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ANNOTATION

Satellite DNA (satDNA) belongs to the highly repetitive fraction of eukaryotic genomes. It
is best characterized by the formation of long arrays of almost identical sequences that are tandemly
repeated. These repeats are widely distributed in plant species where they can make up a substantial
proportion of their genomes. Despite the long history of satDNA research, the classic methodology
did not allow for its comprehensive characterization. Consequently, the fragmentary information
gathered during the last 60 years does not answer the many questions surrounding the evolution of
these elements. The development of new techniques in sequencing, together with the availability of
new bioinformatics tools for analyzing different genome fractions, has presented an opportunity to
advance studies of tandem repeats.

This thesis describes the landscape characterization of satDNA in the genome of Fabeae species by
exploring the diversity of satDNA within a genome, the association of these elements with
functional centromeres, as well as their genome-wide organization. We employed new
computational pipelines specifically designed for the analysis of tandem repeats from next
generation sequencing data, and combined their results with molecular and cytogenetic methods to
achieve comprehensive characterization of the satellite repeats.
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Introduction

Satellite DNA (satDNA) is a class of repetitive genomic sequences characterized by its
organization into tandemly repeated units known as monomers. Tandem repeats have been
traditionally placed into three classes according to the length of the monomere unit; micro- (<10
bp), mini- (>10 bp) and satellite repeats (>100 bp). However, the most distinguishable and accepted
feature differentiating them is the size of the array of the tandem repeated element (Macas et al.,
2002). Satellite DNA forms long arrays of tandem repeats that can be visualized in nuclei as
chromocenters or heterochromatic bands in chromosomes. The overall distribution of satDNA on
chromosomes is often used in cytogenetic studies because they can provide markers that
differentiate pairs of chromosomes. The location of satDNA is predominantly subtelomeric and
centromeric in most of the eukaryotic genomes studied to date, although interstitial satDNA families
have also been described in plant species (Garrido-Ramos, 2015; Oliveira & Torres, 2018). SatDNA
is a ubiquitous component of eukaryotic genomes where one single satDNA family can range from
0.1 up to 36% of the total nuclear DNA in Fritillaria genus (AmbroZova et al., 2011), or from 1.5
up to 25% in Vicia species(Macas et al., 2000). The same variability is observed in animals, ranging
from 0.5 to 50% of the genome in some species (Garrido-Ramos, 2017). The satellite profile of one
species can thus differ substantially from other close relatives with respect to its abundance and
sequence composition. However, the molecular mechanisms responsible for these variations are not
fully understood.

Similarly, the actual roles of satDNA in eukaryotic genomes remain unresolved. For decades
satDNA has been considered as “junk DNA” due to its lack of coding potential. However, some
authors considered that satDNA arrays could influence nearby gene expression since tandem repeats
are targets for epigenetic silencing mechanisms (Pezer et al., 2012; Ugarkovic, 2005). In addition,
satDNA structure could promote the organization and packing of the full complement within a
single nucleus, avoiding the formation of micro-nuclei (Jagannathan et al., 2018). Moreover, the
frequent association of satDNA and centromeric loci suggests some function in assuring proper
chromosome segregation during cell division by a sequence-specific interaction of the repeats and
the proteins involved in kinetochore formation (Henikoff et al., 2001). While attempts to elucidate
the role of satDNA are numerous in the literature, its genomic organization into long arrays of
almost identical monomers condemned satDNA to remain poorly characterized. This is true even
for genomes that have been extensively studied, which has made predictions difficult to test.

1. Sequence composition and abundance of satDNA in plant genomes

Although no specific sequence motif is generally conserved in satellite DNA, these repeats
share some common features. The main attribute of satDNA is its genomic organization into long
arrays of relatively short monomers. The monomer sizes most often described in the literature range
from 135-195 bp and 315-375 bp (Macas et al., 2002). This range of lengths correlate with that of
the DNA wrapping a mono- or di-nucleosome particle, thus it has been tempting for many authors



to infer that the periodicity could promote the spacing arrangement of nucleosomes along with the
arrays of tandemly organized DNA sequences in heterochromatic regions (Lowman & Bina, 1990;
Tommerup et al., 1994). The phasing of nucleosomes has been demonstrated for some repeats
(Vershinin & Heslop-Harrison, 1998). However, it is unclear whether or not there is selection for
some preferential monomer size as both long arrays of short monomers typical for micro- and mini-
satellites (Ananiev et al., 2005; Heckmann et al., 2013), as well as monomer sequences up to 5 kb
(Gong et al., 2012; Ruiz-Ruano et al., 2016), have been described.

SatDNA sequences generally have a nucleotide composition that is AT rich. An analysis of
monomers belonging to 152 families of satDNA showed that AT content for most satellites is above
50% although this ranged from 22 to 75% (Macas et al., 2002). Different families of repetitive
sequences show a consistent preference for motifs like AA/TT dinucleotides or the pentanucleotide
CAAAA. The presence of specific motifs in unrelated satDNA monomers suggests their possible
significance for molecular mechanisms underlying the amplification and maintenance of tandem
repeats in eukaryotic genomes (Appels et al., 1986; Katsiotis et al., 1998; Macas et al., 2002;
Mehrotra & Goyal, 2014). Moreover, the richness of AT as well as the existence of clusters of
AA/TT periodically spaced have been related to the degree of DNA curvature (Palomeque & Lorite,
2008). Although the potential role of the DNA curvature is not well established, it could be
implicated in chromatin organization or specific protein binding (Melters et al., 2013; Pezer et al.,
2012). Moreover, inverted and palindromic motifs could operate as nucleosome-positioning signals
(Barcel6 et al., 1998; Kasinathan & Henikoff, 2018).

The absence of any conserved sequences, apart from short AT-rich motifs, suggests that
satellites can originate from any sequence. Whether or not satDNA is further subject to some sort of
selection for monomer size or structural features is yet to be fully understood. It is clear however
that satDNA displays an extraordinary sequence variation even between closely related species
(Macas et al., 2015). The rapid elimination/amplification of their copy number or the different
degree of similarity observed between members of the same satDNA family among species reveals
the dynamism of this genome fraction (Charlesworth et al., 1994; Maumus & Quesneville, 2014).
Although some satellites find representation in members of the same taxa (S. Sharma & Raina,
2005), most families remain species-specific (Macas et al., 2002). A significant variation of
repetitive sequences can be observed in Oryza sativa when compared to close relatives. The 2.7 fold
variation in nuclear DNA content between genomes of diploid cultivated rice and wild rice has been
attributed to the amplification of species-specific satDNA families (Uozu et al.,, 1997). Recent
studies demonstrated that even satDNA families shared among related species suffer a certain
degree of variation on their monomer sequences that could lead to the generation of species-specific
satDNAs (Belyayev et al., 2019). Among the variation observed, either within arrays of the same
species or between conserved satellites in different species, the formation of high order repeats
(HORs) is recurrent. The formation of longer monomers by the homogenization of dimers, trimers,
k-mers, has been frequently reported in plant and animal kingdoms (Willard & Waye, 1987). In
addition, the location of the satDNA family on the chromosomes seems to influence the fate of its
sequences. The satDNA family VicTR-B is conserved in several species of the genus Vicia and the
general monomer size of this satellite is 38 bp(Macas et al., 2000). However, the location of this
satellite varies from interstitial to subtelomeric between species. The arrays of VicTR-B show more
similarity between species were they are located within chromosome arms, whereas, the arrays
forming HORs were found to be specific from the subtelomeric loci in V. grandiflora (Macas et al.,
2006). In humans, the subtelomeric regions were found to be hotspots for interchromosomal
recombination (Linardopoulou et al., 2005), and in plant chromosomes they were found to have a



complex long-range structure, probably resulting from extensive rearrangements (Alkhimova et al.,
2004), perhaps promoting the turnover of the located sequences. Nevertheless, it is not yet fully
understood how different satDNA families diverge among species. On the other hand, some
“frozen” satDNA families can persist immutable over long evolutionary times in different close
relatives (Biscotti et al., 2015; Mravinac et al., 2002, 2005; Petraccioli et al., 2015).

Having detailed information on the satDNA landscapes of related species may provide
answers as to why we observe high turnover of certain repeats while others seem to be frozen in
time. It is unclear how much our present understanding is simply constrained by technical
limitations, as recent studies using advanced NGS-based approaches have discovered many
satellites within a species for which just a few were previously reported (Ruiz-Ruano et al., 2016).

2. Origin of satDNA

The mechanisms responsible for the variability described for different satDNA families are
not fully understood. Smith (1976) developed a theoretical framework using computer simulations
which significantly improved the predictions of the evolutionary dynamics of tandemly repeated
elements (Smith, 1976). Smith’s simulations predicted that satDNA could emerge from random non-
repetitive sequences by the joint action of unequal recombination and mutation when natural
selection is not considered. However, some authors objected to the oversimplification of models
which did not include the possibility of recombination occurring within a chromatid, a process that
would inevitably result in deletions. Assuming that only recombination mechanisms are implicated
in satDNA evolution, tandemly repeated arrays will decrease over time. Consequently,
recombination-based processes alone cannot account for the persistence of satDNA over generations
(Walsh, 1987). In line with these assumptions, it was postulated that satDNA would accumulate in
genomic regions with suppressed meiotic recombination (Charlesworth et al., 1986; Stephan, 1986).
Further models evaluated the role of natural selection on the evolution of satDNA showing that it
could act as a means of controlling the length of the array itself but not the nucleotide sequence
(Stephan & Cho, 1994).

A parallel line of research using molecular and cytogenetic approaches found that satDNA
could emerge from other repetitive elements of the genome. For example, several satDNA families
seem to arise from the intergenic spacer (IGS) of the rDNA cassette. Evidence of this can be found
in legumes where the satDNA S12 in Vicia sativa or pV{7 in V. faba have similarities to the IGS
repeats (Falquet et al., 1997; Macas et al., 2003; Maggini et al., 1991). The same was also shown in
tobacco (Lim et al., 2004; Volkov et al., 1999) and tomato (Stupar et al., 2002). However,
similarities between IGS and satDNA arrays placed outside the rDNA loci can be explained either
by the transposition of a preexistent satDNA into the IGS (Maggini et al., 1991), or by the reverse
mechanism, i.e., the satellite is generated by the spread of the IGS to another genomic region
(Macas et al., 2003; Unfried et al., 1991). Bioinformatic analysis of LTR-retrotransposons from
plant genomic sequence data revealed the frequent occurrence of variable tandem repeats within the
3’ UTR element (Cafasso et al., 2009; Macas et al., 2009). The observation of micro and
minisatellites embedded within mobile elements is in agreement with the idea of TE facilitating
their amplification and dispersion along the genome (Inukai, 2004; Smykal et al., 2009). This event
may indicate that the transposition machinery of the LTR-retrotransposons could be involved in the
generation of novel satDNAs. LTR-retrotransposons can generate a library of short repeats that can
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subsequently be dispersed through the genome and eventually further amplified and homogenized
into novel satellite repeats. Moreover, similarities between satDNA and parts of mobile elements
which do not contain tandem repeats (A. Sharma et al., 2013; Tek et al., 2005), or to single-copy
sequences, have also been reported (Pelizaro Valeri et al., 2018). These findings corroborate the idea
that tandem repeats can arise from any sequence which is not constrained by evolution. However,
the occurrence of these examples among eukaryotic genomes are scarce and must be further
explored in order to find intermediary development stages of a satDNA family.

3. SatDNA evolution

Regardless of the primary origin of short tandemly repeated arrays, additional mechanisms
are thought to mediate their expansion into long arrays of homogenized tandem repeats. Each
satDNA family usually undergoes fast sequence homogenization resulting in high similarity of
monomers within the array as well as between arrays members of the same family. This
phenomenon is known as concerted evolution and refers to the fact that each repeated unit does not
evolve independently, resulting in a greater similarity within monomers of the same species than
with those present in close relatives. Concerted evolution is believed to be the result of a number of
DNA repair and replication mechanisms that are involved in the amplification of the repetitive
elements (Elder & Turner, 1995). However amplification is a broad term that can include several
mechanisms. Some authors proposed the reinsertion of a circular molecule produced by intrastrand
recombination processes as a means of amplification for repetitive families. The extra-chromosomal
circular DNA (eccDNA) might contain the origin of replication, becoming a template for rolling
circle replication and further reinsertion (Walsh, 1987). The presence of eccDNA derived from
tandem repeats was demonstrated in Arabidopsis and Brachycome dichromosomatica (Cohen et al.,
2008; Zellinger et al., 2007), as well as in various genera of higher plants (Navratilova et al., 2008).
However, there is no evidence of the reintegration of these extra-chromosomal elements into the
genome. Segmental duplication and gene conversion are two other mechanisms capable of creating
homogeneous arrays of tandem repeats. The former has been observed for the satDNA expansion in
rice centromeres (Ma & Jackson, 2006) or telomeric tandem repeats in the human genome
(Linardopoulou et al., 2005). Gene conversion refers to the events of nonreciprocal transfer between
homologous sequences. Thus, one but not the other DNA is locally changed to the genotype of the
other. This mechanism has been shown to be involved in the process of concerted evolution that
tandemly repeated sequences display (Kawabe & Charlesworth, 2007; Shi et al., 2010; Sun et al.,
2012; Talbert & Henikoff, 2010) Since each of these mechanisms leave specific molecular
footprints, this question could be addressed by searching for these patterns of evolution within long
tracks of satellite sequences.

4. Centromeric satellites

Although satDNA can occur at various chromosomal locations, it is predominantly found at
centromeric regions (Oliveira & Torres, 2018). Centromeres are chromosomal regions responsible
for the proper segregation of chromosomes during cell division. At centromeres, kinetochore
proteins assemble, serving as an anchor point for the attachment of the microtubule fibers



(McKinley & Cheeseman, 2015). Centromeres have specific features that distinguish them from
other regions of the chromosome. Perhaps the most general feature is the presence of a variant of
the histone H3, CENH3 (CENP-A in mammals, CID in Drosophila or CSE4 in budding yeast
(Earnshaw et al., 2013)) and other proteins of the constitutive centromere-associated network (Hara
& Fukagawa, 2017; Jiang et al., 2003). CENH3, in contrast to the canonical histone H3, is not
conserved between related species, and bears a highly variable N-terminal tail. In addition, the
chromatin associated with CENH3 show signatures of suppressed meiotic recombination, as has
been demonstrated for several plant species (Copenhaver et al., 1998; Gore et al., 2009; Saintenac et
al., 2009; Tanksley et al., 1992), humans (Puechberty et al., 1999), and it also display specific
profiles of epigenetic modifications (Fuchs & Schubert, 2012).

Whether and how these features drive the evolution of underlying centromeric sequences
remains controversial. Centromeres in eurkaryotes have evolved different forms of organization:
point centromeres (e.g. budding yeast), regional centromeres/monocentric (e.g. Arabidopsis),
holocentromeres (e.g Cuscuta europea, Rhynchospora ) and meta-polycentric (e.g. Pisum sativum)
(Neumann et al., 2012; Plohl et al., 2014; Schubert et al., 2020). These types of centromeres are
different in terms of their CENH3 organization along the chromosome. The simplest are the
budding yeast point centromeres, which span only 125 bp and thus involve just a single
nucleosome. Regional centromeres are more complex and can be from 4 kb up to several megabases
long (Burrack & Berman, 2012; Pidoux & Allshire, 2004). In regional centromeres the chromatin
containing CENH3 can be observed as a single compact domain at the primary constriction of
metaphase chromosomes. The meta-polycentric chromosomes display an extended primary
constriction where the CENH3 chromatin is located over more than one domain (Neumann et al.,
2015). In contrast, holocentric species lack a primary constriction since the domains of CENH3 are
distributed along nearly the whole length of the chromosome. With the exception of point
centromeres that are determined by a specific sequence motif (Bloom & Carbon, 1982), the role of
the centromeric DNA sequence is not properly understood. Despite centromeric regions playing an
essential role in cell functioning, the underlying sequence is rarely conserved even between related
species. Early studies demonstrated that centromeric satDNA diverge even between related taxa
(Wang et al., 2009). This has opened a debate about the importance of satDNA for centromere
establishment and function. One of the most influential hypotheses is that of centromere drive
(Henikoff et al., 2001) which assumes an interaction between kinetochore proteins and the
centromeric satellite in a sequence-specific manner. This interaction is supposed to occur in species
with an asymmetric female meiois where the divided genetic material competes for inclusion into
the egg cell. In this model, the expansion of a satellite array in one of the homologous chromosomes
results in a stronger centromere, which would bind more kinetochore proteins facilitating its
transmission to the egg. However, this process would be deleterious for male meiosis where the
tendency of expansion could be restored by changes in CENH3 affinity. Centromeric satDNA
consequently diversifies between related species and CENH3 or other kintetocore proteins undergo
adaptive evolution. A single satellite whose sequence diverges between close relatives has been
reported from rice (Lee et al., 2005), Medicago (Yu et al., 2017) and some Brassicaceae species
(Lermontova et al., 2014), thus supporting the predictions of the centromere drive model. Moreover,
adaptive evolution of CENH3 has been reported in some of these species as well as in some other
taxa with asymmetric meiosis (Cooper & Henikoff, 2004; Hirsch et al., 2009; Zedek & Bures,
2016).

On the other hand, some observations are not consistent with the hypothesized evolutionary
arms race between CENH3 and its underlying centromeric satDNA (Kawabe et al., 2006)



(Masonbrink et al., 2014). First, it is unclear whether or not a specific satDNA array is needed for
the centromere function (Roberti et al., 2019), since centromeres with more than one satDNA family
or those lacking repeats in some chromosomes of the complement have been reported (Gong et al.,
2012; Neumann et al., 2012). Moreover, maize lines carrying homologous chromosomes with
different centromere sizes were used to test whether the differences would result in meiotic drive of
the large centromeres in female meiosis. This effort demonstrated that centromere size does not
drastically affect the segregation of the different chromosomes (Han et al., 2018). In addition,
functional complementation is observed when CENH3 proteins from Lepidium oleaceum and Zea
mays correctly assume their role in Arabidopsis thaliana centromeres (Maheshwari et al., 2017).
This observation appears to be in conflict with the expected specificity of CENH3 toward certain
types of repeats. This may indicate that the process of centromere drive is not as common as
expected, or that it occurs during limited periods of centromere evolution.

Hypotheses accounting for other features rather than the specific underlying sequence
explain the role of satDNA in centromere evolution from a more passive perspective. It has been
proposed that the tandem structure itself might be favorable for the deposition of centromeric
proteins. Hence, homologous recombination between identical repeats would promote the formation
of loops that could be necessary for protein deposition (McFarlane & Humphrey, 2010). In addition,
it has recently been proposed that proper levels of centromeric satDNA transcription are necessary
for centromeric function (Duda et al., 2017). Transcripts derived from CentO, the centromeric
repeat of Oryza punctata (Zhang et al., 2005), CentC in Zea mays (Topp et al., 2004), or cen180 in
Arabidopsis (May et al., 2005) have been shown to be necessary for successful segregation of the
chromosomes during cell division. Moreover, it has been speculated that centromere sequence
composition can be driven by inbreeding and selection for centromere-linked genes (Schneider et
al., 2016). Therefore, several forces might be shaping centromeric regions although the interplay of
satDNA and centromeres is yet to be established. The evaluation of each scenario could be
addressed by gathering information about centromeric satellite sequences and kinetochore proteins
from a wide range of species and examining them in their phylogenetic context.

5. Methodological approaches for identification and characterization of satDNA
in plant genomes

Even in the present post-genomic era, satDNA remains the least characterized component of
most investigated genomes. The genomic organization of this repetitive fraction into arrays of
highly homogenized monomers extending over hundreds of kilobases have made its
characterization difficult. Historically, there have been a variety of experimental methods used to
characterize satDNA, while more recent efforts have included bioinformatic techniques. The
efficiency and specific limitations of each approach have impacted the quality of the information
garnered (Garrido-Ramos, 2017).

