDNA research (Fig. 3.1) generated results that gradually broadened our views on
this class of genomic sequences and significantly altered general perception of
(Csink and Henikoff 1998; Schmidt and Heslop-Harrison 1998; Garrido-Ramos
2017; Louzada et al. 2020). Briefly, after the initial gradient centrifugation era, a



60 E. Satovi¢ Vuksi¢ and M. Plohl

Density gradients
and reassociation RE \’..LQ [estionand Fluorescence in

ot K e

kinetics Southem blot situ hybridization
nybridization |

Genome Sanger
sequencing Next generation

sequencing Third generation
sequencing

Fig. 3.1 Advancements in methodologies and strategies employed in satDNA research throughout
time. Density gradient centrifugation that enabled the initial satDNA detection was followed by
restriction enzyme digestions and Southern blot-based methods, complemented with fluorescence
in situ hybridization localization on chromosomes (upper panel). Sanger sequencing of genomic
fragments started revealing close proximity of different types of repetitive sequences and enabled
studying transition patterns among them while next generation and third-generation sequencing
enabled complete satellitome analyses and detailed sequential order of repetitive sequences in large
genomic segments (lower panel)

large number of studies were done using electrophoretic separation of genomic DNA
fragments obtained after the restriction endonuclease digestion. The method is based
on the low sequence variability in the satDNA family: if appropriate restriction
endonuclease is used, tandemly repeated satDNA monomers form a characteristic
ladder pattern on the gel. A sample of satDNA monomers and short multimeres
could be subsequently cloned and sequenced and relatively easily mapped on
chromosomes after the introduction of fluorescence in situ hybridization (FISH)
methodology (Singer 1982; Garrido-Ramos 2017). Although this strategy enabled
efficient detection and analysis, satDNAs remained limited to one or a few sequence
families per genome, discovered if the appropriate endonuclease could be selected
and if repeats were abundant enough to be detected on the gel. In an alternative
approach, satDNAs (as well as other repetitive sequences) can be identified by
analyzing clones of interest from the library of cloned genomic fragments selected
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after the colony-lift hybridization with labeled fragmented total genomic DNA. In
this way, the strongest signals give clones bearing fragments that contain the most
abundant repetitive sequences (Sainz et al. 1992; Biscotti et al. 2007). Although
usually short (<1 kb), such fragments can be hybrids of more than one sequence type
and can be of particular interest in studying transition patterns among them (Satovi¢
and Plohl 2013; Satovi¢ et al. 2016).

Despite limitations, these studies forwarded significantly our understanding of the
diversity of satDNA families, their patterns of evolution, repeat unit organization,
life-cycle, and genomic distribution (Dover 1986; Willard and Waye 1987; Plohl
et al. 2012; Garrido-Ramos 2017). An important milestone in addressing questions
about the total number of satDNA families in a genome and their possible
intergenomic distribution was raised by the idea about satDNA library (Fry and
Salser 1977). This hypothesis proposes that closely related species share a common
collection of satDNA families. SatDNAs in the library differ in each species in
abundance because of extensive expansions and contractions of arrays, which alters
dramatically the profile of these sequences in the particular genome. In this regard,
the most dominant satDNA family (or families) can be falsely considered “species
specific,” just because their low-copy variants remained undetected in related taxa.
Introduction of PCR methodology enabled precise identification of these low-copies
and proved the library hypothesis (Mestrovic et al. 1998; Ugarkovi¢ and Plohl 2002;
Plohl et al. 2008; Garrido-Ramos 2017).

3.2.2 SatDNA Studies in the Genomic Era

Employment of Sanger sequencing on genomic fragments started bringing the
information on the close proximity of different types of repetitive sequences and
the complex web formed thanks to their vicinity (Fig. 3.1). However, in the era of
sequenced genomes, assemblies based on Sanger sequencing are generally smaller
than the estimated genome size, with gaps occurring mostly in segments enriched in
repetitive DNAs (Miga 2015; Peona et al. 2018; Tgrresen et al. 2019). The main
reasons are difficulties in overlapping nearly identical repeats in long arrays of
satDNAs, due to which they remain miss-presented or left out from genome outputs,
appearing mostly in unplaced scaffolds and singletons. For example, one abundant
subfamily of pericentromerically located satDNA detected by restriction endonucle-
ase was estimated to build 17% of the beetle Tribolium castaneum (Ugarkovié et al.
1996) but only about 0.3% of the genome assembly (Wang et al. 2008). An upgraded
assembly of 7. castaneum genome retained unmapped gaps of ~20% of the esti-
mated genome size, primarily in the heterochromatic and centromeric areas
(Herndon et al. 2020). Even in the genomes with low levels of heterochromatin
and satDNAs, such as the Pacific oyster Crassostrea gigas, the situation is similar.
There, a complex approach combining fosmid pooling, next-generation sequencing
(NGS), and hierarchical assembly (Zhang et al. 2012) also could not assemble arrays
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of its most abundant satDNA family, detected experimentally to populate 1-4% of
the genome (Clabby et al. 1996; Wang et al. 2001).

Implementation of NGS methodologies accompanied by the development of
specialized bioinformatics tools provide a powerful strategy for comprehensive
analysis of repetitive DNA content on the genome-wide scale (Fig. 3.1). For
example, a widely used RepeatExplorer computational platform (Novék et al.
2013) detects repetitive sequences by clustering highly similar short-read
unassembled genomic datasets representing low genome coverage (up to 0.5x), to
reduce the “noise” of single-copy genomic segments. This approach enables the
determination of consensus sequences of repetitive DNA families in any species,
without the need for the reference genome or for the reference database of repetitive
sequences. Specially focused on satDNAs is Tandem Repeat Analyzer (TAREAN;
Novak et al. 2017), implemented in the upgraded RepeatExplorer2 protocol. To
facilitate the detection of low-copy satDNA families in large genomes, already
detected satDNAs can be filtered out in each cycle of the repeated clustering
procedure (Ruiz-Ruano et al. 2016). Other approaches have been also developed,
such as repeatConnector that screens NGS data for specific satDNAs in different
species (Smalec et al. 2019). Overall, the number of available programs and the
program improvements is increasing constantly (Garrido-Ramos 2017; Lower et al.
2018; Smalec et al. 2019; Satovié et al. 2020).

An important outcome of NGS-based bioinformatics is a complete (or almost
complete) inventory of repetitive DNA sequences in the genome, the repeatome
(Kim et al. 2014), or if only satDNAs are considered, the satellitome (Ruiz-Ruano
et al. 2016). These analyses also highlighted enormous diversities in organizational
patterns and distribution of repetitive sequences on chromosomes and in genomes.
For instance, the content of repetitive sequences can be shifted in favor of some
particular groups, as in the repeatome of the common oat. There, repetitive DNAs
build ~70% of the genome, with the dominance of a relatively small number of
retroelement families, while satDNA families compose only the modest 2% of
genomic DNA (Liu et al. 2019).

Combined with experimental methods, especially FISH mapping, these pipelines
provoked a large number of studies and a burst of new information about content,
structure, evolution, and chromosomal distribution of repetitive sequences, within
and between genomes, for instance: Macas et al. (2007, 2015), Klemme et al. (2013),
Palacios-Gimenez et al. (2017), Utsunomia et al. (2019), Belyayev et al. (2019). An
earlier assumption about a large number of satDNAs populating the genome has
been confirmed, for example, a collection of 62 satDNA families was revealed in the
migratory locust (Ruiz-Ruano et al. 2016), 129 satDNAs in the morabine grasshop-
pers (Palacios-Gimenez et al. 2020b) and 164 satDNA families were characterized in
the fish Megaleporinus microcephalus (Utsunomia et al. 2019).

Interspecies comparisons of satellitomes enabled detailed characterization of
shared sets, and confirmed postulates of the satDNA library, explained above, on a
genome-wide scale (Macas et al. 2015; Ruiz-Ruano et al. 2016; de Silva et al. 2017,
Utsunomia et al. 2017; Pita et al. 2017; Palacios-Gimenez et al. 2018, 2020a, b). In
this regard, satDNAs forming the library shared by related species can be equivalent
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to the concept of interspecifically comparable satellitomes. However, the content of
the satDNA library and that of the satellitome may not be identical, because the
satellitome may also incorporate species-specific satDNAs, not distributed in other
species. In other words, the library of satDNAs is a subset of sequences detected in
the satellitome.

3.2.3 SatDNAs and the Third-Generation Sequencing

Despite recent significant advances in understanding repetitive DNA genomics, our
comprehension of the detailed sequential order of repetitive sequences within large
genomic segments continued to be an elusive goal if addressed by Sanger sequenc-
ing and/or NGS (Alkan et al. 2011). To solve this problem, an important step
forward in accurate reading of the long segments composed of satDNAs is brought
by the third-generation sequencing that uses a single-molecule long-read methodol-
ogy, such as PacBio and Oxford Nanopore Technologies, combined with new
mapping protocols and bioinformatics tools (Van Dijk et al. 2018; Sedlazeck et al.
2018). These technologies are able to produce continuous reads between 10 and
100 kb long, and the longest could be over 1 Mb. Assembly of long reads can
therefore enable filling the gaps that were left in earlier genome outputs because of
the problems caused by repetitive-rich genome segments, as explained above.
Finally, incorporating the third-generation methodology into sequencing projects
enable high-quality end-to-end assembly of human chromosomes, for example: Y
(Kuderna et al. 2019), X (Miga et al. 2020), and 8 (Logsdon et al. 2021). A
combination of long and short reads was also used for de novo sequencing and
assembly of mollusk genomes, such as of a variety of Crassostrea gigas, the black-
shelled oyster (Wang et al. 2019), and to obtain the referent chromosome-level
genome assembly of the Pacific oyster C. gigas (Pefialoza et al. 2021). In addition
to the sequencing projects, this methodology can be specifically used to focus on
satDNA loci (Khost et al. 2017), or on the detailed composition of repeat-rich
centromeres (Jain et al. 2018; Chang et al. 2019). If a high-quality reference genome
is available, long sequence reads of satDNAs can be used to study individual array
length variations which, for instance, can be linked with some pathogenic states in
humans (Mitsuhashi et al. 2019). In addition, general characterization of satDNAs in
the genome oriented at array length and their surrounding can be revealed by
statistical analysis of individual nanopore reads obtained at low sequence coverage
and without the need for the reference genome (Vondrak et al. 2020).
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3.3 SatDNA Outside of the Heterochromatin and Their
Association to Mobile Elements

Thanks to the rapid advancements in bioinformatics tools, availability of genomic
datasets and genome assemblies, tandemly repeated noncoding DNA sequences that
are not exclusively associated with heterochromatin started coming into the focus.
Sequences repeated in tandem and related to the classical heterochromatin-
associated satDNAs can be dispersed along the chromosomal arms in different
forms and abundancies (Fig. 3.2). Several organizational patterns are distinctive,
although the present knowledge is based on analysis of a small number of species,
mostly insects. Classical heterochromatin-associated satDNAs can exist in euchro-
matin as short arrays, isolated monomers or monomer fragments, located also near
the coding regions (Paar et al. 2011; Brajkovic et al. 2012, 2018; Kuhn et al. 2012;
Ruiz-Ruano et al. 2016; de Lima et al. 2017; Chaves et al. 2017; Sproul et al. 2020).
The opposite example makes relatively long arrays similar to typical satDNAs but
located exclusively or almost exclusively in euchromatin (Pavlek et al. 2015; Pita
et al. 2017).
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Fig. 3.2 Chromosomal locations and different structural forms built from and/or occupied by
satDNA sequences. (a) SatDNAs are predominantly localized in heterochromatic chromosomal
regions and are the most frequent DNA sequences underlying the centromeres. In addition, these
sequences can be found in the interspersed forms of single monomers, truncated monomers, and
short arrays also along chromosome arms. (b) One of the most common organizational forms of
satDNA, long array of monomers repeated in tandem. (c¢) Short arrays of tandem repeats are often
incorporated into the central part of mobile elements as their structural component. (d) SatDNA
monomers can frequently be found in the close proximity of other repetitive sequences (TE or other
satDNAs). (e) SatDNA monomers in gene-proximal regions
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Dynamic evolution of euchromatic satDNA segments defines the landscape of
chromosomal regions, as in Drosophila melanogaster where they affect the process
of a meiotic drive (Larracuente 2014). Dispersed euchromatic copies of a dominant
pericentromeric satDNA in the beetle T. castaneum exert their effect on the whole-
genome scale by initializing chromatin condensation under heat-shock conditions
and silencing the expression of nearby genes (Feliciello et al. 2015). Relatively long
arrays of T. castaneum euchromatin-only satDNAs show features typical for the
evolution of a classical (heterochromatic) satDNA, such as low variability of mono-
mers within chromosome-specific arrays, although, at the same time, the most
dispersed of them indicate putative links with mobile elements (Pavlek et al.
2015). In this regard, detailed studies of euchromatic satDNAs on the X chromo-
some of D. melanogaster showed similarities with the expansion and diversification
of mobile elements in their evolution (Sproul et al. 2020).

There are many ways in which TEs and classical satDNAs are interlinked
(reviewed in Mestrovié et al. 2015). For instance, satDNA arrays can be interrupted
with TEs (Palomeque et al. 2006) or satDNA repeats can be formed by tandem
amplification of a TE or its part (Macas et al. 2009; Sharma et al. 2013). Short
satDNA-like arrays of tandem repeats are often incorporated into mobile elements as
their central structural component (Fig. 3.2), and the same repeats can also appear as
builders of classical satDNAs (for example, Gaffney et al. 2003; Dias et al. 2014,
2015; Luchetti 2015). Frequently mentioned in that context are Helitron/Helentron
mobile elements, known to be holding arrays of tandem repeats and using a rolling
circle mechanism for their propagation (Thomas and Pritham 2015). In that respect,
it is not surprising that, with the progress of the sequencing techniques, short forms
of satellite DNA arrays are being detected outside of the heterochromatin more and
more, existing in different organizational forms (Dias et al. 2015; Satovié et al. 2016;
Vojvoda Zeljko et al. 2020; Feliciello et al. 2020; Vondrak et al. 2020). However,
information related to origin, function, distribution, and organizational patterns of
short arrays of tandem repeats found in the genome and their relation to classical
satDNA arrays is still limited.

All aforementioned studies on the satellite DNA sequences so far resulted in a
need for a versatile pool of model systems, as it was shown that different organisms
seem to follow different rules with respect to the abundance, distribution, organiza-
tion, function, and evolution of these sequences. In continuation, we provide an
overview of satellite DNAs in bivalve mollusks and their specificities within this
group of organisms.
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3.4 The Importance of Bivalve Mollusks in Genome
Research

Bivalve mollusks are organisms that populate marine and fresh-water habitats
throughout the world, playing important roles in ecosystems. Their impact has
been registered in many different processes, including biofiltration, turnover, and
storage of nutrients, participating in the transfer of organic substances and minerals,
stimulation of primary and secondary production, creation and modification of
natural habitats, and biogeochemical transformations (Vaughn and Hoellein 2018).
Bivalves have also been recognized as organisms important for environmental
monitoring (Gosling 2003). Their ecological significance is especially accented in
cases when invasive bivalve species start to occupy new habitats where they can
attain very high abundance, causing significant side effects on the food webs of the
affected area (Vaughn and Hoellein 2018). In accordance with their high nutritional
value, they represent a food source around the world and hold great importance in
aquaculture. The employment in the farming industry results in million-ton produc-
tion and well portraits such large commercial significance. Previous research on
these organisms was mostly focused on finding the genetic basis for traits of interest:
metabolism and growth, susceptibility to diseases, resilience to environmental
stressors—all applicable in the farming industry (Saavedra and Bachere 2006). In
continuation, their potential started to be noticed and reflected in many other
research areas, e.g., in stem cells differentiation, the ability to fight pathogens in
the absence of adaptive immunity, as a source of alternative drugs, in mucosal
immunity, toxicology, and even in cancer resistance (Robledo et al. 2018). Recent
studies have been moving toward genome-wide analyses (Gomes-dos-Santos et al.
2020) with a number of sequenced genomes growing rapidly. Nowadays, data from
27 sequenced bivalve genomes are available, assembled to the level of scaffolds,
contigs, or chromosomes (PubMed, December 2020). In these genome projects,
many different taxonomical groups have been encompassed (Table 3.1) and bivalve
mollusks are being forwarded toward the model organisms (Robledo et al. 2018).

3.5 Satellite DNAs and Heterochromatin in Bivalve
Mollusks

3.5.1 Heterochromatin in Bivalves

Heterochromatin represents a compacted, transcriptionally repressed form of chro-
matin within the genomes of higher eukaryotes, and it holds an important function in
the silencing of repetitive elements and genome stability maintenance. It is fre-
quently defined by the presence of a specific posttranslational histone H3 modifica-
tion, H3K9me3 (reviewed by Nicetto and Zaret 2019). Genomic regions belonging
to constitutive heterochromatin in bivalves were mostly accessed cytogenetically,
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using the C-banding method (reviewed by Leitdo and Chaves 2008). The results
have shown that the abundance and localization of heterochromatin vary signifi-
cantly among bivalve species, even between those belonging to the same genus. Its
distribution can be extremely scarce, e.g., in Crassostrea gigas, where it is limited
only to the centromeric region of one chromosome pair and the telomeric region of
another pair (Bouilly et al. 2008). On the contrary, sister-species with the possibility
of cross-fertilization, C. angulata, shows an abundant presence of heterochromatin
in most of the ten chromosome pairs, located at pericentric, telomeric, and interca-
constitutive heterochromatin is limited exclusively to (peri)centromeres while in
Donax trunculus (Petrovic et al. 2009) those areas are completely
heterochromatin-devoid, across all chromosomal pairs. (Peri)centromeric localiza-
tion of constitutive heterochromatin was frequent in oysters, but not in mussels or
scallops (Leitdo and Chaves 2008). While species from the genus Mytilus contained
sets of C-bands that were common to the three tested taxa, one of the species
harbored also several additional heterochromatic loci (Martinez-Lage et al. 1995).
Pacific oyster, C. gigas, is the first bivalve species in which heterochromatin was
explored also on the molecular level. For that purpose, chromatin immunoprecipi-
tation was employed, followed by high-throughput next-generation sequencing of
the H3K9me3-associated sequences, revealing that the heterochromatin of this
species is predominantly constituted of DNA transposons (Tunji¢ Cvitani¢ et al.
2020). Immunofluorescent detection of H3K9me3 histone mark performed by the
same authors confirmed also general paucity and limited localization of heterochro-
matin in this organism, previously attended by Bouilly et al. (2008) using the
C-banding method. Overall information available so far speak in favor of great
heterogeneity in contribution and localization of constitutive heterochromatin in
bivalve mollusks.

3.5.2 Genome Sequencing and Repetitive DNA
Characterization in Bivalve Mollusks

One of the main challenges in bivalve genome assembly lies in the high heterozy-
gosity and amount of repetitive elements these organisms contain. The mussels
Limnoperna fortunei, Modiolus philippinarum, and the oyster Crassostrea gigas
genomes were estimated to have heterozygosity rates of 2.3%, 2.02%, and 1.95%,
respectively (Uliano-Silva et al. 2018), significantly exceeding many other animal
genomes (Zhang et al. 2018). Repetitive sequences comprise about 35% of the
genomes of bivalve species studied so far (Murgarella et al. 2016; Zhang et al.
2012; Takeuchi et al. 2012; Sun et al. 2017; Wang et al. 2017; Mun et al. 2017; Du
et al. 2017), with the exception of Modiolus philippinarum where this number is
doubled (Renaut et al. 2018). Among them, satDNAs comprise only small parts of
the sequenced bivalve genomes, for example: 1.85% in Pinctada fucata (Takeuchi
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et al. 2012), 0.08% in Ruditapes philippinarum (Mun et al. 2017), 1.2% in C. gigas
(Zhang et al. 2012). At the same time, a large amount of repetitive DNA sequences
(>70%) consistently remained unclassified in all inspected bivalve genomes
(Murgarella et al. 2016). The same authors propose that comparisons of the abun-
dance of repetitive sequence between species should be performed with restraint, as
the large portion of unclassified repeats might contain species-specific variants of
certain types, and that may therefore change the relative contribution of each
category on the total. Another potential reason that could explain this deficient
classification of repetitive sequences in bivalves is the high contribution of mobile
elements holding tandem repeats in their structure (Tunji¢ Cvitani¢ et al. 2020).
Mobile elements of the Helitron superfamily are hybrid structures, as they usually
contain arrays of tandem repeats in their central part, flanked with left and right
conserved sequence segments (Thomas and Pritham 2015). A problem in the
classification of such elements was observed in the Pacific oyster, using
RepeatExplorer pipeline (Tunji¢ Cvitani¢ et al. 2020). There, in certain cases,
tandem repeats from central parts of previously described Helitrons were placed in
one cluster and classified as a satellite DNA, while sequences surrounding central
repeats were allocated to separate clusters, without clear classification. To conclude,
repetitive DNA sequences in bivalve mollusk genomes still pose a challenge and
need to be both quantified and classified in more detail.

Although currently available data from bivalve genome projects bring very little
information regarding satDNA sequences in bivalves, many information exist based
on conventional methods for their detection and cover a significant number of
48 species (§at0vié et al. 2018). Conventional methods yielded satDNAs from the
families Ostreidae (Clabby et al. 1996; Lopez-Flores et al. 2004), Donacidae (Plohl
and Cornudella 1997; Petrovi¢ et al. 2009), Pectinidae (Canapa et al. 2000;
Petraccioli et al. 2015), Mactridae (Garcia-Souto et al. 2017), and other. The method
based on the construction of partial genomic libraries followed by colony lift
hybridization using fragmented total genomic DNA, yielded repeat-enriched DNA
sequences, employed by Biscotti et al. (2007), Satovi¢ et al. (2016), Satovi¢ and
Plohl (2018). Monomer size of satDNAs detected by such conventional methods can
vary, and usually ranging between 40 and 400 bp, and predominance of 150-210 bp
monomers can be noticed (reviewed in Satovi¢ et al. 2018). The correspondence to
the mononucleosomal length (Henikoff et al. 2001) is considered to be evolution-
arily favored for chromatin packing (Heslop-Harrison and Schwarzacher 2013).
Novel methods, based on short-read NGS data, are just starting to be employed on
bivalves, bringing the information that monomer size in these species can increase to
about 2000 bp, as observed for the Pacific oyster C. gigas (unpublished data).

Transcription of satDNA in this group of organisms is still very poorly attended.
The transcriptional activity was reported for Ac4p3 satDNA and the CvA transposon
holding tandem repeats in the species Adamussium colbecki (Biscotti et al. 2018). In
addition, DTHS3 satDNA of several bivalve species was found to be present in
NCBI EST (Expressed Sequence Tags) database (Satovi¢ and Plohl 2018). How-
ever, before putative biological implications of such observations are brought,
furthering this area of research in these organisms is necessary.
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3.5.3 Extremely Long Ancestry of Bivalve satDNAs

Satellite DNA detection by conventional methods was frequently directed by the
library hypothesis (Fry and Salser 1977), predicting that related species share a series
of satDNAs derived from a common ancestor, as described above. Thereby, the
choice of bivalve species used for screening was frequently limited to (closely)
related sets of species, e.g., Veneridae (Passamonti et al. 1998), Mytilidae (Martinez-
Lage et al. 2002), Ostreidae (Lopez-Flores et al. 2004). As the number of inspected
species started to broaden and the availability of data from different bivalve species
increased in NCBI GenBank database, wider distribution of a specific satDNA
sequence started to be noticed. An example is PjHhal satDNA, which is found to
be present even outside the class Bivalvia, and very likely have an extraordinary long
evolutionary ancestry (Petraccioli et al. 2015). In continuation, two satDNAs were
inspected across a distant set of bivalves and have also shown remarkable age. The
first one, DTHS3 satDNA, was detected in 12 bivalve species belonging to sub-
classes Heterodonta and Pteriomorphia (§atovic’ and Plohl 2018), and its minimal
age, based on the separation of these two lineages (Bieler et al. 2014), was estimated
to be 516 MY. The second one, BIV160 satDNA, is especially interesting. It was
originally detected in nine species distributed across all of the main bivalve sub-
classes: Protobranchia, Pteriomorphia, and Heteroconchia. In accordance with such
dispersal, it was estimated to be at least 540 MY old (Plohl et al. 2010). An emerging
amount of genomic data from different species could be of use to determine if many
other satDNAs are also widely preserved across different taxa within the class
Bivalvia, or even wider. Nonetheless, despite the occasional occurrence of species-
specific variants, these organisms exhibit impressive long-term satDNA sequence
preservation throughout evolutionary history.

3.5.4 Close Connection of Bivalve satDNAs to Mobile
Elements

Although observed in other species, the connection of satDNA sequences and
mobile elements is particularly evident in bivalves. In Crassostrea virginica the
pearl element incorporates short arrays of ~160 bp long monomers (Gaffney et al.
2003) which are related to several satDNAs found in bivalve species, distant from
C. virginica and from each other. Related satDNAs are HindIII from oysters (Lépez-
Flores et al. 2004), DTE of Donax trunculus (Plohl and Cornudella 1996), and
BIV160, broadly distributed among bivalve species (Plohl et al. 2010). In the clam
D. trunculus another structurally equivalent element incorporating an array of
tandem repeats has been characterized, DTC84 (Satovi¢ and Plohl 2013). Mgl
satellite DNA of Mytilus galloprovincialis was found to be also the core repetitive
sequence of a putative TE named MgE (Kourtidis et al. 2006). The Mg1 repeats and
their flanking regions were noticed to exhibit sequence and structural homology to
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the respective regions of CvE, a member of the pearl family of mobile elements
(Gaffney et al. 2003).

A survey of the Pacific oyster C. gigas revealed that its genome is replete with
satDNA-like tandem repeats incorporated into Helitron/Helentron elements (Satovié
et al. 2016; Vojvoda Zeljko et al. 2020). Illustrative are 11 nonautonomous elements
named Cg_HINE, where each of the described elements is formed by a unique
combination of flanking sequences and satDNA-like central repeats. In addition,
some of the satDNA-like arrays of Cg_HINE (Vojvoda Zeljko et al. 2020) were
related to the most abundant classical Cg170/HindIII satDNA of C. gigas (Clabby
et al. 1996; Lopez-Flores et al. 2004). PjHhal satellite DNA isolated from Pecten
jacobaeus shows high sequence similarity among mollusks, and was found
surrounded with structures belonging to TEs in species C. gigas and Capitella teleta
(Petraccioli et al. 2015). Another long-ancestry satDNA, widely distributed among
bivalve species, DTHS3, was found to be embedded in structures that could be
responsible for its mobility in Mercenaria mercenaria, Spisula solidissima,
C. virginica, and M. galloprovincialis (Satovi¢ and Plohl 2018).

Similarity to SINE elements has also been observed for several bivalve satDNAs.
Examples are Apal-repeats found in Mytilus species, holding sequence segments that
show similarity to RNA Pol III A and B boxes (Martinez-Lage et al. 2005). A
150-bp-long Bcll repeats of oysters also contain sequence blocks, in this case
degenerate ones, with similarity to the boxes A and B of SINE elements (Lépez-
Flores et al. 2010). In addition, satDNAs of bivalve mollusks frequently exhibit
distribution patterns that are most probably connected to their association to mobile
elements, providing the ability to build a large number of (short) dispersed arrays on
many locations (Fig. 3.3). Such an organization is often observed by FISH-detection
on the chromosomes (Wang et al. 2001; Biscotti et al. 2007; Lépez-Flores et al.
2010, etc.), or by an in silico analysis on pseudochromosomes (Tunji¢ Cvitanic et al.
2020; Vojvoda Zeljko et al. 2020).

3.5.5 Conserved Boxes in satDNA Monomers of Bivalve
Species

Conserved boxes that connect bivalve satDNAs with mobile elements have already
been mentioned, yet other different sequence motifs exist. Already mentioned pear!
element CvA and three satDNAs (HindlIIl, DTE, and BIV160) share two conserved
monomer segments, which are putatively important motifs from the functional
aspect (Plohl et al. 2010). Such sequence segments of reduced variability in com-
parison to the rest of the monomer sequence are proposed to be a result of functional
constraints imposed. One of them could be a role in a DNA—protein interaction, well-
exampled by a CENP-B box. CENP-B protein, upon recognizing and binding to the
conserved CENP-B box, present within the human alpha satellite DNA, participates
in the formation and assembly of the centromere (Masumoto et al. 1989). Related to
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Fig. 3.3 SatDNA with monomer size of 437 bp localized in silico on the chromosomes of the
pacific oyster C. gigas (a) and eastern oyster C. virginica (b). A large number of highly interspersed
short arrays and single monomers can be noticed on many locations along the chromosomes,
potentially related to their association to mobile elements in these species

that, pACS satellite DNA found in the antarctic scallop Adamussium colbecki was
found to contain sequence segments showing similarity to the CENP-B box of
higher primates and centromeric DNA element III of yeast (Canapa et al. 2000).
Respectively, the localization of this satDNA was shown to be centromeric on the
chromosomes of this species (Odierna et al. 2006). Although sequence motifs exist
in these species, functional studies yet need to be performed to confirm true
involvement in functional interactions. On the other hand, similarities to conserved
boxes of mobile elements, especially SINE (Martinez-Lage et al. 2005; L6pez-Flores
et al. 2010), would suggest that such sequence segments in those repeats point to the
sequence origin and not its functional involvements.
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3.5.6 Low Abundance and a Large Palette of satDNAs
in Bivalve Genomes Questioning the satDNA Library
Concept

As already mentioned, available information from genomic projects brings an
extremely low abundance of satDNAs in bivalve genomes, <2% (Takeuchi et al.
2012; Zhang et al. 2012; Murgarella et al. 2016; Mun et al. 2017), especially in
comparison with their presence in other organisms (Garrido-Ramos 2017). In accor-
dance, classical detection methods revealed many satDNAs in different bivalve
species, each of them constituting only 0.008-2% of the respective genome, with
very few exceptions (reviewed by Satovié et al. 2018). Interestingly, such low
genomic abundance does not presume a reduced number of different satDNAs
present in the genome. In the wedge clam Donax trunculus eight different satDNAs
have been detected so far (Plohl and Cornudella 1996, 1997; Petrovi¢ and Plohl
2005; Petrovi¢ et al. 2009; Plohl et al. 2010), while in the scallop Pecten maximus at
least 10 satDNAs are present (Martinez-Lage et al. 2002; Biscotti et al. 2007,
Petraccioli et al. 2015). Novel sequencing methods and specialized bioinformatics
programs start to reveal that even a significantly larger number of different satDNA
can exist in a bivalve genome, increasing up to about 40 in the Pacific oyster
Crassostrea gigas (unpublished data). Although the number of satDNAs coexisting
in the genome can be significant and all of them show very low genomic occupancy,
certain satDNA severalfoldly take lead in the respective genome compared to the rest
of the satDNA inventory, e.g., PjHhal in P. maximus (Petraccioli et al. 2015), DTF2
in D. trunculus (Petrovi¢ et al. 2009), Cg170/HindIII satDNA in C. gigas (Clabby
et al. 1996; Lopez-Flores et al. 2004). On the other hand, several satDNA were found
not to be limited only to closely related species but to be widely distributed among
bivalves (Plohl et al. 2010; Satovié and Plohl 2018) or even to transcend the
taxonomical level of the class Bivalvia (Petraccioli et al. 2015). This would poten-
tially broaden the library concept even to distantly related species and presume long-
term preservation of a spectrum of satDNA sequences, derived from the common
ancestor, across different taxa. On the other hand, the close connection of some of
these sequences with mobile elements opens the possibility of their horizontal
transfer, affecting the conclusions related to their ancestry, based solely on vertical
inheritance. Constantly generated new data will hopefully provide sufficient and
adequate information in order to provide answers to this evolutionary question.

3.5.7 Methylation Patterns of satDNA Repeats

Repetitive sequences account for the majority of methylated sites of the genome and
their methylated state is necessary for proper genome function and maintenance of
its integrity. DNA methylation has been associated with most of the biological
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processes, in addition to the well-known transcriptional repression (reviewed in
Francastel and Magdinier 2019). Information related to methylation profiles of
repetitive DNA sequences in bivalve species is very limited. However, Wang et al.
(2014) have noticed that in the Pacific oyster C. gigas DNA transposons, Helitrons,
satDNAs, simple repeats, and other tandem repeats all displayed methylation levels
that were on average 2 times higher than the genome background. On the contrary,
the overall methylation level of repetitive elements in the species Pinctada fucata
martensii was lower than the genome background (Zhang et al. 2020). In the latter
case, no information was brought for satDNAs, but Helitron elements exhibit
average methylation levels when compared to other mobile elements of that species.
Although methylation patterns of these sequences are still very perplexing, some
specific features have been noticed. Wang et al. (2014) have divided the repeats into
methylated and unmethylated ones and noticed that the divergence rate within the
methylated group was significantly lower when compared to the unmethylated one.
By the employment of methylation-sensitive and methylation-insensitive restriction
endonucleases in wedge clam Donax trunculus, DTF2 satDNA was also shown to be
methylated. This satDNA displays high and uniform sequence conservation through-
out the entire monomer sequence (Petrovi¢ et al. 2009). Similar situation was
observed during the investigation of SSU satDNA of cut trough shell Spisula
subtruncata (Garcia-Souto et al. 2017). There, more detailed analysis had shown
that segments of monomer sequence show differences in nucleotide diversity which
is inversely correlated with DNA methylation. The general level of methylation of
SSU satellite is quite high and triplicates the mean of the S. subtruncata genome
(Garcia-Souto et al. 2017). Specificities in the methylation pattern of repetitive
sequences in bivalves suggest functions that go beyond the mere DNA silencing,
and the nonrandom nature of DNA methylation profiles implies that the methylation
machinery must be guided to specific genomic locations (Francastel and Magdinier
2019). In accordance with that is the existence of a single chromosome pair in
S. subtruncata where the presence of distinctly under-methylated SSU satDNA
monomers can be observed (Garcia-Souto et al. 2017). It can be concluded that
the methylation processes that shape repetitive genome compartments of bivalve
mollusks are nonrandom, quite complex, and not necessarily uniform, and the
implication of these patterns remains to be revealed.

3.6 Future Perspectives

The extreme biological, ecological, and commercial importance of bivalve mollusks
resulted in increased interest for every aspect of bivalve genomics, as well as in
rapidly accumulating sequenced genomes. Observed specificities of sequences
repeated in tandem, their association with mobile elements, and the peculiarities of
heterochromatin distribution, promote bivalves as a promising group of organisms in
studies of satDNAs. It can be expected that the advantages of novel approaches in
satDNA research, such as using NGS and third-generation sequencing, will reveal



76 E. Satovi¢ Vuksi¢ and M. Plohl

even more interesting details and will broaden existing concepts and add new data to
the area of satDNA biology. This could be achieved on the two levels, performing
detailed studies of high-quality sequenced referent genomes, and by increasing the
number of explored species for more comprehensive comparative analyses. In
particular, studies of satDNAs should be directed toward function-oriented analyses,
including the putative roles of satDNA transcripts in bivalves, so far ferra incognita
in these species.
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Chapter 4 )
Satellite DNA Is an Inseparable Fellow s
Traveler of B Chromosomes

Juan Pedro M. Camacho, Francisco J. Ruiz-Ruano,
Maria Dolores Lopez-Leon, and Josefa Cabrero

Abstract Next-Generation Sequencing (NGS) has revealed that B chromosomes in
several species are enriched in repetitive DNA, mostly satellite DNA (satDNA). This
raises the question of whether satDNA is important to B chromosomes for functional
reasons or else its abundance on Bs is simply a consequence of properties of B
chromosomes such as their dispensability and late replication. Here we review
current knowledge in this respect and contextualize it within the frame of practical
difficulties to perform this kind of research, the most important being the absence of
good full genome sequencing for B-carrying species, which is an essential requisite
to ascertain the intragenomic origin of B chromosomes. Our review analysis on
16 species revealed that 38% of them showed B-specific satDNAs whereas only one
of them (6%) carried an inter-specifically originated B chromosome. This shows that
B-specific satDNA families can eventually evolve in intraspecifically arisen B
chromosomes. Finally, the possibility of satDNA accumulation on B chromosomes
for functional reasons is exemplified by B chromosomes in rye, as they contain
B-specific satDNAs which are transcribed and occupy chromosome locations where
they might facilitate the kind of drive shown by this B chromosome during pollen
grain mitosis.

Keywords Satellite DNA - B chromosome - Heterochromatin - Repeatome

4.1 Introduction

Since satellite DNA (satDNA) was uncovered by Kit (1961) through cesium chloride
(CsCl) sedimentation analysis, and its repetitive nature was shown by Waring and
Britten (1966), its possible presence on supernumerary (B) chromosomes was soon
claimed in the grasshopper Myrmeleotettix maculatus (Gibson and Hewitt 1970,
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1972). However, the fact that Chilton and McCarthy (1973) did not find differences
in the buoyant density distribution in CsCl gradients between OB and 5B maize
plants, and Timmis et al. (1975) reached similar results on B chromosomes in rye,
appeared to support the conclusion that DNA of B chromosomes is roughly similar
to that of standard (A) chromosomes. Likewise, Klein and Eckhardt (1976) found no
significant differences between the buoyant densities or thermal denaturation profiles
of B-carrying and B-lacking DNA in the mealy bug. Similarly, Dover (1975) did not
find any new highly repetitious DNA family related to the presence of B chromo-
somes in Aegilops, by using different approaches such as comparisons of the
percentage of heterologous associations in DNA/DNA hybridization experiments.
Finally, the fact that Dover and Henderson (1976) reanalyzed the M. maculatus case
and did not find any satellite to the main band in grasshoppers with 0, 1, or 2 B
chromosomes made prevailing the conclusion that A and B chromosomes show
considerable similarity in base composition.