SatDNA was discovered by density gradient centrifugation experiments (Kit, 1961).
Differentiated satellite bands, from which satDNA derived its name, formed as a result of different
buoyant densities compared to the bulk of genomic DNA, thus warranting further analysis of its
composition. The establishment of C,t analysis based on renaturation kinetics served as a tool by
which different tandem repeats were able to be selectively cloned and characterized by their
abundance and complexity (Britten & Kohne, 1968). Further methods for the characterization of
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satellite DNA included the digestion of nuclear DNA by restriction endonucleases (Singer, 1982) or
self-priming of the repeated sequence in a modified PCR setup (Buntjer & Lenstra, 1998). Both
methods have been usually followed by the analysis of the resulting pattern by electrophoresis in
agarose gel. The approach based on the presence of specific restriction sites in the monomer
sequence of a satDNA array provided information about the sequence length of the repeated unit
(Singer, 1982). In addition, self-priming of repeated sequences in a mixture of sheared and high-
molecular-weight genomic DNA can lead to the amplification of some satDNA families in the form
of very long concatenated sequences. The result of the amplification can then be visualized after gel
electrophoresis as a smear of high molecular weight DNA fragments (Buntjer & Lenstra, 1998)
(Macas et al., 2000). Although these methods were of use for many years, the satellites lacking
restriction sites and those present in small proportions in the genome were difficult to identify.
Further cloning of the DNA excised from the agarose gel followed by Sanger sequencing of the
independent clones provided information about the nucleotide composition of a few monomers per
satellite analyzed from the vast amount that represent an array. However, this approach is in
principle unable to identify satellite repeats lacking suitable restriction sites. Therefore, the
structural features of satDNA, as with the continuity of the arrays or the arrangement of monomers
along the array, remained unknown. The resulting data on the characterization of satDNA in
different species were scattered and suffered from methodological bias. Consequently,
investigations of repetitive elements in large and complex eukaryotic genomes have been
constrained by the lack of representative sequencing data.

The situation improved with the introduction of next generation sequencing (NGS).
Although NGS technologies can produce a high-throughput of genomic data, most of them suffer
from the short length of the produced reads that limit their utilization for the assembly of repetitive
regions such as satDNA arrays (Treangen & Salzberg, 2012). In this regard, most of the available
tools able to process large amounts of NGS data either require complete genome assemblies for
repeat identification or are based on similarity searches of databases of previously characterized
satDNA. Although complete genome sequence assemblies are available for a number of model
species, the repetitive fraction is generally underrepresented even for well-studied genomes such as
the human genome (Altemose et al., 2014; Miga et al., 2020). Moreover, considering satDNA is
among the most dynamic components of eukaryotic genomes (Macas et al., 2002), it is not possible
to identify new satellite repeats by their similarity to known repeats from phylogenetically distant
taxa. As such the search for satDNA repeats should be ideally performed in unassembled reads.
Nevertheless, the short length of the reads provided by NGS technologies has been a limiting factor.

A breakthrough on the characterization of satDNA was provided by Novak et al. with the
development of RepeatExplorer (Novak et al., 2010, 2013) a combination of software tools that
analyze unassembled low-pass genome sequencing data making use of the similarity-based
clustering algorithm. The authors demonstrated that the low-pass genome sequencing provided by a
single 454 sequencing reaction is sufficient to capture information about all major repeat families,
decreasing the cost of the identification of repeats (Novak et al., 2010). In addition, the introduction
of similarity-based clustering algorithms performing all-to-all comparisons over whole-genome
shotgun reads proved to be efficient for repeat identification from NGS data. The clustering
algorithm employed by RepeatExplorer represents reads as nodes and sequence similarities as
connecting edges in a virtual graph, and identifies clusters by examination of the graph topology.
The shapes of the graphs reflect the genomic organization and sequence variability of the identified
elements. Therefore, satDNAs are graphically represented with a circular or globular shape due to
their tandem structure. This strategy turned out to be appropriate for the identification of tandem
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repeats, leading to similar strategies being employed by other authors (Kelly et al., 2015; Ruiz-
Ruano et al., 2016, 2017) However, this process required visual inspection and did not provide the
monomer sequence of the elements, which can be necessary for further analyses requiring the
design of PCR primers. The monomer's reconstruction using multiple sequence alignments is often
truncated when the size of the monomer expands over the length of the read. An alternative
approach using k-mers frequencies to reconstruct the most frequent monomer from unassembled
reads proved efficient in reconstructing the centromeric satellite CentO in rice (Macas et al., 2010).
The development of TAREAN (Novak et al., 2017) facilitated the unsupervised identification and
characterization of satDNA from unassembled sequencing reads. Based on the principles of
RepeatExplorer, TAREAN examines the presence of circular-shaped graphs characteristic for
tandem repeats. Then, the reads from these clusters are decomposed to k-mers and the most frequent
k-mers are then used for reconstructing the most representative monomers for each satellite repeat.
TAREAN automates the workflow for the identification of satDNA and implements alignment-free
approaches that are suitable for monomer reconstruction from unassembled reads using k-mers
frequency statistics. This method was shown to be efficient in several species (Ebrahimzadegan et
al., 2019; Ribeiro et al., 2020; Saint-Oyant et al., 2018). Implementing these bioinformatic tools has
created a more realistic picture of the diversity of satDNA within and between genomes (Hobza et
al., 2017; Macas et al., 2015).

Although the short-read NGS platforms, in combination with the proper bioinformatic tools,
are highly efficient at discovering novel satellite repeats, they do not provide any insight into their
large-scale arrangement and sequence variability patterns. The recent introduction of the so-called
long-read sequencing technologies by Pacific Bioscience and Oxford Nanopore has increased the
potential of comprehensively studying tandem repeats. The benefit of this approach lies in the long
length of the reads that are able to produce. The Pacific Bioscience long-read technology, termed
SMRT (single-molecule real-time), uses a circular DNA created by ligating adapters to both ends of
the dsDNA. Further replication of the circular DNA incorporates fluorescently labeled nucleotides,
producing a fluorescent signal recorded by a camera in real-time. On the other hand, Oxford
Nanopore sequencing reads the sequence directly from a native DNA strand during its passage
through a molecular pore. In contrast to SMRT, the nanopore read length is not restricted by the
method of sequencing per se but rather by the quality of the isolated DNA used. SatDNA research
could benefit from incorporating these technologies since it should be possible to infer various
features of satellite repeats by analyzing repeat arrays, or their parts, present in individual nanopore
reads. Combining with other genome sequencing and mapping data can generate hybrid assemblies
in which satellite arrays are faithfully represented and then analyzed. This approach has proven
successful on the assembly of the centromere of human chromosome Y (Jain et al., 2015), as well as
the whole chromosome X, telomere to telomere (Miga et al., 2020). Moreover, it has been used to
investigate the homogenization patterns of satDNA in Drosophila (Khost et al., 2017), and calculate
the expansion and methylation status of short monomer tandem repeats (GieSelmann et al., 2018).
Alternatively, assembly-free strategies can also be applied to infer features of satellite repeats by
analyzing repeat arrays or their parts present in individual long-reads (Cechova et al., 2019; Harris
et al., 2019).
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AIMS OF THIS WORK

The general objective of this work is to contribute to our understanding of the origin,
evolution, and function of satellite DNA in plant genomes by the application of advanced
sequencing and bioinformatic approaches combined with molecular cytogenetic experiments. The
legume tribe Fabeae has been selected as the subject of this study because it includes a diverse set
of species differing in their genome size, repeat content, and chromosome morphology. The work
has the following aims:

* To perform a comprehensive characterization of sequence diversity and genomic distribution
of satellite DNA in the repeat-rich model species Vicia faba.

* To identify and characterize satellite repeats associated with centromeric chromatin in a set
of related species and investigate the diversity and evolution of these satellites in the
phylogenetic context. Interpret the results with respect to the evolution of CENH3 proteins
and predictions of the centromere drive model.

» To utilize ultra-long nanopore reads for elucidating the long-range arrangement of satDNA
arrays and for investigating the origin of satellite DNA.
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SCOPE OF THE THESIS

In Chapter I, we explore the satellite DNA landscape in Vicia faba (2n=12), a species that has long
served as a cytogenetic model. The large genome size of the species (1C=13.41 Gbp), together with
the low chromosome number, makes this species suitable for cytogenetic studies. We focused on the
characterization of each identified satDNA, notably its sequence composition, abundance, and
location on chromosomes, as well as previously described features of the particular loci. In the
course of our study, we applied recently introduced bioinformatic tools to the identification of
satDNA from NGS data. We found over 30 putative satellites. Surprisingly, the monomer sizes
found in this study are far more diverse than those traditionally described, ranging from the
prevalent length of 150-350 bp to the unusual 687 bp up to 2033 bp. Using in situ hybridization, we
were able to verify and localize these satDNA families on metaphase chromosomes of V. faba. The
results showed a frequent association of the satellites with unusually long monomers with the
pericentromeric regions.

We used chromatin immunoprecipitation to identify the repeats associated with the centromeric
histone H3 variant, CENH3. An extraordinary diversity of centromeric satDNA was found where
each identified centromeric repeat was chromosome-specific. This chromosome-specific location of
centromeric repeats is rare among the species described in the literature, which usually possess one
satellite family associated with centromeres of all chromosomes. In order to explain this diversity,
we analyzed different features of the centromeric elements. We noted that despite their sequence
variability, they all follow the same dynamics of mid-S-phase replication while the rest of the
satellites replicate in late S-phase. In addition to this, there was no other feature common to all
centromeric satellites.

Prompted by the high diversity of centromeric repeats in V. faba, in Chapter II, we analyzed the
composition of satellite DNA associated with CENH3 in different species of the Fabeae tribe. This
chapter collects the most complete set of data on described centromeric satDNA, together with the
CENH3 sequences in the context of their phylogenetic relationship. Following the same approach as
in Chapter I, we analyzed 14 species of the tribe, finding a total of 64 centromeric satellites which
differ in their nucleotide sequence and length. This work shows that the rare composition of V. faba
centromeres is often found within the tribe, finding species bearing from 2 to 12 different
centromeric satDNAs. Moreover, we tested whether these repeats are conserved between species,
revealing that most of them were species-specific.

Furthermore, among the centromeric satDNAs shared by several species, the centromeric role was
not necessarily preserved, being found in a pericentromeric or interstitial positions in related
species. Even within a species, certain repeats were associated with CENH3 in some chromosomes
but in a non-centromeric regions in others. As the centromere drive model proposed the adaptive
evolution of CENH3 resulting from an arms race with centromeric repeats, we wanted to test if
Fabeae CENH3 provides any evidence in support of this model. However, our data showed that
CENH3 in the Fabeae tribe evolves mainly under purifying selection.

Taken together, these findings suggest that the evolution of Fabeae centromeres is not shaped by the
co-evolution of a single centromeric satellite with its interacting CENH3, as proposed by the
centromere drive model.
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In Chapter III, we focused on the genome-wide organization of satDNA by making use of Oxford
Nanopore sequencing technology. Firstly, we developed a workflow for the identification of
satDNA arrays in long nanopore reads. We further analyzed the size distribution of the arrays, the
patterns of sequence homogenization as well as their association with other repeats using a member
of the legume tribe Fabeae, the grass pea Lathyrus sativus. The satellite fraction of this species was
previously characterized by low-pass sequencing, using RepeatExplorer and TAREAN. These
preliminary efforts revealed 23 putative satDNA families, which were used to identify repeats in the
long nanopore reads. Moreover, the large genome size of the species (1C= 6.52Gbp), together with
the low number of chromosomes (2n=14) makes L. sativus suitable for cytogenetic studies. The
patterns observed by the analysis of nanopore reads were confirmed by in situ hybridization
techniques on metaphase chromosomes. The work presented in Chapter III revealed different
organizations for different families of satDNA, which allowed for their classification in two groups
according to their mechanisms of origin and amplification. One of the most important findings in
this chapter is that the majority of satDNA families in L. sativus originated from short tandem
repeats present in the 3’ untranslated region (3’UTR) of Ogre retrotransposons. Moreover, this work
appears to be a proof of concept for the usability of long-nanopore reads to study the long-scale
organization of satDNA.
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Chapter I

Satellite DNA in Vicia faba is characterized by remarkable diversity in its
sequence composition, association with centromeres, and replication

timing.
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Laura Avila Robledillo'?, Andrea Koblizkova?, Petr Novak?, Katharina Béttinger'2,
IvaVrbova?, Pavel Neumann?, Ingo Schubert? & Jifi Macas!

Satellite DNA, a class of repetitive sequences forming long arrays of tandemly repeated units,
represents substantial portions of many plant genomes yet remains poorly characterized due to various
methodological obstacles. Here we show that the genome of the field bean (Vicia faba, 2n=12), a
long-established model for cytogenetic studies in plants, contains a diverse set of satellite repeats,
most of which remained concealed until their present investigation. Using next-generation sequencing
combined with novel bioinformatics tools, we reconstructed consensus sequences of 23 novel satellite

: repeats representing 0.008-2.700% of the genome and mapped their distribution on chromosomes.

. We found that in addition to typical satellites with monomers hundreds of nucleotides long, V. faba
contains a large number of satellite repeats with unusually long monomers (687-2033 bp), which
are predominantly localized in pericentromeric regions. Using chromatin immunoprecipitation with
CenH3 antibody, we revealed an extraordinary diversity of centromeric satellites, consisting of seven
repeats with chromosome-specific distribution. We also found that in spite of their different nucleotide
sequences, all centromeric repeats are replicated during mid-S phase, while most other satellites are
replicated in the first part of late S phase, followed by a single family of Fokl repeats representing the
latest replicating chromatin.

- Satellite DNA (satDNA) is a class of repetitive DNA characterized by its genomic organization into long arrays of
. tandemly arranged units called monomers. It is best distinguished from other tandemly repeated sequences by
. its formation of much larger arrays spanning up to megabases in length and often forming blocks of heterochro-
© matin that appear as nuclear chromocenters and chromosomal bands. Although monomer sizes of 135-195 bp
and 315-375bp, corresponding to the length of DNA wrapped around mono- and di-nucleosome particles, were
. found to be predominant’, the satellite monomers can range from lengths typical for microsatellites (2-7bp) and
© minisatellites (tens of bp)? up to over five kilobases®. Except for the specific types of tandem repeats including
rRNA gene arrays and telomeric motifs that have coding or structural roles**, the function of satDNA in the
genome is still a matter of debate. It has been proposed that satellite repeats may have a structural role in the
genome® and that they affect expression of nearby genes by epigenetic modifications induced by specific changes
in the environment’. Perhaps best documented is the frequent association of satellite repeats with centromeres,
implying their importance for centromere determination or function®. On the other hand, it has been shown that
neocentromeres may arise at satDNA-free regions’, and some established centromeres may be free of satellite
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repeats’. Thus, it is yet to be established whether satDNA is a key functional component of centromeric regions or
whether centromeres merely provide favorable conditions for satDNA accumulation.

SatDNA belongs to the most dynamic components of eukaryotic genomes, and its high evolutionary
rate results in considerable sequence diversification. Therefore, most satellite repeat families are species- or
genus-specific'. However, precise molecular mechanisms leading to this rapid turnover and their eventual regu-
lation in individual species have not yet been elucidated. A variety of mechanisms have been proposed to generate
short arrays of tandem repeats that may provide a template for further expansion. Such mechanisms include
unequal crossing over of random sequences'?, slipped-strand mispairing!!, and sequence-directed mutagenesis'?.
Tandem duplications of varying length can also result from aberrant replication and replication stress*~°. In
addition, satellite repeat arrays were found to originate from amplification of short tandemly repeated regions
present in rDNA intergenic spacers and 3’ untranslated regions of Ty3/gypsy LTR-retrotransposons'®'’.
Regardless of the primary origin of short tandemly repeated loci, it is supposed that there are additional mecha-
nisms that mediate their expansion into long arrays and subsequent concerted evolution of monomer sequences
resulting in their genome-wide homogenization'®-2°. One of the potential mechanisms mediating amplification
and sequence homogenization of satellite DNA is recombination-based formation of extrachromosomal circular
DNA (eccDNA) from tandem repeats which in turn could serve as a template for their rolling circle replication
and subsequent re-integration of the products. Although populations of eccDNA molecules derived from satel-
lite repeats were successfully detected in a number of plant species???, the evidence for their amplification and
re-integration into the genome is still missing. Other potential mechanisms of satDNA amplification include
unequal chromatid exchange'® and segmental duplication?.

To gain better insight into the biology of satellite repeats, comprehensive analysis of sequence diversity, abun-
dance, and homogenization of satDNA families within and between species is needed. In spite of the relatively
long history of satDNA investigation, such knowledge is still limited in several ways. Recently introduced meth-
odologies utilizing a combination of next-generation sequencing (NGS) with appropriate bioinformatics tools
revealed that previously used experimental approaches suffered from relatively low sensitivity, resulting in effi-
cient identification of only the most amplified satellite repeats with specific properties of their sequences. For
example, the very discovery of satDNA was achieved by density gradient centrifugation, whereby it was revealed
as satellite bands formed due to the different buoyant density of satellite repeats compared to the bulk of genomic
DNA?%. Alternatively, satellite repeats were often identified based on the presence of conserved restriction sites in
their monomer sequences®. Consequently, the satellites lacking these features and those with small proportions
in the genome were, in principle, hard to identify. On the other hand, novel sequencing technologies provide deep
information about sequence composition of complex genomes of eukaryotes via generation of unprecedented
amounts of sequence data. These data can then be utilized by bioinformatic pipelines specifically tailored to the
identification of satellite repeats from NGS reads without the need for their assembly®*-**. These approaches have
proved to be very efficient and revealed surprising diversity of satellite repeat families in some plant and animal
species®3L.

In this work, we focus on the characterization of the satellite DNA population in the genome of Vicia faba, a
species that has long served as a model for cytogenetic studies in plants*>~*. Owing to its relatively large genome
(1C=13.41 Gbp) and small chromosome number (2n=12), V. faba chromosomes are large and easy to inves-
tigate with cytogenetic techniques. Consequently, a number of features like bands corresponding to different
types of chromatin and epigenetic modifications have been revealed; however, only a few are associated with
specific genomic sequences®. In our previous study of the repeat composition of species from the legume tribe
Fabeae®', V. faba was found to carry a large number of satellite repeats that together constituted 935 Mbp (7%)
of its genome. Putative satellite repeats were identified based on the properties of cluster graphs obtained by
similarity-based clustering of low-pass genome sequencing Illumina reads, as implemented in the RepeatExplorer
pipeline?. These graphs represent the reads and their sequence similarities as nodes and connecting edges, respec-
tively, and form globular or ring-like shapes in the case of tandem repeats. Such shapes, combined with other
properties of the clusters, are reliable indicators of satellite repeats, regardless of their monomer lengths®*?%. Over
30 putative families of satDNA were identified and partially characterized by these bioinformatics approaches*,
in contrast with only four satellites (FokI, pVf7, a 172 bp-subtelomeric repeat and TIII15) that had been pre-
viously reported in this species®’~%°. Here, we provide experimental verification for most of the satellite repeat
families predicted by the bioinformatic analysis, their localization on chromosomes, and information about rep-
lication timing and association with different types of chromatin. Moreover, we employed ChIP-seq analysis using
CenH3 antibody to identify centromeric satellites, revealing their surprising diversity.

Results

Large number and sequence diversity of satellite repeatsin V. faba. Clusters of NGS reads from
low-pass sequencing of the V. faba genome that were classified as putative satellites in our previous study®' were
inspected manually, as well as by the TAREAN pipeline®, to reconstruct consensus monomer sequences from
tandem repeats. All novel satellite repeats with an abundance exceeding 0.1% of the V. faba genome and selected
representatives of less abundant satellites (Table 1 and Supplementary Data S10) were subjected to detailed
sequence analysis. This analysis focused on AT/GC content, distribution of nucleotides between complemen-
tary strands (Table 1), di- and tri-nucleotide frequencies (Supplementary Fig. S1), presence of subrepeats and
detection of sequence similarities. In addition, distribution of all selected satellites in the genome was studied by
fluorescence in situ hybridization (FISH) on mitotic chromosomes. The selected families differed in their nucle-
otide sequences, and their genomic abundance ranged from 0.008 up to 2.72% of the genome, corresponding to
a physical size between 1.1 and 365.1 Mb/1 C. Besides repeat families with a typical monomer length of hundreds
of base pairs, there were some with substantially smaller monomers and an unexpectedly large number of 17 fam-
ilies with long monomers ranging from 687 up to 2033 bp (Table 1). The majority of the satellite sequences had an
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VfSatl | 191 2723 | 365.1 759 107 | 188 [122 1.1 {Xg—g‘;—égﬂi‘fﬁfjﬁ:ﬂ
FokI  |59/57 2322|3114 593 |144 |200 |1.11 1.0 57

ViSat2 | ~26 1292|1732 714|260 |500 |200 |04

ViSat3 | 702 0.329 441 681 |124 |113 |121 |03 [Vf_TA_39]

TIN5 |58 0.222 29.8 534|139 |28 |190 |19 40

ViSat4 |38 0.199 267 737 180 |233 |192 |06 similarity to VicTR-B
ViSat5 | 687 0.187 25.1 776 |116 |119 |107 |03

pVEZ | 169 0.182 244 55 107 100 |104 |03 3

VfSat6 |50 0.132 17.6 64 191 | 157 |1.78 103.6 (CEN1) ;‘T;lg‘;‘gn“’ TR-5 from
ViSat7 | 44 0.102 137 705 |121 |117 |12 103.2 (CEN1)

ViSats | 2033 0.061 8.1 717 |168 |1.03 |146 |91.3(CEN4)

ViSat9 | 963 0.055 74 776 102 |177 |100 |02

VfSat10 | 1762 0.042 5.7 747 |108 |127 |1.00 |41.2(CEN1)

VESatll | 1619 0.040 53 757 108 |123 |101 |03

VESat12 | 1004 0.038 5.1 742 112|127 |102 |02

ViSatl3 | 47 0.036 48 68.1 |256 |1.14 |176 |149.2(CEN5)

VESatl4 | 888 0.035 47 756 |106 |133 |102 |03

VfSatl5 | 942 0.035 47 765 |11l |1.03 |1.08 |03 gi‘;ﬁ;ﬁf;ﬂkzo from
VfSat16 | 1712 0.038 5.1 651 [120 |1.00 |127 |109.9 (CEN6) [Vf_TA_157]
ViSatl7 | 781 0.031 42 75 L1l 110 |106 |04

VESat1$ | 1172 0.031 42 797 111|103 |108 |03

VESat19 | 1345 0.024 33 802 |101 |135 |107 |02

VESat20 | 924 0.022 3 745 123 |129 |124 |07

VfSat21 | 1057 0.017 23 743 102|135 |110 |02

VfSat22 | 1834 0.016 22 718 |125 |122 |11l |03

VfSat23 | 1325 0.008 1.1 733 |117 |141 |1.18 |81.9(CEN2)

Table 1. Satellite repeats investigated in this study. Novel satellite repeats are numbered with the prefix “V{Sat;
references to previously described repeats are given in Notes. Names in square brackets refer to homologous
repeats that were partially characterized by Novak et al.?®. The column “ChIP-seq” provides ChIP/input ratios;
the values of significant enrichment are highlighted and supplemented with repeat localization determined by
FISH. Sequences of all newly identified satellites are provided in Supplementary Data S10.

elevated AT content (65-80%), and some were found to have asymmetrical distributions of A/T, C/G, or purine/
pyrimidine bases between complementary strands (Table 1).

There were ten satellite repeats whose abundance exceeded 0.1% of the genome. They included the previ-
ously described repeats FoklI, TIII15, and pV{7 and seven novel families (Table 1). One of them, VfSatl, was
estimated to be of similar abundance to Fokl, which is one of the most abundant satellites found in a plant spe-
cies so far. Contrary to Fokl, which is located in a number of bands within the long arms of all five acrocentric
chromosomes, FISH with VfSatl probe produced one major band near the centromere within the satellite arm
of the metacentric chromosome 1 and additional minor signals in the pericentromeric region of all acrocen-
trics (Fig. 1a). VfSatl was found to share 78% sequence similarity with the pea (Pisum sativum) satellite TR-9
(Supplementary Fig. S2), which occurs in terminal regions of three pairs of pea chromosomes*!. The third most
abundant satellite, VfSat2, had a prevailing monomer sequence TATTTGAC(GTT)6, which probably originated
from a degenerated simple sequence repeat, (GTT),. Due to its simple sequence, this satellite showed high strand
asymmetry values (Table 1). V{Sat2 produced FISH signals that were partially co-localized or interlaced with FokI
repeats except for an additional band adjacent to a heterochromatic DAPI-positive segment on chromosome 1
(Figs 1b and 2). There was another highly abundant satellite, VfSat3, with similar distribution to FokI, which also
occurred in the same additional locus on chromosome 1 as V{Sat2, but in this case its signal matched the position
of the DAPI-positive band (Fig. 1¢). Considering the presence of additional three satellites (pV{7, VfSat9, VfSat19;
Fig. 2), this region of chromosome 1 together with heterochromatic loci within long arms of acrocentric chromo-
somes can be considered a hotspot of satellite DNA accumulation.

Satellites with large monomers are predominantly located in pericentric regions. A substan-
tial fraction of putative satellite repeats (17 out of 26) had estimated monomer sizes between 687 and 2033 bp,
thus being significantly larger than the previously reported preferred monomer length of 135-375 bp'. To val-
idate the predicted monomer sequences and confirm their tandem arrangement, PCR was performed with V.
faba genomic DNA as a template and with primers designed to face outwards from the reconstructed monomer
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Figure 1. Distribution of selected satellite repeat families on metaphase chromosomes of Vicia faba. Satellites
were visualized using multi-color FISH, with individual probes labeled as indicated by color-coded descriptions.
Hybridization patterns of Fokl repeats (green signals) were used for chromosome discrimination as shown in
Supplementary Fig. S3. Chromosomes counterstained with DAPI are shown in gray. Arrowheads in (e) point to
polymorphic VfSatl1 signals on chromosome 2 (see Fig. 3b for comparison).

pvf7 Fokl W VfSat3 VfSat11 W VfSat20

W VfSat1 M VfSat4 WViSat9  MVfSat22 ~ MVfSat14
W ViSat2 ViSat6 M ViSat19 VfSat17 VfSat15
WViSats  MVfSat18 VfSat12
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723456 723456
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Figure 2. Schematic representation of genomic distributions of all non-centromeric satellites mapped by FISH.
Satellites with short monomers are shown in (a), while those with long monomers exceeding 600 bp are in panel
(b). The black line along chromosome 1 marks the region of accumulation of multiple satellite repeats.
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Figure 3. Variation in the number (a,b) or size (¢) of FISH signals between homologous chromosomes detected
for VfSat2, VfSat11, and FokI. Arrows indicate the positions of polymorphic loci on homologous chromosomes.

consensus. In this arrangement, the amplification can take place only between the primer pairs located in adjacent
tandemly repeated monomers (Supplementary Fig. S4). All 17 putative repeats tested using this assay produced
the expected amplification products, and their cloned sequences matched the predicted consensus with 92-99%
similarity. Dot-plot analysis of the monomer sequences did not reveal any internal subrepeats that could explain
their large size as a result of evolution via higher-order repeat intermediates. The only exception was V{Sat8 which
displayed irregular internal subrepeats (Supplementary Fig. S5). The analysis did not detect any significant simi-
larities between different satellite repeats.

Selected clones were labeled and used as probes for FISH. Most of these long monomer satellites produced
only a single hybridization signal, except for VfSat9 (one signal on each arm of chromosome 1, Fig. 1d) and
VfSatl1, which, in addition to labeling one locus on the long arm of chromosome 1, produced a hemizygous
signal on the long arm of chromosome 2 (Figs 1e and 3b). Although the FISH signals of long monomer satellites
occurred on different chromosomes, they were mostly located in similar positions within their long arms, close
to the centromeres (Fig. 2b). Four of the repeats were located within primary constrictions, and further analysis
confirmed that they represented centromeric satellites (see below).

Centromeric repeat composition differs between V. faba chromosomes. The association of repet-
itive sequences with centromeric chromatin was investigated via chromatin immunoprecipitation using the anti-
body against the centromeric histone H3 variant CenH3, followed by Illumina sequencing of retrieved DNA
(ChIP-seq). The resulting reads were mapped to repeat clusters based on their sequence similarities, as were
the reads obtained by sequencing DNA fragments extracted from chromatin preparations prior to ChIP (input
control). A total of 21.3 million ChIP and 10.7 million input reads were mapped to reference clusters, and nor-
malized ratios of ChIP to input reads were evaluated for the 500 largest clusters representing highly and mod-
erately repeated sequences with genomic proportions of at least 0.002%. There were seven clusters that showed
elevated ratios of ChIP/input reads (41- to 149-fold enrichment), indicative of their association with centromeric
chromatin, whereas all other analyzed clusters showed ratios close to or below 1 (Table 1). All ChIP-enriched
sequences represented satellite repeats, and their centromeric location was confirmed by FISH (Fig. 4). The seven
satellites differed substantially in their monomer length (44-2033 bp), sequence composition, and distribution
on chromosomes. Whereas three different satellites were found at the centromere of chromosome 1 (CEN1), four
other centromeres contained a single chromosome-specific satellite, and no centromeric repeat was identified
for chromosome 3. One of the CENT satellites, VfSat6, was found additionally at a non-centromeric locus on
the long arm of chromosome 6. However, corresponding FISH signals were very weak and detectable only on a
fraction of chromosomes, most likely due to the small size of these loci. No sequence similarities to repeats from
other species were detected for V. faba centromeric satellites except for VfSat6, which was found to be related to
the satellite TR-5 (88% similarity, Supplementary Fig. S2) located in the pericentromeric region of chromosome
2 of Pisum sativum®'.

Three satellites display supernumerary FISH signals or signal size polymorphisms between
homologous chromosomes. FISH with the satellite sequences V{Sat2, VfSat11, and FokI revealed differ-
ences between homologous chromosomes regarding the number of labeled loci or sizes of some signals (Fig. 3).
These polymorphisms included Vf{Sat2 loci on chromosome 1, which appeared as either two bands (stronger and
weaker) separated by a gap of non-labeled chromatin or as two closely adjacent bands of equal strength (Fig. 3a).
The observed genotypes were either homozygous for the former pattern or heterozygous. The other polymorphic
site was the locus of VfSat11 on the long arm of chromosome 2, which was missing from one of the homologs in
part of the examined individuals (Figs 1e and 3b). In the case of the FokI repeat, an expansion of the signal size
was revealed at one locus of the acrocentric chromosome 5, which was paralleled by the size change of a corre-
sponding DAPI-positive band and by an increase in chromosome size (Fig. 3c). The expanded band was observed
only in heterozygous configuration, while a part of the genotypes was homozygous for the smaller variant of this
FokI band.

Satellite repeats vary as to their replication time during S phase.  The replication time of satDNAs
was investigated by incorporating the thymidine analog EAdU, employing 15 or 30 min pulses of exposure to EAU
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Figure 4. FISH localization of centromeric satellites. Three satellites located in the centromere of chromosome
1 (VfSat6, VfSat7 and V{Sat10) are shown separately in panels a—c. Centromeres of four other chromosomes
that each contain a single satellite repeat are labeled in panels d—g: (d) VfSat13 repeat located in centromere 5,
(e) VfSat8 in centromere 4, (f) VfSat16 in centromere 6, and (g) VfSat23 in centromere 2. Arrow in (a) points to
minor non-centromeric locus of VfSat6 which is detectable only on a fraction of chromosomes. Hybridization
patterns of Fokl repeats (green signals) were used for chromosome discrimination in (e-g). Chromosomes
counterstained with DAPI are shown in gray.

followed by fixation of root meristems at various times after the pulse (1-9h). Depending on the time elapsed
since the labeling pulse, the fixed material displayed labeling of early-, middle-, or late-replicating chromatin.
Examples of labeled chromosomes are shown in Fig. 5, and the observed labeling patterns are summarized in
Supplementary Table S7.

The early replication pattern consisted of weak dispersed labeling with strongly labeled NORs and a few
additional bands (Fig. 5a). The early replication pattern was gradually replaced with more uniform staining
of whole chromosomes except for their heterochromatic regions. At this stage, corresponding to mid-S phase,
there were also distinguishably brighter signals observed at all centromeres (Fig. 5b). The late S phase labeling
signals appeared as sharp bands corresponding to most of the satellite repeat loci (Fig. 5¢,d). Replication tim-
ing of individual satellite repeats was determined by associating their known chromosomal positions with the
observed replication patterns and in some cases also by performing their FISH detection on EdU-labeled chro-
mosomes. Taken together, these experiments revealed that the replication timing of V. faba satellites is not uni-
form (Supplementary Table S7). Mid-S phase replicating centromeric repeats and VfSat2 preceded most other
satellite families, which replicate in late S phase. All these satellites except for Fokl finished their replication before
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Figure 5. DNA replication assay. Examples of EAU labeling of early (a), mid (b) and late (c-d) replicated
chromatin. Arrows in panel (a) show the positions of early replicating NORs. The inset in panel (b) shows a
detail of two chromosomes, with bright spots corresponding to labeled centromeres. The two late replication
patterns that could be distinguished consisted of labeling most satellite repeats (c), followed by exclusive
labeling of FokI loci, which represented the last genomic sequences to be replicated (d).

the end of S phase, while the FokI sequences alone represented the latest replicating part of the genome (Fig. 5d).
The EdU-labeling patterns were correlated with the presence of specific satellite sequences, as exemplified by
the FokI bands that were polymorphic between homologous chromosomes 5 and consequently displayed EAU
labeling of different intensities corresponding to the sizes of FokI bands. In addition, the earlier replication of
V{Sat2 was maintained on all genomic loci of this satellite, even those adjacent to the blocks of FokI that were
the latest genomic sequences to be replicated (Supplementary Fig. S6). Thus, the replication timing appeared
to be sequence dependent, not determined by the chromosomal position. We investigated whether there is a
correlation between various characteristics of the nucleotide sequences (monomer length, AT/GC and di- and
tri-nucelotide composition) and the replication timing of individual satellites; however, no statistically significant
correlation was found.

Discussion

Satellite DNA still represents one of the most enigmatic components of eukaryotic genomes, which is in part
due to the technical difficulties associated with reliable characterization of a representative set of satellite repeats
from the genomes of interest. Here we demonstrated that such characterization can be achieved by employing
next-generation sequencing combined with bioinformatics tools specifically tailored to this task. Application
of this approach to the genome of V. faba generated a large body of new sequence and cytogenetic information
surpassing the evidence that had been gathered so far about satellite DNA in this long used cytogenetic model.
The reliability of bioinformatic identification and reconstruction of satellite repeats from NGS data was confirmed
experimentally by successful FISH detection of all 25 selected repeats on V. faba chromosomes. The same strategy
was recently used in several plant and animal species, where it revealed surprising diversity of satellite repeats,
similar to that reported here for V. faba*3**2. However, such satDNA diversity is not a common feature of all
genomes because there were also species relatively poor in satellite DNA reported after examination using similar
approaches®, including several species of Vicia®!.

Satellite repeats usually show little or no sequence conservation between different taxa, owing to their rapid
evolutionary turnover in the genome®. However, great sequence diversity can also be found between the repeats
within a single species, as demonstrated here for V. faba. Except for their preference for AT-rich sequences,
the families of V. faba satDNA did not show any conserved features or sequence similarities, pointing to their
independent origin. Despite the wealth of repeat sequencing data from closely related genera of Vicia, Lathyrus,
Pisum, and Lens®', the majority of V. faba satellites did not show sequence similarities to repeats from other spe-
cies. This suggests their species-specific origin or rapid sequence diversification. The exceptions included three
satellites (VfSat1, VfSat6, and VfSat15) with similarities to satellite repeats from Pisum sativum, and VfSat4, which
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was related to VicTR-B repeats highly amplified in several Vicia species** (Table 1 and Supplementary Fig. S2).
The existence of rapid turnover of satellite repeats in the V. faba genome was also supported by the occurrence of
polymorphic or supernumerary loci of three satellite repeats, VfSat2, VfSat11, and FokI. This is in agreement with
earlier reports of variability of heterochromatic Giemsa bands at chromosomal positions corresponding to FokI
repeats observed within and between different accessions and karyotypes®>*.

Satellites with long monomers (0.7-2.0kb) were found to be surprisingly numerous in the V. faba genome.
This contrasts with relatively few cases of such repeats reported to date in other plants. Several satellites with
monomers ranging from 0.9 to 4.0kb were found to accumulate on the B chromosomes of rye (Secale cereale)*>=7.
Long monomer satellites were also reported in Solanum species, including the Sobo satellite (4.7 kb monomer) of
S. bulbocastanum*® and a diverse group of centromeric satellites with monomers up to 5.4kb from S. tuberosum?®
and S. verrucosum®. Most of these satellite sequences display similarities to various retrotransposons or have
a complex structure indicating their origin from different genomic repeats*®*. These features indicate that the
rye and Solanum long monomer satellites might be evolutionary young and mostly originate at specific genomic
regions represented by dispensable B chromosomes and centromeres. However, none of the repeats reported here
for V. faba had detectable sequence similarity to other genomic sequences, and only a small fraction was located
in centromeres. On the other hand, most V. faba long monomer satellites displayed a preference for pericentric
regions, the significance of which is yet to be investigated.

The four satellite repeats with long monomers (1.7-2.0kb) that were localized in primary constrictions of
metaphase chromosomes were proved to be associated with centromeric chromatin using ChIP-seq with the
CenH3 antibody. However, the long monomer size was not a universal feature of V. faba centromeric repeats, as
the other three centromeric satellites had extremely short monomers, ranging from 44 to 50 bp. There is mounting
evidence that most eukaryotic centromeres are determined epigenetically, independent of the underlying DNA
sequence®®®!. The frequent accumulation of satDNA in centromeric regions is then explained by its positive role
in stabilizing centromeres, promoting deposition of inner kinetochore proteins, or simply by passive accumula-
tion due to the absence of recombination-based elimination mechanisms®*>*%, Most higher plant species investi-
gated so far have a single or only a few centromeric satellites with monomers hundreds of nucleotides long that are
shared by all chromosomes®, an observation that is explained by their coevolution with kinetochore proteins®”.
Thus, the monomer length diversity as well as the overall number of different centromeric satellites, all of which
are specific to a single V. faba chromosome, are unusual. Similar diversity has been reported in potato (Solanum
tuberosum), where part of the centromeres contains chromosome-specific satellites, while the rest is free of satel-
lite DNA?®. Comparison of homeologous centromeres between potato and its wild relative S. verrucosum revealed
that all but one of the centromeric satellites differ in their sequences, which, together with the absence of centro-
meric satellites on some chromosomes, indicates that centromeres in these species are evolutionarily novel and
still undergo rapid cycles of satellite DNA expansion and contraction/elimination that precede fixation of a single
satellite in most centromeres*’. Even higher intra-specific diversity of centromeric satellites has been described
in the pea (Pisum sativum), which was found to carry 13 sequence families differing in their genomic abundance
and distribution on chromosomes*!. The genus Pisum is closely related to Vicia, but chromosomes in Pisum and
its sister genus Lathyrus exhibit a unique morphology of their centromeres, which are composed of multiple sep-
arated CenH3 loci arranged along extended primary constrictions®. While it was tempting to speculate that the
extraordinary diversity of pea satellites originated from the evolutionary shift to its complex centromere struc-
ture, the diverse repeat composition of a simple V. faba centromere calls for the investigation of additional species
from both genera to get more representative insight into evolution of their centromeres.

The replication of most V. faba satellites during the late and the centromeric repeats in mid-S phase is in
agreement with observations from other plant species**”. Our data also suggest that, although the replication
patterns were found to be conserved for specific satellite sequences regardless of their chromosomal location, the
nucleotide sequences alone are not likely determinant of the replication timing, as we did not identify any con-
served sequence features among synchronously replicating satellite repeats. Thus, other features like epigenetic
modifications of chromatin proteins that were found to correlate with replication timing may be more impor-
tant®”*8, Indeed, FokI repeats were previously shown to be distinguishable from the rest of the V. faba genome by
a specific combination of epigenetic marks®® which could also explain their partially different replication timing
compared to other satellites.