Remarkably, 5 years later, G. Dover himself, in collaboration with A. Amos,
showed the presence of satellite DNAs shared between A and B chromosomes in
tsetse flies (Glossina austeni and G. morsitans morsitans) by means of CsCl gradient
density centrifugation and radioactive in situ hybridization. They suggested the first
molecular mode of origin for a B chromosome, with important involvement of the Y
sex chromosome and satDNA amplification (Amos and Dover 1981). In maize,
Peacock et al. (1981) isolated a 185-bp satellite DNA by CsCl gradient centrifuga-
tion and cloned it into a plasmid for its chromosomal mapping by in situ hybridiza-
tion, concluding that this satDNA 1is present on A chromosomes knob
heterochromatin and on the long arm proximal knob of the B chromosome, but at
lower copy number. However, the first demonstration of the existence of B-specific
satDNA should have to wait until Nur et al. (1988) who showed that the paternal sex
ratio B chromosome (PSR) in the wasp Nasonia vitripennis contains at least three
B-specific tandem repetitive DNAs (see also Eickbush et al. 1992). B-specific
satDNAs were soon found in rye (Secale cereale) (Sandery et al. 1990; Blunden
et al. 1993), maize (Zea mays) (Alfenito and Birchler 1993), and the Australian daisy
(Brachycome dichromosomatica) (John et al. 1991; Houben et al. 1997), at the same
time as satDNAs shared between A and B chromosomes were found in other species,
e.g., the grasshopper Eyprepocnemis plorans (Lopez-Ledn et al. 1994, 1995), the fly
Drosophila subsilvestris, where the pSsP216 satDNA might have arisen from the dot
chromosome (Gutknecht et al. 1995), and the fish Prochilodus lineatus (de Jesus
et al. 2003) (see other examples in Camacho 2005).

These observations revealed that B chromosomes at different species may contain
a heterogeneous sample of satDNAs, some of them being also located on A
chromosomes and others apparently being B-specific. The first hypothesis on the
origin of these B-specific satDNAs was suggested by Langdon et al. (2000), who
described the de novo creation of satellite repeats, from complex euchromatic
sequences, on the rye B chromosome. Therefore, by the end of the twentieth century,
it was already clear that satDNA may actually be a major constituent of B chromo-
somes, in some cases being satDNAs shared with the A chromosomes and, in others,
being B-specific satDNAs which might have arisen de novo on the B chromosome
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itself or else reflecting B chromosome origin through hybridization, as was the case
of N. vitripennis (see below).

4.2 SatDNA Is the Prevalent Repetitive DNA on B
Chromosomes in Some Species

The arrival of the twenty-first century witnessed the advent of powerful DNA
sequencing methods able to yield huge amounts of DNA sequences with low input
of time and cost, i.e., the so-called Next-Generation Sequencing (NGS) (Mardis
2008). These NGS technologies were soon applied to the analysis of repetitive DNA
thanks to the development of software, such as RepeatExplorer (RE), being able to
assemble repetitive DNA from short Illumina sequences (Novék et al. 2013).

The first report on satDNA content for a B chromosome, by means of RE
analysis, was performed in rye (Martis et al. 2012) and revealed that these B
chromosomes contain a similar proportion of repeats as A chromosomes, but Bs
showed an additional massive accumulation of B-specific satDNAs, which were
characterized by exceptionally long monomers (0.9-4.0 kb), some of them
suggesting chimeric origins. In addition, rye B chromosomes showed accumulation
of Bianka Tyl/copia elements and plastid (NUPT)- and mitochondrial (NUMT)-
derived sequences. Banaei-Moghaddam et al. (2013) later suggested that the accu-
mulation of some of these repetitive sequences (i.e., mobile elements and satDNA)
promoted the pseudogenization of many genes in the B chromosome. Likewise,
Klemme et al. (2013) observed that B-enriched satellites were mostly accumulated in
the nondisjunction control region of the rye B chromosome.

The finding of B chromosomes in Drosophila melanogaster (Bauerly et al. 2014)
opened the possibility to analyze B chromosomes with the help of all kinds of tools
amenable in this model species. These B chromosomes were primarily composed of
the AATAT satellite sequence which is also characteristic of autosome 4. Later,
Hanlon et al. (2018) reported that this microsatellite showed FISH (fluorescent in
situ hybridization) bands on the B, autosome 4, X and Y chromosomes. In addition,
these authors found another microsatellite (AAGAT) which only hybridized with the
B chromosomes and autosome 4, and suggested the possible origin of B chromo-
somes from this A chromosome. They also found that D. melanogaster B chromo-
somes did not carry any known euchromatic sequence and that they are rich in
transposable elements and long arrays of short nucleotide repeats, the most abundant
being the AAGAT microsatellite. Likewise, Milani and Cabral-de-Mello (2014)
suggested that microsatellites are important components of the B chromosome in
the grasshopper Abracris flavolineata. These authors later showed, through RE
analysis, that this B chromosome shows a 137 bp satDNA (AflaSAT-1) which is
shared with A chromosomes (Milani et al. 2017).

The development of the satMiner protocol, based on reiterative searches for
repetitive elements on Illumina reads, by means of RepeatExplorer, allowed us to
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Fig. 4.1 Presence of SatDNA on B chromosomes of the grasshopper Eumigus monticola. Two
B-lacking (m11_OB and m13_0B, blue lines) and two B-carrying (m11_+B and m13_+B, red lines)
males were analyzed by Illumina sequencing (satMiner protocol) and FISH. Two satDNA families
(EmoSat26-41 and EmoSat27-102) (upper row) appeared to be B-specific because they yielded
large FISH signals on the B chromosomes but no signal on A chromosomes. However, bioinfor-
matic analysis on Illumina reads showed that they are also present on A chromosomes although at
very low abundance (note the blue lines, close to the X-axis, in the repeat landscapes). Note that
EmoSat26-41 showed diversification into three subfamilies (A—C) amplified on the B chromosome
(red lines). The lower row shows two satDNA families showing FISH signals only on the B and S8
chromosomes, thus suggesting the possible B origin from this A chromosome. Note that EmoSat11-
122 shows FISH signals across the whole B chromosome area, and its B subfamily is highly
abundant on the two B-carrying individuals (most likely on the B chromosome) whereas the A
subfamily was abundant on the S8 autosome of the m11_0B male. On the other hand, EmoSat22-12
showed small FISH bands on the B and S8 chromosomes and differential amplification between the
two B-carrying males

build the first satellitome in the migratory locust (Ruiz-Ruano et al. 2016). This led
to the characterization of tens of different satDNA families constituting a broad
satDNA catalog. SatMiner application to Illumina reads obtained from B-carrying
and B-lacking genomes in the grasshopper Eumigus monticola uncovered
27 satDNA families whose FISH analysis showed the presence of eight of them
on the B chromosome (Ruiz-Ruano et al. 2017). In fact, two of them (EmoSat26-41
and EmoSat27-102) showed FISH bands only on the B chromosome, thus appearing
to be B-specific (Fig. 4.1). However, the bioinformatic analysis of abundance
indicated that, although extremely scarce, they were also present in the OB genome.
Therefore, the most parsimonious explanation for the differential abundance of these
two satDNAs on the B chromosomes is their major amplification on the B chromo-
some. Another satDNA family (EmoSat11-122) was extremely abundant on the B
chromosome whereas it showed a single small FISH band on autosome S8 (Fig. 4.1).
Remarkably, this satDNA family was composed of two different subfamilies (named
A and B), and a repeat landscape (RL), quantifying genomic abundance at 1%
divergence intervals, showed that subfamily B was highly amplified on the B



4 Satellite DNA Is an Inseparable Fellow Traveler of B Chromosomes 89

chromosomes whereas subfamily A was highly amplified on the S8 autosome of
only one of the two OB males analyzed (Fig. 4.1). Finally, EmoSat22-12 also showed
FISH bands on the B and S8 chromosomes, revealing its amplification on B
chromosomes in only one of the two B-carrying males analyzed by satMiner
(Fig. 4.1).

The same year, Kumke et al. (2016) showed that the 5S rDNA-derived PLsatB
satellite DNA found in Plantago lagopus makes up 3.3% of the 1B genotype but
only 0.09% of the OB genotype (see also Dhar et al. 2019). In the mice Apodemus
Sflavicollis and A. peninsulae, Makunin et al. (2018) analyzed B chromosome content
by means of low-pass single-chromosome sequencing and found accumulation of
repetitive DNA, mainly satDNA and endogenous retroelements. In the plant
Aegilops speltoides, however, Wu et al. (2019) have shown that the repetitive
fraction of the genome “is mostly composed of LTR-retrotransposons, transposons
and satellite repeats, with overall proportions of individual repeat types being similar
in the OB/+B genotypes.”

In the migratory locust, Locusta migratoria, Ruiz-Ruano et al. (2018) performed
the quantification of repetitive DNA content of B chromosomes. They found that
about 64.1% of the B-lacking genome consists of repetitive DNA, whereas this
figure was higher in B-carrying genomes (64.6%) due to B chromosome enrichment
in repetitive DNA. Using a subtractive approach, we found that 94.9% of the B
chromosome DNA was repetitive. Specifically, 65.2% was satDNA, whereas the
most abundant TEs only reached 7.9% for DNA transposons and 7% for LINEs. In
addition, several gene families were found on this B chromosome, such as histone
genes (2.7%), as reported previously by Teruel et al. (2010), 45S (0.25%) and 5S
(0.78%) rRNA genes, snRNA genes (1.3%), especially U2 (1.1%), and tRNA genes
(0.7%). Remarkably, about half of the DNA content of the B chromosome
corresponded to a single satDNA (LmiSat02-176) whereas all remaining repetitive
elements showed abundances lower than 4%. In fact, FISH for this satDNA family
yielded a signal occupying the whole B chromosome area (Fig. 4.2). In addition, five
other satDNAs showed FISH bands on the B chromosome of different sizes
(Fig. 4.2), including the telomeric DNA (LmiSat07-5-tel) and the most abundant
satDNA in the L. migratoria genome (LmiSat01-185) which is likely involved in the
centromeric function since it is the only satDNA being located on all A chromo-
somes. On the B chromosome, however, this satDNA family is actually scarce (see
Fig. S1b in Ruiz-Ruano et al. 2018). The bioinformatic analysis of satDNA abun-
dance on two 0B and four B-carrying males, displayed two main patterns for their
RLs (Fig. 4.3), with five satDNA families showing overabundance in all four
B-carrying males (LmiSat02-176, LmiSat04-18, LmiSat09-181, LmiSat10-9, and
LmiSat16-278) whereas three other showed overabundance in only two B-carrying
males (LmiSat06-185, LmiSat18-210, and LmiSat53-47), suggesting the existence
of polymorphic B chromosomes in the population analyzed for an abundance of
some satDNA families. In addition, about half of these satDNAs showed RLs with a
maximum peak of about 4-5% divergence (likewise LmiSat01-185) whereas the
remaining families showed their maximum peak at 0% divergence (in resemblance
to LmiSat07-5-tel) (Fig. 4.3). As the telomeric DNA is actively homogenized by the
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LmiSat02-176 LmiSat06-181

B

LmiSat053-47

LmiSat04-18

Fig. 4.2 FISH pattern for four SatDNA families in B-carrying embryos of the migratory locust
(Locusta migratoria). Two of them (upper row) showed large bands which, in LmiSat02-176,
occupy the whole B chromosome area, and this satDNA represented about half of the whole B
chromosome DNA. No B-specific satDNAs were found in this species, as they were also present on
A chromosomes, on exclusively pericentromeric locations for LmiSat02-176 but pericentromeric
and interstitial locations for LmiSat06-181. The lower row shows two satDNA families yielding
FISH bands on the S9 and B chromosomes, and also on S11 in the case of LmiSat04-18 (note that
this cell is haploid)

telomerase during each DNA replication, we can infer that the satDNAs displaying
their maximum peak at 0% divergence have undergone recent amplification by the
addition of many identical repeat units. On the other hand, those families showing
their maximum peak at 4-5% showed their last major amplification some time ago so
that point mutations have increased divergence for many repeat units added during
that amplification. Ruiz-Ruano et al. (2018) called attention to the contrasting
difference found between A and B chromosomes in L. migratoria, as TEs comprise
54% of total DNA in A chromosomes but only 19.1% of the B chromosomes.
However, satDNA comprises 65.2% of the B chromosome but only 2.4% of A
chromosomes. If these B chromosomes are derived from the A chromosomes, it is
clear that they have followed a different molecular evolutionary pattern through a
marked enrichment in satDNA.

In the same vein, Benetta et al. (2020) have recently shown that 89.80% of the
PSR chromosome in Nasonia vitripennis is composed of repetitive DNA, the most
abundant being complex satellites belonging to four main families (70.32%), three of
which were B-specific (PSR2, PSR18, and PSR22) and the other was shared with the
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Fig. 4.3 Repeat landscapes for eight satDNA families showing overabundance on the B chromo-
some of Locusta migratoria, compared with the patterns shown by the centromeric (LmiSat01-185)
and telomeric (LmiSat07-5-tel) satDNAs (upper row). Note that the left column shows satDNA
families showing their maximum peak of abundance at 4-5% divergence, in resemblance to the
centromeric satDNA, suggesting that they have shown a certain degree of degeneration since their
last major amplification. The only exception was LmiSat10-9 whose peak was placed at 10%
divergence, presumably due to faster degeneration of its extremely short repeat units (9 bp). Within
the left column, note that LmiSat02-176, LmiSat04-18, and LmiSat10-9 showed overabundance
(in respect to B-lacking males) in the four B-carrying males (red lines), whereas LmiSat06-185
showed this fact only in two out of the four B-carrying males analyzed, suggesting the existence of
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Table 4.1 The presence of satDNA families on B chromosomes either being shared with A
chromosomes or else being B-specific

Type Species A-B_shared | B-specific | References

Animals | Glossina austeni Yes Amos and Dover (1981)
G. morsitans Yes Amos and Dover (1981)
morsitans
Nasonia Yes Yes Nur et al. (1988), Eickbush et al.
vitripennis (1992), Benetta et al. (2020)
Eyprepocnemis Yes Lépez-Le6n et al. (1994, 1995)
plorans
Drosophila Yes Gutknecht et al. (1995)
subsilvestris
Prochilodus Yes de Jesus et al. (2003)
lineatus
Drosophila Yes Bauerly et al. (2014), Hanlon et al.
melanogaster (2018)
Moenkhausia Yes Utsunomia et al. (2016)
sanctafilomenae
Eumigus Yes Yes Ruiz-Ruano et al. (2017)
monticola
Abracris Yes Milani et al. (2017)
flavolineata
Astyanax paranae | Yes Yes Silva et al. (2017)
Apodemus Makunin et al. (2018)
Locusta Yes Ruiz-Ruano et al. (2018)
migratoria
Characidium Yes Serrano-Freitas et al. (2020)
gomesi

Plants Secale cereale Yes Yes Sandery et al. (1990), Blunden et al.

(1993), Klemme et al. (2013)

Brachycome Yes Yes John et al. (1991), Houben et al.
dichromosomatica (1997)
Plantago lagopus | Yes Yes Kumke et al. (2016)
Aegilops Wu et al. (2019)
speltoides

A chromosomes (NV79). However, only 13.97% of B-sequences corresponded to
TEs. In summary, the information on the species mentioned in this section, reveals
that six out of the 16 species where chromosome location was analyzed (Table 4.1),

Fig. 4.3 (continued) B chromosome polymorphism for the abundance of some satDNAs. The right
column, however, shows satDNA families showing curves resembling the telomeric DNA pattern,
i.e., with the maximum peak at 0% divergence. The only exception was LmiSat53-47 where the
curves for B-carrying males showed a peak at about 3% divergence, indicating some degeneration
on the B chromosome copies. These 0% peaks suggest recent amplification of these satDNA
families on the B chromosome
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showed B-specific satDNA families (i.e., 38%). In the case of N. vitripennis, the
presence of B-specific satDNA is explained by the interspecific origin of its B
chromosome (McAllister and Werren 1997), but the B chromosomes in the other
five species appeared to have originated intraspecifically, so that B-specific satDNAs
were most likely originated in them by means of differential amplification on the B
chromosomes, as explained above for EmoSat26-41 and EmoSat27-102.

4.3 SatDNA as Marker of B Chromosome Origin

During the pre-NGS times, B chromosome origin was mainly delimited between
intra- or interspecific origins (see some examples in Table S1 in Ruiz-Ruano et al.
2017). Assuming that B chromosomes are most likely derived from A chromosomes,
the intragenomic origin of B chromosomes is more amenable for analysis in the case
of intraspecifically arisen B chromosomes, although not without serious difficulty. In
the grasshopper E. plorans, we found evidence for contradictory hypotheses on the
intragenomic origin of B chromosomes, as we first inferred that B chromosomes in
Spanish populations most likely derived from the X chromosome because the order
of a satDNA and rDNA in respect to the centromere was only coincident on the
pericentromeric region of B and X chromosomes (Lépez-Le6n et al. 1994). We later
observed that B chromosomes from Moroccan populations supported the former
conclusion, but those found in populations from Daghestan (North Caucasus,
Russia) were most likely derived from the smallest autosome, which was the only
A chromosome carrying the three markers (5S and 45S rDNA, and the 180-bp
satDNA) found on Caucasian B chromosomes (Cabrero et al. 2003). Later, sequence
comparison for ITS rDNA sequences obtained from B chromosomes and several A
chromosomes (X, M8, S9, S10, and S11), and for the 180-bp satDNA obtained from
the X, B, and S11 chromosomes, through chromosome microdissection in spermato-
cytes from males collected at the Torrox population (Spain), indicated that B
chromosome sequences showed higher similarity with those coming from the
smallest autosome (S11) than with those from the X chromosome. This gave support
to the hypothesis of B origin from the S11 autosome also in Spanish populations
(Teruel et al. 2014).

In Locusta migratoria, the exclusive presence of genes for H3 and H4 histones on
the B chromosome and the M8 autosome, indicated by FISH analysis, provided
evidence for B chromosome origin from this A chromosome (Teruel et al. 2010).
However, our FISH analysis of 58 satDNA families, previously found in this species
(Ruiz-Ruano et al. 2017), on A and B chromosomes revealed that autosome S9 was
the only A chromosome carrying all six satDNAs visualized on the B chromosome
(Ruiz-Ruano et al. 2018), with one of them being exclusive of S9 and B (Fig. 4.2), on
which basis we concluded that both M8 and S9 chromosomes could have contrib-
uted to B chromosome origin in this species.

In rye, NGS analysis allowed the identification of several B-specific repeats,
mostly being satDNA (Martis et al. 2012; Klemme et al. 2013). This revealed that
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rye Bs showed higher ancestry from the 3RS and 7R standard (A) chromosomes,
with subsequent accumulation of repeats and genic fragments from other A chro-
mosomes and insertions of organellar DNA (Martis et al. 2012). Remarkably,
accumulation of B chromosome-enriched tandem repeats was mainly found in the
nondisjunction control region of the B (Klemme et al. 2013), involved in B chro-
mosome drive (Langdon et al. 2000).

In the fish Moenkhausia sanctafilomenae, Utsunomia et al. (2016) found two
types of B chromosomes both containing the same tandem repeat DNA sequences
(18S rDNA, H3 histone genes, and the MS3 and MS7 satDNAs), all of which were
together only in the paracentromeric region of autosome pair no. 6, suggesting that
the B chromosomes derived from this A chromosome.

The FISH analysis of the full satellitome in the grasshopper Eumigus monticola
(Ruiz-Ruano et al. 2017) revealed the presence of two satDNA families being
informative for B origin in this species. These were EmoSatl1-122 and
EmoSat22-12, which only showed FISH bands on the S8 autosome and the B
chromosome (Fig. 4.1). As S8 carries an interstitial FISH band for H3 histone
genes which is not apparent on the B chromosome, Ruiz-Ruano et al. (2017)
suggested the possible origin of this B chromosome from the proximal third of the
S8 autosome, thus excluding the H3 cluster. In addition, two other satDNA families
(EmoSat26-41 and EmoSat27-102) showed FISH bands only on the B chromosome,
and sequence analysis provided evidence that these two satDNAs were actually
present, at very low abundance, in the OB libraries, suggesting that intraspecifically
arisen B chromosomes can harbor satDNAs apparently being B-specific at cytoge-
netic level but not at the genomic level. In contrast, we did not find any B-specific
satDNA in L. migratoria (Ruiz-Ruano et al. 2018), and Milani et al. (2018) also
failed to find B-specific satDNAs in three other grasshopper species, although
satDNA location on A and B chromosomes suggested that B chromosomes might
have arisen, in all three cases, from one of the three shortest autosomes.

In the fish Characidium gomesi, satellitome analysis was also useful to get
insights on the intragenomic origin of B chromosomes. Chromosome painting
analysis suggested that B chromosomes in this species most likely derived from
sex chromosomes (Pansonato-Alves et al. 2014), and subsequent FISH analysis of
18 satDNA families and the comparison of DNA sequences, obtained through
chromosome microdissection, supported this hypothesis (Serrano-Freitas et al.
2020).

All these cases point to specific A chromosomes that could have been ancestors of
B chromosomes that arisen intraspecifically. However, a recent analysis of B
chromosome content for protein-coding genes is revealing that B chromosome
origin appears to be multichromosomal, as claimed, for instance, in rye (Martis
et al. 2012), the fish Astatotilapia latifasciata (Valente et al. 2014), and the plant
Aegilops speltoides (Ruban et al. 2020). On this basis, the results obtained only from
satDNA location should be interpreted with caution. Of course, we agree with Ruban
et al. (2017) that conclusions from satDNA location remain provisional, given the
dynamic behavior of satDNA repeats, as it is expected that synteny similarity for
protein-coding genes would be more reliable for inferring A chromosome
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contribution to B chromosome origin. Unfortunately, none of the three cases above
are exempt from problems, as the multichromosomal origin was not concluded using
the same species genome as a reference, which dilutes the synteny advantage, and
they used NGS sequences obtained either from microdissected B chromosomes,
whose reliability is low for single-copy DNA, or from flow-sorted B chromosomes
where minimal contamination with A chromosomes would unavoidably yield the
multichromosomal pattern of B chromosome origin.

In fact, very few B-carrying species have their standard genome sequenced. One
of these species is Locusta migratoria, but its genome has two serious problems
since it has not yet reached the chromosome level (Wang et al. 2014) and was
obtained from a B-carrying individual with the consequent interference of
B-chromosome sequences for genome assembly (see Ruiz-Ruano et al. 2018,
2019). The B-carrying species with the best-sequenced genome is N. vitripennis,
but a recent analysis of DNA content of its PSR chromosome has shown that it
consists primarily of three complex repeats (70.32%) and other sequences that are
undetectable in the standard genome and, in some cases, have strong similarity with
genes from other organisms (Benetta et al. 2020), a logical expectation for B
chromosomes of interspecific origin.

The origin of small supernumerary marker chromosomes (sSMCs) in humans,
however, is easier to infer due to the high quality of the human genome and their
youth as extra chromosomes, compared with B chromosomes, as this makes it easier
inferring their A chromosome ancestry because they still have not had time for
undergoing many changes in sequence or structure (Fuster et al. 2004). Recently,
Makunin et al. (2018) performed the low-pass sequencing of a human sSMC derived
from the pericentromeric region of chromosome 15 long arm. Interestingly, they
could map the two breakpoints that yielded this extra chromosome and both were
located within alphoid satDNA. They suggested that “sSMCs might correspond to
an early stage of B chromosome evolution, and acquisition of drive mechanism for
more efficient transmission could in principle transform those elements into true B
chromosomes.” However, in our opinion, sSMCs (and any other kind of extra
chromosome, included the so-called proto-Bs) lacking drive from their very origin
would most likely be eliminated before they could gain drive and thus reach the
polymorphism status in natural populations, and this kind of evolutionary models
assuming that drive can be obtained a posteriori are all flawed (for instance, see
Martis et al. 2012). In the case of sSSMCs in humans, their deleterious effects make it
even more unlikely their conversion into B chromosomes. In fact, there are no
examples of polymorphic sSSMCs in human populations beyond spontaneous cases
of independently arisen ones (Fuster et al. 2004).

Evidence for possible differential geographical patterns of chromosomal location
for B chromosome content of repetitive DNA in E. plorans was found by Lopez-
Leon et al. (2008), whose FISH analysis revealed that B chromosomes from Daghe-
stan, Armenia, Turkey, and Greece were mostly composed of rDNA, whereas those
from Spain and Morocco contained about similar amounts of rDNA and a 180-bp
satDNA, the latter being actually scarce in eastern Bs. The development of a
sequence characterized amplified region (SCAR) marker located at intergenic
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regions of 45S rDNA provided additional support to the intraspecific origin of B
chromosomes in E. plorans, as its DNA sequence was identical in B chromosome
variants from several localities from Spain and Morocco, and it was highly similar in
B chromosome variants from Greece and Armenia. The scarce sequence variation
observed between such distant populations suggested either a functional constraint
or, most likely, a recent and unique origin for B chromosomes in this species
(Mufioz-Pajares et al. 2011). The later finding that the widespread geographical
distribution of the B1 variant makes it the best candidate for being the ancestor B
chromosome in the whole western Mediterranean region (Cabrero et al. 2014) is
consistent with a recent origin of B chromosomes in this species.

In some cases, B chromosomes showing highly similar size and morphology have
been found in closely related species, and the high-throughput analysis of satDNA
has revealed interesting insights on B chromosome origin. This was the case of
several fish species of the genus Astyanax, where Silva et al. (2016) analyzed the
large metacentric B chromosomes in A. bockmanni, A. paranae, and A. fasciatus, by
means of (1) chromosome painting, (2) FISH for 18S rDNA, the H1 histone genes,
the As51 satDNA and the (AC);s microsatellite, and (3) ITS rDNA sequence
comparison between genomic DNA from B-lacking individuals and DNA obtained
from the metacentric B chromosomes in the two latter species. Whereas approaches
1 and 3 suggested the common origin of B chromosomes at different species,
approach 2 failed to do it. Subsequent analysis of the satellitome in A. paranae
revealed the presence of 45 satDNA families, 35 of which were analyzed by FISH in
A. paranae, A. fasciatus, and A. bockmanni, showing that most satDNA families
were shared between the three species and showed highly similar patterns on their B
chromosomes (Silva et al. 2017). The exceptions were two B-specific satDNAs in
A. paranae (ApaSat44-21 and ApaSat20-18), the former not being observed on A or
B chromosomes of the two other species and the latter showing FISH bands on them.
The symmetric location of many satDNAs on both B chromosome arms demon-
strated the isochromosome nature of these large metacentric B chromosomes, and
their high similarity in satDNA content and location gave additional support to the
common origin hypothesis for these B chromosomes. Recently, the analysis of gene
content in the large metacentric B chromosomes of these three species plus
A. scabripinnis, by means of the genome and transcriptome sequencing and qPCR,
has revealed that the Bs in the four species showed such high similarity in gene
content that cannot be explained by chance, thus giving stronger support to the
common origin hypothesis (Silva et al. 2021).

4.4 Function of satDNA for B Chromosomes

If satDNA accumulates into B chromosomes becoming the most abundant DNA
type in them, a pertinent question is whether it plays an important function for B
chromosomes. In principle, we should not expect that a possible function would
have nothing to do with being transcribed, as satDNA typically belong to the
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noncoding fraction of repetitive. Alternatively, satDNA might accumulate in B
chromosomes because they are dispensable and thus tolerate the burden of carrying
high amounts of useless DNA, as long as this burden can be faced by the host
genome which makes the machinery for DNA replication. It is conceivable that the
late replication which characterizes B chromosomes (Fox et al. 1974) might facilitate
replication errors leading to satDNA accumulation on B chromosomes. In addition,
the dispensability of B chromosomes may make them be prone to these failures in
DNA replication, e.g., unequal crossovers, leading to the accumulation of satDNA
(and other tandem repeats) on them.

A possible functional role of satDNA was suggested for rye B chromosomes,
after finding that the E3900 and D1100 B-specific satDNAs are transcriptionally
active in the subterminal domain of the B chromosome, which acts as the nondis-
junction control region, with the B-transcripts possibly functioning as structural or
catalytic RNA (Carchilan et al. 2007). Recently, Gémez-Aldecoa (2021) has found
another B-specific satDNA (ScCL11-1), which is interspersed with E3900 in the
nondisjunction control region and is the only satDNA being also located on the
pericentromeric region of the B chromosome, where persistent cohesion maintains
the two B chromatids together for migration to the generative pole during pollen
grain mitosis. Banaei-Moghaddam et al. (2012) suggested the possibility that
B-derived RNAs could act as guide molecules to direct protein complexes to specific
genomic loci, such as the B pericentromeric regions. However, these authors noticed
that it is not known whether the B transcripts act directly or indirectly on B
nondisjunction, and suggested the possibility that some protein-coding genes located
in the rye B chromosome (Martis et al. 2012) might also play a role in nondisjunction
control.

The case of B rye is thus suggestive for a possible function of a specific satDNA
to increase B chromosome viability in natural populations through transcription to
yield noncoding RNAs facilitating B drive, with or without interaction with proteins
also coded by B chromosome themselves, thus interfering with the normal course of
cell division regulation. In N. vitripennis, the PSR chromosome expresses a unique
set of small RNAs derived from several satDNAs (Li et al. 2017) and contains a gene
named haploidizer, which appears to be involved in the sex conversion which this B
chromosome drive is based on (Benetta et al. 2020). This B chromosome system is
thus the best positioned in the race of demonstrating the molecular basis of B
chromosome drive, even though many details are still unknown.

4.5 Future Directions

The extreme scarcity of quality reference genomes of B-carrying species, at the
chromosome level, is a serious handicap to investigate the A chromosome ancestry
of B chromosomes. Meanwhile, satellitome analysis constitutes an excellent tool to
get some insights in this respect in non-model species. In the case of intraspecifically
arisen B chromosomes, the best tool would be gene content and the syntenic
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resemblance between A and B chromosomes, but it needs previous obtaining of
high-quality sequenced genomes of B-lacking individuals in the same B-carrying
species, a goal that has not yet been reached for any intraspecifically originated B
chromosome.

Regarding a possible function of satDNA for B chromosomes, a first indication
could be its transcription, as recent research has shown that both B chromosomes
(Huang et al. 2016; Ma et al. 2016; Navarro-Dominguez et al. 2017; Kinsella et al.
2019) and satDNA (Menon and Meller 2012; Ugarkovic 2005; Usakin et al. 2007)
are not transcriptionally inert. In fact, transcription of B-specific satDNAs in rye and
jewel wasp B chromosomes is suggestive of their possible implication in interfering
cell division in favor of the B chromosome (see above). However, for an excellent
discussion on the possible functional role of B chromosome transcripts, see Benetta
et al. (2019).

Highly interesting prospects for B chromosome research have resulted from
recent results in mice, where Akera et al. (2017) found that oocyte spindle asymme-
try depends on CDC42 signaling inducing microtubule tyrosination, and thus selfish
meiotic drivers could exploit this asymmetry to bias their transmission. Likewise,
Iwata-Otsubo et al. (2017) showed that “centromeres with more satellite repeats
house more nucleosomes that confer centromere identity, containing the histone H3
variant CENP-A, and bias their segregation to the egg relative to centromeres with
fewer repeats,” and suggested that “amplified repetitive sequences act as selfish
elements by promoting expansion of CENP-A chromatin and increased transmission
through the female germline.” Finally, Akera et al. (2019) showed that drive depends
on slowing meiotic progression, and suggested that “selfish centromeres can be
suppressed by regulating meiotic timing.” These findings suggest the possibility
that satDNA accumulation on B chromosome centromere, along with the transcrip-
tion of some protein-coding genes harbored by B chromosomes with putative
functions to slow meiosis progression, could play a role in B chromosome drive.
The possibility to focus B chromosome research on these molecular aspects is thus
served, at least in some species.
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Chapter 5 )
The Genomics of Plant Satellite DNA Creck o

Manuel A. Garrido-Ramos

Abstract The twenty-first century began with a certain indifference to the research
of satellite DNA (satDNA). Neither genome sequencing projects were able to
accurately encompass the study of satDNA nor classic methodologies were able to
go further in undertaking a better comprehensive study of the whole set of satDNA
sequences of a genome. Nonetheless, knowledge of satDNA has progressively
advanced during this century with the advent of new analytical techniques. The
enormous advantages that genome-wide approaches have brought to its analysis
have now stimulated a renewed interest in the study of satDNA. At this point, we can
look back and try to assess more accurately many of the key questions that were left
unsolved in the past about this enigmatic and important component of the genome. [
review here the understanding gathered on plant satDNAs over the last few decades
with an eye on the near future.

Keywords Satellite DNA - Heterochromatin - Centromere - Satellitome

5.1 Plant Satellite DNA

In its simplest definition, satellite DNAs (satDNAs) can be described as noncoding
repetitive DNA sequences organized in tandem arrays. satDNAs tandem arrays are
distributed throughout the genome of eukaryotic species. Regardless, these tandem
arrays are commonly concentrated in specific parts of the chromosomes such as the
centromeres, the pericentromeric regions, and the subtelomeric regions. In addition,
specific chromosomes can bear interstitial satDNAs. Typically, but not always,
satDNA loci are organized as heterochromatic blocks. In fact, satDNAs are the
main, but not the only, components of heterochromatin. As a whole, these sequences
constitute a significant part of the repetitive DNA content of plant genomes.
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Genome size differs enormously between plant species. There is a 2440-fold
range of genome size differences (61-148.791 Mbp) among land plants (Pellicer
et al. 2018). Notably, genome size differences may be not only important between
phylogenetically distant species but also between closely related species (Pellicer
et al. 2018). However, land plant species have a broadly similar number of genes,
whereas repetitive DNA is the major contributor to genome size disparity (Zhang
et al. 2020; Bowles et al. 2020; Novak et al. 2020a). Novak et al. (2020a) have found
that there is a repetitive DNA increase proportional to the size of the genome,
reaching up to proportions of around 80% of repetitive DNA in large genomes.
Curiously, the repetitive DNA increase does not correlate with genome size increase
in genomes larger than 10 Gb. In genomes larger than 10 Gb there is a shift in that
trend and the largest genomes have about 55% of repetitive DNA, probably by the
slow degradation of repeats over time (Novak et al. 2020a).

Interspersed repeats such as transposable elements (TEs) are the major compo-
nent of the repetitive DNA fraction of the genome in most species (Piegu et al. 2006;
Schnable et al. 2009; Hu et al. 2011; Piednoél et al. 2012; Lépez-Flores and Garrido-
Ramos 2012). However, satDNA may comprise between 0.1% and 36% of a plant
genome and is often responsible for genome size differences between related species
(Macas et al. 2000, 2002; De la Herran et al. 2001; Hribova et al. 2010; AmbrozZova
et al. 2011; Cizkova et al. 2013; Emadzade et al. 2014 Barghini et al. 2014; Kelly
et al. 2015; Yang et al. 2019; Pinosio et al. 2020; Neumann et al. 2020). Further-
more, satellite repeats can be exceptionally the most dominating repetitive elements
in a species, as occur in radish (He et al. 2015).

In this context, a major question is whether so many noncoding sequences
repeated so many times play a role in the plant genome. Indeed, satDNA has long
been considered “junk” DNA, if not “garbage” DNA (Ohno 1972; Brenner 1998;
Doolittle 2013; Graur et al. 2013, 2015; Garrido-Ramos 2015). satDNA sequences
are among the faster-evolving parts of the eukaryotic genomes, and most satDNAs
are species-specific or shared circumstantially by a few related species (Garrido-
Ramos 2015, 2017). Consequently, they have often been labeled as useless DNA
(Garrido-Ramos 2015). However, satDNA repeats occupy the functional centromere
locus and, although these sequences are generally not conserved among species, they
constitute part of the scaffolding on which the functional centromere/kinetochore
complex is built in most plant species (Melters et al. 2013; Oliveira and Torres
2018). Additionally, there is growing evidence supporting fundamental functional
roles of satDNAs in chromosome organization, cell division, and genome regulation
(Pezer et al. 2012; Garrido-Ramos 2017).

Actually, satDNA has long been one of the most enigmatic parts of the eukaryotic
genome. Earliest studies of plant satDNAs date back to the 1970s and early 1980s.
These studies were focused on crop plants such as rye, wheat, barley, maize,
mustard, faba bean, or radish (Bedbrook et al. 1980; Dennis et al. 1980; Peacock
et al. 1981; Viotti et al. 1985; Capesius 1983; Kato et al. 1984; Grellet et al. 1986),
mainly because the economic interest of the species itself, but also because most
times these sequences comprised an important part of their genomes. Later, many
different satDNAs from a great variety of plants were isolated and analyzed during
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these and subsequent decades. Genomic DNA digestion using restriction enzymes
and visualization of satDNAs repeats in agarose gels after electrophoresis of digested
genomic DNA popularized the study of satDNAs (reviewed in Garrido-Ramos
2017). satDNA analysis was benefited of the expanding use of two additional and
fundamental laboratory techniques, satDNA-repeats amplification using polymerase
chain reaction (PCR) and fluorescent in situ hybridization (FISH), as well as the
development of increasingly sophisticated computational tools for the analysis of
sequence-specific features or for evolutionary analyses (reviewed in Garrido-Ramos
2017). Thus, conventional techniques (restriction enzyme digestion, PCR amplifi-
cation and FISH, but also Southern-blot hybridization and others) allowed us to
obtain approximate interpretations about satDNA nature. However, a high percent-
age of this part of the genome remained inaccessible to these techniques. In addition,
the study of satDNAs was largely omitted from genomic approaches (Henikoff
2002; Kapustova et al. 2019; Pinosio et al. 2020). It has been during the last years
that we have made enormous progress in understanding satDNAs, thanks to its study
from a genomic point of view. Nowadays, next-generation sequencing (NGS) and
computational approaches have revolutionized the study of satDNAs. The next
sections collect some of the most important advances obtained during both periods
and the main lessons that we have learned about plant satDNAs on several aspects
related to their origin, evolution, organization, and functional roles.