The data described in the present work allow for reexamination of previously described cytogenetic features
of V. faba chromosomes to investigate their eventual correlation with sequence composition and chromosomal
distribution of novel satellite repeats. For example, previous studies revealed that the region located proximally
on the NOR-bearing arm of chromosome 1 exhibits extreme sensitivity regarding misrepair of DNA damage, in
particular after exposure to the mutagens mitomycin C and maleic hydracid, but also to other genotoxins®*®.
This S phase-dependent misrepair yielded a high frequency of chromatid-type structural aberrations, such as
isochromatid breaks, interstitial deletions, duplication deletions, and reciprocal translocations. The clustering of
aberration breakpoints was likely due to misrepair of DNA double-strand breaks, which arise from the overlap
of excision repair with replication during S phase. The misrepair results from the ligation of the wrong strand
ends, favored by sequence homology with the break ends and/or by strand discontinuities at the border between
regions with different replication timing®'. The present study discovered that this aberration hotspot correlates
with a region of unusual clustering of diverse satellite repeats, including five repeat families (V{Sat1, pV{7, VfSat3,
ViSat9, and V{Sat19) mapped to two adjacent DAPI- and Giemsa-positive chromatin bands and one (VfSat2)
located between them in a DAPI-negative area (Fig. 2). Also, other regions of frequent aberration breakpoints
were reported. These were associated with FokI repeats in the middle of the long arms of all acrocentrics, in par-
ticular the region on the long arm of chromosome 5 with a largely expanded FoklI region®2. Many FokI loci were
found adjacent to or interspersed with V{Sat2, the satellite with the most contrasting replication pattern compared
to Fokl, supporting the idea that such adjacent loci with different replication timing may cause chromosomal
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instability. Furthermore, due to its chromosomal location, its abundance, and its strong asymmetry of A and T
between both strands of the double helix, the non-centromeric VfSat2 may represent the physical basis for the
asymmetric bands previously observed by the fluorescence-plus-Giemsa technique after BrdU incorporation for
one S phase®.

Methods

Plant material and DNA isolation. Seeds of the Vicia faba cultivar Merkur were purchased from Osiva
Bor$ov (Bor$ov nad Vltavou, Czech Republic). Total genomic DNA was isolated from young leaves as described
by Dellaporta et al.®.

Sequence analysis and cloning of satellite repeats. Putative satellite repeats were identified
in the course of our previous study?! via graph-based clustering of V. faba genomic shotgun reads using the
RepeatExplorer pipeline?”. Reconstruction of monomer sequences of selected satellites was performed
using TAREAN?. Reconstructed sequences were used to design oligonucleotide probes for hybridization
(Supplementary Table S8) or PCR primers for amplification and cloning of corresponding repeats from genomic
DNA (Supplementary Table S9). The latter option was used for satellites with long monomers that could not
be efficiently detected using short oligonucleotide probes. The PCR reactions were performed in 30 pL volume
containing 1x PCR buffer, 0.2 mM dNTPs, 0.2 uM primers, and 2U of Platinum Taq Polymerase (Invitrogen).
The amplification was carried out for 30 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C for 3 min. The ampli-
cons were cloned using the TOPO-TA Cloning Kit for Sequencing (Invitrogen). Plasmid clones were verified by
sequencing, and selected inserts were used as probes for in situ hybridization experiments. Sequences of all cloned
probes were deposited in GenBank under accession numbers MF796528-MF796546.

Over- and underrepresentation of di- and tri-nucleotides in satellite repeats was calculated from unassembled
sequence reads according to Burge et al.*. Correlation between sequence composition and replication timing of
satellite repeats was tested using regression analysis in an R programming environment.

Fluorescence in situ hybridization (FISH). Mitotic chromosomes were prepared from root tip meristems
synchronized using 2.5 mM hydroxyurea and 2.5 .M amiprophos-methyl as described previously®®%. Probes
were labeled with Alexa Fluor 568 or Alexa Fluor 488 (Thermo Fisher Scientific, Waltham, MA, USA) using nick
translation®. The oligo-probes were labeled with biotin or fluorescein at their 5’ ends during synthesis (Integrated
DNA Technologies, Leuven, Belgium). FISH was performed according to Macas et al.®” with hybridization and
washing temperatures adjusted to account for AT/GC content and hybridization stringency allowing for 10-20%
mismatches. The slides were counterstained with 4’,6-diamidino-2-phenylindole (DAPI), mounted in Vectashield
mounting medium (Vector Laboratories, Burlingame, CA), and examined using a Zeiss Axiolmager.Z2 micro-
scope with an Axiocam 506 mono camera. Images were captured and processed using ZEN pro 2012 software
(Carl Zeiss GmbH).

Identification of centromeric repeats using chromatin immunoprecipitation. Chromatin
immunoprecipitation was performed with nuclei isolated from fresh leaves as described previously*' using a
custom-made antibody raised against a peptide designed according to the CenH3 protein sequence identified
in Vicia faba (CenH3-2_VF)*. ChIPed DNA and input DNA control were sequenced on the Illumina platform
(Global Biologics, LLC, Columbia, USA) in a single-end, 101 nt read mode. The resulting reads were trimmed
to 100 nt by removing the first base and quality filtered to exceed the cutoff quality score of 10 over at least 95
nucleotides. Quality-filtered reads were mapped to reference contigs assembled from clusters of genome shotgun
sequencing reads representing V. faba repetitive sequences produced and characterized in our previous work®.
Similarity-based mapping of reads to repeat contigs was done using BLASTn® with the parameters “-m 8 -b 1 -e
1e-20-W 9 -r2-q-3-G5-E 2 -F F” and was followed by output parsing to ensure that each read was mapped to a
maximum of one repeat cluster with the highest similarity score. The proportion of ChIP and input reads mapped
to individual clusters was evaluated to identify repeats with a ChIP/input ratio >10, which were considered to
represent repeats enriched in the ChIP sample.

DNA replication assay. Root tip meristems were treated with thymidine analog 5-Ethynyl-2’-deoxyuridine
(EdU) by submersing the roots of three-day-old seedlings for 15 or 30 min in a 10 M EdU solution in Hoagland
medium. The EdU treatment was followed by incubating the seedlings in Hoagland medium for various time
intervals ranging from 1 to 9 hours (all incubations were done at 25 °C). Since V. faba S phase was reported to last
7.5h, followed by 5h of G2 phase before entering mitosis®, this time sampling enabled observation of metaphase
chromosomes with their DNA labeled at various stages of the S phase (late replicating chromatin was labeled
in samples collected 1-3 h after EAU treatment while collecting tissues after 6-9h provided information about
early replicating chromatin). Tissue fixation was performed with methanol-acetic acid (3:1) and chromosome
preparations were done as described above for FISH experiments. EdU detection was performed using EdU
HTS kit (BaseClick GmbH, Neuried, Germany) according to the manufacturer’s protocol, except for the washing
procedure, which was done at 35°C in 2 X saline sodium-citrate (SSC) buffer for 5 min, followed by 5 min in 50%
formamide/2x SSC, 10 min in 2 x SSC, and finally 5min in 1 x BT buffer (0.1 M NaHCO; 0.05% Tween 20, pH
8.0) at room temperature.

Accession codes. Cloned sequences of satellite repeats were deposited in GenBank under accession num-
bers MF796528-MF796546. Raw Illumina reads from ChIP-seq experiment will be available from European
Nucleotide Archive under the study PRJEB5241.
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Figure S1. Frequencies of di- and tri-nucleotides in V. faba satellite repeats. Representation values p*XY and
p*XYZ for di- and tri- nucleotides respectively were calculated from sequence reads according to Karlin and

Burge (1995) and are shown by numeric values and colors of the heatmap. A deviation of p* vy and p* yyz Value

from 1 reflects marginal (1.20-1.22) or extreme(>1.22) over-representation, or marginal (0.79-0.82) or extreme
(<0.79) under-representation.
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Figure S2. Sequence similarities of V. faba satellites to repeats from Pisum sativum (PST_TRS, PST _TR9
and TR-20) and Vicia sativa (VicTR-B). The similarities are shown as pairwise alignments of consensus
monomer sequences, except for VfSat15/TR-20 which are due to long monomers and only partial similarity
compared using dot-plot of dimer sequences with similarity threshold of 70 identities over 100 nucleotides.
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Figure S3. Discrimination of individual V. faba chromosomes based on their morphology and

distribution patterns of Fokl repeat. (a) FISH labeling of Fokl repeats (green) on metaphase chromosomes.
(b) Schematic representation of chromosome morphology and FokI patterns. The polymorphic Fokl band on

chromosome 5 is marked with dotted pattern.
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Figure S4. Design of primers used for PCR amplification of satellite repeats from genomic DNA. (a) Forward

(F) and reverse (R) primers were facing outwards from predicted repeat monomers, thus generating

amplification products only when their target sequences were arranged in tandem. (b) Example of agarose gel

electrophoresis of amplification products from V. faba genomic DNA using primers for VfSat9 and VfSatl7

repeats, showing bands corresponding to amplified monomer (M) and dimer (D) sequences.
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Figure S6. Combination of replication assay (EdU labeling, red) showing early (a-d) and late (e-h) replication

patterns with FISH detection of VfSat2 (green). Chromosomes counterstained with DAPI are shown in blue.
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Table S7. Replication timing of satellite repeats.

Replication time (hours since the start of S phase)

1 2 3 4 5 6 7 8 9
V1Sat2 included in + + + + +) () - - -
dispersed labeling pattern*
Centromeric satellites - - - ) + + - - -
Vi{Satl - - - - (+) + + } _
All remaining satellites - - - - - () + (H) -

FoklI

- - (+) + () ()

" VfSat2 did not replicate during late S phase (hours 7-9) but its exact replication timing was not determined

due to the lack of distinct patterns on the background of dispersed labeling during early/mid S phase

Table S8. Sequences of oligonucleotide FISH probes.

1D Probe Label Sequence 5'->3'
_— CTTTTAACTTAGTTTCTTAGTGATGAAGTAACCTAAAATT
ViSatl VFBm2H]1 Biotin TGGTGATGGA
. CTACCTTCCATAATGACAAGGCTACCATCCATTGGAGTAA
FokI VFBm3 Fok HI Fluorescein CAAAAATCTC
- CAACAACAACAACAACAACGTCAAATAAACAACAACAA
ViSat2 VFBm15H1 Biotin CAACAACAAC
V{Sat5 VFBm105H1 Biotin AGCTCCCATCATCCAAGTAGGTAGTGCTATCTCACTCCT
pVI7 pVF7 TA_CL34 Biotin éﬁ%ﬁ%?rg?ggngTGTCGAAACGCTACGAAACTTTGGG
ViSat6 VFBm127H1 Biotin ATCAAAGAAAGGTTTAACACGRACGAGTGTTTGAATCA

ATACGGACGAGT
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Table S9. PCR primers used for amplification of satellite repeats from genomic DNA and GenBank accession

numbers of cloned probes.

Satellite Primer Sequence 5'->3' Accession number
v IR ACCACATACACTC
o IBIIBE GOACAMAICTGATCAMATEATG
v VST OGO i e
Ve \ETISOL COMCNICTIMGICIGIOIGTTIE s
vews | VEEMISE CTATITOMNTGTIATICOACTGC
w0 VIBmr  AGCCAICKTOCTI
N
vz ViEmmenr crermOCTOWGICIGIC
s EIIZCHE  GOTIAAACACACCAAAGIAAG
vews VBT CIOCTOTICATICICACGTC
vews \EmeE TAcMoIoIConccIen
vews | VEERROICZE | MCATTAGITOCGCCTTC
vz T COTGAGANTEOTGTTCTTTIATCA
vewo  VIBrvr  scamcuccoscmncct
oo VI TTCICCCMCTANGAGTT
o VML ACICCGCAGAMMNTEAGACTTS
v Vo CACTTCEICCTIGCAA
vown  VRTEICT TCAMIGCACMCGTTTANGCAN
ViSa23 V{_TA_CL281_2 TAACCCAAGAGGACCCAATG MF796546

Vf TA_CL281_1

GATACCTTCCTCACCCATACA
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Supplementary Data S10 - Reconstructed monomer sequences

>VfSatl_TA
CATCACCAAATTTTAGGTTACTTCATCACTAAGAAACTAAGTTAAAAGACTATTACTTAATGACACATATTCCATATACATTTGAAATAAT
TCAAATTATCTAATGAGTCTCGATAGTATATTTATTCACCATATTCATATTGTATTATGGTATAATAGATGTAAACAATTTCAATATTTTT
CTTCTTCTC

>FokI_TA
TCCATCGGAGTAACAAATCTCAACAACGAACTATCTCCCATAATGACGAGACTACCA

>VfSat2 TA
TTTATTTGACGTTGTTGTTGT

>VfSat3_TA
TAATAACTAAAAAGGAGGCAAACTAAATTGGTGGGTGTAATGAAATTTTCGCACAAACAGTAGCGTAGGTCCAAATAAACGCTTTGTCAAC
ACCAAGTATTTTTCTCGAAATCAAACCATTTTCAAAATATTTTCATAACAAATGCACTCGAAGGACACATGCATTAAGTAGTGAAGAAGGA
ATGATTAAATGTATGTCCCTTTGTTCTTAGTCCGACGACGCTGGCTGTATAGGTTATCGTTCGAATGCTCACCTTCACTCATGAACTTTAG
TTTTATTCGTGCTATATACTTTTGAAGTGAAATGGAGGAAAATGACTAGTTAGGCGTATGCTCCTCTTATAAAGATTCTAATAAAGACAAA
GAAGAGTGATCTCTTCTGTCCAAAAGGGTAAACCAACTTTGAAAGAGAAAATAGAGCAACAGACAATATGCCATAAAAGTTATTTAATAGC
ACTTTCTTTTGTTTTTGATAGCGCTGAAAAGCGCTATTAACCGTGCCACTAATGTGAACGATTTTGTTTAATAGCACTTTAAAAGAGCTAT
TAAAGTACTAGTTTTTAATATAAAAATAATAATTAATTAAAACAATAACTAATAAGGAGGCAAACGAAATTTGTTAGGGAAAATGAATATT
TTTTCATAAACAATAGCGTCGGCCTGAACCGTCGCTAATATAAAAAAATAAATAATTATTTAAAA

>TITI15_TA
TACTTCGAAATGAAAGCCTGGATAGTAGGGCTGTGAGAAGGAACCTGGATAGTAGGGT

>VfSat4 TA
CTGATGAAATTTGAAGTGAACATAAATCTGAAGAAAAT

>VfSat5_TA
GTCAATGATATGAGTAAATGGCTATTTCTATAGTTAATGTAATATTTAGTTTATAAATAAATAATTATATCATATTTTCGTTTACGGCCTA
ATTTTGTTCATTAAAACATAAAGGTACTTAGTTAGAATTGAGTTTGATTAAAAATGAATGAGTAAAAGTATGTATGTTTAAAGTATTTAAG
TTTGATTTTTATTTTGTGAGATTTATATTTTTAGTTTAAATAAATTATAAAAATTGCTTTTGAGTAATAAATACGATTAAATTTAGATAGT
AATTTAAATTCTAAAATTTAAAATACTATCATTCATAGTCAAAACTTGATTGAGGGTGAAAAATAAACTATTCAGCATATTTATTCTCATT
GATTTTTCAATTTGTCAATTTATTTAACATTACTTGAATTGTTAATTTACAAATGTTTAAGTGAAATAGACTTTTATATAGGTTTGTAGGC
TAATCAGACATTAAAAATGACTAGGCTCAGATCTACAAATAAGCTTATAATAGATTACCGGTTCATACTTTACATCCTTTATAGATTTAGA
ATTTTTTAGCTCCCATCATCCAAGTAGGTAGTGCCTATCTCACTCCTTCGAATTTTTTATTCCTTGTATATGTGAAAGTCATTAGTATAAT
TTATCATTCATTGAAAAATAAGTCACCTCTCTTTATAATTTGAATCTTCATATGACAG

>pVF7_TA
GAAATTCAAAATAAACCGAGGGCTTGTCGAAACGCTACGAAACTTTGGGGACACTCTCAATGTGTTATTTGAGATGTCCATGCAAAAAATC
AGCAGGAGATTATTTTCCTAAGGCGCGTTTGCCTCCGCTTCCGTTTTTGGCAAAAACGCAATTGCACGCGTACCGTCG

>VfSat6_TA
AAGATTTAACACGAACGAGTGTTTGAATCAATACGGACGAGTATCAAAGA

>VfSat7_TA
ATGTACATTGATGAATGAACCTTTACACTAAGTCAAAGTATGTA

>VfSat8_TA
CGATAAGGTTTAATCCTTTCAAATACTCATAGTATGTATAATATTCCTTTCTTTTCATTAGGTTTATTATGGTTTGAAATTAAGCTTAAAT
GGGACAGGCCTTTCAAATGCTTATACAATGTAACATAGTTTCTTTCTCTTTAATTGGTTTTTAATGACCGAGTATTTGGTCAACATGGATC
GGACCTTTCAGCAAATCATATTATGTAATCTACTTCTTACATGTTTATTTATTTTCTTTCGATTTAGTCTTTGATCAAGAAGCGTTTCTAT
TTTCAACTACTAATTTTATAAGATGCATTTATTTAGTCATCTTTTTTAGTCTAATTACTAGGTTTTTATCCATCAAGGAATGAATATTTCA
ACTACTCAAATCATGTAATGTACTTTATTTCCTAACTATTTGGTTTCCCATGATTATGGCTTTGACCAACCCAGACTAGACATTTCAACTA
CTCATTGTACGTAATGTACTTATTTATTTTTATTTGGTTTATTAGGGTTTAGTCTTTGATTAACAAGATATTAACATTTCAACTAATCATG
TTATGTCTCATGTA
GTTTCTTACTTTTAGTTGGGTTTTAAGGAATAGGTGTTTGGTCAGTAAAGAAGGTACCTTTGAAATACTCTTAGTATGTAAATCACTTATT
TTCTCTTCAATTGCTTCTTTATGGTTGATTCTTGGGTTGATAAGGATTGATTCTTTCAATTACTCATAGTATGTGTAATATTTCCTTTATT
TCCATTTGGTTTATAATGGTTTGAGATTTGTTTTACATGGAAAGGACCTTTAAACTACTCTTATTTTATAGTGTAGTTTCTATCTATTTAT
TTTGATTTTAATGACTAAGACTCTGACCTTTCAACTCATTATATTAGTTTACTACTTCTTACCTATTTATTTGGTTTCTTACCTTTAAGTC
TCTGACCAACAAGGGGTTCACTATTCAATTACTAATGTTATGTAATGTATTTCTTTTATCTTTATTTAGTTTCTAATTACTAGGTCTTTGT
TCATTAAGTAATTGACCTTTCAACTTCTCAAAGTTTGTAATGTACATTCTTTCCTTTTTATTTGGACTCTTAATGTAAGTCTTTGATCTAC
AAGGGTCATACATT
TCAACTTCTTATTATGTGTAATGTACTATGCTTCTCTTTAATTGGTTTTTTAGGGTTATATATATTTTATTAACAAGGTATGAACTTTTCA
ACTACACACATAATGTAATGTAGTTTGTTTCTTTCATTTGGTTTCGGAAAACTATGCCTTTGGTCAATAAAGAAGGAACCTTTTAATTACT
CATAGTATGTAAAGCACGTATTTTTCTTCATTTTCTTCTTTATGGTCGAGTCTTTGTTCGATAAGGTTTGTTCTATTCAACTGATCATAAT
ATGTGTAATATTTCCTTTCTTTTGATTTGGTTTATTATGGTTTGTGTTTGGTTTAATCGGGATGGACATTTCAACTACCAATATTATTTAA
TTAGTTCCTTTCTCTTTATTTGGTTTTTAATAACTAAGTCTTTAGTCAACAAGGACCACATGTTTCAACAATCATATTATGTAAAGTAATT
CTTACATGTTTATTTGGTTTCTTATGATTAAGTCGTTGATCAACAAGGGATTCTCTTTTCAACTACAAATGTTATGTAATGTATTTATTTC
ATCTTCATTTAGTT
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TCCAAATACTAGTTCTTTGTTCATCAAGGAATGCACCTTTCAACTACACAAATAATGTAATGTACTTTATTTCCTCTTTATTTGGTTTCTT
ATGGTTAAGTCTTTGATAAACAAGAGCCTGGAATTTGGACTAATCATTTTATGTAATGAACTTTTTTTCATCTTTATTTGGTATATTAGGG
TTCACAAGGAAGGACCTTTCAACTACTAATGTTATGTAATGTATTTTATTTCTTTCATTTGATTCCTAATGGCCAGGTCTTTAGTCAACAA
GGAAGGGATATTTCATCAACTCATATTATTTAAAGGACTTGTTTTCT