5.2 satDNA Origin and Evolution

SatDNA families can emerge by unequal crossing-over from any random sequence
of the genome (Smith 1976). Replication slippage may also generate tandem dupli-
cations of any sequence (Dover 1982; Tautz et al. 1986; Stephan 1989; Walsh 1987).
These types of events might generate the seed for the formation of a satDNA family
through amplification events. Amplification is a rather diffuse term that includes
copy number increase in the same locus where the repetitive sequence was generated
and its spread to other parts of the genome. A variety of mechanisms have been
proposed to explain how such amplification would occur. A major amplification
mechanism is unequal crossing-over itself. But two other mechanisms could explain
better the spread of the novel satDNA array to other parts of the genome: transpo-
sition (Dover 1982; Cooper and Henikoff 2004) and genomic reinsertion of repeats
generated by the rolling-circle replication of satDNA extrachromosomal circular
molecules (Walsh 1987; Cohen et al. 2005, 2010; Navratilova et al. 2008).

The very origin of satDNAs, from any random sequence, entails the absence of
sequence relationship between the repeats of different satDNA families, both intra-
and interspecifically. Another consequence of the way in which these sequences
originate is the ease for a genome to accumulate a “library” of satDNAs, i.e., a
certain number of different unrelated satDNA families. However, one or a few
satDNAs from the library are predominant (i.e., more abundant) in each species
(Macas et al. 2015; Avila Robledillo et al. 2018). Usually, the most abundant family
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of repeats is located in centromeric and pericentromeric regions (Melters et al. 2013),
but not always (Peacock et al. 1981; Ananiev et al. 1998a; De la Herran et al. 2001;
Bilinski et al. 2015; Gent et al. 2017, 2018; Avila Robledillo et al. 2018; Finke et al.
2019). Phylogenetically related species might share the ancestor satDNA “library”.
At times, these species may also share the same predominant satDNA family (Macas
et al. 2015; Bolsheva et al. 2019; McCann et al. 2020; Avila Robledillo et al. 2018,
2020). However, differential amplification of each member of the “library” in each
species usually originates species-specific abundance profiles for each satDNA
family (Fry and Salser 1977). In addition, the loss of old satDNA families or the
gain of newly emerged ones can also increase differences in species-specific profiles.
In that, unequal crossing-over can be responsible both for the explosive and frequent
emergence of new species-specific satDNA families and for their rapid disappear-
ance (Smith 1976; Dover 1982). Therefore, satDNA is the evolutionarily most
dynamic component of the genome, with a high turnover rate, by continuous
replacements of satDNA families for other in different species (Plohl et al. 2012).

In a neutral scenario, satDNA repeats will diverge over time, generating dozens of
variants of the original sequence of a particular satDNA family. New cycles of
amplification and homogenization of any of these variants will generate the progres-
sive replacement of the others by the amplified variant. This phenomenon leads to a
renewed intraspecific homogenization of the satDNA family (Dover 1982). Concur-
rently, the differential homogenization of alternative variants in different species will
lead to satDNA interspecific divergence. As a consequence, repeats of one species
would be more similar than repeats of different species, a pattern known as concerted
evolution (Brown et al. 1972; Zimmer et al. 1980; Dover 1982). The intraspecific
process would first require intra-chromosome homogenization and then inter-
chromosome homogenization (Kawabe and Nasuda 2005; Iwata et al. 2013; Bilinski
et al. 2015; McCann et al. 2020) and the intervention of unequal crossing-over as
well as other mechanisms such as transposition or genomic reinsertion of replicated
extrachromosomal satDNA (Cooper and Henikoff 2004; Grellet et al. 1986; Hall
et al. 2003; Cohen et al. 2005, 2010; Navratilova et al. 2008). In addition to unequal
crossing-over or any other amplification mechanism, gene conversion would be also
an agent involved in both the intra- and the inter-chromosome homogenization of
satDNA (Dover 1982; Grellet et al. 1986; Hall et al. 2003). When homogenization of
satDNA repeats occurs mostly within individual chromosomes and there are low
rates of inter-chromosomal spread, an inter-chromosomal divergence of satellites is
observed (Heslop-Harrison et al. 1999; Macas et al. 2010; McCann et al. 2020),
which could lead to the emergence of satDNA subfamilies (see below). On the other
hand, extreme cases of interspecific divergence can eventually lead to the appearance
of apparently different satDNA families in different species. For example, several
distinct species-specific centromeric satDNA families were found in different
Arabidopsis species, but all of them were derived from a common ancestor (Hallden
et al. 1987; Berr et al. 2006; Lermontova et al. 2014) and all share homology with the
centromeric satDNAs of other Brassicaceae genera (Martinez-Zapater et al. 1986).
Similarly, CentO and CentC centromeric satDNAs in Oryza and Zea, respectively,
appear to share a common origin (Lee et al. 2005; Bilinski et al. 2015).
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Independently of its random nature, it would be expected that the process of
interspecific divergence would depend on time (Pérez-Gutiérrez et al. 2012). How-
ever, many other factors besides time can alter the concerted evolution pattern. Thus,
the rate of concerted evolution of satDNAs might be slowed or accelerated by the
effect of location, organization, and repeat-copy number of tandem arrays (Navajas-
Pérez et al. 2009a). Also, population and evolutionary (Suarez-Santiago et al. 2007,
Quesada del Bosque et al. 2013, 2014) or biological factors (Luchetti et al. 2003,
20006; Plohl et al. 2008; Lorite et al. 2017; Ruiz-Ruano et al. 2019) can influence the
rate of concerted evolution. In addition, selective constraints may also affect con-
certed evolution since a particular functional sequence variant could be preserved
over any other variant (Mravinac et al. 2005).

As indicated before, the differential homogenization of different divergent repeat
variants of a satDNA family within a genome can lead to the appearance of several
distinct subfamilies (Grellet et al. 1986; Kawabe and Nasuda 2005; Macas et al.
2006; Kazama et al. 2006; Navajas-Pérez et al. 2005a, 2006; Suarez-Santiago et al.
2007; Torres et al. 2011; Quesada del Bosque et al. 2011, 2013, 2014). These
subfamilies can be studied as paralogues since they evolve independently of each
other and, consequently, repeats of the same subfamily are more similar among them
than when compared with repeats of the other subfamilies. Therefore, sequence
similarity within subfamilies is higher than between subfamilies in interspecific
comparisons. Consequently, phylogenetic trees group the repeats by subfamily
provenance instead of doing it by taxonomic affinity (Suarez-Santiago et al. 2007;
Quesada del Bosque et al. 2011, 2013, 2014). Indeed, a group of related species can
share a “library” of subfamilies of the same satDNA family too. Differential ampli-
fication of each subfamily in different species would also lead to species-specific
abundance profiles for each subfamily (Quesada del Bosque et al. 2011, 2013, 2014).
As mentioned above for satDNA families, satDNA subfamilies divergence can lead
eventually to the split in two different families that shared a common origin as occur
between RAE730 and RAYSI satDNAs in Rumex (Navajas-Pérez et al. 2005a) or
between the 500 bp repeat element and pAL1 satDNAs in Arabidopsis centromeres
(Simoens et al. 1988; Bauwens et al. 1991; Brandes et al. 1997) or among seven
centromeric satDNA families in switchgrass (Yang et al. 2018).

5.3 satDNA Location, Organization, and Function

The principle of the equilocal distribution of heterochromatin proposes that hetero-
chromatic blocks are located in equivalent regions in each chromosome of the
karyotype of one species (John et al. 1985). That is to say, there is heterochromatin
in the pericentromeric and the subtelomeric regions of all its chromosomes. In
addition, there may be interstitial blocks of heterochromatin in equivalent positions
on each of the chromosomes of the genome. The equilocality principle would also
apply to satDNA since this type of repetitive sequence is the main component of
heterochromatin. Sugar beet heterochromatin is organized in large interstitial blocks,
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in the pericentromeric and centromeric regions and in the subtelomeric region
(Kowar et al. 2016). Correspondingly, three different satDNA families, in addition
to block-specific LTR retrotransposons, populate each heterochromatin section
(Kowar et al. 2016). But also there are small interstitially dispersed heterochromatic
spots that are composed of a variety of different satDNAs, DNA transposons, and
LTR and non-LTR retrotransposons (Kowar et al. 2016). Indeed, although there are
examples that fulfill the equilocality principle (Guerra 2000), there are many excep-
tions too, especially concerning the interstitial blocks of heterochromatin (Guerra
2000; see below).

5.3.1 Centromeres and Pericentromeric Heterochromatin

There is a huge diversity for satDNA families that populate the centromere and
pericentromeric heterochromatin in each species. Conservation is not common. On
the contrary, each species presents a specific profile of centromeric/pericentromeric
sequences that, at most, can be shared by a small group of related species (Lee et al.
2005; Ma et al. 2007; Wang et al. 2009; Lermontova et al. 2014, 2015; Yu et al.
2017; Avila Robledillo et al. 2018, 2020). Adding complexity, some shared
satDNAs may be centromeric in one or a few species whereas they are not centro-
meric in the rest of the species (Avila Robledillo et al. 2020). A pattern of satDNA
replacement in centromeres that we have also found in grasshoppers (Camacho et al.
in prep.) and is suggestive to explain the observations made in the genus Medicago
by Yu et al. (2017). Many species possess only one centromeric satDNA family that
is common to all centromeres of all their chromosomes (Martinez-Zapater et al.
1986; Kamm et al. 1995; Zhu et al. 1996; Nagaki et al. 2003b; Ansari et al. 2004; Lee
et al. 2005; Bilinski et al. 2015; He et al. 2015; Gent et al. 2017, 2018; Yu et al.
2017). However, different satDNAs may populate different centromeres with a
chromosome-specific distribution pattern, as occur in Arabidopsis lyrata and
A. halleri (Kawabe and Nasuda 2005), in several species of Fabaceae (Neumann
et al. 2012; Iwata et al. 2013; Avila Robledillo et al. 2018, 2020) or in switchgrass
(Yang et al. 2018). In the common bean, two different satDNA families evolving
independently are predominantly located at two distinct subsets of centromeres
(Iwata et al. 2013). Furthermore, different satDNASs can coexist in the same centro-
meric locus and/or its pericentromeric region (Bauwens et al. 1991; Brandes et al.
1997; Kawabe and Nasuda 2005; Berr et al. 2006; Macas et al. 2007, 2010;
DluhoSova et al. 2018; Avila Robledillo et al. 2018, 2020; Yang et al. 2018). In
Cucumis melo three different satDNA families are present in the centromeric
chromatin of all the chromosomes of the genome (Setiawan et al. 2020). The
distribution of satDNA families may be compartmentalized as in Medicago
trunculata where the MfR3 satDNA is the component of every centromere whereas
MR1 and MfR2 satDNAs are the component of the pericentromeric heterochromatin
(Kulikova et al. 2004). Moreover, the centromeric locus as well as the
pericentromeric region may bear TEs in addition to satDNA sequences (Neumann
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et al. 2011). Centromeric-specific retrotransposons (CR) form a clade of
chromoviruses, a lineage of Ty3/gypsy retrotransposons (Neumann et al. 2011)
that have been found in centromeres of banana (Cl’ikové et al. 2013) and grasses
such as barley (Presting et al. 1998; Hudakova et al. 2001), maize (Ananiev et al.
1998b; Zhong et al. 2002; Nagaki et al. 2003a; Sharma and Presting 2014), sorghum
(Jiang et al. 1996; Miller et al. 1998; Presting et al. 1998), wheat (Liu et al. 2008; Li
etal. 2013), goatgrass (Li et al. 2013), rice (Dong et al. 1998; Miller et al. 1998; Bao
et al. 2006; Cheng et al. 2002; Nagaki et al. 2005), rye (Francki 2001), and sugarcane
(Nagaki and Murata 2005) among others (Neumann et al. 2011; Sharma and Presting
2014). They have also been found in dicotyledonous species such as Arabidopsis
(Brandes et al. 1997; Fransz et al. 1998), radish (He et al. 2015), and Beta (Gindullis
et al. 2001; Weber and Schmidt 2009) among others (Neumann et al. 2011). For
example, maize centromeres are composed of CentC tandem repeats (156 bp) and
interspersed centromeric-specific retrotransposons (CRM) (Ananiev et al. 1998b;
Zhong et al. 2002; Nagaki et al. 2003a; Jiang et al. 2003; Jin et al. 2004). The maize
inbred B73 has seven of these complex centromeres and three centromeres com-
posed only of CentC sequences, but numbers and locations of each chromosome
type vary widely among maize varieties and in wild relatives (Albert et al. 2010;
Gent et al. 2015, 2017, 2018; Schneider et al. 2016; Zhao et al. 2017). It should also
be taken into account that the abundance of CentC has decreased after domestication
(Albert et al. 2010; Bilinski et al. 2015; Schneider et al. 2016). Similarly, rice
centromeres are composed mainly of 155-bp CentO tandem repeats (Dong et al.
1998; Nonomura and Kurata 2001; Cheng et al. 2002) and interspersed centromere-
specific CRR retrotransposons (Dong et al. 1998; Miller et al. 1998; Cheng et al.
2002; Nagaki et al. 2005). CentC and CentO repeats are homologous and have cer-
tain regions of high sequence identity though these species have diverged during
more than 50 my (Lee et al. 2005; Cheng et al. 2002). However, CentC sequences
are absent from Sorghum and Miscanthus, both closer to maize than rice (Gent et al.
2018). In the same way, CentO repeats and CRR-related sequences are absent from
functional centromeres of the wild rice species Oryza brachyantha (Lee et al. 2005;
Dawe 2009). In fact, there exists a rapid evolutionary diversification pattern of
centromeric DNA among rice and wild related species (Bao et al. 2006). Beyond
the diversity described, there are also plant centromeres composed of single-copy
DNA sequences. For example, in Solanum tuberosum (potato), the centromeres are
composed of either satDNA or single and low copy sequences (Gong et al. 2012;
Zhang et al. 2014; Wang et al. 2014). There is great satDNA diversity in potatoes.
There are several chromosome-specific satellites composed of very long repeats that
have been amplified from retrotransposon-related sequences (Gong et al. 2012;
Zhang et al. 2014). A comparison between S. tuberosum and S. verrucosum,
which also have that type of centromeric satDNAs, indicated rapid evolution of
centromeric sequences in the genus Solanum (Gong et al. 2012; Zhang et al. 2014).
A connection has been established between TEs and newly emerged centromeric
satDNAs (Mestrovic et al. 2015; Gong et al. 2012; Zhang et al. 2014; Vondrak et al.
2020).
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5.3.2 Subtelomeric Heterochromatin

Subtelomeric heterochromatin shows high diversity (Garrido-Ramos 2015). Inti-
mately associated with telomeric sequences, the subtelomeric region is a highly
dynamic region and one of the faster-evolving regions in eukaryotic genomes
(Torres et al. 2011; Richard et al. 2013; Mlinarec et al. 2019; Aguilar and Prieto
2020). The great diversity found among subtelomeric satDNAs does not only affect
to sequence but also to repeat length and repeat organization too and includes
complex compositions of satDNA repeats (Cuadrado and Jouve 1994, 1995;
Vershinin and Heslop-Harrison 1998; Contento et al. 2005; Richard et al. 2013).
Furthermore, Mlinarec et al. (2019) have demonstrated the highly polymorphic
nature of subtelomeric satDNAs in Tanacetum cinerariifolium. These authors
detected up to 22 polymorphic loci analyzing the location of two subtelomeric
satDNAs in different individuals of different populations of 7. cinerariifolium.

Intact (5-TTTAGGG-3') and degenerated telomeric repeats are usually
intermingled among subtelomeric satDNA repeats and, sometimes, they are part of
the very satDNA monomer (Fajkus et al. 1995; Buzek et al. 1997; Garrido-Ramos
et al. 1999; Sykorova et al. 2003a; Contento et al. 2005; Navajas-Pérez et al. 2009b;
Emadzade et al. 2014; Finke et al. 2019; Mlinarec et al. 2019).

Different types of rearrangements and nonhomologous interchanges occurring
between chromosome ends may favor sequence diversification of preexisting
satDNAs, including the formation of different subfamilies, as well as the formation
and amplification of new satDNA families in this region (Macas et al. 2006; Torres
et al. 2011). Thus, several satDNA families and/or subfamilies can coexist in the
same species, even in the same chromosome (Bedbrook et al. 1980; Vershinin et al.
1996; Vershinin and Heslop-Harrison 1998; Cuadrado and Jouve 1994, 1995;
Heacock et al. 2004; Contento et al. 2005; Kazama et al. 2006; Torres et al. 2011;
Mlinarec et al. 2019). Although conservation is not the norm and many subtelomeric
satDNA families are restricted to one or a few species, even to one or a few
chromosomes, some subtelomeric satellites are more conserved and they are present
in the genomes of a group of related genera (Kishii et al. 1999; Quesada del Bosque
et al. 2013).

5.3.3 Interstitial Heterochromatin

Many interstitial blocks of heterochromatin are made of satDNA families coming
from the subtelomeric area. This process of interstitialization assumes the transfer-
ence of satDNA sequences from the chromosomal ends toward interstitial sites in
accordance with the model proposed by Schweizer and Loidl (1987). There are
several examples of interstitial satDNAs that are derived from subtelomeric
satDNAs (Cuadrado and Jouve 2002; Lim et al. 2006; Carmona et al. 2013b).
Telomere association in bouquet configuration during the first meiotic prophase
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may favor interstitialization processes (John et al. 1985; Schweizer and Loidl 1987).
Mechanisms of interstitialization also include chromosome reorganizations such as
inversions and/or transpositions as well as Robertsonian translocation. Additionally,
these mechanisms could explain the presence of subtelomeric and telomeric satDNA
sequences within the (peri)centromeric area of the chromosomes of some species
(Tek and Jiang 2004; Bao et al. 2006; Lim et al. 2006; Navajas-Pérez et al. 2009b;
Emadzade et al. 2014; Mlinarec et al. 2019; Finke et al. 2019).

Interestingly, the same satDNA family (SatA) is found in pericentromeric,
subtelomeric, and interstitial chromosome regions in two species of the genus
Paphiopedilum (Lee et al. 2018), which constitutes a major exception to the general
view that each of these regions should be composed of different satDNAs. Similarly,
CmSat189 satDNA of Cucumis melo is located not only on centromeric regions but
also on chromosome-specific pericentromeric, interstitial, or subtelomeric regions,
allowing the characterization of individual chromosomes of melon (Setiawan et al.
2020). Another five species of the genus Paphiopedilum also bear SatA in
pericentromeric and subtelomeric regions but not interstitially (Lee et al. 2018).
This latter pattern was also observed in Rumex induratus (Navajas-Pérez et al.
2009b) and in Oryza rhyzomatis (Lee et al. 2005).

Furthermore, interstitial satDNA represents one of the major exceptions to the
equilocal principle of heterochromatin distribution in many cases. Examples are
satDNAs amplified in specific chromosomes such as sex chromosomes (Shibata
et al. 1999, 2000a; Mariotti et al. 2006, 2009; Navajas-Pérez et al. 2005a, 2006,
2009a, c; Cuinado et al. 2007; Steflova et al. 2013; Garrido-Ramos 2015; Jesionek
et al. 2020), but also in given autosomes (De la Herran et al. 2001), as well as
supernumerary chromosomes (Alfenito and Birchler 1993; Klemme et al. 2013;
Banaei-Moghaddama et al. 2015) and supernumerary chromosome segments
(Shibata et al. 2000b; Navajas-Pérez et al. 2005a, 2009c; Finke et al. 2019).

Dioecy has independently emerged in about 6% of plant genera. Sex chromo-
somes have recently evolved (between 15 and 0.6 mya) independently in only a few
of those dioecious plant lineages (Guttman and Charlesworth 1998; Filatov et al.
2000; Navajas-Pérez et al. 2005b, Cufiado et al. 2007; Quesada del Bosque et al.
2011; Kubat et al. 2014; Vyskot and Hobza 2015; Charlesworth 2016; Li et al.
2019). One major feature of sex chromosome evolution is the progressive genetic
divergence between X and Y(s) chromosomes, including gene degeneration and
accumulation of TEs and satDNAs in Y chromosomes (Charlesworth 2002, 2016;
Kejnovsky et al. 2009; Hobza et al. 2017). The genus Rumex is an excellent study
case among young sex-chromosome systems. This genus is composed of several
dioecious species that differ for the phase of the evolution of their sex-chromosomes,
from earliest steps of sex-chromosome differentiation to more advanced phases that
include Y-chromosome degeneration (Cufado et al. 2007; Navajas-Pérez et al.
2005a, 2006, 2009a, c). There are species like R. acetosella or R. suffruticosus
with an XX/XY sex-chromosome system and little X-Y differentiation, and species
like R. acetosa and R. papillaris with a complex XX/XY,Y, sex-chromosome
system and highly diverged sex chromosomes. In this latter case, Y chromosomes
have gathered different Y-specific (seven) and Y-preferentially accumulated (three)
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satDNA families as well as Y-preferentially accumulated active TEs (Cuifiado et al.
2007; Navajas-Pérez et al. 2006, 2009a, c; Mariotti et al. 2006, 2009; Steflova et al.
2013; Jesionek et al. 2020). X chromosome also have X-preferentially accumulated
active TEs and two satDNAs found also in the Y chromosomes, but the expansion of
satellites in X chromosome is not so high (Jesionek et al. 2020). So far, only one of
the multiple families of satDNA found in R. acetosa has been detected in species like
R. acetosella and R. suffruticosus. This family, RAE180, massively amplified in the
Y chromosomes of R. acetosa and R. papillaris, is scarcely represented in the
genomes of R. acetosella and R. suffruticosus and, furthermore, RAE180 sequences
are located in autosomes (Cuiiado et al. 2007; Navajas-Pérez et al. 2009a, c). As
occur in R. acetosella and R. suffruticosus, evolutionarily young S. latifolia sex
chromosomes are not heterochromatinized and do not contain large amounts of
chromosome-specific repeats (Macas et al. 2011). However, the process of accumu-
lation and differentiation of repeats is already evident in the case of some satDNA
repeats (Hobza et al. 2006; Cermak et al. 2008; Macas et al. 2011). It has been
speculated that the seabuckthorn (Hippophae rhamnoides) sex-chromosome system
could represent a rare example of evolutionarily old plant sex chromosomes,
although the date of their origin could not be established (Puterova et al. 2017).
This species has an XX/XY sex-chromosome system that resembles the mammalian
sex-chromosome system, with a small Y chromosome that contains several satDNAs
and a large X chromosome. Younger systems, like those of Rumex and Silene, are
characterized by larger Y chromosomes since they are in earlier expanding stages of
sex chromosome evolution accompanied by accumulation of repetitive sequences
(Puterova et al. 2017). The small size of the seabuckthorn Y chromosome appears to
be caused by the loss of DNA, which may indicate that the Y chromosome could be
in a more advanced evolutionarily shrinkage phase (Puterova et al. 2017). Interest-
ingly, satDNA represents 25% of the genome of this species. Some satellites
accumulate in the X chromosome, others are specific to the Y chromosome and
others are present on both chromosomes, but most satellites were found on auto-
somes (Puterova et al. 2017).

5.3.4 Monomers

Researchers have paid much attention to features such as sequence composition,
length, and internal organization of satDNA repeats. Here too, high diversity is the
main conclusion after the analysis of these characteristics. For example, for mono-
mer size, each satDNA family is characterized by its own repeat length. satDNA
monomer size varies between a few tens of base pair (Fominaya et al. 1995; Macas
et al. 2006) and several thousand base pairs (Gong et al. 2012). In Fabeae, for
example, the monomer length of satellite repeats range from 33 to 2979 bp (Avila
Robledillo et al. 2020). In Melampodium, satDNA monomer length range from 4 to
1200 bp, although the most frequently occurring monomer length is around 180 pb
(McCann et al. 2020). In fact, monomer lengths of most satDNAs, specially
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centromeric ones, vary between 135-195 and 315-375 bp (Macas et al. 2002;
Mehrotra and Goyal 2014).

Tandem repetitive DNAs have traditionally been classified in three categories
according to the length of their repeats. Short tandem repeats between 2 and 10 bp
long are known as microsatellites or simple sequence repeats (SSRs) or single
tandem repeats (STRs), whereas repeats longer than 10 bp but shorter than a few
tens of base pairs are considered minisatellites (Lopez-Flores and Garrido-Ramos
2012). The longest tandem repeats would compose then the “classic” satellites
known as satellite DNAs, forming much longer arrays (several kilobases up to
megabases) than micro- and minisatellites (Plohl et al. 2012; Garrido-Ramos
2017). Therefore, satDNAs composed of repeats shorter than 100 bp would be
outside the range of what is considered “classic” satDNAs according to repeat
length. However, this classification was somewhat arbitrary since there are no
precise limits for each category. In fact, some “classic” satDNAs were shorter than
100 bp, since tandem repetitive DNA types have been additionally defined according
to their location. Thus, all tandem repeats that populate heterochromatin were
considered traditionally “classic” satDNA, independently of monomer sizes, even
when they were shorter than 10 bp (Pedersen et al. 1996; Hudakova et al. 2001;
Ananiev et al. 2005; Heckmann et al. 2013; Talbert et al. 2018). For example, barley
centromeric satDNA is composed of short 6-bp monomers (Hudakova et al. 2001;
Nasuda et al. 2005). On the contrary, satDNAs were not found in euchromatin,
where usually “inhabit” micro- and minisatellites in the form of shorter tandems
scattered throughout the genome (Lopez-Flores and Garrido-Ramos 2012). Adding
complexity to the concept, (classic) micro- or minisatellites were reported within
heterochromatin together the (classic) satDNAs (Hudakova et al. 2001; Cuadrado
and Jouve 2007; Carmona et al. 2013a; Cuadrado et al. 2013; Kejnovsky et al. 2013).
New data coming from the study of the satellitome (see below) have indeed revealed
that repeats of different lengths may be organized in arrays of different sizes in both
heterochromatin and euchromatin. Furthermore, a “classical” satDNA family can
exist in two forms in a genome, organized in long tandem arrays in heterochromatin
and organized in short tandems dispersed throughout euchromatin. Therefore, a
terminology based on repeat length should be dismissed nowadays since, in addition,
all types of tandem repeats show similarities at the genomic and cytological levels
(Ruiz-Ruano et al. 2016).

On the opposite side, there are satDNAs composed of monomers with lengths of
several hundred or several thousand base pairs (Navajas-Pérez et al. 2005a; Gong
et al. 2012; Zhang et al. 2014; Mehrotra and Goyal 2014; Avila Robledillo et al.
2018). Interestingly, Vicia faba, one of the species that have a satDNA with the
shortest repeats (Macas et al. 2006), also contains other satDNAs with the longest
monomers (1.7-2 Kb) (Avila Robledillo et al. 2018). Solanum genomes are charac-
terized by the presence of satDNAs composed of longer monomers (Tek et al. 2005;
Gong et al. 2012; Zhang et al. 2014). In S. tuberosum and S. verrucosum there is a
diverse group of centromeric satDNAs with monomers up to 5.4 Kb that display
similarities to retrotransposons (Gong et al. 2012; Zhang et al. 2014). In fact,
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satDNAs composed of long monomers are frequently derived from transposable
elements (see below).

Many other times, longest satDNAs repeats are usually the result of several
rounds of duplication and divergence of ancient shorter monomers. For example,
there are two satDNA families in Rumex, RAE730 composed of ~730-bp repeats and
RAYSI composed of ~920-bp repeats, which are comprised of subrepeats of 120 bp
(Navajas-Pérez et al. 2005a). Not only for the case of very long monomers, but it has
also been demonstrated that certain shorter satDNA monomers were built from the
duplication and divergence of smaller repeats. For example, the 177-bp repeat
sequence of the radish centromeric satDNA probably arose by two duplications
and the divergence of an ancestral shorter 60-bp monomer (Grellet et al. 1986).

Higher-order repeat (HOR) units could represent an intermediate stage prior to
the establishment of an enlarged monomer. In addition to the conventional mono-
mers, some satDNAs are composed of these HORs which result from homogeniza-
tion cycles of units composed of two or more adjacent repetitions (Nouzova et al.
1999; Grebenstein et al. 1996; Macas et al. 2006; Vondrak et al. 2020; Belyayev
et al. 2019). These complex repetitive units show striking sequence identity between
them (i.e., the high similarity between counterpart monomers located at the same
position in two units), but monomers within the HOR can show remarkable sequence
divergence. In addition to regular HORs composed of repeats units of the same
satDNA family, there also exist complex HORs composed of sequences of different
origins. Thus, for example, the Nazca HOR of Phaseolus vulgaris is composed of
four consecutive monomers of the CentPvl satDNA (99-bp repeats) plus an
unrelated sequence of 159 bp (Iwata et al. 2013).

5.3.5 Monomer Signatures

The presence of specific hallmarks in repeats has been associated with the functional
significance of satDNA in the eukaryotic genome. However, there are no definitive
proofs confirming the validity of these observations. For example, there are many
AT-rich satDNAs. This biased composition may favor the presence of AT tracts. It
has been proved that AT tracts periodically distributed may induce local sequence-
dependent bents that could provoke DNA curvatures. It has been proposed that DNA
curvature may be involved in specific recognition of DNA-binding proteins of the
heterochromatin and facilitate the tight packing of heterochromatic DNA (Fitzgerald
et al. 1994; Lee et al. 2005; Pezer et al. 2012; Yang et al. 2018).

A second common signature is the presence of short inverted sequence repeats
within the satDNA monomers. These short dyad symmetries can adopt non-B-form
thermodynamically stable secondary structures such as stem-loops or cruciform
structures. Stem-loops and cruciform structures might have a role in centromere
assembly and function (Hall et al. 2003; Luchetti et al. 2003; Plohl et al. 2012; Pezer
et al. 2012; Koch 2000; Kasinathan and Henikoff 2018). On the other hand, inverse
short repeats might be important for the own dispersal of satDNAs. These structures
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could be recognized by the machinery of transposition mechanisms and might help
the spread and preservation of satDNA in a process intimately linked to processes of
transposition (Plohl et al. 2010, 2012; Satovi¢ and Plohl 2013; Pavlek et al. 2015;
Mestrovié et al. 2015).

A third remarkable feature within monomeric satDNA sequences is the existence
of putatively functional short conserved motifs. Sometimes, the conservation of
these motifs can be spurious since they might be the remnants of shorter ancestral
repeat monomers. Alternatively, the conservation of short motifs within the repeat
unit of a satDNA might be the consequence of a selection-driven action. Up to the
present, the only example that supports with certainty this second alternative is the
CENP-B box, a short motif that is conserved in the disparate primate and mouse
centromeric satDNAs (Masumoto et al. 1989, 2004; Muro et al. 1992; Haaf et al.
1995). The centromere protein B (CENP-B) is a DNA-binding protein that specif-
ically recognizes and binds the CENP-B box facilitating the centromere assembly
and stabilization, as well as correct chromosome segregation (Fachinetti et al. 2015).
There are several reports suggesting the existence of somewhat similar motifs in
other species, including plants (Aragon-Alcaide et al. 1996; Nonomura and Kurata
1999; Nagaki et al. 1998; Gindullis et al. 2001). However, no empirical validation of
the functionality of these motifs has been done up to now. The centromeric satDNAs
of maize and rice, CentC (156 bp repeat length) and CentO (155 bp repeat length),
respectively, share an 80-bp motif (Lee et al. 2005). The same motif was found in the
CentO-C1 satDNA (126 bp repeat length) of Oryza rhizomatis as well as in the
150-bp centromeric satDNA of pearl millet (Pennisetum glaucum) (Lee et al. 2005).
In addition, seven centromeric satDNAs (between 166 and 187 bp repeat lengths) of
switchgrass (Panicum virgatum) also share the same 80-bp motif as reported by
Yang et al. (2018), who proposed that this motif could have been preserved in all
these Poaceae species because of sequence-specific properties that favor centromere
assembly. However, this motif has not been identified in other centromeric satDNAs
of other Poaceae such as Oryza brachyantha (Lee et al. 2005) or Sorghum and
Miscanthus (Gent et al. 2017), whose centromeric satDNAs are unrelated to those of
maize and rice and the rest of species sharing the 80-bp motif.

5.3.6 satDNA Function

As we have discussed before, satDNAs are among the fastest evolving sequences in
the eukaryotic genome. Therefore, most satDNA families are species-specific or
genus-specific. Intriguingly, there are several other satDNAs that are shared by a
wide group of species. Whether this is yet another consequence of the random
evolutionary dynamics of satDNA or it is due to the fact that those satDNAs have
been preserved for millions of years by selective constraints is still the subject of
debate. Despite the absence of sequence conservation, centromeres and the adjacent
pericentromeric region, as well as the subtelomeric region associated with the
telomere, carry out essential functions in preserving and transmitting the genetic
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material throughout the generations, i.e., they are essential for the maintenance of
life. Whether the role carried out by satDNA in these regions is sequence-
independent or whether that role depends on specific features of this type of DNA,
are questions that have been under debate. Whatever the case may be, thanks to
numerous studies conducted in diverse groups of organisms during the last two
decades, we have favorably changed our view on the role of satDNA in the
regulation and evolution of the genome. These studies will be analyzed in the next
section.

5.4 What Has Genomics Contributed to the Study
of satDNAs?

5.4.1 On the Satellitome

Satellitome is a recent term, proposed to encompass the whole set of tandem
repetitive sequences found in one genome, independently of their repeat length,
copy number, and location (Ruiz-Ruano et al. 2016). Conventional techniques of
satDNA isolation allowed researchers to isolate one or a few, the most abundant,
satDNA families per genome. However, less-represented satDNA families went
unnoticed by these methods. Moreover, there are species that contain very low
amounts of satDNAs. Most times, isolation of tandem repetitive DNAs in those
species has been made inaccessible by such methods (Ruiz-Ruano et al. 2019).
However genomic approaches of satDNA analysis have unveiled the existence of
several, in some cases tens, satDNA families per genome. Even the study of the
satellitome of species with large genome sizes and little satDNA amounts is no
longer unreachable (Ruiz-Ruano et al. 2019). Satellitome analysis has revealed a
high diversity of satDNAs within plant genomes and important conclusions on their
organization, which are set forth below.

satDNA Diversity Satellitome analysis has revealed a surprising diversity of
satDNAs both in animals (Ruiz-Ruano et al. 2016, 2017, 2018; Camacho et al. in
prep.) and plants. Notwithstanding, usually just a single or a few satellite families are
dominant in terms of their genomic abundance (see for example: Macas et al. 2015;
Avila Robledillo et al. 2018, 2020). Most plant satellitomes analyzed have a
considerably higher quantity of satDNA families per genome than previously
found. For example, although all of them were elusive for conventional techniques,
we detected up to 11 satDNA families in the genome of the fern Vandenboschia
speciosa analyzing NGS reads (Ruiz-Ruano et al. 2019). Thirty-four satDNA fam-
ilies included in 21 superfamilies were found in the grass genus Deschampsia
(Gonzalez et al. 2020). Some satDNAs are species-specific but most of them were
shared by the two Deschampsia species analyzed. Some of these satDNAs are shared
with other grasses (Gonzélez et al. 2020). Avila Robledillo et al. (2020) have
analyzed 14 species of the legume tribe Fabeae and have identified up to 64 highly
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diverse families of centromeric satDNAs. Most species have centromeres composed
of multiple satDNAs. One of these species is Vicia faba. The satellitome of this
species is composed of 30 satDNA families (26 fully analyzed) whereas only 4 were
previously identified (Avila Robledillo et al. 2018). Among these, seven are centro-
meric satDNAs that have a chromosome-specific distribution (Avila Robledillo et al.
2018). The majority of V. faba satDNAs do not show sequence similarities to those
from other legume species, which suggested their species-specific origin or rapid
satDNA sequence diversification (Avila Robledillo et al. 2018). Interestingly, poly-
morphic or supernumerary loci of three satDNAs were also found (Avila Robledillo
et al. 2018). Thirteen satDNA families have been uncovered in Pisum sativum in
addition to the two previously described (Macas et al. 2007). Bolsheva et al. (2019)
conducted a satellitome analysis in 5 species of Linum and found 44 satDNA
families. Content and diversity of satDNAs among these species were in agreement
with the library hypothesis postulates. The genome of Lathyrus sativus contains
23 different satDNA families, summing 10.7% of the genome (Macas et al. 2015).
Only 2 out of 12 main satDNA families detected in the dioecious species
seabuckthorn (Hippophae rhamnoides) had been previously identified (Puterova
et al. 2017). Up to five satDNA families were identified by conventional cloning
in species of Rumex with a multiple sex-chromosome system (Shibata et al. 1999,
2000a, b; Navajas-Pérez et al. 2005a, 2006, 2009a, c; Mariotti et al. 2009). Four of
these satDNAs have been massively amplified in the Y chromosomes and one in an
autosomic supernumerary chromosome segment of R. acetosa. A genomic approach
unveiled two more satDNAs in R. acetosa, one dominating on the X chromosome
and the other localized mostly on the Y; chromosome (Steflova et al. 2013).
Interestingly, the recent analysis of the satellitome of R. acefosa conducted by
Jesionek et al. (2020) has revealed the existence of almost 40 satDNA, from which
there are 13 major satellites that accumulate in the Y chromosomes of this species,
some of which are also found in less amount in the X chromosome as well as in some
autosomes (Jesionek et al. 2020). Only two of the six major satDNAs detected in
Olea europea were identified for the first time in a genomic approximation (Barghini
et al. 2014). This species has high satDNA content (more than 30% of the genome)
and the four previously known satDNAs represented 85% of tandem repeats of the
olive genome (Barghini et al. 2014). All these examples teach us that the conven-
tional cloning of satDNA was very useful for the detection of the most abundant
families of each genome, but that it was insufficient to detect all other less abundant
families. On the other hand, not all genomes are characterized by a large number of
different satDNAs. There are also species relatively poorly diverse for distinct
satDNAs. For example, some Vicia species (Macas et al. 2015), Prospero
autumnalis (Emadzade et al. 2014), or Cucumis melo (Setiawan et al. 2020).

Promiscuity Avila Robledillo et al. (2020) used the term promiscuity to define the
pattern observed in several satDNAs shared by different related species of Fabeae.
Some satDNAs are located at centromeres in one species while having a
non-centromeric location in other species. Furthermore, there is also intragenomic
promiscuity since there are some centromeric satDNAs that are simultaneously
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located in additional non-centromeric loci in the same genome. We have found a
similar pattern in grasshoppers (Camacho et al. in prep.). Two grasshopper species
that diverged for more than 23 my have a species-specific satellitome profile but
share some satDNA families. However, a shared satDNA may be centromeric in one
species but not in the other species. Moreover, a satDNA family may be the most
abundant in one species whereas is one of the less abundant in the other species, both
displaying different organizational patterns. In addition, some satDNAs have differ-
ent simultaneous locations in the same species (Ruiz-Ruano et al. 2016),
intragenomic promiscuity also revealed in other grasshopper species (Ruiz-Ruano
etal. 2016, 2017, 2018). As mentioned above, the multi-locus distribution pattern of
a satDNA family was also observed in Cucumis melo (Setiawan et al. 2020) and in
Paphiopedilum (Lee et al. 2018). Although the expansion of satellites took place
mainly on the Y chromosomes of R. acetosa, many short satellite arrays of most of
these satDNAs are ubiquitous in the autosomes and/or the X chromosomes (Jesionek
et al. 2020). Interestingly, in Lathyrus sativus, only 2 out of 11 satDNA families are
predominantly organized in long arrays typical for satDNA, one associated with
centromeric regions and the other with subtelomeric regions (Vondrak et al. 2020).
The remaining 9 tandem repeat families are organized both as prominent
pericentromeric bands and as short tandem arrays dispersed throughout the genome
(Vondrak et al. 2020). The second pattern was also found in other Lathyrus species.
This is a dispersed pattern that is consistent with the fact that these short tandem
arrays are embedded within the sequence of retrotransposons of the Ogre lineage
(Tat family) of LTR/Gypsy retrotransposons (Neumann et al. 2019). Specifically,
they are embedded in the 3’-end untranslated region (UTR) of the Tat/Ogre elements
(Vondrak et al. 2020). It has been proposed that the longer satellite arrays in
centromeres might have been originated by an expansion of tandem sequences
originally present only within Tat/Ogre elements and that centromeric regions
would be favorable for satDNA accumulation (Vondrak et al. 2020). This type of
expansion could be responsible for the emergence of many different satDNAs within
a species (see below). On the other hand, a dual pattern of the genomic distribution
of satDNAs (long arrays typical of satDNAs and single repeats or short arrays
dispersed throughout the genome) was demonstrated previously in several insect
species (Ruiz-Ruano et al. 2016; Feliciello et al. 2011, 2015; Kuhn et al. 2012;
Brajkovic et al. 2012; Larracuente 2014; Pavlek et al. 2015; Pita et al. 2017; De Lima
etal. 2017). The importance of some of these shorter arrays dispersed throughout the
genome as regulators of the expression of nearby genes has been demonstrated
(Menon et al. 2014; Feliciello et al. 2015; Joshi and Meller 2017).

5.4.2 On the Origin of satDNAs

Earlier studies demonstrated that many satDNAs monomers evolved from shorter
ones by means of alternative cycles of duplication and divergence (Grellet et al.
1986; Navajas-Pérez et al. 2005a; Macas et al. 2006; Emadzade et al. 2014). We
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have recently confirmed it after an analysis of the satellitome of the fern V. speciosa
in which we found a marked relationship between several satDNA families grouped
into superfamilies. Interestingly, longer (and older) satellites in V. speciosa evolved
from shorter ones (Ruiz-Ruano et al. 2019). Besides, in some cases, microsatellites
were a source of new satDNAs, which would imply the involvement of both
replication slippage and unequal crossing-over in the initial monomer formation
(Ruiz-Ruano et al. 2019). The existence of superfamilies of related satDNA families
within a genome has also been found in the genus Melampodium. In this genus,
seven satDNA families shared by several species are likely descendants of one
common repeat (McCann et al. 2020). Superfamilies composed of different satDNA
families were also observed in Fabeae (Avila Robledillo et al. 2018, 2020).

In theory, any sequence can act as a seed that gives rise to a repeating monomer.
In addition to any single sequence, different kinds of tandem repeats or dispersed
repeats can act as a substrate for satDNA emergence. For example, some satDNAs in
tomato, potato, tobacco, common bean, and faba bean genomes derive from tandem
duplications of a part of the intergenic spacers of the ribosomal RNA (rRNA) genes
(Stupar et al. 2002; Macas et al. 2003; Lim et al. 2006; Jo et al. 2009; Almeida et al.
2012). Therefore, it has been proposed that rDNA intergenic spacers dispersion may
be one of the processes leading to the formation of novel satDNAs. Conversely, new
rDNA loci may also arise by the amplification of orphaned or low copy number
rDNA (Matyasek et al. 2012). In addition to the major rDNA locus, the 5S rDNA
locus can also be involved in satDNA origin. B chromosomes of Plantago lagopus
are enriched by a new satDNA family derived from 5S rDNA units (Kumke et al.
2016). One of the eight centromeric satDNAs identified in switchgrass was found to
be identical to the 5S rDNA. Yang et al. (2018) demonstrated that 5S rRNA genes
were recruited as centromeric DNA in that species.

Regarding dispersed repeats, there is evidence of the involvement of TEs in
satDNA origin (reviewed in Mestrovi¢ et al. 2015). Macas et al. (2009) found that
PisTR-A satDNA in Pisum sativum was present both as short dispersed repeats as
well as long arrays of tandemly arranged satDNA. Intriguingly, the dispersed repeats
occurred in the genome embedded within 3’-end UTR of Tat/Ogre retrotransposons.
3’-end UTR is highly variable among Tat/Ogre elements, including several other
tandem repeats along with or instead of PisTR-A (Macas et al. 2009). These authors
documented several other cases of satDNAs that likely originated by the amplifica-
tion of 3’-end UTR tandem repeats. As mentioned above, the majority of Lathyrus
sativus satDNAs originated from short tandem repeats present in the 3’-end UTRs of
Tat/Ogre retrotransposons (Vondrak et al. 2020). Thus, it has been proposed that
dispersed tandem repeats embedded within TEs might populate new larger tandems
that would emerge and accumulate in favorable regions such as centromeres
(Vondrak et al. 2020) or non-recombining sex chromosomes (Jesionek et al.
2020). According to Vondrak et al. (2020), Tat/Ogre elements may play a general
significant role in satDNA evolution by providing a source for novel satellites that
would emerge by the expansion of their short tandem repeats arrays. This proposal is
based on the widespread occurrence and high copy numbers of Tat/Ogre elements in
many plant taxa (Neumann et al. 2006; Macas and Neumann 2007; Kubat et al.



120 M. A. Garrido-Ramos

2014; Macas et al. 2015). In R. acetosa, the RAE93 satDNA family has also been
derived from the 3’-end UTR of Tat/Ogre elements. Tat/Ogre elements are highly
amplified in the Y chromosomes, with minor additional signals dispersed through
the rest of the genome. These elements contain arrays of five RAE93 monomers in
the 3’-end UTR and disperse RAE93 sequences in the genome along with the
element (Jesionek et al. 2020). In addition, RAE93 has been expanded into typical
long arrays of satDNA mainly on X and Y chromosomes (Jesionek et al. 2020). In
addition to Ogre elements, other TEs can serve as a source for new satDNAs. For
example, a second satDNA in R. acetosa is derived from an LTR/Copia
retrotransposon, an Alell element (Jesionek et al. 2020). The Alell satellite monomer
contains a full-length non-autonomous copy of the Alell retrotransposon that has
been duplicated in tandem, giving rise to a single satDNA locus in a putative
pseudoautosomal region mediating recombination between the X and Y; chromo-
somes (Jesionek et al. 2020). Additional examples of retrotransposon-derived
satDNAs were documented in wheat (Cheng and Murata 2003), maize (Sharma
et al. 2013), and potato (Tek et al. 2005; Gong et al. 2012; Zhang et al. 2014). Jozin,
an EnSpm/CACTA-like DNA transposon is involved in the generation of monomers
of the most abundant satDNA family of the Chenopodium album satellitome
(Belyayev et al. 2020a). A ~ 40 bp fragment of the transposase gene served as the
start monomer of the satDNA array (Belyayev et al. 2020a). In Arabidopsis, tandem
repeat arrays were also generated from internal parts of an EnSpm-like DNA
transposon (Kapitonov and Jurka 1999). Therefore, TEs may significantly contribute
to satDNA evolution by generating a “library” of short repeat arrays that can
subsequently be dispersed through the genome and eventually further amplified
and homogenized into novel satellite repeats (Macas et al. 2009; Vondrak et al.
2020). Something that, in the opinion of Belyayev et al. (2020b), would refute the
“library” hypothesis, since newly emerged satDNA families may have a similar
sequence in different species given that they can be independently originated from
the same fragment of the same TE type in each species. This similarity may create a
false perception of conservation even in the event that novel satDNAs would arise
repeatedly and independently in different lineages (Belyayev et al. 2020b). Further-
more, these authors have used the idea of “the library of the mechanisms of origin” to
refer to the variety of ways in which a satDNA can originate (Belyayev et al. 2020b).

5.4.3 On satDNA Function

satDNA repeats are noncoding sequences but they are sequences that are transcribed.
satDNA transcription was seen as a rarity caused by a failure of transcription
termination in oocyte lampbrush chromosomes of newts (Varley et al. 1980a, b;
Diaz et al. 1981; Gall et al. 1981). However, regulated satDNA transcription has
been revealed as a major discovery in very recent years and, we now know that
satDNA transcripts are important players in different satDNA-performed functions.
These transcripts play important roles in centromere organization and function, in
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pericentromeric and telomeric assembling as well as in the regulation of heterochro-
matin formation and maintenance. In addition, satDNA transcripts may have a
regulatory role in gene expression.

The “black hole” of the genome (Henikoff 2002) is “less dark” today given that
we have now abundant information on how plant and animal centromeres are
organized and make their function. The centromere is the assembly site of the
kinetochore complex in active centromeres and responsible for the correct chromatid
and chromosome segregation. In addition, the pericentromeric region appears essen-
tial in maintaining the heterochromatin architecture, sustaining kinetochore forma-
tion, maintaining sister-chromatids cohesion, and driving chromosomal segregation
during cell divisions (reviewed in Garrido-Ramos 2017). Centromeric repeats
(satDNA or satDNA plus CRs) are the main component of both centromeres and
pericentromeric regions of plant chromosomes and contribute to the centromere and
kinetochore assembly and to the formation of flanking heterochromatin (reviewed in
Garrido-Ramos 2017). As indicated before, centromeric sequences are not con-
served among plant species, either among eukaryotes in general. Each particular
lineage experiences rapid evolutionary diversification patterns of centromeric
DNAs. Therefore, centromeric DNA repeat sequences alone appear insufficient to
determine centromere identity. Indeed, these repeats may be absent in functional
centromeres (Gong et al. 2012) and functional neocentromeres lack centromeric
specific repeats (Nasuda et al. 2005; Zhang et al. 2013a, b; Fu et al. 2013; Liu et al.
2015). In addition, only one centromere is active in stable dicentric chromosomes,
though both centromeres are composed of centromeric repeats (Zhang et al. 2010;
Gao et al. 2011; Fu et al. 2012). Furthermore, there is no obvious delimitation
between the DNA forming the functional centromeric locus and the neighboring
pericentromeric DNA (Jin et al. 2004; Lamb et al. 2005; Houben et al. 2007; Gao
et al. 2011; Wang et al. 2014; Bilinski et al. 2015). All these observations have
brought to light the importance of the epigenetic regulation of the functional
centromere (Wang et al. 2009; Lermontova et al. 2015). The association of the
CenH3 protein, a centromeric-specific histone H3 variant, marks the functional
centromere locus. In the functional centromere, the histone H3 is replaced by
CenH3. Faced with this scenario, immunological detection (Talbert et al. 2002)
and, especially, chromatin immunoprecipitation (ChIP) (Zhong et al. 2002) assays
have been largely used as techniques for the delimitation of the centromeric
sequences. These assays have demonstrated that only a part of the centromeric
repeats interacts with CenH3 in the functional centromere; i.e., only a fraction of
the centromeric repeats constitutes the centromere locus (Jin et al. 2004; Houben
etal. 2007; Zhang et al. 2013b; Macas et al. 2010), as occur in the centromeric region
of human chromosomes (Schueler et al. 2001). Correspondingly, different chromo-
somes may have similar CenH3 domain sizes but may differ for the sizes of the
centromeric/pericentromeric repeat arrays (Zhang et al. 2013b).

The centromere locus is thus a domain composed of CenH3-containing nucleo-
somes (Schubert et al. 2020). Species-specific CenH3 proteins are key elements in
the epigenetic control of centromere function. CenH3 proteins have a conserved core
part but differ among species in the N terminal tail (Henikoff et al. 2000; Talbert
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et al. 2002; Zhong et al. 2002) and could act as the necessary linker between the
highly diverse centromeric repeats and the conserved kinetochore proteins (Malik
and Henikoff 2003; Maheshwari et al. 2015).

Moreover, centromeres and pericentromeric chromatin are regions that exhibit
other characteristic epigenetic modifications. For example, centromeres contain one
cluster of CenH3 surrounded by pericentromeric chromatin marked by cell cycle-
dependent histone modifications, such as the phosphorylation of the histone H2A at
threonine 120 (H2AT120ph) (Dong and Han 2012; Demidov et al. 2014; Neumann
et al. 2016; Schubert et al. 2020) or the phosphorylation of the histone H3 at serine
10 or serine 28 (H3S10ph, H3S28ph) (Houben et al. 1999; Kaszas and Cande 2000;
Manzanero et al. 2000; Gernand et al. 2003; Zhang et al. 2005; Kurihara et al. 2006;
Han et al. 2006; Fu et al. 2012; Neumann et al. 2016; Schubert et al. 2020). Indeed,
H2AT120ph is thought to be a universal centromeric marker in plants (Demidov
et al. 2014). It appears that there are not differential patterns of histone H3 methyl-
ation in plant centromeres and pericentromeres (Zhao et al. 2016; Neumann et al.
2016; Gent et al. 2018), as in animal centromeres (Sullivan and Karpen 2004;
Talbert and Henikoff 2018). On the other hand, it was proposed that centromeric
repeats are hypomethylated with respect to repeats in the surrounding heterochro-
matin (Zhang et al. 2008; Yan et al. 2010; Koo et al. 2011; Zakrzewski et al. 2011,
2014). However, this difference has been questioned (Zakrzewski et al. 2011, 2014;
Schmidt et al. 2014; Gent et al. 2012, 2014, 2018; Su et al. 2016).

Therefore, it has become evident that the role of centromeric repeats in centro-
meric function does not depend on their primary sequence. Instead, sequence-
specific features of satDNA repeats may be important for the function of the
centromere. The repetitive structure of satDNA itself (Dawe and Henikoff 2006;
McFarlane and Humphrey 2010) or the ability of the repeats to acquire thermody-
namically stable secondary structures (Koch 2000; Zhang et al. 2013b; Kasinathan
and Henikoff 2018; Talbert and Henikoff 2018; Yang et al. 2018) might be advan-
tageous for centromere function. The regular positioning of CenH3 nucleosomes
could be advantageous for centromere formation, and satDNA repeats might have a
crucial role in the stabilization of CenH3-containing nucleosomes (Zhang et al.
2013b; Zhao et al. 2016; Yang et al. 2018). Accordingly, epigenetically defined
centromeres and neocentromeres composed of single-copy sequences can evolve to
repetitive centromeres, which could have a selective advantage for CenH3 stabili-
zation (Zhang et al. 2013b; Fukagawa and Earnshaw 2014). Such young centromeric
repeats could emerge by tandem duplication of a sequence with a selective advan-
tage for CENH3 stabilization (Gong et al. 2012; Zhang et al. 2013b, 2014). In such
recombination event could be involved retrotransposon-related sequences (Gong
et al. 2012; Zhang et al. 2013b, 2014). Different centromeres starting with different
tandem repeats would become homogenized over time (Gong et al. 2012; Zhang
et al. 2013b). Alternatively, transposition of preexisting satDNAs could also popu-
late an epigenetically defined centromere or neocentromere and have the same effect
on CenH3 stabilization, suggesting that they might originate elsewhere in the
genome and subsequently invade the centromeres (Gong et al. 2012; Zhang et al.
2013b, 2014; Yang et al. 2018; Avila Robledillo et al. 2020; Vondrak et al. 2020).
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On the other hand, both centromeric satDNA repeats and retrotransposons are
transcriptionally active (Topp et al. 2004). Repetitive centromeric satDNA tran-
scripts have been found essential for centromere and kinetochore assembly (Hall
et al. 2012; Biscotti et al. 2015; Ferreira et al. 2015; Garrido-Ramos 2017; Talbert
and Henikoff 2018). Neumann et al. (2011) proposed that CR transcripts may help to
promote a genomic environment that contributes to the establishment of centromeric
chromatin. satDNA transcripts might take part also in the establishment of the
centromeric chromatin (Lee et al. 2006; Rosi¢ et al. 2014). Centromeric transcripts
may affect the stability or activity of several kinetochore components, and centro-
meric transcription may be required for CenH3 deposition (Talbert and Henikoff
2018, 2020; Gent et al. 2018). It has been proposed that centromeres may be
specified by cruciform structures formed by dyad symmetries or induced by
DNA-bending proteins and that these non-B form DNA configurations in centro-
meres may facilitate transcription, enabling CenH3 incorporation during nucleo-
some remodeling (Kasinathan and Henikoff 2018; Talbert and Henikoff 2018).
Alternatively, transcription would facilitate spontaneous or protein-induced cruci-
form formation at the centromere and, subsequently, cruciform DNA would facili-
tate CenH3 deposition (Talbert and Henikoff 2018, 2020).

Holocentric chromosomes are characterized by the presence of holocentromeres.
That is, instead of the monocentric regional centromere described above, some plant
species have chromosomes that lack primary constrictions and their kinetochores are
spread along the entire chromosome (Melters et al. 2012; Cuacos et al. 2015).
Examples are found in some species of some genera of the families Juncaceae,
Cyperaceae, Melanthiaceae Droseraceae, and Convulvulaceae (Melters et al. 2012;
Cuacos et al. 2015). Luzula elegans and L. luzuloides, and mitotic chromosomes of
Rhynchospora pubera and R. tenuis, show line-like holocentromeres (reviewed in
Schubert et al. 2020). This type of holocentromeres is characterized by many
CenH3-containing chromatin domains forming a contiguous line along the whole
chromosome where spindle fibers attach at CenH3 chromatin (Heckmann et al.
2011, 2014a, b; Marques et al. 2015, 2016; Schubert et al. 2020). Holocentromeres
of R. pubera reorganizes into clusters during meiosis. This organization consists of
many evenly dispersed CenH3 clusters where spindle fibers attach along the whole
chromosome (Marques et al. 2016; Schubert et al. 2020). In R. pubera, centromere
domains are composed of a specific satDNA that associates with CenH3 proteins
(Marques et al. 2015; Ribeiro et al. 2017). On the contrary, no centromere-specific
repeats have been found in Luzula elegans, whose genome contains 30 satDNA
families (Heckmann et al. 2013). Cuscuta europaea is characterized by a third
different holocentromeric organization (Schubert et al. 2020). In Cuscuta europaea,
the spindle fibers attach along the entire chromosome length both to CenH3 and
CenH3-free chromatin (Oliveira et al. 2020). CenH3 chromatin is associated mainly
with satDNA in this species. However, satDNAs do not constitute the CenH3-
lacking holocentromeres in C. europaea (Oliveira et al. 2020). The genus Cuscuta
includes species with monocentric and species with holocentric chromosomes.
Transition to holocentricity in Cuscuta has been accompanied by significant changes
in epigenetic marks, with the loss of histone H2A phosphorylation (H2AT120ph),
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and in repetitive DNA sequence composition, with the elimination of centromeric
retrotransposons (Neumann et al. 2020). Moreover, none of the satDNA families
identified in holocentric Cuscuta species were distributed along the chromosomes
(Neumann et al. 2020).

Finally, meta-polycentric chromosomes of Lathyrus and Pisum are monocentric
chromosomes with multiple centromeric domains. Meta-polycentromeres represent
an elongated primary constriction and appear to be an intermediate stage between
monocentric-regional and holocentric chromosomes (Neumann et al. 2012, 2015,
2016; Schubert et al. 2020). Centromere domains of the meta-polycentric chromo-
somes of Pisum sativum are composed of 12 different satDNA families (Neumann
et al. 2012; Avila Robledillo et al. 2020). Conversely, three Lathyrus species possess
single-dominant centromeric satellites classified as members of the same FabTR-2
superfamily (Avila Robledillo et al. 2020). Another species has two additional less-
abundant satDNA families, while a fifth species have four species-specific satDNAs
in addition to FabTR-2, which in this case has a noncentromeric location (Avila
Robledillo et al. 2020). Meta-polycentric centromeres show specific patterns of
histone phosphorylation and methylation (Neumann et al. 2016).

Telomeres are composed of the repetition of the 5-TTTAGGG-3’ sequence in
most plant species analyzed up to the present (Richards and Ausubel 1988; Lamb
et al. 2007). However, there are some exceptions caused by sequence variations
(5-TTAGGG-3" or 5-TTTTTTAGGG-3/, for example) (Mizuno et al. 2008;
Sykorova et al. 2003b, c; de la Herran et al. 2005; Fulneckova et al. 2013; Peska
et al. 2015). A deeper change has been produced in Allium species in which the
telomeric sequence has switched to the 12-bp repeat 5’-CTCGGTTATGGG-3'
(Fajkus et al. 2016). Telomeres protect chromosome ends from exonuclease attack.
Telomeres also protect chromosomes from illegitimate fusions between chromo-
some ends and between these and artificial ends caused by chromosome breaks.
Furthermore, they protect chromosomes from progressive shortening after each
chromosome replication round.

Under telomeres, the subtelomeric sequences might perform a set of quite
important functions in chromosome preservation and segregation (Biscotti et al.
2015; Kwapisz and Morillon 2020; Saint-Leandre and Levine 2020; Mlinarec et al.
2019). For example, the subtelomeric region is important for the process of homol-
ogous chromosome recognition and pairing during meiosis (Calderén et al. 2014,
2018). Subtelomeric DNA (and RNA) would be involved in telomeric/subtelomeric
chromatin assembly and maintenance (Biscotti et al. 2015; Kwapisz and Morillon
2020). Subtelomere chromatin packaging and subtelomeric transcriptional regula-
tion have profound effects on adjacent telomere function (Saint-Leandre and Levine
2020). Subtelomeres are involved in the regulation of TERRA transcription.
Telomeric repeat-containing RNAs (TERRA) are long noncoding RNAs (IncRNA)
transcribed from telomeric repeats that initiate transcription in subtelomeric regions
and are therefore composed of subtelomeric sequences and telomeric repeats
(Azzalin and Lingner 2015). TERRA IncRNAs are evolutionarily conserved
(Cusanelli and Chartrand 2015). TERRA transcripts regulate telomere length and
stability (Kwapisz and Morillon 2020; Azzalin and Lingner 2015). It has also been
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proposed that these transcripts might be involved in telomeric/subtelomeric hetero-
chromatin formation and maintenance through a mechanism based on small inter-
fering RNAs (siRNAs) (Vrbsky et al. 2010; Biscotti et al. 2015; Kwapisz and
Morillon 2020). In addition to TERRA, ARRET and aARRET (two complementary
subtelomeric IncRNAs) and ARIA (composed mostly or exclusively of telomeric
repeats) constitute the telomeric transcriptome (Kwapisz and Morillon 2020),
although there is little information about these latter IncRNA types. Subtelomeric
sequences might have an active role in telomere maintenance and genome stability
(van Emden et al. 2019). In addition, Saint-Leandre and Levine (2020) have
hypothesized that subtelomeric sequence evolution would shape the recurrent inno-
vation of telomere proteins.

In plants, heterochromatin is mainly characterized by two hallmarks:
dimethylation of lysine 9 of histone H3 (H3K9me2) and DNA methylation
(reviewed in Kowar et al. 2016). satDNA and satDNA transcripts perform an
important role in the regulation of heterochromatin assembly. Small interfering
RNAs (siRNAs) of 21-24 nt derived from longer satDNAS transcripts are involved
in this regulation and in the regulation of heterochromatin maintenance (May et al.
2005; Lee et al. 2006; Zakrzewski et al. 2011). According to the model of Volpe
et al. (2002) for heterochromatin assembly, siRNAs and specific proteins such as
Argonauta are associated in RNA-induced transcriptional silencing (RITS) com-
plexes that recruit histone methyltransferases, which promote histone H3 methyla-
tion at lysine 9 (H3K9me?2) favoring the subsequent recruitment of heterochromatin
protein 1 (HP1) and heterochromatic silencing (Volpe and Martienssen 2011;
Martienssen and Moazed 2015; Holoch and Moazed 2015; Johnson and Straight
2017). The heterochromatic status is maintained through self-reinforcing positive
feedback in which more siRNAs are generated, which favor H3K9 methylation and
HP1 recruitment (Martienssen and Moazed 2015; Holoch and Moazed 2015; John-
son and Straight 2017). The process begins with the synthesis of RNA by Pol IV, a
plant-specific RNA polymerase. This RNA acts as a template for an RNA-dependent
RNA polymerase that synthesizes a complementary RNA strand. The resulting
double-stranded RNA is cleaved by Dicer to produce the siRNAs (Martienssen
and Moazed 2015; Holoch and Moazed 2015). It appears that, at least in plants,
siRNAs also direct the methylation of the DNA from which they are derived
(Zakrzewski et al. 2011; Feng and Michaels 2015; Martienssen and Moazed 2015;
Holoch and Moazed 2015). Intriguingly, Finke et al. (2019) have found that
satDNAs might adopt euchromatic-like features in plant nuclear genomes.
Non-pericentromeric heterochromatic segments in Australian crucifer Ballantinia
antipoda consist of a mixture of unique sequences and a satDNA family (BaSAT1),
whose 174-pb repeats are hypomethylated and devoid of heterochromatic
H3K9me2. Moreover, these authors have found that individual BaSAT]1 repeats
may carry either heterochromatin or euchromatin features.

satDNAs have another important, recently discovered, role in eukaryotic
genomes. A few studies have revealed that satDNA transcripts might regulate the
expression of some genes. satDNA repeats may influence the expression of neigh-
boring genes by siRNA-mediated silencing mechanisms (Menon et al. 2014;
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Feliciello et al. 2015; Ferree 2017; Joshi and Meller 2017; Hall et al. 2017). In
addition to typical satDNAs long arrays, repeats from a satDNA family may be
dispersed throughout the genome, close to genes on which can exert their regulatory
influence (Menon et al. 2014; Feliciello et al. 2015; Joshi and Meller 2017). This
regulatory control of gene expression has been demonstrated in insects but, up to the
present, there are no similar studies on plants. Notwithstanding, the abovementioned
studies showing similar patterns of satDNA repeats distribution open the hypothesis
that plant dispersed satDNA repeats might play also a role in gene expression
regulation.

Taking together, all studies carried out during the last two decades in diverse
groups of organisms have made a part of the “dark matter” of the genome less
obscure (Kapustova et al. 2019). The initial view of satDNA as “junk” DNA (Ohno
1972; Doolittle 2013; Graur et al. 2013, 2015; Garrido-Ramos 2015) has shifted
today to a new view of satDNA as a fraction of the genome with meaningful roles in
chromosome organization, replication, chromosome pairing, segregation, and gene
expression regulation. Perhaps it is time now that we consider the “junk DNA”
descriptor overcome and, as defended by Hartley and O’Neill (2019), we stop
contextualizing under that false premise all the knowledge that supports today the
role that satDNA has in biology and in the evolution of the eukaryotic genome.

5.5 Concluding Remarks and Perspectives

Satellite DNA is still a fascinating and intriguing part of the genome. Since its
discovery more than 50 years ago, it has been of considerable interest to many
researchers. Lamentably, the twenty-first century started out being somewhat frus-
trating with respect to its study. Regions comprised of satDNAs, especially the
centromeric region, represented the so-called “black holes” of the genome. Conse-
quently, a significant part of the genome of many plant species has not been
incorporated in published genome sequences. However, the initial frustration has
changed to progressive optimism. The combined use of short NGS reads, such as
Roche/454 or Illumina reads, and computer programs capable of identifying and
quantifying all kinds of repeating sequences of the genome have represented a great
advance in recent years (Novak et al. 2010, 2013, 2017, 2020b; Weiss-Schneeweiss
et al. 2015; Ruiz-Ruano et al. 2016). In addition, chromatin immunoprecipitation
followed by high-throughput sequencing (ChIP-Seq) of genomic regions associated
with specific types of chromatin, such as CenH3 chromatin, has been revealed as a
powerful approach to investigate DNA sequence composition of specific parts of the
genome, such as the centromere (Henikoff et al. 2015; Kowar et al. 2016). Therefore,
the possibility of using genomic tools for satDNA analysis has opened a wide range
of possibilities for better understanding the origin, evolution, and organization of
satDNAs and we have managed to better understand the relationships that exist
between the different families that make up the satellitome of eukaryotic genomes.
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Furthermore, we have now a better understanding of the functions these sequences
perform.

However, it has been proved that these approaches are insufficient to provide
insight into satDNA large-scale arrangement in the genome (see Kapustova et al.
2019; Vondrak et al. 2020). Therefore, the incorporation of long-read DNA sequenc-
ing technologies such as those of the Pacific Biosciences (PacBio) and Nanopore
platforms has become essential for this purpose. Specifically, nanopore sequencing
reads can reach lengths of up to one megabase (van Dijk et al. 2018). A nanopore
sequencing strategy combined with short-read variant validation has resulted effi-
ciently used for the assembling and characterization of the centromeric region of a
human Y chromosome (Jain et al. 2018). Vondrak et al. (2020) successfully char-
acterized the organization of different satDNAs of L. sativus following a genome-
wide study by employing bioinformatic analyses of long nanopore reads.

Taken together, all these technological advances are becoming promising tools
that open the door to the definitive approach to satellite DNA that we hope to see
developed in the next and promising new decade.
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Abstract Satellite DNAs are tandemly repeated sequences organized in large
clusters within (peri)centromeric and/or subtelomeric heterochromatin. However,
in many species, satellite DNAs are not restricted to heterochromatin but are also
dispersed as short arrays within euchromatin. Such genomic organization together
with transcriptional activity seems to be a prerequisite for the gene-modulatory effect
of satellite DNAs which was first demonstrated in the beetle Tribolium castaneum
upon heat stress. Namely, enrichment of a silent histone mark at euchromatic repeats
of a major beetle satellite DNA results in epigenetic silencing of neighboring genes.
In addition, human satellite III transcripts induced by heat shock contribute to
genome-wide gene silencing, providing protection against stress-induced cell
death. Gene silencing mediated by satellite RNA was also shown to be fundamental
for the early embryonic development of the mosquito Aedes aegypti. Apart from a
physiological role during embryogenesis and heat stress response, activation of
satellite DNAs in terms of transcription and proliferation can have an evolutionary
impact. Spreading of satellite repeats throughout euchromatin promotes the variation
of epigenetic landscapes and gene expression diversity, contributing to the evolution
of gene regulatory networks and to genome adaptation in fluctuating environmental
conditions.
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6.1 Introduction

Noncoding repetitive DNAs comprise a considerable portion of most eukaryotic
genomes and their function has been studied in diverse model organisms. Among the
most intensively investigated noncoding repetitive DNAs are mobile transposable
elements (TE) which represent an important source of regulatory sequences
(Faulkner et al. 2009; Kapusta et al. 2013). By mediating the distribution of
regulatory elements throughout the genome transposons are known to influence
the evolution of gene-regulatory networks (Chuong et al. 2017). Recent evidence
suggests that TEs can also have potent “epigenetic” effects on the regulation of gene
expression and genome evolution (Choi and Lee 2020). The functional significance
of another abundant class of noncoding repetitive elements such as satellite DNA,
regarding gene expression regulation was also proposed (Ugarkovi¢ 2005; Pezer
et al. 2012) and has been recently experimentally confirmed in different studies
(Feliciello et al. 2015a, 2020a; Menon et al. 2014; Joshi and Meller 2017; Halbach
et al. 2020). The aim of this review is to present recent findings on the role of satellite
DNA in gene expression regulation/modulation and to explain the molecular mech-
anisms by which satellite DNA affects genes. We focus particularly on the impact of
euchromatic satellite DNA repeats dispersed outside of (peri)centromeric regions on
adjacent gene expression, as well as the role of satellite transcripts since their
importance for gene expression modulation has been reported in different studies.
A physiological role of satellite DNAs and their transcripts in the remodeling of
global heterochromatin structure and in the modulation of gene expression during
development, stress response, and pathological transformation is presented. We also
discuss the implication of satellite DNA-mediated gene regulation in the evolution of
gene-regulatory networks and on the processes of environmental adaptation.

6.2 Proliferation and Dispersion of Satellite DNA Within
Euchromatin

Satellite DNAs are preferentially organized as tandemly repeated sequences assem-
bled in large arrays within gene-poor constitutive heterochromatin in (peri)-
centromeric and/or telomeric regions. Longer arrays of tandem satellite repeats
within euchromatin are generally rare, probably due to the instability caused by
intrastrand homologous recombination, although blocks of tandem repeats are found
in euchromatin of D. melanogaster (Kuhn et al. 2012) and Triatoma infestans (Pita
et al. 2017), while in the beetle Tribolium castaneum some euchromatic satellite
DNAs arrays are even composed of higher-order repeats (Vlahovié¢ et al. 2017;
Pavlek et al. 2015). Bioinformatic analyses of sequenced genomes however have
revealed many single repeats or short arrays of satellite DNAs dispersed within
euchromatin, in the vicinity of genes, in different insects such as Tribolium
castaneum, Drosophila melanogaster, and Locusta migratoria (Ruiz-Ruano et al.
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2016; Brajkovi¢ et al. 2012, 2018; Kuhn et al. 2012). In mammals, single repeats of a
major human alpha satellite DNA (Feliciello et al. 2020a, b) as well as of a major
mouse satellite DNA (Bulut-Karslioglu et al. 2012) are also found interspersed
among genes or within introns. It seems therefore that such mixed organization of
satellite DNAs with a majority of the repeats clustered within pericentromeric
constitutive heterochromatin combined with single repeats or short multimers dis-
persed within euchromatin is common for many species. Heterochromatic and
euchromatic repeats of the same satellite show different evolutionary dynamics as
revealed for Tribolium castaneum satellites, Drosophila 1.688, and human alpha
satellite DNAs (Brajkovic et al. 2012, 2018; de Lima et al. 2020; Feliciello et al.
2020b), suggesting that chromatin domains may influence the evolution of these
sequences. While heterochromatic satellite repeats display concerted evolution and a
species-specific pattern, euchromatic repeats display high intra- and interspecific
divergence. On the other hand, heterochromatic satellites coexisting in different
species of the insect genus Pimelia evolve in parallel with fairly similar rates
(Bruvo et al. 2003), indicating also the effect of chromatin state on satellite sequence
evolution. Human euchromatic alpha satellite repeats have sequence characteristics
of (peri)centromeric alpha repeats suggesting heterochromatin as their source but do
not exhibit the concerted evolution pattern (Feliciello et al. 2020b). Alpha satellite
repeats were continuously inserted within euchromatin throughout primate evolu-
tionary history and stably transmitted to the descendant species, while their sequence
divergence generally follows the primate species phylogeny (Feliciello et al. 2020b).

The pattern of dispersion of satellite DNA repeats within euchromatin can be very
dynamic, differing significantly among related species as shown for Drosophila X
chromosome euchromatin satellite DNAs (Sproul et al. 2020). This suggests that
similar to transposable elements, euchromatic satellite repeats can be subjected to
cycles of proliferation. Insertional polymorphism of euchromatic satellite repeats
detected among populations of the same species or even among individuals within
the same population suggests an ongoing movement of these elements within
euchromatin and demonstrates the mutational potency of satellite DNAs (Feliciello
et al. 2015a, b). Although a novel insertion of satellite repeat within euchromatin in
many cases probably does not have an effect on genes, under particular conditions
such as heat stress it can modulate the expression of nearby genes by a novel
epigenetic mechanism (Feliciello et al. 2015a) which is described in the next
sections. Some insertions however can affect proper gene function or even cause
disease as demonstrated for the human beta satellite repeats inserted within the
splice-acceptor site of a transmembrane serine protease gene which causes
childhood-onset deafness (Scott et al. 2001). Mobilization of some transposons in
somatic cells can also induce a pathogenic state, e.g., insertion of human LI
retroelement within the APC tumor suppressor gene initiates colorectal cancer
(Scott et al. 2016).