CTTTATTAGATTCTTTTTTTGTTAATCTTTGGT

>VfSat9_TA
ATAAAATAAGCGACATAATCATCATTTTAAATCTTTATTATTTTTTTCACTCAAATAGTTGTTATCTTTTCTAAAAAATGTTTTCTAAAAA
ATATACCACAAAAAAATCATAAAACTTTTTACTTGAAAATTCTAAAAACATATCATCAACTCATTTCTGCAATCACTAGTTGCATATTAAT
AGAACTTTTGACATGAAAGACAACAACTCATTTGATATGTGAATCATAACATTTTCGCATCAAAAGATTGACATATTTAAATTCTTATTTA
AGATCTTATTTGGGCAATGCATGCTGGTCAATTTGTGTTCGATGGCAAGTTGAATGTGAATCCCATGATGTTTCTTAATTGCATCAAATTT
TTCTAATGACGCTCTTACCTTGTGTGGTAAACCATGTTATTCAAACATTAAGGAATAAAATTGTCAAATTAGATTTAGTTAGGATCATGAT
TAAATGATTGATAAAATGACAAATTAATTTTCCGAGAGACTTTTAATAAGTGTATTAACTATTATTAAATAATAATATTTAGAAGATTTAT
ATTCACATTGATTCTTTCAATTTTTACATGATTATTCAAATTTTACTTAGATAAGGAAACTAAGGCATGTCGAATATACATTTGAAAATAG
AGAATTTAAAATAACTTGTAAAATCTATCGAATAAAAGTAATTAGGCCTTTTAGAATCATTTATTGACAATTTTTTTATAAAACTATTAAA
ATAATAACATTTGATTAATTAAATCATAATATCAACGCAAACTAATAAAACAGTTAAACAATGTTGTTACACGTAGCACTTTTCAACTCAT
AATATTTTATTTTAGATTAATTATTTTTAAGATTATATCCTATATATTTTAAAGTCGCGTAAATGATTTATTTAAAAAGTATTGAGCTAAA
TTATCGTGTAGGATTATTAATAATAATTTGATTTTTATATTAAAACAAATAAA

>VfSatle_TA
ATATAAATATTACTTTTGAAAAGAAATACATTTCACATTGTAATTATAATTTCAAAATAAGAGAGTTCAAAATTCATTTAAAAATGCACAG
ATTTCATAGTTTTAAAAACCAAGATTAAATTTCATTCAAGTGATAAAACATATTTAATTCTTATGAACGCACAAATTTCTCTTAAATTTCT
CTTATATCATATAGGCAAAAAAATATGATAACATTGCTCTACTTATAAATAAAAGACTTATAAATAAACTTCAAATGACTACATTAAACAA
CAACTTATTCTTCACATGCCATTAAATCAAAAGAGATAATATAGAAAAATTAACCTAGAATATTCATTACTCTAATAAACTTCAAAACTCG
CCACCTCACTTGATATAAAGTCCAATGATATGTTTAGAGTAATTCATAAAACAATAAAGATAGTTTACATAAAAACAAAAATAAATTATAT
GTAAATTGAGATGTGAACTCACATATGATCACACAGAACAAGTGAACCACCATCAAAGCAAATAAAATAAATAAGTTCTTATATTTTATCT
ATTTTATTGAAAAATATTTTCTTTTGGCAACGTTGTTGTCGCCGCCACTTCAGTATCAGAAGCAATGACTCTGATCATCTGAGAATTTTCA
AAATACTACCAATACCAATCGTTAGTATTATTGGTTGCCAAATCGGTTGAATATGATGTTCTTTCGATTGAAATTACTAAATTTTTATTAT
TTTTATTTAAATTTTATTTATGTTAATAAATCCAGTTAATGAGAATGCAATGTTATTTGTTTCCTATCAAGTGTTTCTATGTGGCTGTGTT
GCAAGTACAATTATCAAGTCTAATTTTTACCGTCTCTACAAAGATTGATTGTGTTTTAAAAACTGTTCAATTGTTTCTATAACTTTAAGAA
TGATTTATCAGTTTTTTGTGACTACAAAAAGTAAAATAACAGAAAGTAAAATGAACTTTGGTGTTTAACCGTTTAGAAAACTTGATGGTTT
AAATATCATTGACATATTATCATATAGTATCCTTGATCAGTAATATGCAATTCTAATCAATTATTAATATTACCGCTCGAAACTCTCCTCA
CAACTCATATATGAGTCAACGACGTGAGATTATTCATATTACCTAATATATGATATCTCAACCTATTAACCATCACGATATCTTTAAGTTT
CAACAGTTCATACGAATATTGAACCTAAATCTATGTCTAGACTTTAGCATATCCAATAGATGAAAAAGTTGGACCTAGTAATTACAAGTAC
CTTTCGTATATCAAGTCATACTATGAAAACATGTTTTAGGTAGATAATCCAAATCAAGCAATAAGAACAAATAAGTCATCAATGTTAAAGC
TTAAGAAGAATTACATAGAACGCCATGACCGGGATCAAAACATGAGTATTAGGACAACCTCAATTTTTAAACTAATTTGTAATATAAAATA
TAAACTTATTTTAGGTATAAAAGTTGAGAAAATGATTTTACAATAGAAAAAAAATGCTATAATGGAAAATCTATGGAAGATGTCCTGATAC
TTATAATAACTCATACGTATGATATTCTTCTTAATCATATTTTACATTTGTTAAAGGTTAACTCAGAAACTCATCCTTCATAATTTTAAAA
TAAAATACTACAGTTGCTTTGAAATTCTTATATTTATATTTTATTTTTTGTCAAATAATTTAGTTGGCTTTCAGCCTTATTTTATTTTTAT
TTACTATTAAATTATTCTTCATAATTATATTTA

>VfSat1ll TA

CCAGTTTAAATATCGATGTATGATTTAGATTAAATTGCATTTGTTTTTTGTTTTCTTCAATTTTTGTAAGTACAAATTTTTTTAAGTTAAG
TACGTAGGGAAATAGAAGTTAATATACATGTAAGTACAATTTTTGTAATAAGATGAAAGGAGAATATACAGTGATAAGTGTGATGTGATGT
TCATTGATGTTGTTTGTTATTGTTTTGGTTTTGATGGGTTTTTTTTCTTCATTTTTTTCTTATGTTGTTTAGCGACATTGGAGAGAGCGGT

AGAGTCTGAAGCAAAATGAATGAGTATAACGAGAACAAACCAATTGAAATCTTAGTTTGATTTGATTTTATATATTTATGTTACATTGGAG
AGAGTCTCTGTCCTACCTTAATTTTTAATGGTTCTTTTAGGATTGCGTGATTCCTTATACAATTTACATGTCTTTCTCAAATATTAAAATA
TGCATGTTTTTGTTTATCTAATTTAGAAAAACAAATAAGAGTATAACCTGAATAAATTTGTTTTATTATTTCTATATATGTTACAAATCAC
AAAGAGAGCATAATCACAGTTTAATGATTAATAAGTTATATATTTAGTTAGTTTCACAATATTTTTTTATAAAAATGTTAACATAAATAGA
TTATACTAAAAGGGTACTTTAAATAAATAAAATAAAAAATAAAAAATCTCAACAAAATCCAAATAAGAAAAATGAATTATAATGCATGCTA
TTTATACACTCATATGTATCAATCTGTTGCAAAGAAAAATGTGAAGCAAAGTAGCAGAAGGTATTTTAATACTTCTTATACACTCATATAT
TAGTTCAATTCTATTCATATTGAGGTTTAAGTTGTCATATTTTATTTTAAGAGTTCATCTGAAACTGACATATTTTTTTTAAATATTATTT
TACAGTTTCTTTAAACCAATAAAGAGAACAATCGAATAAAAAATTACTATTTCATGATTTGGCAACCAAACTCACTCTAAAAGAATGCCAC
ATTGGTCAACTTGCCTATAACTATCATATTTTACATTTG
AAAAATAATGTATTTTGATTTTATTAAAATCTCTTTATAAGTGAGAGTAAAATGTAGCTTATATACTGCAATGTAAAATCAATTTTTCACT
CAATATAATGTGCAACTTGATTTGAAATGATACACGAGATGGAGAGACTTTTAATGTAGGGTAATCTCAATTTTCTAACTTTTAATTTCCA
TTGTTGGTATTTTTAAATCTTAAAGACATTTAAATGATAACTAGAATTATAATGGTCCAATTATCATTTAATATTATAATTGATGAGGATA
CAACTATTTATTACTCATTTTGATTCACAATGAATACATCTAAGTGAAAAATGAATAAATAAAAATGTAATGTTAAGTTTTTAAATATATA
TTTTATAAGTATGCAATTAATATAATAAAATAAATAGCATGCATTAAAATTATGTATAGTGTCTCTTCTTATTATTGTATATCTATCGTAT
AAGAAAACTCACTCCTTATTAATCACACCGTCTGCTTTGGATTCAAATTTGTCTCCTAACAACTTTGGTGAAAGACTAAACATTTATCGGT
AAATGCATCAGATTTGTAGAGGCTTCTAATTTT

>VfSatl2_TA

AACTCGGAGACATTTTGATGAACAAGTGTCTTCACACAAACAAAAGTTAAGGGCTTTAAAAATTAATATTAACAATATAGTCTAGAGTTCA
TCATATGATATTCTTGATATTTTATTTCCTTCGTTGTAGTAATGGATTGTAAGAGACAACTTACATATAAACATCTTGAACACAATGTTTT
TGTTCATTAGTACTATTATTTTTTAATTAATTAATTTTTTTTCTCAAAGCTAGTTTACATCCAAGGACCTATTGGCATGGGCACACATCCC
TTCAACATCCCAACTTAAATTTTCATTAAACCTTAGAGGTTGTGTTATAAAAAATTCTAAAAGATAAATAAAATAAATAGATATCTTCACA
AAATATTCTTATTATTTTCCATAATGATAAATATAAAAGAATTAGAACAATAAATATTTACCTTAAACTTATAATTTCATATCATTAATAG
ATTAAGCATTGGTAACATAAAAAAATAAGTTTCATTTAGTAAAGAGTTTTCATCCGTATAACAATGAGTAATGAACCATTTAATTTATATG
CATCTTTATGTATGGTGATGATCATGCTAGTTCTAGAATAACAAACAACCAACATAAAAAATCTATTTCACTTACACACGTAAAATTCATA
ATGGGTGAATAGTCGAATATGAATAAATATGAAACATCATATATATGACTACCGTCACTAGTAAGTATTCACATGACATTTTATAATGACA
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TAAATAAATATTTCTCGTATATCAACATATAAAATTTTTTGTGCATTGAATTTATAGACACACATTTGAACTGAAACACATATCCTTAATT
AAATGTGAGATAACAACTACGGACATACGACTACATATAACTAGTTATTGCACATTGAAACCAAAAGTATTGTTCCATTTATTGCAAATGA
CATCATAAGTTACACAAGTAATTTTTTTCAGTATTCATACATGTCACTTATATTCATTATGATGAACGATATTCCAAGCAAAACGTAGTTA
GAT

>VfSat13_TA
TGCTTGTTTAGGAATACTTATTGTGATGTCTTGATTCACTTTCCTAT

>VfSatl4_TA
TTTAGAAATCTTCTATATCAAATATGAGTGTACGGGAAATGACTTATTCATTTCCATTATTAATATACATTCTGAAATATTATTATAAAAA
TAATTATAAAAACTAGCTAAGAAAAACAAAAAACAGAGTAAAAAATTGAAAACAATTTGTAAACAAGTCACCAAATTTAAGAAATTTAAAA
CATAATATATTTAGATAAAGAAACTAATCAAACAAAGTCAAAATTATAATACTTAATTAAAAATACAAATTTATTGTTGTTTGTTGTTTTC
CCTTATTATATTTTTTAATTTTTTCTTTCTACCTTTTTTTATTCTATGGACGAACTTTTTTTTGTTCACTTATTTTTTTTATAATACTTAA
TTTTGATTTTTACGTTATATTGGATTTTAATTGAGATTTTGATATGTGCAATTGCCTGCCATTTGCGATGGTTTTGATTTTTATGCTATTT
TAGCTGATGATTTTGATATGCAACTTACGTTTATTTTTTTTAATTGAATGTGCTTTGAGTATTTTTACATATCCTTGAATTGTGATATTTG
ATAGGATGAGTATCACATTAATTTTTTTAATTTAAACATCACAGGATTTTTGAATGGTACCTCTCTTTCTAAAGATTTGACAATGAAGAAG
AGAAAAACAAAATACTAAATAGTAATGCAAAAGATATGCCGGAAGATATTAGGGAGAGAAAGGAGAATTGCCCTATGAAGCAGGTTGGAAG
TGCATTTGATTGGAATATATTCAATAAAATAGGACGATTGAGAAATTGAACAGAGAGTAAAATTTAATGCAATTCTAATGATTATATCTGC
GAATGCCTGAATTTCCATTTTTAGAAACATAGTGATTATTAATCTTTAGAAACATAGTGGTTATCAACC

>VfSatl5_TA
ATTTTTAAAATAAATTTTTAAAATTTAAATAACACATCATCTTGAATTCTATTCACCTAAGATGACACAATTACTAAGAGTCATTATCTCT
GATTTTGCAAAATTCATAGTAAATTCTAGCTTCTTTAAAAGTTTGATAAGTGTGTGTCTGTGAATATAATATGTAATGTGATATAACATCA
CTTTAAAATATATACAAACAATATGAAGATCAATAGAGAAGACAAAACATATTAGTGTGTGTCTTTAAAATACTCAAATCTTTAAAAAAAA
TCATTCATATTCTAATGAATCATGCAAACAAAATAATAATAATACACAATATAGAGATATGTTTGTTAGAAAAATTAGAATTGTTATTCAA
ACAAGTTTTATCTTAATATTTACATATACGAGAAGCAAAAATAAGAAGAAATCTAAGATTATTTGATGCAAAAAGAAATACATACTATTGT
TATATTTATCATCTTCCTTAAGTTTCTCTTTGTGCAAAGTATAACAATGACATGATCAAATTAAAGATATGACATAAATCACCTTTATGCT
GAAAGAGTGTCCTTTTTTTATGGTGTTTTTCATCATAATATATAGTACCAATTTCTATAATAAGTTTAGTTACTATAATTTTACTACTTGT
AAGAGTTATAAGTAGTTAGTTTCTCTAGAACATAACAAGCAGTCACTTTTATGACATCTAGTAAGTGTTGTATAAATTAAAATTGATAAAT
AAATATATTTGCTCAAAAATTGGGTAACATTAGTTAAAGGTTTTGGCTTTCTTTTTTAAACATTTCAATGTAAGAAATTAAAATTAAAAAC
TCGTGTAAATGCACGATTATAGAGTTTTGAGAAGTCGTCCATCCTGACATTGCTCAAGACCACTACTAATACAACTTTATATACAATATAA
TTCTTCAAAAAAAATATTTTTTTAAAAAAAGG

>VfSatle_TA
AAGAAGGAAAGGAAAAATTTCGAATAAAACCCACAAACAAAGGATAAGATGGTCTTCGAGACCAAAGAGAGGGTACATGAGTCGGTTATGC
AAGGGGAAGGTATTAGCACCCCTCACATTCATCGTACTCGATGGGAACCATTTGGTTCGTGTGTGTGTGTTCGAGTGGTAGTGTGATAGTT
TGCAATCTTCTACTTATTAATCTTGAAAGGAGAAAGAAGTAGGCTTTTTGTTTTTTAGTTTGTTGAGTTCGACAAGATTCGCATCTTGTGT
CTACGTACTCCCTCGTGCAATGGGAAAGTCAGAACTCCGTAGTTCTTCTAAAAAAGACCAACGGTGTATTGCTTGATTTTAGAAGAATGAT
GAGTTAGACATTTCAAACGTTTGAACTTCGACTTGTTTTGCTCGTTCGCGGAAACTAAGTCTTTGTGTTTGTTTTCCTATTAAAATGGCTA
AAACACATTCCTTTTATGAAAAGGTTTTTGATGTCGCGCAAGGGCGAAAAAACAAGTTTGATGAGTTGAAGTTGTTTTTATGTGGGTGATG
AGTACCGAAAAATCGGACTAACATCCTACGACTCAAATACTAGAAATTAGAGGATAAATGAAGCTCAAAGAGTAGTCTCTCAACCCCAAAA
GTTATTTTCTTATGAAAAAGATGAAGTGAAACAAGGTTCACGCTTATTAGGTTTTTTGCACGAGTCTTAGACAATTGGTCTAACAACCAAC
GATCTAAATACTCAAAATTTATTATGAAAATGTTTTTGAAAATATAAGTCGACGTTGGATCGAGGATTTGAAACTTTATTATGAAAGTGCT
TTAGATAGAGAATGGGAGAAAGTCGATTGCGGTTGCAAAAGCAAACTCGACTTATCAAATTAGTTATGAGCTTCGTATGTGGACCAAGAGT
GCACGAGCTAGATTGATTCAATTAAGTGTTCAATAGTGAATAAGCGATTAAAAGCAAAATAAAACTATTAAGCTATTACACGTCCAAAATG
CAGGGATACACTTGTTTAATGATGATTGACAAGTAAATCACACAAGCCCATACAAGGTGGCCCACACAAATGAAAAGGATAAAGCAAAAGA
GATGAATTATAATCTCTAAGTGCACTAGCAAAGTGGGCTAGTCTTCTAGACGACTAATTAGAATAATTAACCGACTAGGTCTCACTGTAGG
AAAGCCCAGGATTAAGCTATGAATGTGTGCAAGTGTGCATGTGTTTCGGTGTGGAGGGGTCCAAGAGGAAGCCATGCGAGGTCGTTTGCGA
TGCTTA
GAAATAAATTGACTTATGGTGGAAAATTGGCTCGCATTCGAGCATTAGTTCTTTGAAAGGTTCGATGCATGATGATGATGAATGATTAAGG
TAAAGCAATAAAGTACAATTAAATGATTATTACATCACACGGGGATTGGGTACAACCTTTTGAATGGGGATGGAACCAACCAAATCAACCA
CACACGAAAGCCTAATTAAAATCAAACAATACAGACCAATTGAACCAAATAATTAATTAATTAAACTAAATAATTTTATTTAATATAATTT
ATTATTAAATTAATTAATATTATTAAATAAAATTGCTTAAGATAATTAATTATCTAAACACACGTTTTTTGTATTTTTATGATATAAAATA
AAAAATAAAAAGGAAAGGGACATGGAAAATATAAAACAATGTAGTCCCCGCCGAGATTTATTTATTTC

>VfSatl7_TA
GGTAATTGTATCACACGCTTTTATTTTATTAATAATAAAAAAGTAAGTTTTTTCTACTTAACTTAAATTCTTTTTTAAGAAGGAAAGCATA
CATTTGGTATGTTTGGCAGATGATGCAGGGATGAATATCTTCACGTTGAACAATTAATAATGGATTGATTTGTTTTTCTTCTAATAACTTC
TATGTTGTAATTTTTTGAAATGTTTCTTATATAAAGAATGAGGATAATATTAAGCTTTTTTTATTAATCATTGACATGTCACACATTGTAG
ATAGAGTAACACACAATTAAATGTGAAATGCATATTTCATTCGAAACCAAATATCTTTTCTATAATATAGGTATGAGAATGGTGTATCTTT
TATCAAATGTATCCATTTAAAAACACATTAATGATTATATCTCATTTGTTGTAAACCTTATCTTTTTTGTTCAAGAATCATACTAATTATC
TAAGAAAAACACTAAGAAGTGGTGGTATCAACAAGTTTCTTAGTGTCCATGTCAATGAAAAAGCACATAAAATGTTATTCTGTATTGATTT
CAACCTTCACTCGCTTATGTTTAGTAATAGTCTCATTTTTATACTATTTAATTATTTTTTTAAGTATTCTGGCATCGAATATGTGAAAATC
TTACAATTTGTACTTTAAAACAATGTGACTAAAAATTAATATTTATTAAATGAACATGCTTTTAATATTGATAGAGTATGCATCCTCTCAT
CTTTGCCTAAAAGAAATATCAAGAATGAAAGGTTACTATATGAATAAATTAAA