The activation of repetitive elements such as transposons, in terms of transcrip-
tion and transposition, was intensively studied and was shown to be stress-induced,
particularly by heat shock (Ratner et al. 1992; Piacentini et al. 2014; Cavrak et al.
2014; Makarevitch et al. 2015; Ito et al. 2016). In addition, environmental stress is
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Fig. 6.1 Models of spreading of satellite DNA repeats in euchromatin. (a) Intra-chromatid
recombination of satellite repeats within heterochromatin gives rise to extrachromosomal circular
satellite DNAs. Short segments of homology, indicated in yellow, between circularized repeats and
target regions in euchromatin are necessary for the insertion by site-specific homologous recombi-
nation. (b) Satellite transcripts can be reverse transcribed and by the activity of endonuclease/
integrase cDNA is inserted within euchromatin, (c) satellite DNAs can be spread throughout the
genome as an integral part of DNA transposons

responsible for a significant change in copy number of transposons, as shown in wild
barley and in Drosophila (Kalendar et al. 2000; Kim et al. 2014). It has been
proposed that heat stress induces modulation of heterochromatin structure which is
accompanied by the rearrangement of repeats present therein, in particular of tandem
satellite repeats, which are prone to homologous recombination (Fig. 6.1a; Brajkovi¢
et al. 2012). Intra-chromatid recombination events can give rise to extrachromo-
somal circular satellitte DNAs that are common for diverse eukaryotic organisms
including insects, plants, and mammals (Cohen et al. 2006; Navratilova et al. 2008;
Cohen and Segal 2009; Paulsen et al. 2018; Sproul et al. 2020). Extrachromosomal
satellite DNA circles are proposed to be amplified by rolling circle replication and
can be reintegrated within the genome by a random process of site-specific recom-
bination which occurs between short sequence motifs within circularized satellite
repeats and homologous motifs at different chromosomal sites, either within euchro-
matin or heterochromatin (Fig. 6.1a; Feliciello et al. 2006; Brajkovic et al. 2012).
This process can lead to a relatively rapid change in a copy number of particular
satellite DNA which can be detected at the population level (Wei et al. 2014;
Feliciello et al. 2015b) or even at the individual level (Cardone et al. 1997). In
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addition, the same process of proliferation can spread satellite repeats to new loci and
change the dispersion profiles of satellite DNA within euchromatin. These processes
lead to an increase in the genetic variability among individuals within a population as
well as between populations (Feliciello et al. 2015a, b).

Some satellite DNAs that are preferentially expressed in cancer such as human
satellite II have the ability to reverse-transcribe in cancer cells and through
RNA-derived DNA intermediates can expand locally and genome-wide (Bersani
et al. 2015). This example of human satellite II shows that similar to
retrotransposons, some satellite DNAs can proliferate through RNA intermediates
and indicates coupling of satellite DNA transcription and proliferation (Fig. 6.1b).
DNA transposons belonging to the Helitron superfamily have a propensity to
capture and mobilize flanking DNA sequences (Thomas et al. 2014). Since some
satellite repeats are found as integral parts of DNA transposons while some satellite
arrays are flanked by Helitron transposons, it was proposed that the spread of
satellite repeats throughout the genome can be linked to the process of transposition
(Fig. 6.1c; Brajkovi€ et al. 2012; Satovic et al. 2016; Vojvoda Zeljko et al. 2020). In
the human genome, single repeats of a major alpha satellite DNA dispersed within
euchromatin are often embedded within abundant retroelements such as Alu, L1, or
ERVL-LRTs; however, there is no evidence for such elements playing a role in the
spreading of alpha repeats throughout euchromatin (Feliciello et al. 2020b). While
segmental duplication can be associated with the dispersion of some alpha repeats,
the prevalent mechanism of spreading seems to be mediated by extrachromosomal
circles of alpha satellite DNA whose insertion is facilitated by short sequence
homology between alpha repeats and their target sequences (Feliciello et al.
2020b). Extrachromosomal circular DNAs (eccDNA) composed of alpha satellite
repeats ranging in size from less than 2 kb to over 20 kb are detected in human cells
(Cohen et al. 2010), revealing the propensity of tandemly arranged alpha repeats to
generate eccDNA. The main mechanisms proposed to be responsible for the prolif-
eration of satellite repeats and their dispersion within euchromatin are shown in
Fig. 6.1.

6.3 Satellite DNA Transcription: Heat Stress Activation

Apart from a specific genomic organization of satellitte DNA which is characterized
by their partial dispersion within euchromatin, transcripts of satellite DNAs have
also been proposed to have gene-regulatory potential (Ugarkovi¢ 2005). Although
satellite DNAs are preferentially embedded in constitutive heterochromatin which is
considered transcriptionally inert, their transcription was reported in many species
belonging to vertebrates, invertebrates, and plants (Ugarkovi¢ 2005). Transcription
of satellite DNAs is often bidirectional and proceeds usually by RNA polymerase 11
(RNAP II) from internal promoters as shown in mice (Lu and Gilbert 2007), humans
(Bury et al. 2020) as well as in insects (Pezer and Ugarkovi¢ 2008, 2009, 2012). The
satellite transcripts fall into two main categories: long noncoding RNAs (>200 nt)
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and small RNAs (<200 nt; reviewed in Arunkumar and Melters 2020). Among small
RNAs, the most represented are small interfering RNAs (siRNAs) which, through an
RNA interference mechanism (RNAi) are involved in the epigenetic process of
heterochromatin formation in fission yeast, insects as well as in plants and nema-
todes (Volpe et al. 2002; Pal-Bhadra et al. 2004; Grewal and Elgin 2007; Fagegaltier
et al. 2009). In mammals, however, long satellite transcripts play a role in hetero-
chromatin formation, maintenance, and regulation (Saksouk et al. 2015; Johnson
et al. 2017). During mitosis, the level of mouse major and minor satellite RNA and of
human alpha satellite RNA is regulated by Dicer-mediated cleavage (Fukagawa et al.
2004; Huang et al. 2015) while in meiosis the MIWI protein guided by PIWI-
interacting RNAs (piRNAs) together with the endoribonuclease Dicer controls
satellite RNA level (Hsieh et al. 2020). In diverse species, from plants, insects to
mammals, centromeric satellite transcripts are involved in the recruitment and
loading of centromere-specific histone H3 variant CENP-A as well as of CENP-B
and CENP-C proteins, which are necessary for centromere organization, mainte-
nance, and function (Bouzinba-Segard et al. 2006; Wong et al. 2007; Rosic et al.
2014; Arunkumar and Melters 2020; Chap. 7 of this book). Controlled expression of
(peri)centromeric satellite RNAs, therefore, seems to be essential for ensuring proper
kinetochore assembly and faithful chromosome segregation.

Constitutive heterochromatin is sensitive to temperature fluctuations and is
dynamically regulated in response to environmental stimuli (Ayoub et al. 1999;
Wang et al. 2016). Possible mechanism of temperature-mediated heterochromatin
modulation includes stress-response transcription factors involved in heterochroma-
tin assembly. In human cells, heat stress activates heat shock transcription factor
1 (HSF1) which recruits major cellular acetyltransferases to pericentric heterochro-
matin leading to targeted hyperacetylation (Col et al. 2017), facilitating particularly
the transcription of satellite [Il DNA (Jolly et al. 2004; Rizzi et al. 2004) and satellite
II (Tilman et al. 2012) but also, to a lower extent, transcription of a major alpha
satellite DNA (Feliciello et al. 2020a). The human alpha satellite transcription seems
to be controlled by centromere-nucleolar contacts and when the nucleolus is
disrupted alpha satellite transcript levels increase substantially (Bury et al. 2020).
The possible damage of nucleolus structure upon heat stress might therefore also
influence the activation of alpha satellite transcription. Although human
pericentromeric satellite DNAs such as alpha, satellites II and III are heavily
methylated no change in methylation was detected upon heat stress (Eymery et al.
2009), confirming that transcription activation is not related to DNA methylation
status. In Drosophila, under standard conditions, transcription factor dATF-2 which
regulates expression of stress response genes recruits heterochromatin protein
1 (HP1) to pericentromeric heterochromatin regions that contain dATF-2 binding
sites. Under stress conditions activated MAP kinase such as p38 phosphorylates
dATF-2 which is released from heterochromatin, leading to the abolishment of HP1
and disruption of heterochromatin (Seong et al. 2011). In vivo studies on insect
T. castaneum revealed heat-stress induced transcription of a major satellite DNA
TCAST1 located within pericentromeric heterochromatic and in centromeric
regions, followed by the processing of long satellite transcripts into siRNAs (Pezer
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and Ugarkovi¢ 2012; Sermek et al. 2021). Induced satellite DNA transcription is
coupled with the almost complete demethylation of satellite DNA suggesting a
possible role of DNA methylation in the control of satellite DNA transcription
activation upon heat stress (Feliciello et al. 2013). In Arabidopsis specific transcrip-
tion factors HIT4, MED14, and UVHG6 are required for transcriptional activation of
heterochromatic DNA. Transposons in particular respond to heat stress and this
process is accompanied by heterochromatin decondensation and 3D genome reor-
ganization (Bourguet et al. 2018; Wang et al. 2013; Sun et al. 2020).

6.4 Satellite RNA and Euchromatic Satellite Repeats
in Gene Expression Regulation

Since expression of heterochromatic satellite DNAs is induced upon heat stress in
different model organisms it was investigated whether this could be linked to
modulation of expression of genes located in the vicinity of satellite repeats. In the
beetle T. castaneum enhanced heat stress-induced transcription of a major TCAST]1
satellite DNA correlates with an increased level of repressive heterochromatin marks
H3K9me2/3 on satellite repeats in constitutive heterochromatin as well as on
dispersed TCAST]1 satellite elements within euchromatin and their proximal regions
up to 6 kb from the insertion site (Feliciello et al. 2015a). TCAST1 satellite DNA
repeats dispersed within euchromatin, therefore, seem to serve as nucleation sites for
transient heterochromatin formation which results in partial suppression of nearby
genes upon heat stress, representing the first experimental proof for the gene-
modulatory role of a satellite DNA (Feliciello et al. 2015a). In addition, the role of
TCAST1-derived siRNAs in transient H3K9me?2/3 enrichment at euchromatic and
heterochromatic TCAST1 repeats upon heat stress is proposed (Fig. 6.2a). This
proposal is consistent with the fact that small RNAs initiate the epigenetic silencing
of repetitive DNAs such as satellite DNAs or transposons (TE), and the strength of
these epigenetic effects was shown to be positively correlated with the amount of
small RNAs targeting some TE families (Lee 2015; Lee and Karpen 2017; Choi and
Lee 2020). Since this novel mode of gene expression regulation does not seem to be
unique to a specific satellite DNA it is hypothesized that different satellites which are
partially dispersed in the vicinity of genes and whose transcription is induced upon
heat stress, could influence the expression of associated genes by the same mecha-
nism of temporary “heterochromatinization.” Furthermore, in plants, the strength of
epigenetic silencing of a TE family positively correlates with the family copy
number (Cheng et al. 2006; Noreen et al. 2007), while in Drosophila, the proportion
of TEs with cis-spreading of repressive marks also increases with family copy
number (Lee and Karpen 2017). In addition, it could be proposed that the copy
number of satellite DNAs which would be related to the level of satellite transcripts
might also influence the strength of their epigenetic effects. Apart from copy
number, the influence of chromatin state on the expression of transposon-derived
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Fig. 6.2 Mechanisms of satellite DNA-mediated gene expression regulation. (a) Heat stress pro-
motes transcription of abundant pericentromeric satellite DNAs: TCAST!1 in beetle T. castaneum
and alpha satellite DNA in human cells. This is accompanied by increased H3K9me3 levels at
euchromatic TCAST1 and alpha satellite repeats, respectively, resulting in partial suppression of
nearby genes (Feliciello et al. 2015a, 2020a). Genes associated with satellite repeats are schemat-
ically shown: exons are represented by rectangles, satellite elements by arrows, and complex
containing satellite RNAs by a circle. (b) In the mosquito Aedes aegypti satellite repeats located
at a single euchromatic locus promote sequence-specific gene silencing in trans via the expression
of piRNAs which participate in the degradation of maternally inherited transcripts during early
embryonal development (Halbach et al. 2020). (¢) The transcription of human Satellite III (sat III)
loci is induced upon heat stress and satellite 3 transcripts sequester transcription factor CREBBP
and splicing regulatory proteins SRSFs. As a consequence, there is a suppression of gene expression
(Goenka et al. 2016; Ninomiya et al. 2020)

small RNAs during embryogenesis was reported in plants (Papareddy et al. 2020).
Chromatin organization is also proposed to be responsible for distinct transcription
regulation of satellite DNAs in the beetle T. castaneum during embryogenesis and
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heat stress (Sermek et al. 2021). Namely, transcription of a major TCAST]1 satellite
DNA which proceeds from heterochromatic loci is specifically induced during these
processes. In contrast, the transcription of a minor TCAST? satellite which proceeds
predominantly from euchromatic clusters remains unchanged. Consequently, the
levels of the silent histone mark H3K9me3 at minor TCAST?2 repeats as well as
the expression of nearby genes are not influenced by heat stress (Sermek et al. 2021).

Recently it was revealed that repeats of a major human alpha satellite DNA
located both in heterochromatin and euchromatin have increased H3K9me3 levels
upon heat stress (Feliciello et al. 2020a). H3K9me3 enrichment at alpha repeats upon
heat stress correlates with the dynamics of alpha satellite DNA transcription activa-
tion while spreading of H3K9me3 up to 1-2 kb from the insertion sites reveals that
euchromatic alpha repeats act as modulators of local chromatin structure. Aside from
satellite DNAs, some transposons in plants (Eichten et al. 2012) and mammals
(Rebollo et al. 2011; Liu et al. 2018) reduce expression of neighboring genes by
spreading heterochromatin marks, DNA methylation, and/or H3K9me?2/3 from the
insertion sites. A widespread influence of transposons on H3K9me3 spreading and
expression of neighboring genes was also observed in Drosophila (Sienski et al.
2012; Lee and Karpen 2017). All these results suggest that epigenetic effects, in
particular H3K9me3 enrichment mediated by siRNAs and piRNAs, respectively, are
common for some satellite DNAs and transposons, becoming pronounced upon
stress and may affect neighboring gene expression.

While in the beetle T. castaneum and in human cells the major satellites’ repeats
dispersed within euchromatin modulate the local chromatin environment in cis
inducing neighboring gene silencing, in the mosquito Aedes aegypti evolutionary
old and conserved satellite repeats located at a single euchromatic locus promote
sequence-specific gene silencing in trans via the expression of abundant PIWI-
interacting RNAs (piRNAs). The satellite-derived piRNAs participate in the degra-
dation of maternally inherited transcripts during the maternal-to-zygotic transition
and are fundamental to early embryonic development (Halbach et al. 2020;
Fig. 6.2b). Satellite DNA-derived siRNAs also play a specific role in gene expres-
sion regulation in Drosophila. Namely, short, tandem clusters of 1.688 satellite
DNA in the X chromosome euchromatin of D. melanogaster males guide the dosage
compensation complex MLS which increases expression of nearby genes and the
1.688 siRNAs play a role in this process (Menon et al. 2014; Joshi and Meller 2017,
Chap. 1 of this book). The short euchromatic array of 1.688 satellite on the X
chromosome is also shown to promote specific targeting of POF protein which is
involved in the global regulation of genes on D. melanogaster chromosome 4 (Kim
et al. 2018), while depletion of a large block of pericentromeric 1.688 satellite seems
to affect eggshell formation (Ekhteraei-Tousi et al. 2020). Human alpha satellite
DNA repeats in addition to primates have been detected as rare, highly conserved
elements in evolutionarily distant species such as chicken and zebrafish (Li and
Kirby 2003). The presence of several coding mRNAs in human and chick embryos
that contain alpha-like satellite repeats as a part of their 5" or 3’ untranslated regions
indicates that their expression could be controlled in trans by alpha satellite RNA
(Li and Kirby 2003).
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Some satellite DNA repeats are located within introns of particular genes affect-
ing their expression under specific conditions or developmental stages. One such
example is the tandem repeats found within the intron of the major histocompatibil-
ity complex gene (MHIIp) in the fish Salvelinus fontinalis which are involved in
temperature-dependant modulation of expression of this gene (Croisetiere et al.
2010). The minisatellite was proposed to play a role in the regulation of the adaptive
immune response but the molecular mechanism behind its gene-modulatory effect
was not investigated. In plants such as Arabidopsis thaliana and particularly in rice,
introns of many genes contain heterochromatin associated with repetitive elements,
mostly transposons (Duan et al. 2017; Espinas et al. 2020). The establishment and
maintenance of heterochromatin within introns seem to be critical for transcriptional
control of the associated genes which are predominantly required for environmental
responses and development (Le et al. 2015; Khan et al. 2013). The transcription of
genes with intronic heterochromatin is regulated by an epigenetic mechanism that
involves the conserved nuclear protein complex, mutation of which results in severe
developmental defects (Duan et al. 2017; Espinas et al. 2020). Introns containing
long arrays of satellite DNAs are characteristic for Drosophila Y chromosome genes
which are solely expressed during spermatogenesis (Hardy et al. 1981). The gigantic
introns of these genes are transcribed in line with their exons; however, their
expression requires a unique gene expression program, which acts on both tran-
scription and posttranscriptional processing (Fingerhut et al. 2019). It is proposed
that satellite DNA-containing gigantic introns could act in a manner similar to
enhancers, recruiting transcriptional machinery to the Y-loop genes, while intron
size can play a critical role in the regulation of gene expression (Shaul 2017;
Fingerhut et al. 2019).

6.5 “Macroheterochromatin” in Gene Expression
Regulation

A “micro-heterochromatin” is formed on some satellite repeats or short arrays
dispersed within euchromatin and can affect the expression of genes located in the
vicinity (Feliciello et al. 2015a, b, 2020a). On the other hand, a “macro-heterochro-
matin” is composed of megabase stretches of satellite DNA such as those on the
Drosophila Y chromosome and polymorphism in heterochromatic Y chromosomes
results in genome-wide gene expression variation (Lemos et al. 2010). It seems that
Y chromosome heterochromatin serves as a source of epigenetic variation in natural
populations that interacts with chromatin components to modulate the expression of
biologically relevant phenotypic variation. Increasing the amount of repeats on the X
or Y D. melanogaster chromosome results in a decrease of H3K9me?2/3 levels at
repeat-rich regions at pericentromeres and the Y chromosome, implying a role for
satellite DNA in global chromatin dynamics and redistribution of chromatin regula-
tors across the genome (Brown et al. 2020). Since satellite DNAs are characterized
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by a rapid copy number change often observed at the intraspecific level (Cardone
et al. 1997; Wei et al. 2014; Feliciello et al. 2015b), a significant difference in their
amount may contribute to the diversity of expression of genes and repetitive
elements among populations and individuals. Analyses of 3D genome structures
reveal that pericentromeric heterochromatin spatially contacts distant euchromatin
regions enriched for repressive epigenetic marks, such as regions associated with
epigenetically silenced transposable elements or other repeats, as shown in
D. melanogaster (Lee et al. 2020). It can be proposed that due to such interactions,
pericentromeric heterochromatin could impact the expression of distant euchromatic
genes which are associated with “H3K9me?2/3 islands.” This also indicates that an
interplay between satellite DNA repeats located within heterochromatin and euchro-
matin might be involved in genome-wide gene expression regulation.

6.6 Satellite DNA Role in Stress Response
and Environmental Adaptation

Numerous in vitro studies on human cell lines have shown a strong increase of
pericentromeric satellite Il expression induced by a large number of stressing agents
including heat shock, DNA damaging agents, and hyperosmotic stress (reviewed in
Vourc'h and Biamonti 2011). While most of these stressing agents act through heat
shock transcription factor 1 (HSF1), transcription of satellite III in response to
hyperosmotic stress depends on Tonicity Enhancer Binding Protein (TonEBP)
which controls genes responsible for the survival of cells subjected to high osmotic
pressure (Valgardsdottir et al. 2008). It was proposed that stress-induced activation
of satellite IIT occurred through at least two independent pathways which both lead to
the formation of nuclear stress bodies, and is considered to be a part of a general
cellular response to stress. Namely, satellite III transcripts recruit critical factors
involved in the transcriptional process, contributing to heat-induced transcriptional
silencing and seem to be required to provide protection against heat-shock-induced
cell death (Goenka et al. 2016; Fig. 6.2c). Satellite IIl RNA also mediates in the
recruitment of a number of RNA binding proteins involved in pre-mRNA processing
and participates in the control of gene expression upon heat stress at the level of
splicing regulation (Ninomiya et al. 2020). The alteration of the splicing profile is
mainly characterized by an increase in intron retention events during the recovery
from heat shock. Intron retention prevents the export of the pre-mRNAs from the
nucleus resulting in suppression of gene expression at the posttranscriptional level.
Expression of centromeric satellites is also strongly induced by genotoxic stress as
shown for mouse minor satellite DNA and their accumulation under stress condi-
tions seems to be a conserved feature of the cellular stress response (Hédouin et al.
2017).

In the insect Tribolium castaneum and in human cells activation of (peri)-
centromeric satellite DNA transcription during heat stress response reinforces
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“heterochromatinization” and helps heterochromatin recovery (Pezer and Ugarkovié
2012; Feliciello et al. 2020a). Since heterochromatin is important for genome
stability and integrity, satellite DNA transcripts might have a protective effect in
stressed cells/organisms. In addition, induced ‘“heterochromatinization” leads to
transient suppression of genes located in the vicinity of dispersed TCAST]1 satellite
elements (Feliciello et al. 2015a), as described previously in this chapter. However,
what is the physiological consequence of such transient gene suppression upon heat
stress? It is known that after strong heat stress genomes undergo a substantial
transcriptional silencing and the role of human satellite III in this process was
demonstrated (Goenka et al. 2016). It could be hypothesized that other satellite
DNAs contribute to the same process of gene repression which is necessary to
protect the cell from stress-induced damage. While human satellite III RNA affects
gene expression genome-wide, in the case of TCAST]1 satellite expression of genes
located in the vicinity of euchromatic TCAST]I repeats is affected. Within genes
associated with euchromatic TCAST1 satellite repeats, there is a significant over-
representation of immunoglobulin-like genes (Brajkovié et al. 2012). Stress and the
immune response are tightly connected in insects and mild physical or thermal stress
leads to short-term immune memory (Altincicek et al. 2009; Freitak et al. 2012;
Marshall and Sinclair 2012; Eggert et al. 2015). In mammals, genes involved in
immunity and stress are more likely to contain transposon sequences within UTRs
than other genes (van de Lagemaat et al. 2003). In plants, genes required for
environmental response and development are enriched with heterochromatic introns
associated with repetitive elements (Duan et al. 2017; Espinas et al. 2020). These
data indicate that repetitive elements, either transposons or satellite repeats, seem to
be preferentially associated with environment susceptible genes such as stress or
immune response genes and might affect their expression under specific conditions.
In addition, the high evolutionary dynamics of repetitive elements can promote
expression variation and the evolution of associated genes. Differential transcription
activation of satellite DNA families by heat stress and clustering of their repeats near
some genes, as observed in 7. castaneum (Brajkovi¢ et al. 2018), may facilitate
satellite-mediated gene modulatory effects and increase the complexity of the
transcriptional response to the environment. Satellite DNA-induced changes of the
transcriptome might create a modified gene interaction network with a strong
adaptive potential on which natural selection can act (Fig. 6.3). In ectothermic
organisms in particular, whose body temperatures conform to ambient temperature,
the temperature is one of the principal environmental variables that drive adaptive
evolution. It is also important to mention that satellite DNAs are subjected to a high
evolutionary turnover, resulting in a rapid change of their copy number (Mestrovic¢
et al. 1998) as well as in the emergence of new satellites which could sometimes
contribute to the evolution of a novel feature (Ugarkovi¢ and Plohl 2002). In the
New World Monkey genus Aotus the newly amplified satellite DNA builds a
centrally located heterochromatin block in the nucleus of the rod cells which is
responsible for the evolution of night vision characteristic for species of this genus
(Koga et al. 2017). This represents an example of how a newly acquired satellite
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6.7 Satellite DNA in Pathological Transformation
and Development

Satellite DNA transcription is activated not only by environmental stress but also
upon pathological conditions. In epithelial cancers increased satellite DNA tran-
scription is observed (Ting et al. 2011) and it is often associated with a deficiency of
tumor suppressor proteins, in particular p53 which restrains the movement of
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repetitive elements (Wylie et al. 2016). Besides p53, deficiency of the tumor
suppressor BRCA1 impairs the integrity of constitutive heterochromatin and induces
abnormal transcription of satellite DNA repeats (Zhu et al. 2011). Overexpressed
heterochromatic satellite RNAs sequester BRCA 1-associated proteins causing desta-
bilization of DNA replication forks, and promote breast cancer formation in mice
(Zhu et al. 2018). In mouse K-ras-mutated pancreatic precancerous tissues, tran-
scripts of a major pericentromeric satellitt DNA inhibit the DNA-damage repair
function of YBX1 protein and accelerate tumor formation, and so act as “intrinsic
mutagens” (Kishikawa et al. 2016, 2018). Human satellite II transcripts which are
preferentially expressed in cancer cells are immunogenic, able to directly activate the
innate immune system to produce cytokines, modulating in this way the immune
response against tumor cells (Tanne et al. 2015). In addition, demethylated human
satellite II and its transcripts act as molecular sponges and sequester chromatin
regulatory proteins into abnormal nuclear bodies in cancer (Hall et al. 2017).
Expression of human satellite II is also strongly induced in herpesvirus infected
cells by viral proteins, while satellite II transcripts modulate viral protein expression
and release of infectious particles, having functionally important consequences for
viral replication (Nogalski et al. 2019). Hypomethylation of pericentromeric
sequences and subsequent derepression of associated satellite transcripts triggers
an interferon response in zebrafish (Rajshekar et al. 2018).

Apart from stress and pathological states, activation of satellite DNA transcrip-
tion in many organisms is associated with cell cycle progression, development, and
differentiation (Probst et al. 2010; Kishi et al. 2012; Park et al. 2018; Ferreira et al.
2020). The bidirectional transcription of murine minor satellitt DNA occurs during
mitosis and transcripts stabilize the overall kinetochore structure in the G2/M phase
(Ferri et al. 2009), while in meiosis transcription mostly occurs during the early-
pachytene stage (Hecht 1986). During early mouse embryogenesis, the major
pericentromeric satellite RNA modulates the activity of histone methyltransferase
SUV39H2 and reduces H3K9me3 levels in zygotes (Burton et al. 2020), while
during the midblastula stage a burst of strand-specific transcription of a major
pericentromeric satellite DNA is essential for heterochromatin formation and early
development progression (Probst et al. 2010; Casanova et al. 2013). In addition, the
same satellite is differentially expressed in cells of the developing central nervous
system (Rudert et al. 1995) and this satellite RNA whose level is significantly
increased during neuronal differentiation (Kishi et al. 2012) is necessary for the
correct higher-order organization of pericentromeric heterochromatin (Fioriniello
et al. 2020). It is interesting that although the transcription of the major satellite
proceeds from both DNA strands only the satellite forward RNA is involved in the
initial heterochromatin formation during embryogenesis (Maison et al. 2011) and in
pericentromeric heterochromation organization in neurons (Fioriniello et al. 2020).
Major and minor mouse satellite RNAs are also involved in the large-scale reorga-
nization of constitutive heterochromatin during muscle differentiation (Park et al.
2018). In chicken and zebrafish, transcription of alphoid repeat sequences displays a
specific temporal and spatial expression pattern during embryogenesis (Li and Kirby
2003). In insects, transcription of satellite DNAs is also developmentally regulated
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being increased during specific stages of embryogenesis as revealed for the major
TCAST]1 satellite DNA of T. castaneum, and transcripts in the form of TCAST]I
piRNAs and siRNAs are proposed to be necessary for initial heterochromatin
formation (Pezer and Ugarkovi¢ 2012; Sermek et al. 2021). In the mosquito Aedes
aegypti, piRNAs which derive from conserved euchromatic satellite DNA are
necessary for embryonic development (Halbach et al. 2020), while RNA from a
simple satellite DNA of D. melanogaster is required for sperm maturation and male
fertility (Mills et al. 2019). Examples in other species also indicate that transcription
activation of satellitt DNAs as well as of some other repetitive families such as
LINE1 might be a part of normal developmental and differentiation processes. While
pericentromeric satellite DNA transcripts are important for regulation of heterochro-
matin establishment during early mouse embryogenesis and for heterochromatin
remodeling during differentiation (Park et al. 2018; Burton et al. 2020), LINE-1
transcripts are relevant for regulation of global chromatin dynamics: de- and
recondensation (Jachowicz et al. 2017), acting as a nuclear scaffold to direct gene
expression programs essential for embryo development (Percharde et al. 2018).
Transcripts of some satellite DNAs such as FA-SAT DNA are proposed to be
important for cell proliferation (Ferreira et al. 2020). FA-SAT DNA is highly
conserved in mammals being primarily located at the telomeres and FA-SAT RNA
forms a nuclear complex with Pyruvate Kinase Muscle Isozyme protein (PKM2)
which seems to participate in cell-cycle progression.

In conclusion, satellite DNA transcripts activated either by environmental stress
or during pathological transformation and viral infection, are implicated in immune
system modulation and stress responsiveness, although they act through different
molecular pathways and mechanisms. On the one hand, satellite transcripts can
promote oncogenic processes by inducing mutations (Kishikawa et al. 2016), affect-
ing epigenetic regulators (Hall et al. 2017), enhancing tumor cell proliferation
(Nogalski and Shenk 2020), or compromising replication fork stability and genome
integrity (Zeller and Gasser 2017; Zhu et al. 2018). Satellite RNAs also provide
protection against heat-shock-induced cell death (Goenka et al. 2016) and are a
prerequisite for early embryonic development (Probst et al. 2010; Halbach et al.
2020) and cell differentiation (Park et al. 2018). On the other hand, besides playing a
physiological role in the modulation of global heterochromatin structure as well as of
the gene expression program during development and stress response, activation of
satellite DNAs in terms of transcription and proliferation (mobilization) has an
evolutionary impact. It generates spreading and insertion polymorphism of euchro-
matic satellite repeats, causing variation of epigenetic landscapes and gene expres-
sion diversity within species (Feliciello et al. 2015a; Fig. 6.3). This variation is
additionally enhanced by the propensity of satellites to change copy numbers and to
form new satellite families. This gene expression diversity contributes to the evolu-
tion of gene regulatory networks, increases the evolvability of species, and could
represent a powerful adaptive response of the genome to changing environmental
conditions.
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Chapter 7 ®)
Centromeres Transcription and Transcripts <
for Better and for Worse

Pia Mihic, Sabrine Hédouin, and Claire Francastel

Abstract Centromeres are chromosomal regions that are essential for the faithful
transmission of genetic material through each cell division. They represent the
chromosomal platform on which assembles a protein complex, the kinetochore,
which mediates attachment to the mitotic spindle. In most organisms, centromeres
assemble on large arrays of tandem satellite repeats, although their DNA sequences
and organization are highly divergent among species. It has become evident that
centromeres are not defined by underlying DNA sequences, but are instead epige-
netically defined by the deposition of the centromere-specific histone H3 variant,
CENP-A. In addition, and although long regarded as silent chromosomal loci,
centromeres are in fact transcriptionally competent in most species, yet at low levels
in normal somatic cells, but where the resulting transcripts participate in centromere
architecture, identity, and function. In this chapter, we discuss the various roles
proposed for centromere transcription and their transcripts, and the potential molec-
ular mechanisms involved. We also discuss pathological cases in which unscheduled
transcription of centromeric repeats or aberrant accumulation of their transcripts are
pathological signatures of chromosomal instability diseases. In sum, tight regulation
of centromeric satellite repeats transcription is critical for healthy development and
tissue homeostasis, and thus prevents the emergence of disease states.
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7.1 Satellite DNA Underlies (Peri)centromeric
Chromosomal Regions

Centromeres are chromosomal domains specialized in the faithful segregation of the
genetic material between daughter cells at each cell division. In most higher eukary-
otes, centromeres are made up of satellite DNA, i.e., large arrays of short, mostly A/
T-rich, DNA sequences repeated in tandem over chromosomal domains that can
range from hundreds of kilobases (Kb) to tens of megabases (Mb) on each centro-
mere. Different families of satellite DNA define two distinct functional chromo-
somal domains (Choo 2001) with distinct chromatin landmarks (Karpen and Allshire
1997), i.e., the centromere per se and the juxta- or pericentromeric domains. The
centromere is defined by the presence of unique nucleosomes, in which histone H3 is
replaced by its variant called CENP-A in humans (Cse4 in budding yeast, Cnpl in
fission yeast, and CID/CenH3 in fruit flies) (Earnshaw and Rothfield 1985), inter-
spersed with canonical nucleosomes. The CENP-A nucleosomal domain creates a
platform for the assembly of a proteinaceous structure known as the kinetochore, that
links chromosomes to mitotic spindle microtubules (Palmer et al. 1991; Fukagawa
and Earnshaw 2014; Gambogi et al. 2020). CENP-A deposition is tightly regulated
and mediated by a specific histone chaperone Holliday Junction Recognition Protein
(HJURP) (Dunleavy et al. 2009; Foltz et al. 2009), although it remains unclear how
HJURP directs CENP-A to its default location (Hoffmann and Fachinetti 2017). In
juxta- or pericentromeric position, satellite repeats are enriched in repressive epige-
netic marks which makes up the bulk of constitutive heterochromatin in mammals
(Schueler and Sullivan 2006; Eymery et al. 2009b; Saksouk et al. 2015), and to
which several functions have been assigned, including in sister chromatid cohesion
at centromeres (Pidoux and Allshire 2005), maintenance of genome stability (Peters
et al. 2001), and functional organization of the interphase nucleus (Wijchers et al.
2015; Muller et al. 2019; Francastel et al. 2000).

In contrast to the presence of CENP-A nucleosomes being the main and evolu-
tionary conserved determinant of centromere identity, with very few exceptions in
some insect lineages and kinetoplastids (Akiyoshi and Gull 2014; Drinnenberg et al.
2014; Navarro-Mendoza et al. 2019), the evolution of the underlying DNA
sequences has been quite dynamic and gave rise to highly divergent centromere
organization (Malik and Henikoff 2009). Phylogenetic analysis also found little
evidence for satellite sequence conservation, which contrasts with the ancestral
conserved structure of tandem repeats at telomeres (Meyne et al. 1989). Centromeres
in different species display a wide variety of sequences, repeats organization, and
chromosomal positions (Melters et al. 2013; Plohl et al. 2014), that can even diverge
between chromosomes of the same species like in human and Drosophila (Bracewell
et al. 2019; Sullivan and Sullivan 2020). Tandem repeats are highly prevalent at
(peri)centromeres of most animal and plant genomes, and monocentric centromeres
are the fundamental unit for chromosome inheritance in most species. However,
chromosomes in certain insects lack a primary constriction and have adopted
holocentric centromeres, i.e., in which the activity of the kinetochore extends over
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the whole chromosome arms, and therefore lacks a satellite repeats signature
(Drinnenberg et al. 2014). There are also examples of atypical, yet functional,
centromeres that spontaneously form on unique non-satellite sequences. Originally
described in humans, the so-called neocentromeres are functionally and structurally
similar to endogenous centromeres but lack the underlying repetitive sequences
(Scott and Sullivan 2014). In the domestic horse, the discovery of satellite-less
centromeres with variable positions among individuals (Giulotto et al. 2017)
reinforced the idea that centromeres are defined, at least in part, by a centromere-
specific histone variant, and not by the underlying DNA sequences.

Besides the abundance of repeats and association of centromeres with
pericentromeric heterochromatin domains in most eukaryotes, a 17 base-pair
(bp) motif is also highly conserved throughout species and called the CENP-B-
box (B-Box). This sequence is the consensus binding site for the CENP-B protein,
the only centromeric protein with sequence-specific DNA-binding activity
(Masumoto et al. 1989). CENP-B protein is itself highly conserved, although its
essential nature is debatable since certain centromeres lack a B-box in their satellite
repeats, like on the human Y chromosome (Jain et al. 2018), and because CENP-B
seems dispensable in the mouse (Kapoor et al. 1998). The development of human
artificial chromosomes (HAC) has been instrumental in the determination of the
minimal requirements for a functional centromere in terms of protein factors and
DNA sequences (Bergmann et al. 2012). Many reports highlighted that both satellite
DNA and CENP-B were necessary for de novo assembly of centromeres and HAC
formation (Ohzeki et al. 2002; Masumoto et al. 2004), although alternative ways to
establish a centromere during HAC formation have been reported (Logsdon et al.
2019), still questioning CENP-B requirement for establishment or maintenance of
centromeres.

7.1.1 Examples of Centromere Organization Across Species

The budding yeast Saccharomyces cerevisiae and some relatives represent some sort
of exceptions in the centromere world. In these organisms, a so-called “point
centromere” is defined by short and unique sequences on which the centromere-
specific nucleosome is positioned (Lechner and Ortiz 1996; Furuyama and Biggins
2007). This is in contrast with other eukaryotic organisms that feature regional
centromeres assembled on kilo- to megabase-scale arrays of tandem repeats at the
primary constriction site of the chromosome, and at which CENP-A nucleosomes
are interspersed with canonical ones (Blower et al. 2002). The yeast
Schizosaccharomyces pombe centromeres are composed of a 47 Kb-long central
core element (ctr) flanked by centromere-specific innermost repeats (imr) sequences
and pericentric outer repeats (otr), with an overall size range of 30-110 Kbs
depending on the chromosome (Polizzi and Clarke 1991). In maize, centromeres
are composed of CentC repeat of 156 bp, which form tandem arrays that span
180 Kb, separated by one or more copies of centromeric retrotransposable
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(CR) elements. Similar organization at centromeres is shared by the fruit fly Dro-
sophila melanogaster, where the centromere is primarily composed of AATAT and
TTCTC satellites, interspersed with complex A/T-rich repeats and mobile elements
(Sun et al. 2003; Chang et al. 2019).