>VfSatl8_TA

AAGAATAAAATTTAATAAGAATATAAAAAAGAGTTTTTATTTTTAAGACACAATAGGTCACACAATAAGATTTTTTTTTTAAAAAGTCATG
CATATAGAATATATTTTAACTTTTATGTCAAATTTATTGAAGTTATTGATTTTTAGGTATGATAAAAACAAATTTTATATATGATAACAAT
TTTTAGCTCTTATTTATATGATAAAAACTATATATGCTTATAATAATTTTTTGGAATAACTAAAAATTTATTTTTCTTGACCATTTAAGTT
TACTAAAAAAAATAACACAATTTTCTTTACAATTTAAGGACAAAAAACACTAATATTTCTAAAGACACTAAATGAATTTCGACTCCTGCCT
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ATCAATCATTTCTTCCTTTTTTTTAACTGCATTTTGTTTCTTACCTTTCATTTTCATTTACTCATAAATTTCTCTGCAATTCAAACAAATA
TCCAAATTCTTTACAAAGTGATTTCTCAAAATTTTTAATTCTCATTCATTAAATCTTATCTTAAATTGTGAATCTAAGATTCATCGGAAGT
ATTCCTTTTGAAATCACATTTATGGTTTTTAGACATAATTTTGTTATTGAATTCACTGCAATTGCGCTAAGCTACTTTAAATTAGAACAAT
GTGGTTTTGGTTTTGATATGATTAAGGTTGTCAGTTAGATGATGCATTTTAGTTATATCTTAAATGTAATGATATTGAATCTTTGAAGATA
TTGTAAATAACTATTATTACCTTACGGGAAAAAGTGACATAAAATTTTATAAATAAATGATAACCACTCAAAATAGGATTGATATTAATTA
TGTGTGTGATTAGTTGAAAAAAAGTGGTTTATTAATTCAACAATATTTCTTTTCTTCTTTACTATATTACTTGTTTTTAAAATATGTAGTT
TATTAGAAAGTTTATATAAATTAATTTAGTGAGTATGCACATAAATTATTAATATGTTTAATTTTTAAATATTATAAATGTTCAAACTATA
TGTTATGTTTGTTATGAAACTTGGGATCCAAAGAAAAATAGAAAAAGTTAAATAAAATATTGTATTTTTGTTGATAAATATAATTTTATTT
ACTATATTTTTCCTTATTACATAACTAAGTAGTAAAAATGATATATATTGAACAAAACTTTAAAAAAATTATTATTTTTC

>VfSatl9_TA
TTTTAATATAGATTTTATTACCAAAATGACATGTGACCATAATTATTGCCAAAAAATAACATGTGGCTACGGTTGTCATCATGACTTCTTT
TAAATTTATGATAAATAGATGACAATTGTAAAATCTTATAATGTAGTAATATTTTTTACATATATTTTAAAGTTGTAGAAACGCACCATAT
TTGTTTATGCAAAAAAAAAACATTTCTTGAATATTACCTAACAGATCTTATTTATTGTTACATATTTAATATTGTCAATGTATCTTATATA
TGGTTACATACTTAATATTGTAAATGTGTGAAAGTGAGATGTGGGCCGATGAGGGAGAATTCTCACAACACATTGTTATTATAGGGATTAG
GAATATATAAGTTATCCTATTGGGCAGTGTTATTGAAAAATTGAACATCGTTAGATTATAAATAAATAAATATTAATATGTTATACTTTTA
TGATGACTTTCTATAAGATTTATATTATAATTATTGTTGTCAAATTTTGTCATTTCTAAATATTTCCTAATTATTTAATTGAGTGATTTTA
AATATTATTTAATAGAAATTTTTGTAAATAACATATAATTATGTTTTTAAATTTTTAAGAGTTGTAATTTGCATATTTAAGTTTAAATAAA
AATCATTTAAATTCTTTTAAAAGAGTTCAAAAACCTATTTATAAATCATTTAGGCTTCTATATAATAGACGACTTTATATTTGTTTATAAT
AAATTAGTCGATTAAATTGTATATTGAAAGAAAAGAAAAATATAAAGTTGTTGATTTGTTTTATTAAAAAAAGCTATAAAATACAATTATA
AACTTTTTTGGGTATAAAATAACAAATAACCATTCATTTACTTGTGCAGAATATTTACAAGTTGATTGAATTTGAAGTGTATGATAATTGT
AATGGTTGAAGCCACTTATAAATCTCAAATGACATAAAAAAATAAGTTTAATTAAATTTAATATTTTAATTAAGATTCTTGGAATTAAGCT
GAGGAAAAAAACTATAAGTTACTTGATTTAGTTTATTAAAATAAACTATTAATCAATAAAAATAAATTATGAACTCTTAAGAAAATGATAA
TTATTAAATATATTAATTTTTCCAATTATAACGCAAAATCTATTAACTATAAATATAACTTTGTCAAAAGAGAAATAAACACAACTGTCTT
TTGCCAACAAAAACCTATAAGTTTGATATATAGAATAGCTGATAAACCATATTATTAATAACAAATAAATTAGTTTATTGAATTTGTTGTA
TTTAATAAAATTAATGGTTAAGTTAACTTGTATTTTTAAAATAGTTTTATTACTATTATTATTATTATTTA

>VfSat20_TA
AAACTATATCTTTCTTTAATTGTGTTGGCTAAAATACACTAATCAATTTGTCATTCATTTTTAATTTGTAATTTAATATTTTATTATCTGA
AATCTTTTAATTAACTAATTATTAACTAATTTAATATTTATCAAAAATATTTTAATCAATTAATTTTTAACTAACTTAACTCATCATCCAT
TGGAAGATTAAAAGACATATATCACATTTTTTATAAAAAGATTCAAATATGTAAAAAAAAGAATATGAAATAAATTAAGGAGAAAACATGC
CTTCGATATCTTGCATCTGATTTAAGAATGATTGAACCATATTCATATAGATGTTTCTTTTATTCTTCTATTGCATCCGTTTTTGTTCACA
TTTTTCTTCAAGTCCTCTTTCAACCAATAGATTTCATACTGTTAATTCCTCTTCATCAAGTACTAAATCAACTCTTGAAGATGGTCGTTTA
TAGATAACTAACTCCCTTTATTTTTTGGCATCTAACTTATTTATCTTTTGTTGTTTTTTCTTCTTTATATAAGATAGTTTATTTATTATAA
GTCTCATTTTTCTGCCCAGTCTAGAACTTCCTTCTACATGTAAAATTTCAAAATATTTTCTCTTTTTCAACAAAAGACTAGATCTTTTCAA
CTTTGCAAAAGGGGTTAGCACTTTTATAAAACACATTATTTGTATTATAATTCTTTTCTTCTGATCACAACTAGAGACAAATATGACAATG
GAGTAATCTTCTGATAACTTTGCAGAGAATTATATTCAATGGCATGTTACCATGATCAATGGTTCAAAAATTGATATTTTCTAAAAATGGT
AGAGATATGAAAAGTCCATTATCATCAAATAATGGTCGCAGACACTTATATGCTCTTTTGACATATGGTTTTATTTGCTTCGGAGTTGAAG
GTTTTGGAGTGAAA

>VfSat2l_TA
CTTTTAGATTTTTAAACGTCAATGATAGCATTAAAAAAACAAGAATTTGAGAAAAAGAAAATAAACTTTTGTAATTTGAAAGTAGACGATG
ATTCATGGTGGTGGTAGGAAGTCCATGATATGAGAAAAAAACTAAAAAACATTTATGTGTGAGTGGTACATTATATCATTTAGTACAATCC
TTTAATCTAATGGATCTTTTCCATGGTTTATCATGAACCATTTAGGTGACGACTAAAATTTTAATGTCTTTTATCATTATTTTGAAATAAA
TATTTAAAATTATAAATTTTTGACTATCCCTTATAAAGTTGAAGATAATTCATGTCAAATGAGTATCAATAAATTTATTATTATTTTACAA
ATTATTTATGCTAACTTTTTGGATGAGGGTTCAATTGAATCTCTCATGTCATCAGTGAACAATTCAACTTTACCATAAAATTAAACAAGTC
TTCATTATATATTTATATATACTGTATTAGATTAGATCTTTCCATGCTACCCCATTTTGTATTTCTGTAGTGACAAATATGATCACACTAT
TGTAATCTCCTTGCAAATTGATTATTATTGTTTTAGAATATCAATCCCATCAGAACAAAGCTAAGGCTCTGTTAGTTCCACCACCACATAT
TATTATTTTTATTTTACTTTAGACAACAAGTACACGACCTATGATTTTTTTTTGGAATCTAAATCTTTCCTTTTATGTTTTTTCAACTATA
CATTCATGCACGCTTCTATAAAATACCAAAAAACATATACACTAGTATATTTATTTATTTTTTCTGTTATCTAACTTGCCTCCTCTATTTT
CATTTGATGTAGTTTTTCACCCAAAGCATTAAAATATAAAAAGAAAATAGATGCCATAATATCAAATTCTAAACGTATTCATGATAACAAA
AATGTCAATTTTTTAAAAACAATATTCAAAAATCATTCAAGATGGATAATGAAATATAAGAGTGACACATTATGAAGTACTTAACATCATT
CAACCACTCACAAAGCTTGATATAATTTCCCAATCCAAA

ATTTTTATCAACAACTT

>VfSat22_TA

GATTATTAAGTACATCCACCTATCTCCTTTTAATGCTTTCTGAGTGGGGGAGATTACTAAGTAGACCCACATATCTGTCATTTGATGTTTT
CTCATATTACAAGTTCAATACGAATGATGTTAAAATATTATATGTTTGCCATGTTAACACTGCAAACATACTTCATACTGTATATTTCCAG
TTCATTTATACTAAAAAAAAATCAATTAAATAGTCAAACTATTTTTTCTCTGTTTATATATTCAGTAGACGGAATTTATTATTCAATTTAA
TTTAAGATTTCGCTTTACTTCCTTATCTAAAAATCATTAAATTGTTCTGTTAGCATTATTGGTCCCTCCGTTAACTTTTCTGAAAATTATT
AACTTTTGCTAACATGGCATGACAACTAGGATACTCAGTCGGTAAATATATTAACAAAATTGATATTTTATATAAACTTGAGAGTATTGTT
TTCAGCGGTTAAAAACCCCCACAAATTGTTATTAATGTGTAAAAAAAAAGAGACAATTATTCTCCTTTCATTAATAATATAATTATTCTCC
TTTCAAATTTCAACGCTCCTTCAAGTATAACTGCATGTAAATATATTCATACATTAATACAATTCTTCTCCTTTCAAATTAAAAAACACTT
GGAGCTTTAAATACACCAAATACATAATTCAAAACAACACATGACAATAATGAAATTATTCAATTGGTAAATTAATAAAAATTGTCATCAA
GCAGAACAAGCTTGAGCAGGAGCCTCAACACTTTCATAATTAATGATTTCTTGTTACAAACACTTCATTATATAACCAGATTGACATGTTT
CTTTTCCTAAAACAAACACAAAATTACATTTAAGTAAACAAATAGCTACTATTCGCTTGGATTAGTGACAAATAGTGTTTCATATTTACCG
AGCATCCAACATTGACAACACTGCATTAAAAATCAAATACGACAACGTATTTAAGCAATTAAACCTCTGTATTACAAATTTGGTAATATGA
AATTAACTCATAATATATCTAATTGCTGAAACAACTTAATGCAAATAACAGGGTTGCAACCACAACTTGAACATCTGGTTGAAGGAGAACT
TTTTTAAACACATCAAACTTAAATTCCGATTTCTTTTCATTCTCATCTTGTGTTGTTTGCAACCTATAATCTTCTGCAAACAACCCAAAAC
AACATAAAACTCATAATAAATCAATAAAAGAATTTTTTTCTTCGATTTGATTCAGGAACCACAAACCCCAAAATTTGCATCAATTTAAAAT
TATCGGAAAAAAACCCTTAACCTTAACCTTTTTTTGGAAAATTAAATAAAACTTAAAATTGAAAGTTAAAAGAAGATCCAAAATAACTAAT
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CCAAACAGCGTTACCAACCACATCAAGGTAAGTAAAAGCAGGAGGAAGATGTAAAAAAGAAAACAAATGAAGATGAAGGATGGGAAGCAGG
TGAAGAGTTTATGGATGAGAATGAAGAGAAAGAGGGTGACGGCTGCTAGGGTTCTTGGAAGAAAAGAGAAAGAAGGTTTTCATAAATATCA
AAAAAACCACGTGATACGTTAAAAATCTATCACTGCCACATATGCAATAATTAACGTTGATTCTTGAAATTTAACAGAAATGACTAAAATA
ACTAACGGAAAAACATAAAGAAATAAAATAATAAATTAAATTAAGAAATTAAAAGATGAATTAAGTCGAATAAGAACAATCAATTTTATAG
AATAAGAATACGTGTTGATTTTTACATTAAAAAAACTTGGGGAATTTTTCTATTTCAAAAAAAGTATTATTAATCTTCATGCTATATTGGC
TAGAATGGTGGAGA

>VfSat23_TA
TTGAGAGATTTTCATGAAGGTTTGCAATTATTTAGAATGATAATGGTTCATAAAAAGACATAATTTTGAATTATGTACATGTCTTATTAAG
TCGGTTAAACGGCCACTTGATTTAACAAGTTTGCAACATTTTTTAAATTTCAAATAATTTTTCAAATTTCAAATAGCATCAGGTTTTATTA
AATCGGTTAATCAGGCCTGGCCTAAAAAGTGAAAACGACCTAACTTAAATATTTCTGGCAGCTTTTTAAAAATCAACTATTTTTATGCCTT
TATTTCAAAGATTTTTATGCATGACAATTTGAGAACTTTATATATGAAAATGTATGAACTACTTTGAGCATCTAAAGTTTATACATAATGA
ATTATAATTGTTTACCTTAGCATCAAGATCAATTTCCTTTACTTCCAAAAATATCCATAAGCTTATGCATTCTTGATTCCAAGCTGTTTCT
TCTTTGACATTTCTTTTTTGATAAAATTTTGTCTTCCTCAAAACTAAATTAAAATAGATGATGAACATCTTCTTCACAATGATTTGATGTC
AAATTTGATATTAAAGTTGATGCTTCTTCAAATCATCTTTCATTCAATGATATTTTTTGGAACTACTATATCATATGGTGTTGTATTTTGA
AGGATCAATCATGATTTGACAATATTAGCACATGATCTTCAAGTACCTACAAAAAATTAGTAATACTTAGGTACCCAATTTTCATTGGGTC
CTCTTGGGTTAGATACCTTCCTCACCCATACATACTCACCATAAGGAATACCATAATTTCTTACGTTGCAGACATTATAAGTATGGTCTTT
TGCATTACAATAAAAACAAATAGGTCTAAAAACATGATTCTTTTTATTGACTTAAAAGTTATTTCTATCATAAGGCTTTTTATGATGATTT
ACAACACGTTTTTTCTTTGAATCCTAATTGTTGAATTTCTTAGTAGCCTTTAGGAAGATAGTTGGACTTGTACTAGGTTTGTCAAAATTAA
AAAATTCAAGTCCAAATTTATTATTTGAAAATATTTGACTACATGATACATTATCCAAGCTAATTTCCCCTTTTTCATATTTTTCAACGAC
TTGGTTTAATTCCATAATTTTTTATTCAAAATAAGAACAATTATTGCATGCTGAATTTTTTATTAAGTCTAACTCCACTTTTGTGATATTA
ACCTCACTTTCTAGATTTAAAATAGTTTTATTTCGATTTAAAAATTTTCTAAAAAGTTTAAAAAAATCATCATGTAATTTATTAAAAGCAC
TTTGTAATTCATCATATGAAGGACTATCATCACTTGAGTTGATGTAAAAGT
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Chapter II

Extraordinary sequence diversity and promiscuity of centromeric satellites
in the legume tribe Fabeae.
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Abstract

Satellite repeats are major sequence constituents of centromeres in many plant and animal species. Within a species, a
single family of satellite sequences typically occupies centromeres of all chromosomes and is absent from other parts of
the genome. Due to their common origin, sequence similarities exist among the centromere-specific satellites in related
species. Here, we report a remarkably different pattern of centromere evolution in the plant tribe Fabeae, which includes
genera Pisum, Lathyrus, Vicia, and Lens. By immunoprecipitation of centromeric chromatin with CENH3 antibodies, we
identified and characterized a large and diverse set of 64 families of centromeric satellites in 14 species. These families
differed in their nucleotide sequence, monomer length (33-2,979 bp), and abundance in individual species. Most families
were species-specific, and most species possessed multiple (2-12) satellites in their centromeres. Some of the repeats that
were shared by several species exhibited promiscuous patterns of centromere association, being located within CENH3
chromatin in some species, but apart from the centromeres in others. Moreover, FISH experiments revealed that the
same family could assume centromeric and noncentromeric positions even within a single species. Taken together, these
findings suggest that Fabeae centromeres are not shaped by the coevolution of a single centromeric satellite with its
interacting CENH3 proteins, as proposed by the centromere drive model. This conclusion is also supported by the

absence of pervasive adaptive evolution of CENH3 sequences retrieved from Fabeae species.

Key words: centromere evolution, satellite DNA, CENH3, ChIP-seq, plant chromosomes.

Introduction

Satellite DNA (satDNA) is a class of eukaryotic repetitive DNA
characterized by its genomic organization into arrays of tan-
demly arranged units called monomers. It is most clearly
distinguished from other tandemly repeated sequences by
its formation of much longer arrays spanning up to mega-
bases in length. Although monomer sizes of tens to a few
hundred base pairs are predominant (Macas et al. 2002),
satellite monomers can range from lengths typical for micro-
satellites (2-10 bp) (Heckmann et al. 2013; Talbert et al. 2018)
to over 5 kb (Gong et al. 2012). Owing to its rapid sequence
turnover, satDNA is the most evolutionarily dynamic com-
ponent of the genome, as demonstrated by the dramatic
variation in its abundance among species and the frequent
emergence of species-specific repeat families (Garrido-Ramos
2017). In higher plants, satellite repeats may occur at subtelo-
meric or interstitial chromosomal regions, but they are pref-
erentially located in, and often confined to, centromeres,
especially in species with small genomes (Garrido-Ramos
2015; Oliveira and Torres 2018). Preferential association of
satDNA with centromeric loci has also been reported for
other lineages of eukaryotes (Plohl et al. 2014; Hartley and
O'Neill 2019). However, the significance of this association for
centromere maintenance and function, as well as the

underlying mechanisms of satDNA accumulation in centro-
meres, remains incompletely understood.

Centromeres are chromosome regions that facilitate faith-
ful chromosome segregation during cell division. This is
achieved by providing an anchor point for assembly of the
kinetochore, a protein complex connecting centromeric
chromatin to the spindle microtubules (Cheeseman 2014).
Consequently, centromeres have a number of features that
distinguish them from other parts of the chromosomes. They
are marked by the presence of the centromere-specific his-
tone variant CENH3 and other proteins of the constitutive
centromere-associated network (Hara and Fukagawa 2017).
In addition, centromeres are regions of suppressed meiotic
recombination and exhibit characteristic profiles of epigenetic
chromatin modifications (Fuchs and Schubert 2012; Zhang,
Dong, et al. 2014). It remains controversial whether and how
these features drive the evolution of underlying centromeric
sequences, especially the satellite repeats. Diverse hypotheses
have been proposed on this issue, ranging from the idea that
satDNA is a passive hitchhiker to the claim that it is a key
determinant of centromere identity.

Perhaps the most influential concept regarding centro-
mere evolution is the centromere drive hypothesis
(Henikoff et al. 2001). Centromere drive is proposed to occur
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in species with asymmetric female meiosis, in which homol-
ogous chromosomes compete for inclusion into the egg cell.
Although the observed interspecific variation in repeat com-
position rules out the existence of a universal sequence de-
terminant of centromere identity, this hypothesis still
presumes that CENH3 or other kinetochore proteins interact
with the centromeric satellites in a sequence-specific manner.
Allelic expansion of the satellite array in one of the homologs
then results in a stronger centromere, which binds more ki-
netochore proteins, thus facilitating its preferential transmis-
sion to the egg. On the other hand, such asymmetry leads to
defects in male meiosis and reduced fertility, which is com-
pensated for by changes in the CENH3 sequence that affect its
DNA-binding preferences, resulting in restoration of meiotic
parity. This evolutionary arms race between selfish centro-
meric DNA and its associated kinetochore proteins is pre-
dicted to result in diversification of centromeric repeats
between species, as well as adaptive evolution of CENH3 or
other kinetochore proteins that directly interact with the
centromeric sequences (Henikoff et al. 2001; Malik 2009).

In line with the predictions of the centromere drive model,
a single centromeric satellite whose sequence has diverged
between related species has been reported in Oryza (Lee et al.
2005), Medicago (Yu et al. 2017), and some Brassicaceae spe-
cies (Lermontova et al. 2014). Adaptive evolution of CENH3
proteins was detected in some of these species (Cooper and
Henikoff 2004; Hirsch et al. 2009) as well as in several other
taxa with asymmetric female meiosis (Zedek and Bures 2016).
Direct evidence for centromere drive was obtained in the
plant genus Mimulus (Finseth et al. 2015), the fly
Drosophila melanogaster (Wei et al. 2017), and mouse
(Iwata-Otsubo et al. 2017) in which the molecular mecha-
nisms underlying centromere drive have also been elucidated
(Akera et al. 2017).

On the other hand, considering the widespread occur-
rence of centromeric satellites in plant and animal genomes,
it is surprising that so few examples of centromere drive have
been reported so far. Moreover, some observations are not
consistent with the presumed evolutionary arms race be-
tween CENH3 and its underlying centromeric satellite(s)
(Kawabe et al. 2006; Masonbrink et al. 2014). In addition,
maize lines carrying homologous chromosomes with different
centromere sizes exhibit no significant distortions in their
meiotic segregation (Han et al. 2018), and CENH3 proteins
from the phylogenetically distant species Lepidium oleraceum
and Zea mays exhibit binding patterns on Arabidopsis thali-
ana centromeres that were indistinguishable from native
CENH3 (Maheshwari et al. 2017). This may indicate that
the process is not as common as expected, or that it is active
only during limited periods of centromere evolution.

Although the considerations described earlier are mainly
based on the presumed sequence-specific interactions of ki-
netochore proteins with their underlying sequences, it has
recently become evident that features other than primary
sequence may also be important for the coevolution of
satDNA and centromeres. Specifically, it has been proposed
that the repeated structure itself is advantageous, as homol-
ogous recombination between identical repeat copies
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generates DNA loops that are required for efficient centro-
mere function (McFarlane and Humphrey 2010). In addition,
centromere propagation and function seems to depend upon
transcription of its sequences (Duda et al. 2017; Perea-Resa
and Blower 2018); thus, the ability of centromeric satellites to
produce transcripts at optimal levels may determine their fate
in these regions. Finally, in domesticated maize inbred lines,
the sequence composition of centromeres can be shaped by
inbreeding and selection for centromere-linked genes, a pro-
cess that may also act during speciation in natural systems
(Schneider et al. 2016). Therefore, it is likely that the structure
and sequence composition of centromeres in a particular
species reflects an interplay of various structural features
and evolutionary forces, the nature and importance of which
are yet to be determined.

The questions outlined above could be answered by gath-
ering information on centromeric sequences and kinetochore
proteins from a wide range of species and examining them in
the phylogenetic context. Because it is important to discrim-
inate sequences that are truly associated with centromeric
chromatin from surrounding repeats, it would be necessary to
perform chromatin immunoprecipitation using antibodies
against centromeric proteins coupled with sequencing of re-
trieved DNA (ChlP-seq). To date, however, relatively few such
studies have been conducted in plants, and most have fo-
cused on one (Gong et al. 2012; Zhang, Koblizkova, et al. 2014;
Kowar et al. 2016) or a small group of species (Gent et al.
2017).

In our previous work, we analyzed centromeric repeats in
garden pea (Pisum sativum), a species with peculiar centro-
mere organization consisting of multiple separated domains
of CENH3 chromatin arranged along extended primary con-
strictions of metaphase chromosomes (Neumann et al. 2012).
This “meta-polycentric” chromosome organization was later
reported in Lathyrus, but not in genera Vicia and Lens, which
are phylogenetically related members of the same legume
tribe, Fabeae (Neumann et al. 2015). In P. sativum, ChIP-seq
experiments with CENH3 antibody revealed unprecedented
diversity of centromeric satellites consisting of 13 repeats with
different  distribution patterns among chromosomes
(Neumann et al. 2012). Relative to Vicia and Lens, Pisum
and Lathyrus species possess an additional copy of the
CENH3 gene, which was speculated to serve as a possible
trigger for the expansion of centromeres and the emergence
of diverse centromeric satellites. However, subsequent study
of Vicia faba, a species with simple centromeres and only one
copy of CENHS3, also revealed multiple centromeric satellites,
three of which are present in the same centromere, whereas
the other four are chromosome-specific (Avila Robledillo
et al. 2018). Therefore, Fabeae is a taxon with unusual distri-
bution patterns and possibly highly dynamic turnover of cen-
tromeric repeats.

Prompted by these results, in this study, we focused on
characterization of centromeric satellites across the whole
Fabeae tribe, investigating 15 species in addition to the two
analyzed previously. In these experiments, we employed a set
of CENH3 antibodies (Neumann et al. 2012, 2015) to perform
ChlIP-seq in these species and identified centromeric satellites
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using repetitive sequences characterized by graph-based clus-
tering of genomic reads (Macas et al. 2015) as the reference.
As previously demonstrated (Zhang, Koblizkova, et al. 2014;
Avila Robledillo et al. 2018), this approach provides compre-
hensive information about centromere-associated repeats
without the need for an assembled reference genome and
as such is suitable for nonmodel species. The identified
repeats were further investigated by a combination of fluo-
rescence in situ hybridization (FISH) with immunodetection
of CENH3 proteins to confirm their centromeric localization
and map their distribution among chromosomes. The experi-
ments revealed an extraordinary diversity of centromeric sat-
ellites in Fabeae, their irregular distributions among species,
and unexpected localization patterns of some of these repeats
on the chromosomes. Finally, we analyzed these findings with
respect to the sequence diversity and evolution of CENH3
genes in Fabeae.

Results

ChlIP-seq Analysis Reveals Unprecedented Diversity of
Centromeric Satellites in Fabeae

To investigate the repeat composition of Fabeae centromeres,
we sequenced and analyzed DNA fragments retrieved from
centromeric chromatin immunoprecipitated with CENH3
antibody. These experiments were performed with a set of
15 species selected to represent all major evolutionary line-
ages of Fabeae, as described by Schaefer et al. (2012). To verify
the species phylogeny, we calculated a maximum likelihood
(ML) tree based on matK-rbcl sequences for the selected set,
supplemented with seven additional Fabeae species in which
centromeric satellites and/or CENH3 gene sequences have
been characterized previously (Neumann et al. 2012, 2015;
Avila Robledillo et al. 2018). The resulting tree topology
(fig. 1A) was in general agreement with a previously reported
tree (Schaefer et al. 2012), confirming that Pisum and Lathyrus
are closely related and form a separate lineage, whereas the
other major lineage consists of most Vicia species along with
Lens culinaris; in addition, a separate group of two Vicia spe-
cies (V. ervilia and V. hirsuta) is basal to all Fabeae.

The ChIP-seq experiments were performed using antibod-
ies raised against CENH3 proteins from V. faba, P. sativum,
Lathyrus sativus, and Le. culinaris (supplementary table 1,
Supplementary Material online), previously shown to specif-
ically label centromeric chromatin in a number of Fabeae
species (Neumann et al. 2012, 2015). The immunoprecipi-
tated DNA fragments were sequenced on the lllumina plat-
form along with control DNA samples extracted from
chromatin preparations prior to ChIP (input control).
Centromeric repeats were then identified as sequences
enriched in the ChIP sample relative to the input
Enrichment of all repeats representing at least 0.01% of the
genome was evaluated by similarity-based mapping of ChIP
and input reads onto the reference repeat sequences previ-
ously generated for individual Fabeae species using the
RepeatExplorer pipeline (Macas et al. 2015). In the two species
for which a reference was not available (L. niger and
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L. clymenum), the ChIP and input reads were used directly
for comparative RepeatExplorer analysis (Novak et al. 2013),
and the enrichment was calculated as a ratio of ChIP to input
reads in individual repeat clusters.

Centromeric satellites were identified in 12 out of the 15
investigated species as sequences with ChIP/input ratios be-
tween 3 and 333 (table 1). Such enrichment in the ChlPed
fraction was revealed for up to eight satellites per species,
whereas the majority of investigated repeats exhibited no
enrichment (supplementary fig. 1, Supplementary Material
online). In five species, one to five additional nontandem
sequences, mostly classified as putative LTR-retrotransposons
or unknown repeats, were ChIP-enriched (supplementary ta-
ble 2, Supplementary Material online), whereas in the rest of
the species, all enriched repeats represented satellites. In three
Vicia species, V. narbonensis, V. ervilia, and V. hirsuta, we
identified no ChlP-enriched repeats. Hence, we performed
additional experiments to verify that the antibodies used
for the ChIP recognize centromeric chromatin. In all three
cases, we observed relatively weak but specific immunostain-
ing of primary constrictions of isolated metaphase chromo-
somes (supplementary fig. 2, Supplementary Material online).
These results may reflect a lack of centromere-enriched re-
petitive sequences in these three species; however, we cannot
rule out the possibility that the antibodies failed specifically in
the ChIP reaction because the conditions differed from those
used for chromosome immunostaining.

Including the previously reported centromeric satellites
from P. sativum (Neumann et al. 2012) and V. faba (Avila
Robledillo et al. 2018), we identified a total of 64 centromeric
satDNA families in Fabeae. In most species, we detected mul-
tiple centromeric satellites, and none of these repeats was
shared across all species. The basic characteristics of centro-
meric satellites are summarized in table 1 and their consensus
monomer sequences are provided in supplementary file 1,
Supplementary Material online. Monomer lengths varied
considerably (33-2,979 bp), as did their nucleotide composi-
tion (50-79% AT). To evaluate sequence similarities that
could point to a common origin of centromeric satellites
from different species, we compared the monomer sequences
using alignment-free similarity measures as defined by D}
statistics (Reinert et al. 2009). We also performed these anal-
yses on the complete set of 430 putative satellite repeats
predicted previously for the investigated species (Macas
et al. 2015) to detect similarities between centromeric and
noncentromeric satellites. The results revealed that most sat-
ellite repeat families, regardless of their association with cen-
tromeres, were species-specific (supplementary fig. 3A,
Supplementary Material online). A subset of the repeats
exhibited sequence similarities that led to the definition of
13 superfamilies that included centromeric satellites and con-
sisted of the families present in two to five species (fig. 1B).
Although satellites assigned to the same superfamily
exhibited significant similarities, some families had sequence
variations, especially with respect to monomer size (supple-
mentary fig. 3B-D, Supplementary Material online and ta-
ble 1). Moreover, some of the centromeric superfamilies

2343

1202 Arenigad 60 U Josn so1rofepng axsaQ - AV AAeISN Aq 0Z€£18S/L¥EZ/8/.€/0191HE/aqUI/ W00 dNo"0jWapede//:sdny Wwoly papeojumoq


https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaa090#supplementary-data

Robledillo et al. - doi:10.1093/molbev/msaa090 MBE

A B
Superfamilies Species-specific
rNmT Lo~ o= D F
fldiododoordd s families
Ehhhhhbhhehsshs s
fCEfEEEEEEEEELE S FabTR
Cicer arietinum
Trifolium pratense
Prr § Medicago truncatula
o T. foenum-graecum
g Melilotus albus
) Vicia hirsuta
g Vicia ervilia
& Lens culinaris
F Vicia pisiformis |
Vicia pannonica
Vicia peregrina | EE]
Vicia narbonensis
Vicia faba [ | [ | | ]

Vicia lathyroides

Vicia sativa

Vicia sepium

Vicia villosa

17.9l——— Vicia tetrasperma

r Pisum sativum

17 11L  Pisum fulvum

28 Lathyrus clymenum
TsL Lathyrus ochrus

Lathyrus niger B

Lathyrus vernus | | ]

Lathyrus sativus .

Lathyrus latifolius B []

Lathyrus sylvestris

40 35 30 25 20 15 10 5 0
Estimated time of divergence (MYA) B centromeric [ | non-centromeric
[ both locations  ? not known

Fic. 1. Overview of centromeric satellite families identified in Fabeae. Species are arranged based on their phylogenetic distances inferred from a
comparison of matK-rbcl sequences using the maximum likelihood algorithm (A). The tree was rooted using five species representing related
legume genera as outgroups. Numbers represent estimated node ages in million years ago (MYA), and correspond to the divergence time scale
below the tree. The branch leading to the species with meta-polycentric chromosomes is marked with (M). Names of Fabeae species in which
satellite repeats were identified using CENH3 ChlIP-seq are printed in red, whereas species not analyzed by ChIP but included in the similarity
searches are printed in bold. (B and C) The presence of individual satellite families in analyzed species is indicated by squares. Black squares indicate
families associated with centromeric chromatin, as revealed by their enrichment in the CENH3 ChIP-seq experiments. The centromeric satellites
that simultaneously occur in the genome as additional, noncentromeric loci (revealed by FISH) are marked with gray squares, whereas those
present in the respective species but not enriched in ChIP-seq experiments are marked with empty squares. The question mark in FabTR-6 column
indicates that this repeat is present in Vicia sepium genome but was not investigated by ChlIP-seq in this species. (B) The satellite families from
different species displaying sequence similarities are grouped into superfamilies and arranged in columns labeled with the superfamily name. (C)
Numbers of species-specific families are symbolized by squares in each row, ranging from one in Lathyrus vernus to seven in V. pisiformis and
V. peregrina. Numbers within the squares refer to the family names (FabTR-numbers) listed in table 1.

included satellites that were ChIP-enriched in only some spe- centromeric satellites, 12, occurred in the P. sativum genome;
cies, but were not centromeric in the rest (supplementary fig, however, only six of these satellites were shared with its sister
3B and C, Supplementary Material online and fig. 1B). species P. fulvum (fig. 1B and C).

Three of the investigated Lathyrus species, L. sativus,
Most Species Possess Multiple Centromeric Satellites L. latifolius, and L. niger, possessed single centromeric satellites
That Are Often Species-Specific that were classified as members of the same superfamily,
The families of centromeric satellites that we identified were FabTR-2. The same centromeric repeat was also identified
unevenly distributed among Fabeae species. A large fraction in closely related L. vernus; however, this species possessed
of families (37 of 64; 58%) were species-specific (fig. 1C), two additional, albeit far less abundant centromeric satellites
whereas the remaining repeats belonged to satellite super- (table 1). The existence of a single-dominant centromeric
families shared by several species (fig. 1B). In the phylogenetic satellite in these three Lathyrus species contrasted with the
lineages including Vicia spp. and Le. culinaris, all species but situation in the remaining species, L. clymenum, in which
one (V. sativa) possessed multiple (two to eight) centromeric FabTR-2 sequences were also present but were not associated
satellites, with up to seven species-specific satellites in V. with centromeric chromatin. Instead, four species-specific
pisiformis and V. peregrina (fig. 1C). The largest number of centromeric satellites were identified in this species (fig. 1).
2344
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Table 1. Satellite Repeats Associated with Centromeric Chromatin.

Species Family Superfamily  Monomer (bp) AT (%) Genome (%)  ChIP Enrichment  Previous Code
Lens culinaris FabTR-35-LNS 579 73.7 0.061 52.01
FabTR-36-LNS 1,086 76.5 0.058 40.13
FabTR-37-LNS 967 74.3 0.032 34.55
FabTR-38-LNS 1,315 749 0.019 40.19
Vicia pisiformis FabTR-17-VPF 580 71.6 0.0317 5.0
FabTR-18-VPF 2,087 63.5 0.199 20
FabTR-63-VPF 61 60.7 0.158 57.13
FabTR-19-VPF 84 69 0.101 53.78
FabTR-20-VPF 763 64 0.06 79.4
FabTR-1-VPF FabTR-1 72 62.9 0.043 3.0
FabTR-21-VPF 778 74.3 0.039 16
FabTR-22-VPF 1,793 74.3 0.017 6.7
Vicia peregrina FabTR-5-VPR FabTR-5 114 741 0.344 60
FabTR-29-VPR 718 73.8 0.29 67.48
FabTR-30-VPR 898 73.8 0.267 91.59
FabTR-32-VPR 1,189 63.6 0.115 333.2
FabTR-33-VPR 30 56.7 0.087 22.35
FabTR-34-VPR 324 76 0.083 55.74
FabTR-61-VPR 569 68.5 0.031 130.8
FabTR-62-VPR 1,244 719 0.013 10.58
Vicia faba FabTR-1-VFB FabTR-1 50 64 0.132 103.6 VfSat6
FabTR-5-VFB FabTR-5 44 70.5 0.102 103.2 VfSat7
FabTR-4-VFB FabTR-4 2,033 71.7 0.061 91.3 VfSat8
FabTR-13-VFB 1,762 74.7 0.042 412 VfSat10
FabTR-14-VFB 47 68.1 0.036 149.2 VfSat13
FabTR-15-VFB 1,712 65.1 0.038 109.9 VfSat16
FabTR-16-VFB 1,325 733 0.008 81.9 VfSat23
Vicia sativa FabTR-6-VSA FabTR-6 624 67.3 0.101 62.3
Vicia villosa FabTR-27-VVL 156 64.7 2.063 9.7
FabTR-3-VVL FabTR-3 602 75.9 0.226 80.9
FabTR-28-VVL 1,792 67.3 0.053 929
Vicia tetrasperma FabTR-24-VTS 959 66.9 0.361 59.01
FabTR-4-VTS FabTR-4 1,614 69.8 0.254 69.62
FabTR-25-VTS 33 69.7 0.069 100
FabTR-26-VTS 470 64.5 0.055 72.11
FabTR-5-VTS FabTR-5 44 63.6 0.045 103.21
Pisum sativum FabTR-7-PST FabTR-7 867 77 0.02 51.7 TR1
FabTR-8-PST FabTR-8 244 76.6 0.01 59.3 TR6
FabTR-46-PST 164 72.6 0.124 49.7 TR7
FabTR-9-PST FabTR-9 658 74.5 0.01 76.3 TR10
FabTR-10-PST-A FabTR-10 459 75.4 0.127 65.9-74.9 TR11-TR19
FabTR-10-PST-B FabTR-10 1,975 76.6 0.127 65.9-74.9 TR11-TR19
FabTR-47-PST 105 69.5 0.013 5.4 TR12
FabTR-11-PST FabTR-11 1,637 74.3 0.012 82.5 TR18
FabTR-12-PST FabTR-12 844 78 0.179 50.7 TR20
FabTR-48-PST 613 71.6 0.013 44 TR21
FabTR-49-PST 882 76.2 0.003 102.9 TR22
FabTR-50-PST 1,812 69.9 0.087 10.7 TR23
PisTR-B PisTR-B 50 72 1.26 20.5
Pisum fulvum FabTR-7-PFL FabTR-7 864 77 0.059 421 TR1
FabTR-8-PFL FabTR-8 242 77.3 0.033 45.9 TR6
FabTR-9-PFL FabTR-9 659 74.7 0.044 73.5 TR10
FabTR-10-PFL-A FabTR-10 502 76.9 0.236 53.4 TR11-TR19
FabTR-10-PFL-B FabTR-10 2,170 76.7 0.236 53.4 TR11-TR19
FabTR-11-PFL FabTR-11 2,979 74.2 0.009 98.3 TR18
FabTR-12-PFL FabTR-12 864 73.6 0.01 52.8 TR20
Lathyrus clymenum  FabTR-42-LACLM 36 61.1 4119 78.31
FabTR-43-LACLM 30/60/70 60 0.805 60.29-98.18
FabTR-44-LACLM 60 50 0.977 57.21
FabTR-45-LACLM 102 57.4 0.162 76.39
Lathyrus niger FabTR-2-LNGER FabTR-2 49/50/100 75.5 0.069 86.6-98.27
Lathyrus vernus FabTR-2-LAV FabTR-2 49 77.6 0.584 62.1
FabTR-3-LAV FabTR-3 972 77.8 0.022 3.08
FabTR-41-LAV 54 79.2 0.017 8.34
Lathyrus sativus FabTR-2-LAS FabTR-2 49 73.5 1.679 38.53
Lathyrus latifolius FabTR-2-LAL FabTR-2 49 73.5 1.228 46.54
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Fic. 2. Schematic representation of the satellite repeat distribution in centromeric regions of (A) Lathyrus sativus (n =7), (B) Pisum sativum
(n=7),and (C) Vicia faba (n = 6) chromosomes. Different families of satellite repeats are distinguished by colors according to the legend provided
for each species. In meta-polycentric chromosomes (A and B), the satellite loci associated with CENH3 chromatin are located at the outer
periphery of the primary constrictions, whereas those located within the inner regions of P. sativum constrictions lack CENH3.