A model of choice for the study of centromere organization is the laboratory
mouse Mus musculus due to its fairly homogeneous centromeres across all chromo-
somes (Kalitsis et al. 2006). The basic repeat unit in murine centromeres, called a
minor satellite, is 120 bp-long and repeated in tandem over about 600 Kbs, which
represents around 0.45% of the mouse genome. Murine chromosomes are telocen-
tric, meaning that the centromere is nearly adjacent to the telomere of the short
chromosome arm. On this short arm, minor satellite repeats are flanked by a
retrotransposable DNA element, the truncated Long Interspersed Nucleotide Ele-
ment 1 (tL.1) and clusters of telocentric tandem (TLC) repeats, which share between
74% and 77% of homology with minor satellites, but lay in the opposite orientation
(Kalitsis et al. 2006). On the long chromosome arm, the flanking pericentromeric
domains are made up of tandem repeats of 234 bp-long major satellite repeat units
over around 6 Mb and representing up to 3% of the mouse genome (Choo 1997,
Kalitsis et al. 20006).

As opposed to homogeneous murine satellite repeats, each human centromere
shows distinct polymorphisms in the number and sequence of a-satellite repeats
(Aldrup-Macdonald and Sullivan 2014). Centromeric regions contain 171 bp-long
a-satellite repeat units arranged in a tandem head-to-tail fashion, into higher-order
repeat (HORSs) units, themselves repeated in a largely uninterrupted fashion up to
5 Mb. The re-iteration of the HOR forms the centromeric o-satellite array, with
occasional interruptions by transposable elements (She et al. 2004). In a given HOR,
individual a-satellite repeats may only share 50-70% sequence similarity, whereas
different HORs from the same chromosome share up to 98% of homology (Miga
2019). Neighboring pericentromeric regions account for about 4% to 5% of the
human genome. They can be made of three types of satellite repeats: type I, which
are formed by an alternation of 17 and 25 bp monomers and are restricted to
chromosomes 2, 3, and acrocentric chromosomes. Type II and type III satellites
are made of a 5 bp-long GGAAT repeat unit, found on all chromosomes, although
unevenly distributed over several Mb. Notably, large blocks of heterochromatin in
juxtacentromeric position on the long arm of chromosomes 1, and 16, or the long
arm of chromosome 9, are composed of satellites type II or III, respectively (Vourc’h
and Biamonti 2011).

All in all, the few unifying features in centromere organization across eukaryote
kingdoms pose somewhat of a paradox given the essential nature of centromeres for
the maintenance of genome integrity and the conserved functions and dynamics of
kinetochores. Perhaps the most common characteristic of DNA sequences underly-
ing centromeres is that they are transcriptionally competent in most of the species
studied.
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7.2 Transcription of Centromeric Repeats and Their
Transcripts

At a time when recognition of the relatively pervasive aspect of genome transcription
was in its infancy, the findings that (peri)centromeric satellite repeats could be
transcribed have almost gone unnoticed. However, transcription at centromeric
repeats was hinted at by the existence of centromeric transcripts in murine cells
(Harel et al. 1968; Cohen et al. 1973) and in lung cells of the newt Taricha granulosa
(Rieder 1978).

Nowadays, both the transcription of centromeric repeats and its products, the
centromeric RNAs (cenRNA), are viewed as a conserved feature of centromeres in a
broad range of organisms (Table 7.1), including yeast (Volpe et al. 2002; Choi et al.
2011; Ohkuni and Kitagawa 2011), plants (Topp et al. 2004; Du et al. 2010), beetles
(Pezer and Ugarkovi¢ 2008), Drosophila (Grewal and Elgin 2007; Rosi¢ et al. 2014),
amphibians (Varley et al. 1980; Diaz et al. 1981; Blower 2016), mouse (Rudert et al.
1995; Bouzinba-Segard et al. 2006; Ferri et al. 2009), and humans (Chan et al. 2012;
Quénet and Dalal 2014; McNulty et al. 2017). Interestingly, work using a structur-
ally dicentric chromosome that contains two o-satellite arrays demonstrated that
RNA Polymerase IT (RNA Pol II) localizes at active centromeres, i.e., at which the
kinetochore assembles, but not at the inactive one (Chan et al. 2012), although
another study reported that inactive arrays can also produce cenRNAs but just less
stable than those originating from active arrays (McNulty et al. 2017).

In essence, in the absence of conserved centromeric DNA sequences across
species, it is tempting to speculate that transcription through centromeric repeats
or their derived transcripts may be functionally relevant to centromeres identity or
function.

7.2.1 Regulation of Centromere Transcription/Transcripts
Levels

Most of our knowledge of centromeric repeats transcription has been inferred from
the existence of transcripts with centromeric sequences. Yet, the consequence of
their highly repetitive and near-identical nature in some species is that they are
mostly absent from reference genomes and specifically excluded from high-
throughput sequencing analysis. Yet, transcripts with sequences of the identified
centromeric repeat units can be found in various databases, including Expressed
Sequence Tags (EST) databases. In addition, dedicated experimental testing of the
levels of cenRNAs in a given tissue or at a specific developmental stage argued
against the idea of simple transcription noise and even provided evidence for some
level of transcriptional regulation. The challenge is rather to determine whether the
observed differences in transcript abundance are the result of transcriptional or
posttranscriptional control mechanisms.
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In most species, the levels of cenRNAs appear to vary with particular develop-
mental stages and with cell types, tissues, or organs. They have been detected in
coleopteran insect species at all three developmental stages: larvae, pupae, and
adults (Pezer and Ugarkovi¢ 2008). In chicken and zebrafish, transcripts from an
a-like satellite repeat are detected during early embryogenesis but are limited to the
cardiac neural crest, the head, and the heart (Li and Kirby 2003). During mouse early
development, pericentromeric major satellite RNAs (pericenRNAs) start being
detected at the 2-cells stage and are required for the major reorganization of the
nucleus that occurs at this stage, most notably characterized by the assembly of
pericentromeric heterochromatin nuclear compartments, concomitantly with zygotic
gene activation (Probst et al. 2010). In somatic cells, murine cen- and pericenRNAs
accumulate with terminal differentiation, a process also accompanied by major
spatial reorganization of constitutive heterochromatin compartments and changes
in gene expression programs (Terranova et al. 2005; Bouzinba-Segard et al. 2006).

Transcription of centromeric repeats seems to be also regulated during the cell
cycle. In cycling murine cells, cenRNAs begin to accumulate at the end of S phase
and peak in the G2/M phase, just before the onset of mitosis (Ferri et al. 2009). This
accumulation coincides with the late S phase when murine centromeres are being
replicated (Miiller and Almouzni 2017), although no formal demonstration that this
would facilitate active transcription has been established. In human cells, the levels
of cenRNAs do not change throughout the cell cycle (McNulty et al. 2017), although
a recent study showed that their levels could fluctuate and peak in G2/M (Bury et al.
2020). In contrast, active RNA Pol IT has been detected at human centromeric repeats
in G1 (Quénet and Dalal 2014), when cenRNAs levels are low (Bury et al. 2020).
More strikingly, elongating RNA Pol II was detected at mitotic centromeres in
humans and mice (Chan et al. 2012). This is paradoxical since mitosis is regarded
as a phase during which the bulk of the genome is transcriptionally silent (Christova
and Oelgeschlidger 2002), and this RNA Pol II localization could represent storage or
bookmarking for further transcriptional activation when cells reenter the cell cycle.
However, incorporation of fluorescent uridine-5'-triphosphate nucleotides (UTP) at
the mitotic centromere suggested that human and murine centromeres are indeed
actively transcribed during mitosis (Chan et al. 2012).

7.2.2 Mechanisms of Transcriptional Regulation
7.2.2.1 Transcriptional Machinery at Centromeric Repeats

The characteristic organization of most satellite DNA sequences is based on tandem
repeats devoid of canonical promoter sequences, which led to the proposal that they
could be transcribed by read-through from upstream genes or promoters of trans-
posable elements, which is the case in maize (Topp et al. 2004). It should be noted
that not all centromeres, like the human Y chromosome, may contain transposon
sequences (Miga et al. 2014). In addition, a candidate TATA-box has been identified
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within human o-satellite sequences, as well as an SV40 enhancer-core sequence with
spacing and orientation characteristic of RNA Pol II-transcribed genes (Vissel et al.
1992). The hypothesis that cryptic promoter elements are present within repeat
sequences would not be surprising since, like any genomic sequence, centromeric
repeats are stuffed with consensus binding sites for regulatory proteins. Some of
these binding sites have long been known to serve as entry sites for the basal
transcriptional machinery, like GATA sites, in place of a canonical TATA-box
(Aird et al. 1994). Of note, consensus binding sites for GATA factors (WGATAR
in which W indicates A/T and R indicates A/G) are frequently occurring in mam-
malian genomes, including at murine and human centromeric repeats, although
occupancy by GATA-family members has not been described.

Whether cells have adapted to the fortuitous binding of various transcription
factors to genomic loci essential for their survival is not known. Nevertheless, it may
explain why centromere transcription appears to be regulated depending on cellular
contexts, and hence, may rely on context-specific transcription factors. In addition,
accumulation of cenRNAs of the size of a repeat unit in the mouse suggested that
each repeat unit might contain a transcription start site (Bouzinba-Segard et al.
2006), although we cannot exclude that posttranscriptional processing of longer
transcripts occurs, which is discussed below.

The question of the RNA polymerase(s) involved, and the means employed to
regulate transcription of centromeric repeats, is also important. Centromeres of both
budding and fission yeast are transcribed by RNA Pol II (Ohkuni and Kitagawa
2011; Sadeghi et al. 2014). In beetles, the presence of a cap structure and poly
(A) tails in a subset of cenRNAs, termed PRAT, is also indicative of RNA Pol
II-dependent transcription (Pezer and Ugarkovi¢ 2008). Differential inhibition of
RNA Pol I, II, and III and detection of active RNA Pol II at humans (Quénet and
Dalal 2014; McNulty et al. 2017) and murine (Chan et al. 2012) centromeres
indicated that RNA Pol II orchestrates the transcription of their centromeres.

In sum, RNA Pol IT seems to be responsible for most part of the transcription of
both point and regional centromeres, suggesting that transcription of this essential
chromosomal domain has been conserved throughout evolution.

7.2.2.2 Transcription Factors

Compatible with the plethora of putative consensus binding sites for transcription
factors in centromeric sequences, activators and repressors have been identified to
control transcription of satellite repeats in various systems in a similar mode to the
regulation of gene promoters.

In S. cerevisiae, the transcription factor Centromere-binding protein 1 (Cbfl) has
been implicated as an activator of centromere transcription in an RNA Pol
[I-dependent manner (Ohkuni and Kitagawa 2011), although this is still debated.
Indeed, other studies reported the upregulation of cenRNAs in cells lacking Cbf1, in
association with chromosomal instability through the downregulation of the protein
levels and mislocalization of CENP-A, HJURP, and components of the
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Chromosome Passenger Complex (CPC) (Ling and Yuen 2019; Chen et al. 2019).
Along the same line, Htz1 (human homolog of H2A.Z) was identified as a transcrip-
tional repressor since its deletion resulted in an upregulation of cenRNAs levels
(Ling and Yuen 2019). Interestingly, the double invalidation of Cbfl and Htzl
resulted in an additive effect on the upregulation of cenRNAs, suggesting that
these two proteins operate in distinct pathways to repress centromere transcription
(Ling and Yuen 2019). Noteworthy, Cbfl is conserved among species with point
centromeres, but not in eukaryotic species that have regional centromeres.

The Daxx-like motif-containing GATA factor Ams2 was actually one of the first
transcription factors shown to be required for centromere function in S. pombe (Chen
et al. 2003). Ams2 is a cell cycle-regulated factor that occupies centromeric chro-
matin in S phase where it is required for SpCENP-A deposition, although if this
occurs through promoting transcription of cenRNAs has not been established.
Again, whether a role for GATA factors is conserved among species has not yet
been tested.

The only reported transcriptional regulator for transcriptional activation at murine
and human centromeric repeats is the Zinc Finger and AT-Hook Domain Containing
(ZFAT) protein, through binding to the ZFAT box, a short sequence present at
centromeres of all chromosomes in mouse and human (Ishikura et al. 2020). In
mammals, more is known about the transcription of the neighboring pericentromeric
satellite repeats. In the mouse, transcriptional repressors YY1 (Shestakova et al.
2004), C/EBPa (Liu et al. 2007), and Ikaros (Brown et al. 1997; Cobb et al. 2000)
appear to bind directly to major satellite sequences, although their link with tran-
scriptional repression of these repeats has not been tested. In contrast, heat-shock
transcription factor 1 (HSF1) has been shown to promote transcriptional activation
of Sat III repeats in response to cellular stress in human cells (Jolly et al. 2004; Rizzi
et al. 2004).

7.2.2.3 Histone Marks and DNA Methylation

In addition to occupancy by transcription factors, epigenetic modifications are likely
to participate in the control of the transcription of centromeric repeats. In contrast to
nearby pericentromeric heterochromatin, and in addition to CENP-A-containing
nucleosomes, centromeres exhibit marks of euchromatin such as dimethylation of
lysine 4 of histone H3 (H3K4me2) and lack of heterochromatin marks such as di-
and tri-methylation of lysine 9 at histone H3 (H3K9me2 or me3) (Sullivan and
Karpen 2004). In addition, a hypoacetylated state at centromeres seems to be
conserved across eukaryotes (Wako et al. 2003; Sullivan and Karpen 2004; Choy
etal. 2011). More specifically, hypoacetylated lysine 16 of histone H4 (H4K16) was
shown to be required for kinetochore function and accurate chromosome segrega-
tion, although the link with transcriptional competence of centromeric repeats was
not assessed (Choy et al. 2011). More recently, acetylated lysine 4 of histone H3
(H3K4ac) was described at centromeres, at which it is required for the centromeric
localization of the chromatin reader Bromodomain-containing protein 4 (BRD4),
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which in turn recruits the RNA Pol II (Ishikura et al. 2020). At pericentromeric
satellite repeats, SIRT6, a member of the Sirtuin family of deacetylases, has been
implicated in the maintenance of their silent state through deacetylation of histone
H3 at lysine 18 (H3K18ac) (Tasselli et al. 2016). Knockdown of SIRT6 caused an
aberrant accumulation of pericenRNAs associated with mitotic errors through
desilencing of pericentromeric repeats, which also lent support to the importance
of heterochromatin maintenance in centromere function.

Additional important insights into the causal roles of histone modifications for
transcription at centromeres came from the study of human artificial chromosomes
(HACs) in which a CENP-B box was replaced by a tetracycline operator (tetO).
Demethylation of H3K4me?2, through targeting of the Lysine-Specific histone
Demethylase 1A (LSD1) to the tetO sequence, induced a strong decrease in centro-
mere transcription associated with impaired recruitment of HIURP, the CENP-A
chaperone (Bergmann et al. 2011). This study provided a nice demonstration of a
causal link between a specific activating histone mark, transcription of centromeric
repeats, maintenance of CENP-A, and kinetochore functions.

Ubiquitination of histones is also important for the transcription of satellite
repeats, with activating or repressive roles for ubiquitination of histone H2B or
H2A (H2A-Ub; H2B-Ub), respectively (Zhu et al. 2011; Sadeghi et al. 2014). Loss
of function of the Breast Cancer type 1 susceptibility protein (BRCA1) in cancer
cells led to reduced H2A-Ub at pericentromeric satellite repeats, accompanied by
their transcriptional derepression and loss of heterochromatin integrity (Zhu et al.
2011). Knockdown of Ring Finger Protein 20 (RNF20), the ubiquitin ligase respon-
sible for H2B-Ub in S. pombe, led to reduced levels of transcription and nucleosome
turnover at centromeres, associated with impaired centromere function. These data
suggested that H2B-ub is essential for the maintenance of active centromeric chro-
matin (Sadeghi et al. 2014).

In contrast to their divergent sequence and structure, a common feature of
mammalian satellite sequences is their methylated state at CpG dinucleotides, the
main context for DNA methylation at least in mammals, which is also a major
epigenetic mechanism to consider. The density of methylatable CpGs is higher at
pericentromeres, which is consistent with their heterochromatin status, whereas
centromeric repeat units in mice and humans contain only 2 to 3 CpGs per repeat
unit. At repetitive elements, DNA methylation has been implicated in the inhibition
of transposition and mitotic recombination between repeats, in part through
maintaining these elements in a silent state (reviewed in Saksouk et al. 2014;
Francastel and Magdinier 2019; Scelfo and Fachinetti 2019). However, our vision
of the direct relationship between DNA methylation and transcriptional states of
these regions may only be partial. For example, treatment of cells with the DNA
demethylating agent 5-aza-2’-deoxycytidine (5AZA) led to increased levels of
pericenRNAs in human cells (Eymery et al. 2009a) and of cenRNAs in murine
cells (Bouzinba-Segard et al. 2006). However, it remains to be determined whether is
it directly through demethylation of satellite repeats or through more indirect effects
caused by 5AZA treatment, e.g., increased DNA damage also known to cause
accumulation of Sat IIT pericenRNAs in humans (Valgardsdottir et al. 2008) or
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cenRNAs in murine cells (Hédouin et al. 2017). The identification of the DNA
methyltransferases (DNMTs) responsible for de novo methylation (DNMT3A and
DNMT3B) (Okano et al. 1999) or maintenance of methylation (DNMT1) (Bestor
et al. 1988) was decisive in the dissection of more direct links. Notably, mouse minor
satellites and human pericentromeric Sat II and Sat III repeats were identified as
specific targets of the de novo methyltransferase DNMT3B (Okano et al. 1999; Xu
et al. 1999). Human cells deficient for DNMT1 and DNMT3B are hypomethylated
on Sat III repeats but do not accumulate pericenRNAs compared to wild-type cells
(Eymery et al. 2009a). Similarly, hypomethylation of (peri)centromeric regions in
murine embryonic stem cells (mESCs) deficient for Dnmtl and Dnmt3a/b is not
sufficient to promote their transcriptional activation (Lehnertz et al. 2003; Martens
et al. 2005). However, in physiopathological cellular contexts further discussed
below, loss of DNA methylation at (peri)centromeres has been associated with
their transcriptional derepression, although it remains to be determined whether
this is a direct consequence or a mere byproduct of the disease states.

It is possible that the methylated state at satellite repeats could influence the
binding of transcriptional activators or repressors. It is important to note that two of
the methylatable CpGs in human and murine centromeric repeat units reside within
the CENP-B-box. Yet, the impact of CpG methylation on CENP-B binding and
centromere architecture is still debated (Scelfo and Fachinetti 2019). DNA methyl-
ation was shown to prevent CENP-B binding to the CENP-B-box in vitro (Tanaka
et al. 2005). Conversely, global demethylation using SAZA treatment in cultured
cells led to CENP-B spreading over demethylated repeats (Mitchell et al. 1996),
although nearby pericentromeric repeats without a CENP-B-box are also
demethylated in these conditions, making it difficult to conclude. Nevertheless,
DNA methylation could be directly linked to the correct assembly of centromere
architecture independently of the transcription of the repeats.

In sum, hypomethylation may create a favorable environment for transcriptional
activation of satellite repeats, although it might not be sufficient. Hence, one has to
consider that specific cellular contexts and their associated tissue- or context-specific
transcription factors would be a prerequisite.

7.3 Functional Relevance of Centromeric Transcripts/
Transcription

7.3.1 Centromeres Transcription and Chromatin Remodeling
Processes

It appeared that low transcriptional activity is a characteristic of centromeric repeats
in normal somatic cells. Several studies suggested that active transcription at cen-
tromeres would not only be compatible with but even required for centromere
function. Indirect evidence came from the global inhibition of transcription by
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Fig. 7.1 Role of centromere transcription and transcripts in physiological conditions. Centromeric
chromosomal domains are marked by a combination of nucleosomes containing histone H3 (gray)
or CENP-A (orange) and are flanked by pericentromeric heterochromatin domains (green). RNA
pol II-mediated transcription of centromeric repeats, together with chromatin remodelers such as the
FACT complex, contribute to the dynamics of chromatin at centromeres and to the deposition of
CENP-A. The derived centromeric transcripts serve as scaffolds or guides for the correct localiza-
tion of centromeric proteins (e.g., CENP-C) and their associated complexes such as the chromo-
somal passenger complex (CPC), which includes Survivin, INCENP, and Aurora B kinase

RNA Pol II inhibitors which led to compromised centromere function (Chan et al.
2012; Quénet and Dalal 2014). Transcription or nucleosome turnover at centromeres
may be important for the dynamics of nucleosomes at centromeric repeats and
deposition of CENP-A (Fig. 7.1). Notably, the complex Facilitates Chromatin
Transcription (FACT) is localized to centromeres (Foltz et al. 2006) and is involved
in CENP-A deposition via the recruitment of the chromatin remodeler
Chromodomain Helicase DNA Binding Protein 1 (CHD1) in chickens (Okada
et al. 2009). In mammals, a subunit of FACT, the Structure Specific Recognition
Protein 1 (SSRP1), co-localized with RNA Pol II at centromeres during mitosis and
was necessary for the efficient deposition of CENP-A in early G1 (Chan et al. 2012).
Similarly, FACT-mediated transcription was also shown to be required for the de
novo incorporation of CENP-A in Drosophila S cells (Chen et al. 2015). In this
study, knockdown of FACT led to the loss of transcription at centromeres and
reduced CENP-A loading. In recent years, a two-step process for Drosophila
CENP-A loading was proposed (Bobkov et al. 2018). The first step was
transcription-independent, during which CENP-A localized to centromeres through
the Drosophila-specific chaperone Chromosome Alignment defect 1 (CAL1) (Chen
et al. 2014), but a second step of active transcription was necessary for its stable
incorporation into chromatin. In S. pombe mutants that are unable to restart stalled
RNA Pol II at centromeres, CENP-A was still efficiently deposited, suggesting that
halting RNA Pol II at centromeres may promote local chromatin remodeling events
sufficient for CENP-A deposition (Catania et al. 2015). In a context where centro-
meric transcription-dependent chromatin remodeling is required for stable incorpo-
ration of its epigenetic determinant CENP-A, which also relies on the eviction of
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previously deposited H3/H3.3-placeholder nucleosomes (Dunleavy et al. 2011), the
replication-independent histone chaperone and transcription elongation factor Spt6
(SUPT6H in human) was identified as a conserved CENP-A maintenance factor
(Bobkov et al. 2020). Spt6 was shown to prevent loss of centromere identity in a
transcription-dependent manner, through promoting the recycling of CENP-A and
maintenance of parental CENP-A nucleosomes in both Drosophila and human cells
(Bobkov et al. 2020).

Importantly, targeting of a strong trans-activation domain from Herpes simplex
virus (VP16) to centromeres of HACs impaired the incorporation of newly synthe-
sized CENP-A and led to the eviction of the parental one (Bergmann et al. 2011).
Hence, even though transcriptional activation of centromeric repeats is necessary for
centromere identity, increased transcription at this locus is incompatible with cen-
tromere function since it leads to loss of CENP-A at HAC centromeres (Bergmann
etal. 2011).

To date, our knowledge of the immediate contribution of centromere transcription
on centromere identity in different species still remains incomplete. Since the direct
output from transcription at centromeres is the production of cenRNAs, whether
long or short-lived, a question that arises is whether cenRNAs themselves could be
implicated in the maintenance of centromere identity and function.

7.3.2 Functional Relevance of Centromeric Transcripts
themselves

A growing body of evidence suggests that cenRNAs themselves may contribute to
proper kinetochore assembly (Chen et al. 2003; Nakano et al. 2003; Topp et al. 2004;
Ferri et al. 2009). Notably, cenRNAs are an integral part of the centromeric fraction
(Ferri et al. 2009; McNulty et al. 2017; Kabeche et al. 2018), and coprecipitate with
CENP-A in maize (Topp et al. 2004), mouse (Ferri et al. 2009), and humans (Chueh
et al. 2009). Importantly, knockdown of human cenRNAs, without affecting tran-
scription of the locus per se, led to impaired CENP-A deposition (Quénet and Dalal
2014). This finding suggested that correct loading of CENP-A does not only depend
on active transcription at centromeres (see above), but also requires the transcripts
themselves. This was further evidenced by the knockdown of cenRNAs in extracts
of Xenopus oocytes, which led to decreased occupancy of CENP-A at centromeres
(Grenfell et al. 2016).

Besides CENP-A deposition, several studies showed a direct association between
cenRNAs and CENP-C in gel shift or immunoprecipitation experiments, probably
through the CENP-C RNA binding domain. This was the case for example in maize
(Du et al. 2010) and Drosophila (Rosi¢ et al. 2014). RNase treatment of human cells
induced the delocalization of CENP-C but not that of CENP-A (Wong et al. 2007).
Similarly, inhibition of transcription in mitosis, a stage at which centromeres are
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transcribed by RNA Pol II, impaired the localization of CENP-C at centromeres
(Chan et al. 2012).

Beyond their association with the constitutive components of the centromere,
cenRNAs also interact with components of the CPC: Aurora B, INCENP, and
Survivin in the G2/M phase in murine cells (Ferri et al. 2009). More specifically,
the association of cenRNAs with the mitotic kinase Aurora B was necessary for
Aurora B interaction with its partners Survivin and CENP-A and potentiated its
kinase activity (Fig. 7.1). Since cenRNAs peak in G2/M, these data therefore
suggested a role for cenRNAs in the timely recruitment or stabilization of the CPC
components specifically at centromeres before the onset of mitosis. In turn,
unscheduled accumulation of murine cenRNAs throughout the cell cycle led to
ectopic localization of CPC proteins, mitotic abnormalities, and loss of cohesion
between sister chromatids (Bouzinba-Segard et al. 2006). This interaction between
cenRNAs and CPC proteins is conserved in Xenopus and humans, as seen with the
knockdown of cenRNAs which impaired the recruitment of CPC at centromeres
(Ideue et al. 2014; Blower 2016). Strikingly, the association of cenRNAs with
Aurora B was also shown to be required for both telomerase activity and mainte-
nance of telomere length in mESCs (Mallm and Rippe 2015). In the mouse,
centromeres and telomeres being in close proximity, it is possible that cenRNAs
may favor a local concentration of the kinase for shared functions on two essential
chromosomal domains.

Together, these data emphasize that the fine-tuning of centromeric transcription/
transcript levels is absolutely required, since too low or too high transcription or
cenRNAs levels have deleterious consequences for centromere identity and function,
and hence for normal cell growth and survival, and are emerging as new kinds of
players in the development of disease as discussed in the following chapters.

7.3.3 Regulation of the Levels of (Peri)centromeric
Transcripts Themselves

As mentioned above, the dynamic levels of cenRNAs according to cellular contexts
may not only result from regulatory processes at the level of transcription but also at
the level of the transcripts themselves, through fine-tuning of their stability or their
processing. In S. cerevisiae, low levels of cenRNAs might be insured by their
degradation by the exosome (Houseley et al. 2007; Ling and Yuen 2019). In many
species, centromeric repeats are transcribed in both sense and antisense orientations
(Topp et al. 2004; Li et al. 2008; Carone et al. 2009; Ideue et al. 2014), which would
favor the formation of double-stranded RNAs (dsRNAs) that are substrates for
further processing by the RNA interference (RNAi) machinery. The first example
of the possibility that cenRNAs could be processed into smaller species was pro-
vided by the discovery of endogenous small interfering RNA (siRNAs) of centro-
meric origin in S. pombe (Reinhart and Bartel 2002). In addition, deletion of factors
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of the S. pombe RNAi machinery such as Dicer, the RNA-binding protein Argonaute
(AGO), or the RNA-dependent RNA polymerase (RdRP), led to aberrant accumu-
lation of cenRNAs and chromosome missegregation due to defective
pericentromeric heterochromatin formation (Volpe et al. 2002). Similarly, in
human—chicken hybrid cells (chicken DT40 cells carrying a human chromosome),
ablation of Dicer led to mitotic defects and premature sister chromatid separation that
was attributed to the loss of HP1 at pericentromeric heterochromatin and
mislocalization of the cohesin complex (Fukagawa et al. 2004). In mouse embryonic
stem cells (mESCs), Dicer deficiency also caused an accumulation of pericenRNAs,
ranging from 40 nt to over 200 nt in size, i.e., not in the size range of siRNAs
(Kanellopoulou et al. 2005; Murchison et al. 2005). Dicer has been involved in the
repression of pericentromeric repeats in many species, but its depletion did not lead
to mitotic defects in mESCs, although they exhibited differentiation and proliferation
defects. In human cells, knockdown of Dicer or AGO2 resulted in chromosome
lagging and increased levels of cenRNAs (Huang et al. 2015).

In fact, outside of the well-characterized S. pombe model, the literature is
punctuated by opposing views of the role of Dicer/RNAi pathway in the regulation
of the levels of satellite transcripts, with consequences for heterochromatin assembly
and chromosomal stability. This is probably related to the failure to detect 25-30 nt
RNA species, at least in the mouse (Kanellopoulou et al. 2005; Bouzinba-Segard
et al. 2006). However, in mESCs, 150 nt-long cenRNAs, and smaller species but
longer than siRNAs, have been detected and shown to rely on Dicer for their
biogenesis (Kanellopoulou et al. 2005). Whether these transcripts play similar
roles as (peri)centromeric siRNAs found in S. pombe is an interesting possibility.
Of note, whereas exponentially growing somatic murine cells exhibit low levels of
2-4 Kb cenRNAs, the accumulation of 120 nt-long cenRNAs in physiopathological
conditions recapitulated the same phenotypic defects observed in Dicer-deficient
S. pombe that failed to produce centromeric siRNAs, including loss of sister chro-
matid cohesion, impaired centromere architecture and heterochromatin organization,
associated with mitotic defects (Bouzinba-Segard et al. 2006). Although it is still not
known whether these shorter cenRNAs result from cleavage through unknown
mechanisms or are produced by multiple transcription initiation events, these data
suggested that the absence of mature siRNAs or the accumulation of unprocessed
longer RNA species have the same impact on the integrity of centromeric regions
(Bouzinba-Segard et al. 2000).

The low levels of cenRNAs in normal conditions could indicate a short half-life
caused by the rapid degradation of the transcripts through mechanisms exposed
above or through posttranscriptional modifications shown to regulate the stability of
transcripts (Nachtergaele and He 2017; Boo and Kim 2020). Among the myriad of
known posttranscriptional RNA modifications, the adenosine to inosine (A to I)
modification mediated by the adenosine deaminase acting on RNA (ADAR) machin-
ery was shown to edit structured dsRNAs, with selectivity for certain internal loops
and bulges rather than for a consensus sequence (Levanon et al. 2005). Just like the
excitement of a connection between the RNAi machinery in keeping (peri)-
centromeric transcription in check in a broad range of eukaryotes in the early
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years of 2000 (Lippman and Martienssen 2004), the involvement of ADAR in the
silencing of repetitive sequences in heterochromatin also attracted much interest a
few years later (Fernandez et al. 2005). The A/T-rich and potentially dsRNAs
produced from murine pericentromeric satellite repeats (Kanellopoulou et al.
2005) would make excellent substrates for the deamination of adenosine to inosine
residues by ADAR. However, the search for such editing and for an
immunolocalization of factors of the ADAR complex at (peri)centromeric domains
remained unsuccessful (Lu and Gilbert 2008). Yet, it is interesting to note that RNA
editing by ADAR is incompatible with the RNAi machinery (Scadden and Smith
2001). This is exemplified by the A to I conversion on microRNAs (miRNAs)
derived from repetitive Long interspersed nuclear element 2 (LINE2), which blocks
their cleavage by Dicer in human and mouse (Kawahara et al. 2007).

Thus, there is an exciting possibility that the dynamic size range of cenRNAs,
with potentially distinct roles, could result from the fine-tuning of a balance between
RNA modifications and RNA processing depending on phases of the cell cycle or
cellular contexts.

7.4 Centromeric Transcripts: Cause or Consequence
of Disease?

7.4.1 Accumulation of Satellite Transcripts in Various Types
of Cellular Stress

Cells are constantly exposed to various environmental or endogenous stresses that
may jeopardize their identity and viability. Exogenous sources of cellular stress
include high temperatures [heat shock (HS)], DNA damaging chemicals, UV and
ionizing radiation, hyperosmotic and oxidative stresses, whereas endogenous stress
can originate from cellular metabolism or replication defects. In this context, a major
challenge for the cells is therefore to safeguard their genome integrity. This is
fundamental for their survival but also for the normal functioning of the whole
organism and protection from the emergence of disease states. In that respect, cells
have evolved sophisticated mechanisms that can trigger a rapid and adapted cellular
response, including cell-cycle arrest, to allow time to repair DNA lesions or activate
sets of genes to recover from stress, and therefore maintain their genomic integrity.
There is now a large body of evidence showing that transcription of (peri)-
centromeric satellite repeats is rapidly induced in cells under various stress condi-
tions, through the activity of transcription factors belonging to different stress-
response pathways, thereby increasing the levels of resulting satellite transcripts as
integral components of the stress response.

The accumulation of human pericenRNAs from Sat IIT of chromosome 9 was the
first and best-characterized example of the accumulation of satellite transcripts in
stress conditions. Originally described in response to HS (Jolly et al. 2004; Rizzi
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et al. 2004), it occurs in all of the above-cited types of stress conditions
(Valgardsdottir et al. 2008). In response to HS, transient subnuclear organelles,
called nuclear stress bodies (nSB), assemble on blocks of Sat III DNA repeats at
which the Heat Shock Factor 1 (HSF1) binds, which in turn recruits the RNA Pol II
and promotes transcriptional activation of the repeats (Biamonti and Vourc’h 2010).
In stressed cells, nSBs are thought to contribute to the rapid and transient shutdown
or reprogramming of gene expression programs required for the cells to recover from
stress, through a Sat III transcripts-mediated trapping of a subset of splicing and
transcription factors away from their site of action (Eymery et al. 2010).
Pericentromeric heterochromatin is also central to the functional organization of
the cell nucleus and to the maintenance of gene silencing through their positioning in
the vicinity of subnuclear heterochromatin compartments (Francastel et al. 2000;
Fisher and Merkenschlager 2002). Hence, transcriptional activation of
pericentromeric Sat III sequences may also have a long-range impact on gene
expression programs through the disorganization of these repressive nuclear com-
partments. It is interesting to note that activated transcription of satellite repeats in
response to thermal perturbations appears to be a shared feature as it also occurs in
beetles (Pezer and Ugarkovic 2012), Arabidopsis thaliana (Pecinka et al. 2010;
Tittel-Elmer et al. 2010), and mouse (Hédouin et al. 2017). However, whether it
triggers similar mechanisms in these organisms is not known. In fact, in the mouse,
HS stimulates only a modest increase in cenRNAs levels but not that from
pericentromeric repeats, whereas nSBs described in human cells do not form in
murine cells. Hence, cellular responses to stress may vary between organisms
although satellite transcripts appear to be central to the stress response.

In contrast to HS in murine cells, genotoxic stress led to a strong and rapid
transcriptional activation of centromeric repeats, followed by local accumulation of
cenRNAs at their site of transcription (Hédouin et al. 2017). Transcriptional activa-
tion, and not the transcripts themselves, has been causally linked to the loss of
centromere identity characterized by the delocalization of CENP-A away from its
default location. CENP-A delocalization, or eviction of CENP-A nucleosomes, was
dependent on the chromatin remodeler FACT, pinpointing another function of
FACT at centromeres in nucleosome destabilization at centromeres, and on the
DNA Damage Response (DDR) effector ATM (Hédouin et al. 2017). Importantly,
genotoxic stress-induced transcriptional activation of centromeric repeats had dis-
tinct functional consequences for cellular phenotypes depending on the integrity of
the p53 checkpoint. Whereas immortalized cells continued to cycle, while accumu-
lating micronuclei indicative of mitotic errors and centromere dysfunction, primary
cells with normal p53 entered premature cell-cycle arrest and senescence (Hédouin
et al. 2017). Hence, in the mouse, activated transcription at centromeric repeats
provides a safeguard mechanism to prevent genomic instability in the context of
persistent DNA damage signaling, through the disassembly of the core components
of centromere identity and function. Whether this mechanisms is related to the
acrocentric structure of murine chromosomes, i.e., with telomeres close to centro-
meric repeats, or to the mouse having very long telomeres so they enter senescence
through mechanisms distinct than telomere shortening, is not known. However,



7 Centromeres Transcription and Transcripts for Better and for Worse 187

together with the example of increased levels of Sat III pericenRNAs in heat-
shocked cells, this illustrated the functional relevance for satellite transcripts in the
stress response and protection of genome integrity.

7.4.2 Deregulation of Satellite Transcription/Transcripts
in Cancer

Consistent with the above-mentioned links between transcription of satellite repeats
and the triggering of safeguard mechanisms, it is not surprising that aberrant
accumulation of transcripts from satellite repeats characterizes disease states with
chromosomal instability like cancer, and that they actually represent good bio-
markers of cancerous lesions (Eymery et al. 2009a; Ting et al. 2011; Zhu et al.
2011; Bersani et al. 2015; Tasselli et al. 2016; Hall et al. 2017). Yet, whether they are
mere byproducts of disease phenotypes or act as drivers of disease, and through
which mechanisms, are still open questions.

Macroarray-based approaches, designed to assess levels of transcripts from
various repeated elements including satellite sequences, showed that the levels of
satellite transcripts are higher in a variety of cancer cells compared to their normal
healthy counterparts (Eymery et al. 2009a). Aberrant accumulation of satellite
transcripts has also been reported in a wide range of primary epithelial tumors,
both in humans and mice (Eymery et al. 2009a; Ting et al. 2011; Zhu et al. 2011).
High-throughput sequencing has further highlighted that satellite transcripts actually
represent up to 50% of transcriptional output in these tumors, which is in stark
contrast to the low levels of these RNAs in normal cells (Ting et al. 2011).

An important open question remains as to the mechanisms that lead to the
pathological transcriptional derepression of satellite sequences. Abnormal levels of
satellite transcripts are often associated with the global hypomethylation that char-
acterizes cancer cells, which in fact reflects reduced DNA methylation at repeated
sequences owing to the large fraction of the genome they represent and their heavily
methylated state in normal cells (Ross et al. 2010). The derepression of satellite
transcripts was indeed shown to correlate with reduced DNA methylation of the
underlying repeats (Ting et al. 2011; Unoki et al. 2020).

More hints into causal links between the aberrant accumulation of satellite
transcripts and chromosomal instability came from gain-of-function experiments
where cenRNAs were ectopically transcribed from expression vectors. In murine
cells, ectopic expression of minor satellites from one repeat unit was sufficient to
promote mitotic defects and alterations of nuclear organization typical of cancer cells
(Bouzinba-Segard et al. 2006). Unscheduled accumulation of cenRNAs led to
mitotic errors and disorganized centromere architecture through the trapping of
centromeric protein complexes away from their default location (Bouzinba-Segard
et al. 20006), providing a direct link between high levels of cenRNAs and centromere
dysfunction. Likewise, ectopic expression or injection of satellite transcripts in
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cultured human or murine cells also led to mitotic errors (Zhu et al. 2011, 2018;
Kishikawa et al. 2016, 2018), in correlation with the accumulation of foci of
phosphorylated histone H2A. X (y-H2A) that marks DNA double-strand breaks
(DSBs) (Zhu et al. 2011). These data suggested that increased levels of satellite
transcripts, and not transcriptional activation per se, is deleterious to the cells and
leads to increased DNA mutation rates. They also put forward an interesting
interplay between pathological high levels of satellite transcripts and DNA damage.
In support of this hypothesis, there is the finding that these satellite transcripts
accumulate strongly in breast cancer cells deficient for the BRCAI gene (Zhu et al.
2011). Likewise, BRCAI1 depletion has been causally linked to elevated levels of
cenRNAs associated with impaired centromere architecture and chromosome
missegregation (Di Paolo et al. 2014). BRCA1 is an important repair factor which,
in normal conditions, occupies centromeric chromatin in interphase and throughout
mitosis in normal cells (Pageau and Lawrence 2006; Di Paolo et al. 2014; Gupta
et al. 2018), and may serve as a guardian of centromere integrity. Aberrant levels of
cenRNAs, just like it has been described for kinetochore proteins (Bouzinba-Segard
et al. 2006), were proposed to lead to BRCA1 delocalization away from centromeres
and further exposure of this locus to the accumulation of unrepaired genotoxic
insults (Zhu et al. 2018). Yet, the molecular mechanisms may not be that straight-
forward since BRCAL, besides its role in DNA damage repair, operates pleiotropic
functions linked to the maintenance of chromosomal stability including at the
replication fork, control of the cell cycle, and many other regulatory functions
(Savage and Harkin 2015). BRCA1 was also recently shown to be an important
determinant of the epigenetic states of centromeric and pericentromeric chromatin,
through its ubiquitin ligase activity (Zhu et al. 2011). H2A ubiquitination at Lys
19 by BRCA1 provides a repressive mark at centromeric repeats important for their
transcriptional repression. Hence, pathogenic variants of BRCA1 would promote
DNA damage through the derepression of centromeric repeats in addition to, or
instead of, promoting the accumulation of satellite transcripts. Along the same lines,
centromeric targeting of VP16 for transcriptional activation of the underlying repeats
in murine cells also promoted chromosomal instability (Zhu et al. 2018). Con-
versely, genotoxic stress using DSB inducers triggered the rapid transcriptional
activation of murine centromeric repeats in a p53- and ATM-dependent dependent
manner (Hédouin et al. 2017). In that case, transcriptional activation preceded, and
was required for, eviction of CENP-A from centromeric chromatin, suggesting a
direct link between activated transcription at centromeres and loss of centromere
function and identity.

All these data suggested that our vision of the functional consequences of
activated transcription of satellite repeats or accumulation of their related transcripts,
and the actors at play, on centromere function and chromosomal stability is still only
partial and may depend on organisms and cellular contexts. In the mouse, activated
transcription of centromeric repeats and delocalization of CENP-A is associated with
premature senescence in primary cells, whereas immortalized cells with impaired
P53 checkpoint continue to cycle while accumulating mitotic errors and micronuclei,
indicative of chromosomal instability (Hédouin et al. 2017). Thus, at least in the
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mouse, a functional p53 pathway is an important surveillance mechanism for
centromere integrity, although the mechanisms remain unknown. Interestingly,
pS53-deficient mice ectopically expressing either human cenRNAs or murine
pericenRNAs, were susceptible to tumor formation in mammary glands (Zhu et al.
2018). Hence, alterations to centromeric transcription may cooperate with oncogenic
events or loss of tumor-suppressor function to promote oncogenesis.

Many questions remain unanswered as to the direct and reciprocal links between
pathological hypomethylation of satellite repeats, their transcriptional derepression,
the accumulation of DNA damage, and chromosomal instability. As cancer is a
complex multifactorial disease, the current challenge is to dissect further and order
these events.

7.4.3 Deregulation of Satellite Transcripts in the ICF
Syndrome

A major breakthrough in the medical field came from the identification of inherited
disorders of the epigenetic machinery, which provided interesting monogenic con-
texts and unsuspected players in a number of biological processes (Velasco and
Francastel 2019). The first example of such developmental rare diseases was the
Immunodeficiency with Centromeric instability and Facial anomalies (ICF) syn-
drome, a rare autosomal recessive immunological/neurological disorder with typical
centromeric instability, including the presence of unusual multiradial chromosomal
figures, decondensation, and rearrangement of (peri)centromeric regions (Ehrlich
et al. 2006; Francastel and Magdinier 2019). At the molecular level, it is a remark-
able case where these chromosomal alterations are caused by constitutive defects in
DNA methylation, especially visible at heterochromatin blocks in juxtacentromeric
position regions of chromosomes 1, 9, and 16 (Satellites type II and III) in all patients
(Ehrlich et al. 2006). In a subset of patients, additional hypomethylation of centro-
meric a-satellite repeats suggested the genetic heterogeneity of the disease (Jiang
et al. 2005; Toubiana et al. 2018).

Studies of the etiology of this rare disease have been instrumental in the identi-
fication of essential factors for the methylated state of (peri)centromeric repeats and
the maintenance of their integrity. Hypomorphic mutations in the DNMT3B gene
were the first identified genetic cause in about half of the patients (Xu et al. 1999),
concomitantly implicated in de novo DNA methylation at centromeres in the mouse
(Okano et al. 1999). The disease gained renewed interest when, in the reminder of
patients, under the same diagnosis but with additional DNA methylation loss at
centromeric repeats, exome sequencing identified mutations in factors with very few
known functions and strikingly devoid of DNA methyltransferase (DNMT) activity
(de Greef et al. 2011; Thijssen et al. 2015). These factors are transcription factors
(ZBTB24, CDCAT7) or chromatin remodeler of the SWI/SNF2 family (HELLS), the
latter having already been shown to play a role in DNA methylation at murine
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centromeric repeats (Zhu et al. 2006). RNA interference performed in somatic cells,
where DNA methylation profiles are already established, further demonstrated the
requirement for ZBTB24, CDCA7, and HELLS in DNA methylation maintenance at
murine centromeric repeats (Thijssen et al. 2015). These findings represented a
major breakthrough in the knowledge of the determinants of DNA methylation at
centromeric repeats. Yet, they raised again the question of the mechanisms that link
hypomethylation of centromeric repeats to centromere loss of integrity, and the
question of the contribution of non-DNMT ICF factors in DNA methylation and
integrity of centromeres.

Independently of a putative role in DNA methylation pathways, a role for
CDCA7 and HELLS in DNA repair pathways has been recently reported,
reinforcing the idea of a link between DNA damage and centromere integrity
(Burrage et al. 2012; Unoki et al. 2019). Notably, human embryonic kidney
HEK-293T cells engineered to reproduce CDCA7 and HELLS mutations found in
ICF patients exhibited a compromised nonhomologous end joining (NHEJ) DNA
repair pathway (Unoki et al. 2019). Consistent with an aberrant accumulation of
defects in DNA repair at centromeres, these cells accumulated micronuclei and
suffered from abnormal chromosome segregation, while satellite repeats retained
their methylated status. These engineered ICF cells, as well as cells from ICF
patients, also exhibited increased transcription of (peri)centromeric repeats (Unoki
et al. 2020). Given that genotoxic stress promotes a rapid transcriptional activation at
centromeres (Hédouin et al. 2017), and along with the findings that satellite tran-
scripts accumulate in breast cancer cells deficient for the DNA repair factor BRCA1
(Zhu et al. 2011), these data, therefore, suggested that DNA damage may trigger
transcriptional activation at satellite repeats. An alternative, or concomitant, the
mechanism could be that factors like CDCA7, HELLS, or BRCA1 may protect
transcribed centromeric repeats from the accumulation of deleterious DNA:RNA
hybrids (R-loops), just like BRCA1 does at transcriptional termination pause sites of
actively transcribed genes (Hatchi et al. 2015). R-loops are dynamic and abundant
structures that have been involved in a variety of physiological processes including
chromosome segregation (Kabeche et al. 2018), whereas their unscheduled accumu-
lation is also a source of DNA damage and genome instability (Costantino and
Koshland 2018; Mishra et al. 2021). R-loops have been observed to accumulate at
(peri)centromeres in engineered ICF cells and cells from ICF patients (Unoki et al.
2020). However, whether the transcriptional derepression and subsequent R-loop
formation arise directly through DNA methylation loss or loss of function of ICF
factors acting as “guardians” or transcriptional repressors of (peri)centromeric
repeats, remains to be determined.

Like in cancer cells, transcriptional derepression or accumulation of the related
satellite transcripts may represent intermediate steps between pathological
hypomethylation of satellite repeats and chromosomal instability (Fig. 7.2). Impor-
tantly, the ICF syndrome leads to the premature death of the patients in early
childhood from repeated infections, and despite a few reported cases where patients
developed cancer, it is not clear whether pathological hypomethylation of centro-
meric repeats would favor later complications and further emergence of cancer. It
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Pathological hypomethylation
Stress, premature aging
Impaired RNA processing/editing

Mislocalization

Centromere loss of identity and integrity

Fig. 7.2 Increased centromere transcription/transcripts levels: missing links between physiopath-
ological DNA hypomethylation/DNA damage at centromeres and loss of centromere identity and
function. Pathological hypomethylation, DNA damage at centromeres, or potentially impaired
RNA processing or editing could promote: (a) unscheduled activated transcription of centromeric
repeats, which in turn would lead to the formation of genotoxic R-loops; (b) aberrant accumulation
of cenRNAs and trapping of kinetochore and DNA repair proteins away from centromeres; (c) the
formation of double-stranded cenRNAs, known to trigger inflammatory responses. Although direct
links between all these events remain to be formally dissected, the deregulation of centromeric
transcription/transcripts ultimately lead to loss of centromere identity and integrity, as exemplified
by multiradial chromosome figures, loss of sister chromatid cohesion, or recombination events
between satellite repeats

also pointed out again that the impact of higher levels of satellite repeats transcripts
on cellular phenotypes depends on the context in which it occurs.

A possibility that has not been evoked yet is that loss of DNA methylation at
(peri)centromeric repeats and its associated abnormal levels of satellite RNAs may
trigger surveillance mechanisms, which in fine would activate an interferon inflam-
matory response (Rajshekar et al. 2018). This has been nicely shown in a Zebrafish
ICF model where one of the earliest in vivo consequences of ZBTB24 loss of
function is a progressive loss of DNA methylation at pericentromeric regions
associated with the derepression of sense and antisense pericenRNAs. This in turn
triggered an interferon-dependent immune response mediated by the Melanoma
Differentiation-Associated gene 5 (MDAS) and Mitochondrial AntiViral Signaling
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(MAVS) machinery, an antiviral surveillance mechanism that senses dsRNAs
(Berke et al. 2013). Injection of sense and antisense pericenRNAs in Zebrafish
embryos was also sufficient to stimulate the innate immunity (Rajshekar et al.
2018), implicating the accumulation of pericenRNAs as an important trigger of
autoimmunity in a variety of diseases.

7.5 Conclusion

All of the data exposed in this chapter lend support to the essential nature of temporal
control of the act of transcription through centromeric satellite repeats for the
determination and correct functioning of this chromosomal region in most of the
species studied so far. Transcription per se would facilitate the dynamic exchange of
nucleosomes for the deposition of the key determinant of centromere identity,
CENP-A, but would also favor a local concentration of the transcripts themselves
for the timely recruitment of other centromere components. Yet, it is still unclear
which molecular mechanisms and regulatory pathways are involved for a timely
control in normal conditions, although we mentioned transcription factors acting in
defined chromatin environments and RNA-based mechanisms for the regulation of
the transcripts levels.

In turn, unscheduled transcription or aberrant levels of the transcripts have
profound consequences for both centromere function and cell fate. We have seen
that activated transcription of (peri)centromeric repeats or ectopic accumulation of
the transcripts, i.e. elsewhere than at centromeres, under stress conditions is a
mechanism adopted by many organisms to trigger rapid cellular responses for cells
to recover from stress. This type of response is possible through the trapping of
various regulatory factors away from their site of action and impairment of their
associated functions, to favor genome repair or remodeling of gene expression
programs. In turn, unscheduled transcription or accumulation of the transcripts
coincides with disease states. In that case, they are not seen as safeguard mecha-
nisms, which implicitly infer collaborative effects with disease conditions like
defective checkpoints, oncogenic events, or even an inflammatory environment
that ultimately alter cellular phenotypes. Pathological hypomethylation of satellite
repeats like in cancer or ICF syndrome is a good candidate for uncontrolled
transcription of satellite repeats, although we have seen that it is not necessarily
sufficient and that opportunistic tissue- or context-specific factors may come into
play. This might explain why all cancer cells do not necessarily exhibit increased
transcription of satellite repeats, and why ICF patients do not have widespread
alterations in all their tissues. Alternatively, or in addition to, defective
RNA-based surveillance mechanisms might also contribute to the abnormal eleva-
tion of the levels of satellite transcripts.

In sum, the use of a wide range of model organisms and artificial centromeres
allowed to identify a large number of centromere and kinetochore proteins, to
address the relevance of DNA sequences for centromere identity, and to tackle the
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functional relevance of centromeres transcription/transcripts for centromere identity
and function. Studies of the etiology of complex or monogenic human diseases
further identified key determinants for centromere integrity and function, among
which we can cite factors with DNA repair or chromatin remodeling activities, many
of which could not be suspected before their implication in centromeric instability
diseases. Yet, our vision of the intricate contribution of all the actors and mecha-
nisms mentioned throughout this chapter still remains fragmentary and will require
the development of targeted approaches, many of which are still missing in mam-
malian systems.
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Chapter 8 )
Global Repeat Map (GRM): Advantageous <
Method for Discovery of Largest

Higher-Order Repeats (HORs)

in Neuroblastoma Breakpoint Family

(NBPF) Genes, in Hornerin Exon

and in Chromosome 21 Centromere

Vladimir Paar, Ines Vlahovié¢, Marija Rosandi¢, and Matko Gluncié

Abstract Here we present three interesting novel human Higher-Order Repeats
(HORs) discovered using the HOR-searching method with GRM algorithm:
(a) The novel Neuroblastoma Breakpoint Family gene (NBPF) 3mer HOR, discov-
ered applying GRM algorithm to human chromosome 1 (Paar et al., Mol Biol Evol
28:1877-1892, 2011). NBPF 3mer HOR is based on previously known ~1.6 kb
NBPF primary repeat monomers (known as DUF1220 domain) in human chromo-
some 1, but the NBPF HOR was not known before its discovery by using GRM. It
should be stressed that the NBPF HOR presents a unique human-specific pattern,
distinguishing human from nonhuman primates. (b) The novel quartic HOR
(2mer D 2mer D 9mer) discovered using the GRM algorithm for analysis of
hornerin genes in human chromosome 1 (Paar et al., Mol Biol Evol
28:1877-1892, 2011). This quartic HOR is based on 39 bp hornerin primary repeat
monomer in human chromosome 1. To our knowledge, this is the first known case of
quartic HOR, with four levels of hierarchy of HOR organization. (c) The novel
33mer alpha satellite HOR in human chromosome 21, discovered using the GRM
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algorithm (Glunci¢ et al., Sci Rep 9:12629, 2019). This 33mer HOR in the smallest
human chromosome is the largest alpha satellite HOR copy among all 22 somatic
human chromosomes. Moreover, the same 33mer HOR is present in the hg38 human
genome assembly of four human chromosomes: 21, 22, 13, and 14. We point out that
the DUF1220 encoding genomic structures in NBPF genes in human chromosome
1, recently studied and related to the brain evolution and pathologies and cognitive
aptitude, can be considered in the framework of the general concept of HORs,
already extensively studied in genomics, especially in the centromeric region.

Keywords HOR - NBPF - Hornerin - Human genome - Neanderthal genome -
Chromosome 21

8.1 Introduction

The concerted evolution of tandemly repeated DNA families involves many genetic
turnover mechanisms and insight into these processes can be obtained by investiga-
tion of repeat structure and organization (Brown et al. 1971; Southern 1975; Smith
1976; Dover 1982; Willard 1985, 1991; Dover 1986; Willard and Waye 1987; Choo
et al. 1991; Charlesworth et al. 1994; Warburton and Willard 1996; Alexandrov et al.
2001; Rudd et al. 2006; Aldrup-Macdonald and Sullivan 2014; Ruiz-Ruano et al.
2016; Sullivan et al. 2017; Jain et al. 2018; Miga et al. 2020). The alpha satellite
DNA, extensively investigated at the human and other centromeres of human and
other primates, can be considered as a paradigm for studies of concerted evolution in
tandemly repeated DNA families (Willard and Waye 1987; Willard 1991; Choo et al.
1991; Warburton and Willard 1996; Alexandrov et al. 2001; Garrido-Ramos 2017;
Sullivan et al. 2017). The primary repeat of alpha satellite DNA is based on
~20-40% diverged monomers of approximately 171 bp. Most alpha satellite mono-
mers are organized into higher-order repeats (HORs) in which monomers (alpha
satellite repeat units) are reiterated as a single repeat structure with high sequence
identity (more than 95%) (Willard and Waye 1987; Willard 1991; Choo et al. 1991;
Warburton and Willard 1996; Alexandrov et al. 2001). The impressive recent
progress of sequencing technology (Aldrup-Macdonald and Sullivan 2014; Miga
2015, 2017; Ruiz-Ruano et al. 2016; Turner et al. 2018; Jain et al. 2015, 2018;
Lower et al. 2018; Uralsky et al. 2019; Miga et al. 2020; Logsdon et al. 2020) gives a
new impetus for HOR studies.

While HORs were so far largely investigated in the centromeric region, here we
turn more attention to some cases of HORs in genes. The most intriguing case could
be the 3mer HORs in NBPF (neuroblastoma breakpoint family) genes in human
chromosome 1, having an important role in human brain evolution and function.
They contain a repetitive structure with rather divergent (~20%) repeat units of
~1.6 kb (Vinogradova et al. 2002; Fortna et al. 2004; Vandepoele et al. 2005;
Popesco et al. 2006; Dumas et al. 2007; Dumas and Sikela 2009). These repeats
encode the protein domain of unknown function, DUF1220; these DNA repeats are
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called DUF1220 repeats or DUF1220 domains, with dramatically increased copy
number in the human genome (Vandepoele et al. 2005; Popesco et al. 2006). The
DUF1220 copy number was correlated with brain size, cortical neuron number,
brain pathologies (autism, schizophrenia, microcephaly, macrocephaly, and neuro-
blastoma), IQ scores, cognitive aptitude, and evolution (Vandepoele et al. 2005,
2008; Popesco et al. 2006; Andries et al. 2012; Dumas et al. 2012; Davis et al. 2014;
Keeney et al. 2014; Quick et al. 2015; Astling et al. 2017; Mitchell and Silver 2018;
Fiddes et al. 2019; Heft et al. 2020).

Using the novel robust HOR searching algorithm GRM (Paar et al. 2011),
convenient for detecting and analyzing long HOR units, the novel ~4.8 kb NBPF
3mer HORs were discovered (Paar et al. 2011) based on ~0.6 kb primary repeats in
human chromosome 1. In general, GRM identifies simultaneously both HORs and
their primary repeat monomers in a given sequence without the need for any prior
knowledge on primary repeats and HORs. It turns out automatically that these three
constituent monomer types coincide with DUF1220 repeats. As pointed out (Andries
et al. 2012), before the discovery of NBPF 3mer HOR (Paar et al. 2011), it was not
realized that the DUF1220 repeats are of three types, forming a remarkable 3mer
HOR organization embedded within the NBPF genes. In fact, the ~4.8 kb NBPF
3mer HOR is a classical HOR pattern.

On the basis of divergence among DUF1220 repeats, this pattern was expressed
in the DUF1220 terminology, with the use of the novel name HLS DUF1220 triplet
(O’Bleness et al. 2012, 2014), but it was not noted that it corresponds in classical
HOR terminology to the previously identified 3mer HOR. Bioinformatically, the
HOR-searching method is simpler than the monomer (DUF1220) searching method
because of a much smaller divergence between HOR copies than between neigh-
boring DUF1220 domains.

Comparing the NBPF 3mer HORs identified by GRM in human, Neanderthal,
and chimpanzee genomes interesting results on a possible evolutionary role of these
HORs are emerging.

The second case of pronounced novel intra-gene HOR discovered by using the
GRM algorithm is the ~1.41 kb quartic HOR fully embedded within exon in the
human hornerin gene. This quartic HOR is characterized by the three-level-hierarchy
HOR organization (Paar et al. 2011), based on the 39 bp primary repeat monomer.
The fourth case of the long HOR unit presented here is the ~5.6 kb 33mer human
alpha satellite HOR (Glunci¢ et al. 2019) in chromosome 21, based on the ~171 bp
alpha satellite primary repeat. Interestingly, this longest alpha satellite HOR unit
among somatic chromosomes is located in the smallest of all somatic chromosomes.

8.2 HORs and GRM
8.2.1 Higher-Order Repeats (HORs)

HORSs have been extensively studied in human and nonhuman primate chromo-
somes, with alpha satellite primary repeat units of ~171 bp (Manuelidis 1978;
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Willard 1985; Warburton and Willard 1996; Alexandrov et al. 2001; Warburton
et al. 2008). The best-known prototypes of HORs are alpha satellite arrays, located in
the centromeric region of all human chromosomes (Wu and Manuelidis 1980;
Willard 1985; Jorgensen et al. 1986; Waye and Willard 1987; Willard and Waye
1987; Tyler-Smith and Brown 1987; Warburton and Willard 1996; Choo 1997,
Alexandrov et al. 2001; Rudd and Willard 2004; Jurka et al. 2005; Rosandi¢ et al.
2003; Paar et al. 2005; Miga 2017; Sullivan et al. 2017; Aldrup-Macdonald and
Sullivan 2014; Lower et al. 2018; Uralsky et al. 2019; Gluncic€ et al. 2019). The term
satellite DNA defines highly repetitive DNA sequences organized in tandem arrays
(Pech et al. 1979; Singer 1982; Garrido-Ramos 2017). Alpha satellite arrays consist
of primary repeat units, diverged monomers of approximately 171 bp in length,
tandemly arranged in a head-to-tail fashion. Individual alpha satellite monomers
diverge in sequence from each other by 20-40%. Some stretches of alpha satellites
are hierarchically organized into HORs, secondary repeat units with highly conver-
gent HOR copies (types of monomers based on sequence similarity, the divergence
between monomers of the same type less than 5%, in some cases even below 1%). A
sequence of a certain number of diverging monomers, forming a secondary repeat
unit containing » monomers (nmer HOR unit), is tandemly repeated, with a much
smaller divergence between HOR copies than the divergence between monomers
within each HOR copy (Warburton and Willard 1996). In the nmer HOR array, the
HOR copies containing » monomers are referred to as canonical nmer HOR copies,
while the corresponding HOR copies missing one or more of n monomers, or having
more than n monomers are referred to as noncanonical.

An explanation for generating HORs involves unequal crossing over between
misaligned HOR units aligned on the register of homologous monomers. Unequal
crossing over, restricted to tandem sequences, explains the generation and local
homogenization of HOR units and accounts for large size variation among HORs on
homologous chromosomes (Southern 1975; Smith 1976; Willard and Waye 1987;
Warburton and Willard 1996; Schueler et al. 2001; Alkan et al. 2004; Rudd et al.
2006). HORs are in particular interesting since they are due to more recent evolution
and enable a rapid evolutionary process.

Alpha satellite HORs in human and nonhuman primates have been first identified
by hybridization (Willard 1985; Waye and Willard 1987; Wolfe et al. 1985;
Jorgensen et al. 1986; Tyler-Smith and Brown 1987; Willard and Waye 1987,
Choo et al. 1991; Alexandrov et al. 1991; Ge et al. 1992; Greig et al. 1993;
Mashkova et al. 1994; Warburton and Willard 1996) and later by bioinformatics
tools, as for example TRF (Benson 1999), BLAST (Altschul et al. 1990), etc.,
applied to genomic sequences. Willard and coworkers have pointed out that the
alpha satellite DNA can be considered as a paradigm for addressing specific ques-
tions about the processes of concerted evolution in tandemly repeated DNA families
(Willard 1991; Willard and Waye 1987).

HORs have been also identified for a number of other types of repeat monomers,
even fully embedded in genes, or even within a single exon (for example, Paar et al.
2011); and surprisingly, even in such evolutionary distant species like insects
(Vlahovi¢ et al. 2017). It should be stressed that the repeat elements in the genome
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have been associated with a regulatory role in eukaryotic organisms (King and
Wilson 1975; Pennacchio and Rubin 2001; Ugarkovi¢ 2005; Haygood et al. 2010;
Noonan and McCallion 2010; Pezer et al. 2012).

8.2.2 HOR-Searching and Monomer-Searching Methods

The simplest way to identify HORs in a given genomic sequence is to use directly a
HOR-searching method: to identify directly the HOR copy repeats in a given
sequence. However, with an increase in HOR copy length, the efficacy of compu-
tational HOR searching tools decreases. Different computational algorithms are
available to identify large tandem arrays. Lower et al. (2018) include the following
software for assessing satellite DNA: TRF (Benson 1999), alfa-CENTAURI (Sevim
et al. 2016), GRM (Glunci¢ and Paar 2013), RepeatExplorer (Novak et al. 2013),
TAREAN (Novak et al. 2017), RepeatMasker (Smit et al. 2015), Spectral Repeat
Finder (Sharma et al. 2004), etc., and for extended analysis BLAST (Altschul et al.
1990). In Ref. Lower et al. (2018), the purpose HOR discovery is associated with two
novel methods: alfa-CENTAURI (Sevim et al. 2016) and GRM (Glunci¢ and Paar
2013).

GRM algorithm is a robust method, convenient for the identification and study of
long HOR copies, as well as with deviations from regular HOR patterns. The main
advantage of HOR-searching methods is due to the characteristic small divergence
between neighboring HOR copies. After identification of HOR copies, the constit-
uent monomers are deduced, and inter-monomeric divergence is determined. Simul-
taneously, GRM identifies all types of pronounced HORs present in a given genomic
sequence, without the need for any prior knowledge on constituent monomers.

The other way to identify HORs in a given sequence is the monomer-searching
method (monomer denotes a primary repeat sequence). This method starts with the
identification of monomers in a given sequence, but the divergence between neigh-
boring monomers can be sizable, much larger than divergence among HOR copies.
Once diverged repeat monomers are identified, in the next step a search for low
divergence among some equidistant monomers enables a posteriori identification of
HOR copies.

Concluding, the HOR-searching methods identify in the first step the repeating
HOR copies, with low mutual divergence (less than 5%). In the second step, the
monomers that are constituents of HOR copies are deduced from HOR copies
identified in the first step. The monomer-searching methods identify repeating
monomers in the first step, which have sizable mutual divergence (~20-40%).
This can have an impact on the accuracy or resolution of the method. In the second
step, HOR copies are obtained by combining monomers resulting from the first step.
Because of this divergence, the HOR-searching methods can have a computational
advantage for the identification and study of long and/or distorted HOR copies.
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8.2.3 GRM Algorithm: A Robust Tool for Identification
of Large Repeats and Higher-Order Repeats in a Given
Genomic Sequence

GRM is a novel efficient and robust method to identify and study large repeats,
especially HORs, in a given DNA sequence. The GRM algorithm (Paar et al. 2011;
Glundi¢ and Paar 2013; Glunci¢ et al. 2019; Vlahovi¢ et al. 2020) is an extension of
KSA (Key String Algorithm) (Rosandi¢ et al. 2003, 2006; Paar et al. 2005, 2007)
and ColorHor algorithm (Paar et al. 2005).

For long DNA sequences, the noise in detecting repeats increases with the
increasing length of the HOR repeat unit, which can mask some peaks corresponding
to HOR copies. This background noise is significantly reduced in the GRM algo-
rithm. The novelty of the GRM approach is a direct mapping of symbolic DNA
sequence into the frequency domain using a complete K-string ensemble instead of
statistically adjusted individual K-strings optimized locally. In this way, GRM pro-
vides a straightforward identification of DNA repeats using frequency domain, but
avoids mapping of symbolic DNA sequence to numerical sequence, and uses
K-string matching, but avoids statistical methods and locally optimizing individual
K-strings. For a given sequence, the GRM algorithm provides in the first step
(identification step) the corresponding GRM diagram; each significant peak ( frag-
ment length) presents the length of a repeat unit. In the second step (analysis step),
for each significant GRM peak, the algorithm determines the corresponding repeat
sequences and their positions, the consensus repeat unit and divergence between
repeat copies and with respect to consensus (Paar et al. 2011; Glunci¢ and Paar 2013;
Gluncic et al. 2019).

In the case of alpha satellite HORs, when using the hg38 genome assembly, GRM
is supplemented by the novel ALPHAsub algorithm, which efficiently recognizes
and detects alpha satellite arrays in DNA sequence. As an “ideal key word,” robust
28-bp segment from alpha satellite DNA sequences, TGAGAAACTGCTT
TGTGATGTGTGCATT is used (Glunci¢ et al. 2019). The first step identifies
locations of alpha satellite arrays in DNA sequence and the second step performs
GRM computation for them. In this way, an ensemble of all alpha satellite HORSs is
extracted from a given genomic sequence.

In summary, characteristics of the GRM algorithm are robustness with respect to
deviations from ideal repeats (substitutions, insertions, deletions), straightforward
and parameter-free identification of simple repeats (tandem and dispersed), applica-
bility to very large repeat units—both simple repeats and HORs, straightforward
determination of consensus lengths and consensus sequences for simple repeats and
HOREs. In particular, GRM has no such limitation on the length of HOR copy as the
TRF algorithm. The GRM method is a straightforward method to provide a global
repeat map in a GRM diagram, identifying all pronounced repeats in a given
sequence, without the need for any prior knowledge on repeats. Once the size of
the repeat is determined, GRM provides straightforwardly the location of the
corresponding repeat arrays. GRM is particularly useful for obtaining precise
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sequence information since the method does not involve any averaging procedure. It
is also useful that the method is rather robust with respect to sizeable substitutions
and indels. Once the consensus repeat unit is determined using GRM, in the next step
it could be combined with BLAST search for dispersed HOR copies or their
constituent monomers. Further information on the GRM code is available on request
from the authors.

8.3 Human-Specific NBPF HORs in Human Chromosome 1
8.3.1 The NBPF Gene Family with ~1.6 kb Primary Repeat

The NBPF genes in human chromosome 1 contain a repetitive structure, both in
coding and noncoding regions (Vinogradova et al. 2002; Vandepoele et al. 2005),
with rather divergent (~20%) repeat units of ~1.6 kb (Fortna et al. 2004; Vandepoele
et al. 2005; Popesco et al. 2006). The NBPF monomer repeat encodes the protein
domain of unknown function, called DUF1220 (Vandepoele et al. 2005), and the
NBPF repeat was referred to as NBPF/DUF1220 repeat or DUF1220 repeat or
DUF1220 domain. Each ~1.6 kb primary repeat (DUF1220) shows a unique signa-
ture of an evenly spaced two exons (Popesco et al. 2006). Recently, Sikela and van
Roy (2017) proposed to change the name of the DUF1220 domain to the Olduvai
domain.

The DUF1220 copy number is dramatically increased in the human genome with
respect to other primates and it was correlated with brain size, cortical neuron
number, brain pathologies (autism, schizophrenia, microcephaly, macrocephaly,
and neuroblastoma), IQ scores, cognitive aptitude, and evolution (Vandepoele
et al. 2005, 2008; Popesco et al. 2006; Dumas et al. 2007, 2012; Dumas and Sikela
2009; Andries et al. 2012; Davis et al. 2014; Keeney et al. 2014; Quick et al. 2015;
Astling et al. 2017; Mitchell and Silver 2018; Fiddes et al. 2019; Heft et al. 2020).

DUF1220 domains are the primary repeat units, tandemly repeated in the NBPF
genes.

8.3.2 NBPF HORs in Human Chromosome 1 (Build 36.3
Human Genome Assembly) Determined Using
HOR-Searching GRM Method

As pointed out in Ref. Andries et al. (2012), before the discovery of NBPF 3mer
HOR in Ref. Paar et al. (2011), it was not realized that these diverging NBPF
monomer repeats (DUF1220) are of three types, forming a remarkable 3mer HOR
organization based on ~1.6 kb primary repeat unit, fully embedded within the NBPF
genes.
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The GRM diagram for human chromosome 1 was first determined in 2011 for
Build 36.3 human genome assembly. In the GRM diagram, the peaks at ~1.6 kb,
corresponding to NBPF repeat, and the pronounced GRM peaks at its multiples
~3.2 kb and ~ 4.8 kb, have been identified. These GRM peaks correspond to the
3mer HOR based on the ~1.6 kb primary repeat NBPF monomer (Paar et al. 2011).
The largest NBPF 3mer HOR array was found in the contig NT_113799.1 from
Build 36.3 (Fig. 8.7 of Ref. Paar et al. (2011), consisting of 17 HOR copies in
tandem. The aligned monomer scheme of that tandemly organized HOR array is
displayed in Fig. 8.1. We see that out of 17 HOR copies, 14 contain three monomers
and the remaining three (from the sixth to eighth row) are missing one of three
monomers. Thus, the pattern of the GRM HOR copy array in this contig can be
expressed as: 14 x (3 monomer types) + 3 X (2monomer types, | monomer type out
of 3 missing). On the other hand, using the results of the DUF1220-monomer-
searching method (O’Bleness et al. 2012), the corresponding pattern for the
NBPF20 gene can be expressed analogously as for the earlier HOR method as
14 x (HLS triplets) + 3 x (2 HLS doublets, one of the three HLS types missing),
revealing the congruency of both methods.

In the other three contigs, NT_079497.3, NT_004434.18, and NT_034400.4 from
the Build 36.3 assembly, the tandemly organized HOR arrays were also found,

HOR array in gene NBPF20
-NT113799.1, build 36.3

Eml EmMm2 m3

Fig. 8.1 Aligned monomer scheme of 3mer HORs discovered 2011. in NBPF genes from contig
NT113799.1, Build 36.3 for human chromosome 1 (Paar et al. 2011). Each row in the scheme
represents a HOR copy. The top enumeration of three columns corresponds to three constituent
monomer types: ml, m2, and m3. Each monomer in a HOR copy is presented by a horizontal bar in
the corresponding column. Monomers of the same type in different HOR copies are presented by
bars in the same column. For example, the first HOR copy is presented by three bars: the first,
second, and third bar correspond to monomers of types ml, m2, and m3, respectively. Calculated
divergence among monomers of the same type was <1%. This was the largest NBPF HOR array
identified in Build 36.3 (Paar et al. 2011)
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containing 16, 12, and 2 HOR copies, respectively (Paar et al. 2011). The total
number of identified NBPF HOR copies tandemly organized within the NBPF genes
was 47. Additionally, 10 dispersed NBPF HOR copies (not tandemly organized) and
9 dispersed NBPF monomers (outside of HOR copies) were also identified (Paar
et al. 2011).

It should be noted that the 3mer NBPF HOR arrays were identified without
searching for any specific type of monomers, just applying the GRM algorithm to
the available Build 36.3 genome assembly of chromosome 1. From the NBPF
HORs, identified by the GRM algorithm, the constituent NBPF monomers were
deduced in the second step. It was found that they belong to three monomer types,
which were denoted m1, m2, and m3.

The GRM-searching method has the ability to automatically resolve the NBPF
primary repeat monomers into three diverging types (ml, m2, m3) that show
intragenic copy number increases specific to the human lineage (HLS1, HLS2,
HLS3). This was previously considered as a problem in DUF1220-monomer-
searching approaches and improved alignment and summarization strategies were
recently described (Astling et al. 2017).

Divergence among these three monomer types was ~20%, while the divergence
between monomers of the same type in different HOR copies (for example, between
the monomer m1 in the first and in the second HOR copy) was small, mostly below
1% (Paar et al. 2011). As a consequence, divergence among 3mer HOR copies was
very small. This is a classical HOR pattern, reminiscent of the divergence pattern for
alpha satellite HORs (Warburton and Willard 1996).

8.3.3 NBPF HORs in Human Chromosome 1 (hg38 Human
Genome Assembly) Using HOR-Searching GRM
Method

Using the GRM algorithm, we analyze the genome of human chromosome 1 from
recent human genome assembly hg38. Similarly, as GRM results for Build 36.3
assembly (Paar et al. 2011), the GRM peaks for hg38 assembly reveal three HORs
with long HOR copies: the NBPF 3mer HOR based on the ~1.6 kb NBPF primary
repeat, the hornerin quartic HOR based on 39 bp hornerin primary repeat and the
alpha satellite 1 1mer HOR based on the ~171 bp alpha satellites. GRM diagram for
hg38.p2 assembly of the NBPF20 gene shows pronounced peaks at ~1.6, ~3.2, and
~4.8 kb (Fig. 8.2). This is a signature of the NBPF 3mer HOR based on the ~1.6 kb
NBPF monomers, similarly as in the case of Build 36.3 genome assembly. It should
be noted that the three close-lying peaks around ~1.6 kb correspond to three NBPF
monomer types (denoted ml, m2, m3). Using key strings corresponding to the
highest frequency of ~1.6 kb NBPF monomers, we identify in the NT_004487.20
contigs the five 3mer HOR arrays: 22-copy, 14-copy, 2-copy, and 11-copy and
14-copy HOR arrays, denoted H1, H2, H3, H4, and HS, respectively.
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Their aligned monomer schemes are presented in Fig. 8.3. In comparison to our
previous results obtained for Build 36.3 assembly (Paar et al. 2011), the hg38
assembly contains a larger number of NBPF HOR copies. In each HOR array, the
HOR copies are denoted by hl, h2, h3, ... Most HOR copies are complete, i.e.,
mlm?2m3, containing all three monomer types and are referred to as canonical HOR
copies. In the largest HOR array H1, out of 22 HOR copies 20 are canonical, and two
are mlm?2, i.e., without the m3 monomer. On the other hand, in HOR array H5 all
14 HOR copies are canonical, i.e., mlm2m3.

HOR array H1 has a tandem of canonical HOR copies h1-h17, and a tandem of
canonical HOR copies h20-h22 while between them are two HOR copies h18, h19
which are missing the third monomer m3. Then the whole HOR array h1-h22 is
referred to as canonical array H1.

In HOR array H2 the HOR copies h2-h13 are canonical and they are referred to
as canonical HOR array H2. The variant copies at lower and upper boundaries, hl
and h4, are noncanonical.

In HOR array H3 only the HOR copy hl is canonical, while in the h2 copy the
monomer m3 is absent from the canonical HOR copy. Exceptionally, we will refer to
this two-copy HOR array as canonical.

In HOR array H4 the HOR copies h4-h10 are canonical and therefore are referred
to as canonical HOR array H4. At the upper boundary, the copies hl and h3 are
noncanonical and is a 3mer copy isolated from canonical HOR copies and therefore
not assigned to canonical HOR array. At the lower boundary, the HOR copy hl1 is
noncanonical. Thus, the HOR copies hl, h2, h3, h11 do not belong to canonical H4.

In the HOR array HS all HOR copies are canonical, so the HOR array HS is
canonical.

The pattern of five GRM HOR arrays (Fig. 8.3), excluding isolated HOR copies
or segments near the ends of arrays (i.e., h1 and h4 in H2, h2 in H3, h1-h3 and h11 in
H4, which lie outside of tandem of canonical HOR copies), the HOR content of
NBPF genes in hg38 genome assembly (Fig. 8.3) can be expressed as:

H1: 20 x (canonical 3mer) + 2 X (noncanonical variant, with one monomer absent
from canonical 3mer)
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Fig. 8.3 Aligned monomer
scheme of five NBPF HOR
arrays in hg38 assembly for
human chromosome 1 using
GRM algorithm. Top
enumeration of three
columns corresponds to
three constituent monomer
types: ml, m2, and m3.
Each monomer in a HOR
copy is presented by a
horizontal bar in the
corresponding column. In
analogy to Fig. 8.1, each
row in the scheme represents
a HOR copy. HOR copies
are clustered in five distinct
HOR arrays. In each HOR
array, its HOR copies are
denoted h1, h2, h3. Most of
HOR copies are complete
3mers—composed of three
types of mutually diverging
~1.6 kb monomers, denoted
ml (blue bars), m2 (red
bars), and m3 (yellow bars).
The HOR arrays are denoted
HI (in the NBPF20 gene),
H2 (in the NBPF10 gene),
H3 (in the NBPF12 gene),
H4 (in the NBPF14 gene),
and H5 (in the NBPF19
gene). Each HOR array is
composed of HOR copies:
HI of 22 HOR copies
(denoted h1-h22 within
H1), H2 of 14 (denoted h1—
h14 within H2), H3 of

2 (denoted h1-h2 within
H3), H4 of 11 (denoted h1—
h11 within H4), and HS of
14 (denoted h1-h14 within
H5)

HOR array H1 in gene NEPF20

Bm W m2 m3
h1 1534 1591 1631
h2 1534 1585 1629
h3 sz 1583 1631
ha _1538 1583 1629
hs 1542 1577 1629
he 1542 1580 1629
h7 1542 1583 1629
hg _1541 1577 1629
ha 1542 1591 1631
hio _1s42 1599 1629
h11 1542 1587 1625
h12 1542 1583 1629
h13 154 1583 1629
hi4 1541 1597 1629
h1s 1538 1585 1631
hig 1534 1597 1631
h17 154z 1599 1629
h18 1540 1587
h19 1554 1589
h20 1554 1575 1629
h21 1542 1591 1629
haz 1% 1583 1629

HOR array H2 in gene NBPF10

Em Em2 m3

h1 1603
h2 __1538 1567 1613
h3 _1532 1591 1603
h4 1532 1583 1603
hs 1532 1575 1603
hé 1530 1585 1603
h7 __1530 1589 1603
he __1530 1569 1603
he 1530 1585 1603
h10 __1529 1589 1609
h11 1530 1597 1603
hi2 _1530 1603 1603
h13 1532 1587 1609
h14 _1535 1585

HOR array H3 in gene NBPF12

Emt Em2 m3

h1_1529 1607 1625
hz _1529 1604

HOR array H4 in gene NBPF14

W m1 B m2 m3
h1 1579
h2 _1534 1581 1605
h3 1583 1615
h4 _1532 1575 1609
h§ _1532 15095 1618
h& _1532 1567 1615
h7 _1530 1569 1609
h8 _1530 1569 1609
he 1530 1575 1609
h10 _1530 1581 1615
hi1 _1335 1579
HOR array H5 in gene NBPF19
Hmi B m2 m3
h1 __1538 1583 1634
h2 __1540 589 1628
h3 1538 1589 1634
h4 _1538 1589 1634
hs _1538 _ 1589 1634
hé _1538 _ 1584 1634
h7 1536 _ 1583 1636
he _1536 _ 1585 _ 1630
ho _1534 _ _1565 1630
hio 1536 _ 1585 1634
h11 1536 _ 1581 1630
hi12 542 1565 1630
hi3 542 1565 1630
hi4 542 1565 1638
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H2: 12 x (canonical 3mer)
H3: 1 x (canonical 3mer)
H4: 7 x (canonical 3mer)
HS5: 14 x (canonical 3mer)

The criterion for excluding from counting an isolated canonical HOR copy or its
segments is in accordance with the results for triplets obtained by the DUF1220-
monomer-searching method (underlined in Fig. 8.2 of Ref. O’Bleness et al. 2014).
Due to this criterion, the noncanonical HOR copies h1 and h14 from H2, HOR copy
h2 from H3, and HOR copies h1-h3, h11 from H4 are excluded from the compar-
ison. The exception is H3 with only one canonical HOR copy present H1), while the
other (h2 in H3) is noncanonical with m3 constituent monomer missing.

On the other hand, using the results of the DUF1220-monomer-searching
method, the corresponding pattern for the NBPF20 gene can be expressed analo-
gously as for the HOR-searching method as:

HI1: 20 x (HLS triplet) + 2 x (HLS doublet, one of three HLS types is missing)
H2: 12 x (HLS triplet)

H3: 2 x (HLS triplet)

H4: 7 x (HLS triplet)

H5: 14 x (HLS triplet)

Therefore, it is seen that both the HOR-searching and DUF1220-monomer-
searching methods are largely congruent in spite of employing different computa-
tional procedures.

As seen from divergence, the NBPF HORs have a pattern like classical HORs, in
analogy to the alpha satellitt HORs (Warburton and Willard 1996). This is clearly
seen from the divergence pattern. For example, divergence among canonical HOR
copies in HOR array H1 is very small, on the average less than 1% (Table 8.1a); only
the divergence between h22 and other HOR copies is somewhat higher, but h22 is
near the boundary of the HOR array. On the other hand, divergence among mono-
mers within each HOR copy in HI is sizable, ~17-19% (Table 8.1b). On average,
divergence is ~15-20% among consensus monomers within HOR copies. HOR
pattern is clearly seen from divergence matrix among NBPF monomers ordered
along HOR copies in HOR array 1 (Table 8.1c). Aligned consensus sequences of
three NBPF monomer types, each with two exons, are presented in Fig. 8.4.

8.3.4 NBPF HORs in Neanderthal Genome and Evolution

Recent sequencing of the Neanderthal genome (Kelso and Priifer 2014) gives
opportunities to compare Neanderthal to the modern human genome. It was pointed
out that this could contribute to a better understanding of human evolution, espe-
cially regarding cognitive aptitude (Noonan and McCallion 2010). Neanderthal had,
on average, a larger brain than modern humans did and more DUF1220 copies,
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in ex in ex in
138 54 596 178 569
m1 —
in ex in ex in
139 53 647 177 575

m2 I =]

in ex in ex in
211 38 635 177 579
m3

Fig. 8.4 Positions of exons and introns in three types of consensus monomers from human NBPF
HOR array H1. Internal intron/exon substructure of consensus monomers ml, m2, m3 from HOR
copies in HOR array 1 are shown. Each NBPF monomer contains two exons (dark color) and three
introns (light color). Above segments presenting exons (denoted ex) and introns (denoted in) the
corresponding lengths are given

Table 8.2 Comparison of HOR array structure of Neanderthal and human genome

Neanderthal Human
HOR array No. HOR copies HOR array No. HOR copies
Total Canonical Total Canonical
N1 16 8 H1 22 20
N2 13 11 H2 14 12
N3 4 2 H3 2
N4 12 8 H4 11 8
N5 4 2 H5 14 14
N6 18 14
67 45 63 55

highly expressed in brain regions associated with higher cognitive function
(Holloway 1985; Dumas et al. 2012; O’Bleness et al. 2012; Keeney et al. 2014).
But it was argued that, given the limited knowledge, one cannot make conclusions
regarding whether the increased number of DUF1220 copies in Neanderthal con-
ferred any evolutionary advantage or disadvantage (Keeney et al. 2014).

To address this intriguing question, we study the Neanderthal orthologues of
human NBPF HORs, applying the GRM algorithm. We identify in the Neanderthal
genome six NBPF HOR arrays containing canonical ~4.7 kb 3mer HOR copies
mlm2m3. The number of NBPF HOR copies in NBPF HOR arrays in the Nean-
derthal genome is presented in Table 8.2, in comparison with the human genome.
We find in Neanderthal NBPF HOR copies that the intra-HOR monomer divergence
is an order of magnitude larger than the inter-HOR copy monomer divergence, in
accordance with the HOR pattern in the human genome (Table 8.3).

The main difference between the Neanderthal and human genome is a larger
number of canonical 3mer NBPF HOR copies in the human than in the Neanderthal
genome, in spite of a smaller number of NBPF monomers (i.e., DUF1220 domains)
in the human genome. Furthermore, Neanderthal has a symmetry-breaking 4mer
variant of NBPF HOR copy, which is not present in human HOR copies.
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Table 8.3 Divergence in Neanderthals canonical HOR copies in NBPF HOR array N1

(a) intra-HOR copy divergence (%) among consensus monomers.
div (m1 vs. m2) = 20, div (m1 vs. m3) = 14, div (m2 vs. m3) = 17.
(b) inter-HOR divergence (%) among canonical HOR copies.

nl n2 n6 n7 n8 n9 nll nl5
nl 0.0 2.0 2.5 0.9 0.8 0.7 2.3 2.3
n2 0.0 4.0 2.6 2.5 2.3 39 4.0
né 0.0 2.7 2.8 2.4 0.4 0.4
n7 0.0 0.6 0.6 2.8 2.6
n8 0.0 0.8 2.7 2.4
n9 0.0 2.5 2.5
nll 0.0 0.4
nl5 0.0

Neanderthal HOR arrays exhibit larger monomer dispersion, at the expense of
canonical 3mer HORs. One could hypothesize that a larger number of canonical
HOR copies in the human genome may have contributed to the evolutionary
advantage of human over Neanderthal, resulting in a more favorable DUF1220
protein distribution within the human brain. The importance of DUF1220 protein
distribution in the human brain has been stressed previously (Kochiyama et al.
2018).

The largest human NBPF HOR array H1 contains 20 canonical 3mer NBPF HOR
copies mIm2m3, and two 2mer variant HOR copies mIm2 (deletion of m3 mono-
mer), while the largest Neanderthal HOR array N6 contains 14 canonical 3mer HOR
copies mIm2m3, three 2mer variant HOR copies m1m2 (deletion of m3 monomer)
and one variant HOR copy m3 (deletion of m1m2 monomers). We could hypothe-
size that the number of canonical 3mer HOR copies could have a role of an
additional signature: human HOR arrays contain 55 canonical HOR copies com-
pared to 45 in Neanderthal. There is also a question of a possible role of an additional
4mer variant in the Neanderthal genome, containing the additional fourth monomer
m4, sizably divergent with respect to monomers m1l, m2, and m3.

It was noted that a reconstructed Neanderthal genome sequence could help reveal
the evolutionary genetic events that produced modern humans (Noonan and
McCallion 2010). Our results indicate that the cognitive capabilities may depend
significantly not only on the number of NBPF monomers (HLS DUF1220 domains
in the terminology of the DUF1220-monomer-searching method) but also on the
number of canonical HOR copies. We discovered that, for the available Neanderthal
genome, significant differences in NBPF HORs were created after the human—
Neanderthal split, during a relatively short period of at most about 1 million years.
The present Neanderthal study provides additional insight into recent human
lineage-specific changes on a finer “tuning.” An intriguing question is also whether
this violation of the HOR pattern might have contributed to the extinction of
Neanderthal, our closest extinct relative.
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8.3.5 NBPF HORs in Chimpanzee Genome and Cognitive
Evolution

In Ref. Paar et al. (2011) it was shown that the number of NBPF monomer copies
and the number of all NBPF HOR copies gradually decrease from human to
chimpanzee to orangutan to Rhesus macaque (Table 8.4). However, in the chim-
panzee genome assembly Build 2.1 the number of tandemly organized NBPF HOR
copies drops to 0 from 47 in Build 36.3 for the human genome (Paar et al. 2011).
Tandemly organized NBPF copies were also absent in orangutan and Rhesus
macaque genomes. The tandem repeat of the NBPF HOR copies shows a discon-
tinuous jump in the evolutionary step from chimpanzee to the human genome: from
total absence of tandem repeats of NBPF HOR copies in chimpanzees to 47 tandem
repeat HOR copies in humans. This human accelerated HOR pattern (HAHOR) is
one of the factors that distinguish humans from nonhuman primates (Paar et al.
2011). It will be interesting to check whether such a drastic drop of tandemly
organized HOR copies persists in more recent genome assemblies of nonhuman
primates. Such a pattern would be consistent with our finding of decreasing number
of tandemly organized NBPF HOR copies in the Neanderthal genome with respect to
the human genome.

8.3.6 HOR-Searching Method Versus
DUF1220-Monomer-Searching Method for NBPF
Repeats

In the HOR-searching method, HORs have been previously directly identified (Paar
et al. 2011) using the GRM algorithm for Build 36.3 human genome assembly of
human chromosome 1. GRM identifies directly NBPF HOR copies, which consist of
three ~1.6 kb primary repeat sequences—NBPF monomers. Such identification was
possible with higher accuracy than in the case of identification of ~1.6 kb repeat

Table 8.4 Comparison of the number of NBPF monomers and NBPF HOR copies in NCBI
assemblies of chromosome 1 for humans, chimpanzee, orangutan, and rhesus macaque (Paar
et al. 2011) using GRM

All monomer copies | All HOR copies | Tandemly organized HOR copies
Human® 165 57 47
Chimpanzee” 48 14 0
Orangutan® 17 7 0
Rhesus macaque” 7 2 0
“Build 36.3
"Build 2.1

‘WUSTL Pongo albelii-2.02
“Build 1.1
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sequences, because generally, the divergence between HOR copies (<5%) is much
smaller than the divergence between constituent ~1.6 kb repeat sequences (~20%).
In five human NBPF genes the 3mer HORs, determined by GRM in human genome
sequence are lined up in tandem, forming a HOR array (Paar et al. 2011).

On the other hand, in the first step, the DUF1220 repeats (domains) are identified
using the DUF1220-monomer-searching method. However, it was noted that there is
a problem to determine DUF1220 domains with high accuracy and more recently, a
novel method was developed to determine copies of the DUF1220 domain from the
whole genome sequence data with optimal resolution (Astling et al. 2017). Using
DUF1220 domains identified in the first step, in the second step the repeating HLS
DUF1220 triplets are obtained. These triplets consist of three types of DUF1220
domains, called HLS1, HLS2, and HLS3 (O’Bleness et al. 2012). In five human
NBPF genes, these triplets are lined up in tandem (O’Bleness et al. 2012, 2014;
Dumas et al. 2012). The three ~1.6 kb monomers obtained in the HOR-method
correspond to the three ~1.6 kb HLS DUF1220 domains in DUF1220-method
(Table 8.5).

In accordance with the classical HOR terminology from Warburton and Willard
(1996), in the HOR-searching method, we use the name NBPF 3mer HOR copy,
while in the DUF1220-monomer-searching method the name HLS DUF 1220 triplet
was used for the same structure (O’Bleness et al. 2012, 2014; Dumas et al. 2012;
Keeney et al. 2014; Davis et al. 2014; Astling et al. 2017).

The correspondence between the terms used in the HOR-searching method and in
the DUF1220 (monomer)-searching method (Table 8.5):

NBPF monomer is named DUF1220;

monomer ml is named DUF1220 HLSI;
monomer m2 is named DUF1220 HLS2;
monomer m3 is named DUF1220 HLS3.;

NBPF 3mer HOR is named HLS DUF1220 triplet.

Table 8.5 Correspondence between two different terminologies used for the presentation of the
same NBPF higher-order repeat structure. The same higher-order repeat structure was discovered
by different computational methods. In Ref. Paar et al. (2011) the higher-order repeat pattern was
obtained by HOR-searching method using GRM algorithm, and in Refs. O’Bleness et al. (2012,
2014) by monomer-searching tools. In both cases, the resulting pattern was the same but given
different names. The HOR-searching method (Paar et al. 2011) is simpler because divergence
between higher-order structures (3mer HORs, i.e., HLS DUF1220 triplets) is much smaller than the
divergence between constituting primary repeats (NBPF monomers i.e. DUF1220 HLS domains).
The HOR terminology is in accordance with the terminology in extensive studies of alpha satellite
HORs (Warburton and Willard 1996)

Ref. Paar et al. (2011) Refs. O’Bleness et al. (2012, 2014), Astling et al. (2017)
NBPF monomer m1 DUF1220 HLS1 domain

NBPF monomer m2 DUF1220 HLS2 domain

NBPF monomer m3 DUF1220 HLS3 domain

NBPPF 3mer HOR HLS DUF1220 triplet
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Both methods give similar results, and some computational differences may arise
because of a larger divergence between repeat monomers than between HOR copies.

8.4 Unique Hornerine Quartic HOR Array Embedded
Within One Hornerin Exon

GRM diagram of contig NT_004487.18 (Build 36.3 assembly) for human chromo-
some 1 shows a pronounced peak at 1410 bp (Fig. 8.5a). We found that it corre-
sponds to an array of five copies of 1410 repeat units (start position 2,676,458 in
contig NT_00487.18). We have determined its consensus in GRM (Paar et al. 2011).
The average divergence of five repeat copies with respect to consensus is ~4%. In the
next step, we computed the GRM diagram for consensus of the 1410 bp repeat unit,
in order to reveal its internal repeat structure (Fig. 8.5b). This diagram shows a series
of equidistant peaks at multiples of 39 bp (n x 39 bp, n =1, 2, 3, ...). Among the
multiples of 39 bp in this GRM diagram, the next pronounced peak is at ~0.35 kb,
which is equal to 9 x 39 bp; it corresponds to 9mer secondary HOR based on the
39 bp primary repeat.

In general, for a primary repeat of length /4, , the multiple peak at the length
L =n X lyim. corresponds to the nmer HOR unit if the peak is much higher than the
neighboring primary repeat multiples (peaks corresponding to the lengths of multi-
ples (n — 1) X [pim, and (n + 1) X Iy . In general, a HOR peak corresponds to a
pronounced local maximum among multiple peaks in the GRM diagram. Usually, it
is sufficient that the multiple peak is sizably higher than the neighboring multiple
peak to the left. In the GRM diagram from Fig. 8.5b the peak at 9 x 39 bp = 0.35 kb
is much higher than the neighboring multiple peaks at 8 x 39 bp and 10 x 39 bp and
therefore corresponds to the 9mer HOR with respect to the 39 bp primary repeat
(Table 8.6).

The next larger length at which there is a pronounced peak much higher than the
neighboring multiples of primary repeat ~39 bp is ~0.70 kb (corresponding to
n = 18). However, simultaneously the ~0.35 kb HOR unit by itself acts as a primary
repeat for the ~0.70 kb repeat.

2 x 0.35 kb = 0.70 kb

Since there is no GRM peak at 3 x 0.35 kb = 1.05 kb, as seen from Fig. 8.5a, it
follows that the ~0.70 kb peak corresponds to the 2mer tertiary HOR with respect to
the ~0.35 kb secondary HOR repeat (Table 8.6).

Analogously, the peak at 0.70 kb acts as a primary repeat for the ~1.41 kb repeat.

2 x 0.70 kb ~ 1.41 kb

and the ~1.41 kb peak corresponds to the 2mer quartic HOR with respect to the
~0.70 kb tertiary HOR repeat (Fig. 8.5a and Table 8.6).
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Fig. 8.5 GRM diagrams for
hornerin quartic HOR in
build 36.3 assembly of
human chromosome 1. (a)
GRM diagram for the O -
2.7 Mb segment in human
contig NT_113799.1 of
chromosome 1 from build
36.3 (Paar et al. 2011). The
peaks at 39 bp, 351 bp,

702 bp, and 1410 bp
correspond to primary
repeat unit, secondary HOR,
tertiary HOR, and quartic
HOR, respectively. (b)
GRM diagram for consensus
sequence of the 1410 bp
quartic HOR copy in contig
NT_00487.18
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Table 8.6 Three levels of hornerin HOR organization based on the 39 bp hornerin primary repeat.
Hornerin primary repeat unit of 39 bp was at first amplified ninefold, and then duplicated, and

finally further duplicated

Repeat unit level

Length

PRU (primary)

39 bp

SRU (secondary HOR)

39 x 9 bp = 351 bp ~ 0.35 kb

TRU (tertiary HOR)

(39 x 9) x 2 bp = 702 bp ~ 0.70 kb

QRU (quartic HOR)

[(39 x 9) x 2] x 2 bp = 1404 bp ~ 1.40 kb

Thus, the GRM diagram reveals three levels of hornerin repeat organization of the
39 bp primary repeat unit: (1) nine 39 bp primary repeat units are organized into a
~0.35 kb secondary HOR repeat unit, (2) two ~0.35 kb secondary repeat units are
organized into a ~0.70 kb tertiary HOR repeat unit, and (3) the two ~0.70 kb tertiary
repeat units are organized into the ~1.4 kb quartic HOR repeat unit (Paar et al. 2011).
This quartic HOR repeat scheme is schematically presented in Fig. 8.6. Such higher-
order organization was also confirmed by a straightforward analysis of Build 36.3
genomic assembly of human chromosome 1 (Paar et al. 2011, Fig. 8.7).
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Quartic HORQRU ~1.4 kb QRU-TRU  div~4

Tertiary HORTRU ~0.7 kb TRU-2SRU  div~14

g 0] ll_. — Secondary HOR SRU ~0.7 kb SRU-9PRU div~21

Primary PRU ~39 bp div~30

mO1 m09

Fig. 8.6 Schematic presentation of the hierarchical structure of 1.41 kb hornerin quartic HOR array

1504IS2?28 1 504:59?66
¥"h, h,2 h3 h4 hs ¥
150451182 T 150463293
150452176 150460590

Fig. 8.7 Domain of hornerin quartic HOR array embedded within the large exon in hornerin gene.
The hornerin quartic HOR array is positioned from 150,452,728 to 150,459,766 in Build 36.3
assembly of human chromosome 1, embedded completely within the long exon (150,451,182 to
150,460,590) in hornerin gene. This gene contains also the two short exons on the r.h.s of the gene.
Exons are presented by red lines and introns by black. The start and end of the hornerin quartic HOR
array are marked by vertical arrows pointing to the location within the domain of the long exon. The
quartic HOR array covers most of the domain of the long exon

{ {(39 OP) primary X 9] ety ™ 2}mary x 2 x5

quartic

Nine 39-bp primary repeat units m1, n2, ..., m9, with mutual divergence ~30%
(the first line from below), form the ~0.35 kb secondary HOR unit. Two secondary
HOR units, denoted hl and h2 with mutual divergence ~21% (second line from
below), form the ~0.7 kb tertiary HOR unit. Two tertiary HOR units, denoted h;1
and h32, with mutual divergence ~14% (third line from below), form the ~0.7 kb
quartic HOR unit, denoted h43 (third line from below). Here, the secondary, tertiary,
and quartic HOR units are denoted by h, hs, and hy, respectively.

By using consensus sequence, it was shown that the average divergence between
neighboring copies is gradually decreasing with increasing level of HOR organiza-
tion, from ~32% between 39 bp copies of primary repeats to ~4% between ~1.41 kb
quartic HOR copies. Such hierarchy of divergence is a signature of HOR
organization.

In Ref. Paar et al. (2011) the quartic HOR was detected in the human genome
only, and no counterpart was found in then-available chimpanzee genome.

Using the structure of human hornerin protein, Takaishi et al. (2005) have
deduced the corresponding amino acid sequence. The repetitive region was divided
into segments. The smallest units of 39 bp amino acids showed a moderate homol-
ogy to each other. However, Takaishi et al. (2005) concluded that the analysis was
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compatible with the notion that the unit of 39 bp was at first amplified fourfold and
then triplicated to form three segments in tandem, these being further amplified
sixfold, implying a {[(39 bp) x 4] x 3} x 6 = 2.8 kb organization, which differs
from the HOR organization {[(39 bp) x 9] x 2} x 2 = 1.4kb by (Paar et al. 2011).
In the corresponding GRM diagram, the peaks at 39, ~0.35, ~0.70, and ~1.41 kb are
present (Table 8.5a), in full accordance with our annotation of ~1.4 kb quartic HOR,
whereas no peak appears at ~2.8 kb, that was predicted by Takaishi et al. (2005).

It should be noted that a tandem repeat unit of ~1.4 kb was found by the Tandem
Repeat Finder algorithm (Warburton et al. 2008), but the HOR pattern was not
detected.

In a recent extensive study, Romero et al. (2018) fully confirmed the human
hornerin quartic repeat organization given by Paar et al. (2011). Moreover, Romero
et al. discovered the same formation also in recent genome assemblies of all
primates, except crab-eating macaque (Romero et al. 2018).

8.5 33mer Alpha Satellite HOR in Human Chromosome 21:
the Longest HOR Repeat Unit in Human Chromosomes

8.5.1 GRM Diagrams for 33mer, 23mer, 22mer, two 20mers,
16mer, 11mer, and 8mer in Human Chromosome 21

The centromeres in primate genomes contain tandem repeats of ~171 bp alpha
satellite DNA, commonly organized into HORs. In spite of their importance, these
satellites have been understudied because of still existing gaps in centromere
sequencing, genomic “black holes.” Using the GRM algorithm we identified in the
hg38 assembly of human chromosome 21 complete ensemble of alpha satellite
HORs with six long repeat units (>20mers), five of them novel (Glunci¢ et al.
2019). The novel 33mer alpha satellite HOR has the longest HOR unit identified so
far among all human somatic chromosomes.

In genome assembly hg38 (GCA_000001405.15) a number of human chromo-
some 21p clones have been added and the centromeric gap was filled with “reference
models,” which are representations of alpha satellite HOR domains. Alpha satellite
HOR ideogram obtained for chromosome 21 is shown in Fig. 8.8. To our knowl-
edge, this is the first time that a complete ensemble of n > 8 alpha satellite HORs of a
human chromosome was proposed for a centromeric region.

The GRM diagram was computed for the hg38 DNA sequence of the whole
chromosome 21 (Fig. 8.9a). Pronounced peaks at fragment lengths that are approx-
imately equal to 171 X n bp, i.e., to multiples of alpha satellite monomer length
~171 bp, are candidates for nmer alpha satellite HORs, usually, if a peak at ~171 X n
bp is sizably higher than the neighboring peak at lower fragment length
~171 x (n — 1) bp. For example, for 8mer HOR, the peak at ~171 x 8 bp is sizably
stronger than the peak at ~171 x 7 bp; for 11mer HOR, the peak at ~171 x 11 bp
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Fig. 8.8 Alpha satellite HOR ideogram for alpha satellite HOR arrays in human chromosome 21.
Alpha satellite HOR arrays for long alpha satellite repeat units (n > 8 monomers), determined by
applying GRM algorithm to the hg38 assembly of the centromere of human chromosome 21 (posi-
tions 10,864,561-12,915,808 bp). An additional 23mer HOR (with reverse monomers) is obtained
by GRM in the long arm of chromosome 21 away from the centromere (start at position 7,970,290,
not shown in the figure). Within the centromere, the GRM algorithm identifies ten major alpha
satellite arrays ordered in the direction from the long toward the short arm of the chromosome:
33mer, 23mer, 20mer, 20mer, 22mer, 16mer, 8mer, 16mer, 8mer, 11mer

is sizably stronger than at ~171 x 10 bp; for 16mer HOR, the peak at ~171 x 16 bp
is sizably stronger than at ~171 x 15 bp; for 20mer HOR the peak at ~171 x 20 bp is
sizably stronger than at ~171 x 19 bp, etc. We can directly confirm this attribution
by analyzing the corresponding hg38 DNA sequences. For monomeric alpha satel-
lite arrays, the frequencies of peaks at approximately 171 x n bp gradually decrease
with increasing n and a peak sizably above this background is an indication for HOR.

In order to identify a complete ensemble of alpha satellite HORs in a given DNA
sequence, we extended the use of the GRM algorithm combined with novel algo-
rithm ALPHAsub (Glunci€ et al. 2019; Vlahovi¢ et al. 2020) to identify positions of
all alpha satellite arrays (regardless whether being of HOR type or not). In this way,
we determine contigs in which alpha satellite arrays are located and the GRM
algorithm is applied to each of these contigs. The GRM analysis of contigs
containing alpha satellite nmer HORs provides more peaks at position 171n bp,
than the GRM analysis of the whole genome, because the noise due to the other
repeats is sizably smaller for a contig than for the whole chromosome. In this way, it
is straightforward to determine whether the alpha satellite array is an HOR array.

The GRM peak corresponding to 33mer in the GRM diagram for the whole
chromosome 21 is small, but visible at 5639 bp in the magnified segment of the HOR
diagram. On the other hand, the 5639 bp peak of 33mer HOR is sizeable in the GRM
diagram for contig NT_187321.1, in which is the 33mer HOR located (Fig. 8.9b).
The length of a 33mer HOR copy is ~33 x 0.171 kb ~ 5.6 kb.

The 33mer HOR array has a very regular structure; its four HOR copies are
canonical. Using GRM, the DNA sequences of 33mer HOR copies are determined
from hg38 for human chromosome 21 and the consensus sequence was determined
(Glunci¢ et al. 2019; Vlahovi€ et al. 2020). The average divergence among mono-
mers in the 33mer consensus HOR is ~19%, and the divergence between 33mer
HOR copies is ~5%.

The computed GRM diagrams for some other nmer HORs in the corresponding
contigs are presented in Figs. 8.9c—i).
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Fig. 8.9 GRM diagrams for alpha satellite HORs in the centromere of human chromosome 21. (a)
GRM diagram for alpha satellite HORs of the whole chromosome 21. Pronounced peaks that
correspond to alpha satellite nmer HORs are denoted by number #n of monomers, given above the
fragment length of major peaks. Two inserts give a magnified presentation of weak peaks for 22mer
and 33mer, which are sizably screened by the noise of different other repeats. (b) GRM diagram for
contig NT_187321 in which the 33mer array is located. The pronounced GRM peak at 5539 bp is a
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8.5.2 Dot-Matrix Analysis of HORs in Chromosome
21 Identified Using GRM Diagrams

For each alpha satellite array identified by the GRM diagram, the corresponding
dot-matrix diagram was computed to confirm its HOR structure. The dot-matrix for
33mer HOR is shown in Fig. 8.10a. The regular HOR pattern is characterized by
off-diagonal lines at a spacing equal to the number of monomers in the HOR unit,
n = 33, parallel to the self-diagonal. We computed regular dot-matrix diagrams also
for some other high-multiple nmer HORs, 23mer, 22mer, two 20mers, and 8mer
(Fig. 8.10b-f).

However, for some more complex HORs, the dot-matrix is not regular. Such an
example is the approximately intertwined 17mer + 8mer HOR-like pattern
(Fig. 8.11). In this case, the GRM diagram reveals peaks at ~17 x 171 bp and at
~8 x 171 bp (Fig. 8.11a). In such case, a peculiar partial symmetry arises in the
corresponding dot-matrix (Fig. 8.11b), where almost all points lie on two sets of
off-diagonal straight lines, parallel to the main diagonal and mutually shifted by
8 bp, with an approximate asymmetry described in the caption to Fig. 8.11b).

8.5.3 Four Human Chromosomes, 21, 13, 22, and 14 Share
the Same 33mer HOR in hg38 Assembly

In accordance with GRM diagrams (Fig. 8.12a—d) and dot-matrix (Fig. 8.10a), which
is for hg38 genome assembly of four chromosomes the same, the identical 33mer
HOR appears in hg38 genomes of chromosomes 21, 13, 14, and 22. A careful check
of sequencing in this region seems to be required.

8.5.4 Novel GRM Tandem Repeat Database

Details about human alpha satellite arrays (their start position in chromosome,
sequence length of array, monomer length, and number of monomers for specific
array) are given in novel tandem repeat database at http://genom.hazu.hr/search.html
as well as for Neanderthal and chimpanzee genomes. It contains around 3000
records and in the future, we will expand it with data for other tandem repeats

<
Y

Fig. 8.9 (continued) signature of 33merHOR (5639:171 ~ 33). (¢) GRM diagram for 23mer in
NT_187322.1. (d) GRM diagram for 22mer in NT_187325.1. (¢) GRM diagram for 20mer in NT_
187324.1. (f) GRM diagram for 20mer in NT_187323.1. (g0 GRM diagram for 16mer in
NT_187326.1. (h) GRM diagram for 11mer in NT_187333.1. (i) GRM diagram for 8mer in
NT_187327.1
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Fig. 8.10 Dot-matrix analysis of alpha satellite HORs identified in human chromosome 21. For
each alpha satellite HOR array, identified by the GRM algorithm we computed the corresponding
dot-matrix plots (Needleman—Wunsch) to confirm HOR structure. (a) 33mer HOR array; (b) 23mer
HOR array; (¢) 22mer HOR array; (d) 20mer HOR; (e) 20mer HOR array; (f); 8mer HOR array
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Fig. 8.11 17mer HORs with intertwined 17mer + 8mer HOR pattern in human chromosome 21. (a)
GRM diagram for alpha satellite HOR in NT_187328.1. There are two pronounced peaks at ~17 x
171 bp and at ~8 x 171 bp. In the case of nonoverlapping HOR sequences, this indicates the
presence of 17mer and 8mer HORs. However, if the distances between repeat monomers of the
same type have systematically two or more different values, such repetitions lead to the intertwining
of repeats, which leads to a more complex pattern. (b) However, there is a peculiar underlying
partial symmetry seen in the corresponding dot-matrix (both on horizontal and vertical axis mono-
mers are displayed in order of appearance), representing by points the divergence pattern among
monomers. Almost all points lie on two sets of off-diagonal straight lines, parallel to the main
diagonal. The first set contains the main diagonal and equidistant off-diagonals shifted to the right
from the main diagonal by 17, 34, 51 ... (17k, k=1, 2, 3 ...) monomers, shown by red straight lines.
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Fig. 8.12 Comparison of GRM diagrams for alpha satellite HORs in centromeres of human
chromosomes 21, 22, 13, and 14

from a wide range of species. This expansion of our database will allow us to
understand their roles and function and enable us to make conclusions about
evolution between closely related and distant species with improvement of techno-
logical limitations of assembly of tandem repeats (Vlahovié et al. 2020).
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Fig. 8.11 (continued) The second set of straight lines is obtained from the first set by translating
each straight line of the first set to the right by 8 bp. Thus the second set contains off-diagonal
straight lines shifted to the right from the main diagonal by 8, 25,42 ... (8k, k=1, 2, 3 ...) monomers
shown by blue straight lines. The points representing divergence are to some extent randomly
distributed along the two sets of off-diagonals, but with an approximate asymmetry: in the upper
part of the matrix (“blue region”), with the first 38 horizontal lines, the majority of points lie on the
blue lines, while in the lower part (“red region”) a large majority of points lie on the red lines. In the
case of full realization of that approximate pattern, the result would be complete 17mer. However,
due to the partial violation of this “red-blue region rule” in the upper part (“blue region”), there
appears also a characteristic of 8mer
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