Next, we used FISH combined with immunodetection of
CENHS3 proteins to confirm ChlIP-seq results and investigate
the genome distribution of the selected satellite sequences.
Contrasting patterns of centromeric satellite distributions
were revealed, some of which are schematically depicted on
figure 2. When applied to L. sativus, a species containing
FabTR-2 as the single centromeric satellite, these experiments
confirmed the location of this repeat in all domains of cen-
tromeric chromatin distributed along the primary constric-
tions of the chromosomes (fig. 2A and supplementary fig.
4A-D, Supplementary Material online). In L. vernus, the ex-
periment revealed identical patterns of FabTR-2 colocaliza-
tion with CENH3 chromatin (supplementary fig. 4E-H,
Supplementary Material online), whereas the two additional
ChlIP-enriched satellites identified for this species were
detected as minor loci overlapping with FabTR-2 signals
(data not shown). In species with large numbers of centro-
meric satellite families, these families were unevenly distrib-
uted between the chromosomes, as shown in P. sativum (this
work and Neumann et al. [2012]) (fig. 2B). The same pattern
was also observed for P. fulvum, as none of its six centromeric
satellites occurred on all chromosomes (data not shown).
Similar types of distribution patterns are also likely shared
by Vicia species with high diversity of centromeric satellites.
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For example, all seven centromeric satellites in V. faba were
chromosome-specific (fig. 2C), and FISH localization of two
randomly chosen centromeric satellites in V. peregrina
revealed their presence in centromeres of four (FabTR-30)
and one (FabTR-32) of the seven pairs of chromosomes (sup-
plementary fig. 4/ and J, Supplementary Material online).

Association of Some Satellites with Centromeric
Chromatin Differs between Species or Even between
Chromosomes of the Same Species

A striking feature of some satellite superfamilies was their
association with centromeric chromatin in some species,
but no enrichment in CENH3 ChlIP-seq experiments in the
others, suggesting that they were absent from centromeres in
these genomes. This pattern was found for five superfamilies:
FabTR-1, 2, 11, 12, and PisTR-B (fig. 1). To obtain better insight
into their genomic distribution, we performed FISH on meta-
phase chromosomes, as shown for FabTR-1 repeats in figure 3.
FabTR-1 was ChlP-enriched in V. pisiformis and V. faba, and
corresponding FISH signals were detected in centromeres of
two chromosome pairs in V. pisiformis (fig. 3A) and in the
centromere of chromosome 1 of V. faba. An additional minor
noncentromeric signal was present within the long arm of
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C V. tetrasperma

CENH3

P. sativum

Fic. 3. Localization of FabTR-1 repeats on metaphase chromosomes of five Fabeae species. Repeats were detected using FISH (red signals), showing
signals within centromeres of two chromosome pairs in Vicia pisiformis (A) and one pair in V. faba (B). A minor noncentromeric signal on V. faba
chromosome 6 is marked with an arrow. Two pericentromeric and one interstitial signal were detected in V. tetrasperma (C), whereas Lathyrus
vernus (D) and Pisum sativum (E) exhibited signals adjacent to or within primary constrictions of one pair of chromosomes. Closer examination of
P. sativum chromosomes using a combination of FISH (red) with immunolabeling of CENH3 proteins (green) revealed that FabTR-1 is located
within the inner part of the primary constriction, apart from the CENH3 chromatin located along the constriction periphery (F). Chromosomes

counterstained with DAPI are shown in gray.

chromosome 6 of V. faba (fig. 3B). In the remaining three
species, V. tetrasperma, L. vernus, and P. sativum, the repeat is
not associated with CENH3 chromatin; in all of them, how-
ever, it was found to be located close to the centromeres. In
V. tetrasperma, FabTR-1 signals almost entirely overlapped
with the primary constrictions on two chromosome pairs,
and an additional repeat locus was revealed within the long
arm of one of these chromosomes (fig. 3C). One FabTR-1
locus close to the centromere of one chromosome pair was
identified in L. vernus (fig. 3D). In P. sativum, the signal was
located directly within the extended primary constriction of
chromosome 2 (fig. 3E). Detailed examination of metaphase
chromosomes employing simultaneous immunodetection of
CENH3 revealed that FabTR-1 is located within the inner part
of the constriction close to the chromosome axis, whereas the
CENH3 chromatin is located on the periphery of the constric-
tion (fig. 3F). These findings confirmed that despite its pres-
ence in the centromeric region, the repeat is not associated
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with centromeric chromatin, consistent with the results of
the ChIP-seq experiments.

The existence of additional noncentromeric loci contain-
ing centromeric satellites was confirmed for most superfami-
lies shared by the two Pisum species (fig. 1B). In some cases,
this pattern was combined with the presence of the repeat in
additional species. For example, FabTR-12 was centromeric in
both Pisum species, but noncentromeric in V. faba and
L. vernus. In all four species, the repeat was located on two
pairs of chromosomes, but was fully associated with CENH3
chromatin only in P. fulvum (fig. 4A and B). In P. sativum,
FabTR-12 signals overlapped with CENH3 chromatin only on
chromosome 7 (fig. 4D), whereas the FISH signals on chro-
mosome 1 were located within the inner part of the constric-
tion (fig. 4C), similar to FabTR-1 on chromosome 2 (fig. 3F). In
V. faba, the repeat was located within long arms of two chro-
mosome pairs (fig. 4E), whereas in L. vernus it was adjacent to
primary constrictions (fig. 4F). Yet another interesting
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Fic. 4. Localization of FabTR-12 and PisTR-B repeats on metaphase chromosomes. Repeats were detected using FISH (red) alone or in combination
with immunolabeling of CENH3 (green signals). (A-D) FISH detection of FabTR-12 showing signals overlapping with CENH3 loci on chromosomes
1and 7 of Pisum fulvum and on chromosome 7 of P. sativum. On the contrary, FabTR-12 signals were located apart from the CENH3 chromatin on
P. sativum chromosome 1 (arrow). In Vicia faba (E) and Lathyrus vernus (F), the repeat was also present on two chromosome pairs, but the signals
were not centromeric and were instead located within the long chromosome arms. (G-N) Distribution of PisTR-B repeats on chromosomes of the
two Pisum species. There are three centromeric PisTR-B loci (arrowheads) that colocalize with CENH3 in P. sativum (G-J); however, this satellite is

not associated with the centromeric chromatin in P. fulvum (K-N).

example of such distribution is the major Pisum satellite
PisTR-B (Neumann et al. 2001) which in P. sativum is associ-
ated with centromeric chromatin on chromosomes 3, 4, and
5, whereas most of its loci are distributed in pericentric and
subtelomeric regions (fig. 4G—/). Although of similar genomic
abundance and chromosomal distribution, it is not associated
with centromeres in P. fulvum (figs. 1B and 4K-N).
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CENH3 Genes Evolved Mainly under Purifying
Selection

To determine whether centromeric repeat composition is
correlated with the mode of evolution of CENH3 genes, we
performed a phylogenetic analysis of CENH3 coding sequen-
ces. In our previous study (Neumann et al. 2015), we found
two CENH3 variants in Fabeae that differed significantly,
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FiG. 5. Phylogenetic trees of CENH3 sequences. (A) Phylogenetic tree inferred from the alignment of CENH3-coding sequences using the maximum
likelihood method, excluding the INDEL region near the 5’ end (see supplementary fig. 5, Supplementary Material online). Bootstrap values are
shown only for key nodes. Black dots indicate nodes with low bootstrap support (<50). The scale bar shows genetic distance. (B) Tanglegram
showing comparison of the CENH3 tree from the panel (A) with the species tree inferred from matK-rbcL shown in figure 1A. Nodes with low
bootstrap support (<50) were collapsed in both trees. The part of the matK—rbcL tree depicted by dashed lines was manually added to the tree to
show comparison of phylogenies inferred from matK-rbcL and CENH3-1, and to allow the use of the matK-rbclL tree for analysis of positive
selection in CENH3 genes. Red lightning symbols mark three independent losses of CENH3-1 genes. Pisum and Lathyrus species are highlighted by

red rectangles. Orange dots indicate CENH3 duplication events.

particularly in their N-terminal regions. Although the CENH3-
2 variant is shared by all species within the tribe, CENH3-1
occurs as an additional gene only in the Pisum/Lathyrus lin-
eage. To better date the CENH3 duplication event, we iden-
tified CENH3 sequences in four additional species
representing the basal group (V. ervilia, V. hirsuta) or less-
represented parts of the Fabeae phylogenetic tree
(V. pisiformis, V. tetrasperma) and analyzed them in combi-
nation with 32 CENH3-coding sequences identified previ-
ously. The results revealed that all four new sequences
belong to CENH3-2, and that CENH3-1 and CENH3-2 diverged
before radiation of the Fabeae species included in this study
(fig. 5). Because V. ervilia and V. hirsuta represent the clade
that split earliest from all other Fabeae (Schaefer et al. 2012;
fig. 1A), it is likely that the duplication occurred in an ancestor
of all Fabeae. Our analysis further suggested that following the
duplication, the CENH3-1 gene was lost independently at least
three times in: 1) an ancestor of V. hirsuta and V. ervilia, 2) an
ancestor of most other Vicia species and Le. culinaris, and 3) in
V. tetrasperma or its ancestor (fig. 5). To confirm that CENH3-
1 is indeed absent in Vicia species, we sequenced genomic
DNA of V. ervilia and V. tetrasperma at 17X and 26x cover-
age, respectively. CENH3 sequences were either selectively as-
sembled using GRADbB (Brankovics et al. 2016) or identified in
super-reads assembled by MaSuRCA (Zimin et al. 2013). Both
approaches revealed only a single functional CENH3-2 gene in
each species, confirming the absence of CENH3-1. In
V. tetrasperma, we detected fragments of an additional
CENH3 gene with partial similarity to exon 2, intron 2, exon
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3, and intron 3. It was not possible to identify the CENH3
variant from these recovered sequences, but it is likely that
they represent remnants of a nonfunctional gene copy (data
not shown).

Protein sequences of CENH3 histones in Fabeae are 119-
123 aa in length, share 70.6—100% similarity, and are invariant
at only 60 sites (supplementary fig. 5A, Supplementary
Material online). To determine whether their divergence
was due to positive selection, we analyzed the sequences
using BUSTED (Murrell et al. 2015) to detect gene-wide pos-
itive selection, FEL (Kosakovsky Pond and Frost 2005) to de-
tect sites under pervasive positive selection, and MEME
(Murrell et al. 2012) to detect sites under episodic positive
selection. BUSTED found no evidence of gene-wide positive
selection of CENH3 genes in Fabeae (table 2). Estimates of @
(o = Ka/Ks) calculated for the CENH3-1 and CENH3-2
branches were, depending on the tree, 0.374 or 0.375 and
0.254 or 0.269, respectively, suggesting that both CENH3 var-
iants evolved mainly under purifying selective pressure (ta-
ble 2). FEL and MEME predicted (P < 0.05) a total of eight and
two sites that may have evolved under positive selection in
CENH3-1 and CENH3-2, respectively, indicating that positive
selection explains very little of the variability observed among
CENH3 protein sequences in Fabeae (supplementary fig. 5A,
Supplementary Material online). We also performed FEL and
MEME analyses focusing specifically on CENH3 sequences
from the four Lathyrus species possessing FabTR-2 as a sin-
gle-dominant centromeric satellite, but differing considerably
in their centromere sizes (fig. 1B and supplementary fig. 4,
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Supplementary Material online). The analyses revealed only
one positively evolving site in CENH3-1 and none in CENH3-2
(table 2). Pairwise comparison of CENH3 sequences from
these species showed one to eight and zero to four amino
acid substitutions in CENH3-1 and CENH3-2, respectively
(supplementary fig. 5B and C, Supplementary Material on-
line). Of these variable sites, one to three and zero to one
appeared to have been predicted (P < 0.05) as positively
evolving in the tests performed on the entire branches of
CENH3-1 and CENH3-2 or single branches immediately fol-
lowing the CENH3 duplication event (table 2 and supplemen-
tary figure 5B and C, Supplementary Material online). These
results indicated that the expansion of centromeres in the
Lathyrus species was accompanied by very few changes in
CENH3 protein sequences and that the positive selection
had almost no impact on CENH3 diversification.

Discussion

In this study, we identified and characterized centromeric
satellites in 14 Fabeae species and investigated their distribu-
tion with respect to the species phylogeny and the evolution
of their CENH3 genes. In terms of the number of included
species and newly described centromeric repeats, this is the
largest study to date to be conducted on a group of related
plants. The methodology employed for the centromeric re-
peat identification has been proven to be efficient and accu-
rate in a number of studies (Gong et al. 2012, Zhang
Koblizkova, et al. 2014; Kowar et al. 2016; Yang et al. 2018).
Compared with an alternative setup in which centromeric
sequences are identified by mapping ChlPed and input reads
to the genome assemblies (Park 2009), our approach is lim-
ited with respect to identification of a single- or low-copy
centromeric sequences. However, this limitation is not rele-
vant for repeat-focused studies, as in this case. Moreover, the
use of repeated sequences identified by clustering analysis of
low-pass lllumina reads as a reference provides several bene-
fits, including unbiased repeat representation and significant
reductions in cost and labor relative to building the reference
assembly.

Bioinformatic analysis of all highly and moderately re-
peated sequences revealed CENH3 ChiP-enriched centro-
meric repeats in all but three species. Except for a small
number of retrotransposon and unclassified sequences, all
identified centromeric repeats corresponded to families of
satDNA (table 1), showing that this class of repeats is dom-
inant in Fabeae centromeres. In three species, no ChlIP-
enriched sequences were identified, suggesting the absence
of abundant repeats in the centromeres of these species. By
contrast, most Fabeae species harbor numerous and abun-
dant centromeric repeats, although the FISH mapping of
seven centromeric satellites identified in V. faba revealed their
absence in the centromere of one chromosome pair (Avila
Robledillo et al. 2018). For practical reasons, our analysis was
limited to repeats representing at least 0.01% of the genome,
and thus was not exhaustive; hence, an additional analysis
targeting individual species with larger volumes of sequencing
data would be needed to determine whether their
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centromeres are truly repeat-free. On the other hand, the
negative result of the ChIP-seq analysis obtained for these
three species should be interpreted with caution, as it could
also have arisen due to the technical issues. This is especially
true in V. ervilia and V. hirsuta, which represent ancient phy-
logenetic lineage of Fabeae and have CENH3 proteins that are
relatively divergent from those used to raise the ChIP anti-
bodies (supplementary table 1, Supplementary Material
online).

The major finding of this study is the large number and
sequence diversity of centromeric satellites within and be-
tween Fabeae species which is unique among eukaryotic
taxa investigated so far. In many organisms, a single satellite
repeat family dominates all centromeres, although it may
partially differentiate into chromosome-specific variants or
higher order repeats. Although these satellites evolve rela-
tively rapidly, similarities are still detectable between sequen-
ces retrieved from related species. Examples of such
centromeric satellite superfamilies include the primate alpha
satellites (McNulty and Sullivan 2018; Hartley and O'Neill
2019), CentO/CentC in Oryza and Zea (Lee et al. 2005;
Bilinski et al. 2015) and cen180 in Arabidopsis and other
Brassicaceae (Lermontova et al. 2014). Sequence diversifica-
tion of such shared centromere-specific superfamilies along
with the adaptive evolution of CENH3 proteins found in
some taxa, led to the formulation of the centromere drive
model (Henikoff et al. 2001; Malik 2009). The model proposes
that specific interactions of CENH3 or other inner kineto-
chore proteins with their underlying centromeric satellites
result in stronger centromeres on homologs with expanded
satellite arrays that are consequently preferentially transmit-
ted to the germ cells during asymmetric female meiosis. This
process is then compensated for by the adaptive evolution of
the interacting protein(s), leading to the evolutionary race of
arms between selfish centromeric DNA and its associated
kinetochore proteins. However, it is unlikely that centromere
drive is at work in Fabeae, as the presence of multiple cen-
tromeric satellites with different sequences precludes any se-
quence-dependent coevolution with CENH3 or other
kinetochore proteins. This is further supported by the ob-
served lack of pervasive adaptive evolution of Fabeae
CENH3 proteins, which was not detected even in the set of
Lathyrus species possessing a single centromeric satellite (ta-
ble 2). Another argument against sequence-dependent depo-
sition of CENH3 to Fabeae centromeres comes from CENH3—
YFP fusion protein expression experiments showing that
CENH3-2 from V. faba is efficiently deposited onto
P. sativum centromeres, and conversely, that CENH3-1 from
P. sativum targets centromeres in V. faba (Neumann et al.
2015). Similar results were reported by Maheshwari et al.
(2017), demonstrating that CENH3 from evolutionary distant
species can replace the native CENH3 in Arabidopsis thaliana.

Another factor to consider when seeking an explanation
for the observed diversity of centromeric satellites is the du-
plication and partial diversification of the two CENH3 gene
copies in Pisum and Lathyrus. Coincidentally, species from
these genera also exhibit a distinctive type of centromere
morphology characterized by extended primary constrictions
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and occurrence of multiple CENH3 loci (supplementary fig. 4,
Supplementary Material online and Neumann et al. 2015).
However, neither the CENH3 duplication nor the centromere
morphology can be directly linked to the diversity of centro-
meric satellites, as this group of species includes both of the
observed extremes: the single centromeric satellite associated
with all CENH3 loci in L. sativus, as well as the most diverse
population of centromeric satellites with uneven distribution
on P. sativum chromosomes (fig. 2).

Satellite DNA is not necessary or sufficient for centromere
establishment and propagation (Piras et al. 2010; Logsdon
et al. 2019). In plants, satellite-free centromeres are present
on five of the 12 chromosomes of potato (Solanum tuber-
osum). The remaining seven potato centromeres contain
mostly chromosome-specific satellites with exceptionally
long monomers originating from recombination of LTR-ret-
rotransposon fragments with other genomic sequences
(Gong et al. 2012). This type of centromeric satellites is also
present in the closely related S. verrucosum; however, the
repeats are mostly species-specific, suggesting their recent
and independent origin (Zhang Koblizkova, et al. 2014).
Based on these findings, along with the presence of partially
homogenized centromeric satellites in switchgrass species
(Yang et al. 2018), it was hypothesized that evolutionarily
young centromeres may be repeat-free and only later accu-
mulate random satellites that are subsequently homogenized
across different chromosomes, resulting in the selection of a
single, structurally favorable repeat to dominate all centro-
meres (Gong et al. 2012; Zhang, Koblizkova, et al. 2014; Yang
et al. 2018). Considering our results in light of this hypothesis,
we can see a number of differences suggesting that the diver-
sity of centromeric satellites in Fabeae is not due to their
origin in newly formed or relocated centromeres. First,
some satellite superfamilies occur in species from different
phylogenetic lineages, indicating that their origin dates back
to the diversification of Fabeae (FabTR-1 and FabTR-12, fig. 1).
Moreover, FISH mapping revealed that some centromeric
satellites also occur at additional, noncentromeric loci, sug-
gesting that they might have originated elsewhere in the ge-
nome and subsequently invade the centromeres. In addition,
we have no evidence of frequent neocentromere formation
or chromosome rearrangements in Fabeae, which have rela-
tively stable karyotypes (Badr 2006).

Compared with other plant taxa, most Fabeae species are
exceptional in terms of their high diversity of satellite repeats
in general (Neumann et al. 2012; Macas et al. 2015; Avila
Robledillo et al. 2018), which might also be reflected in their
large numbers of centromeric repeats. This diversity of satel-
lites contrasts even with the closest relatives of Fabeae, genera
Trifolium, Medicago, and Cicer, whose species possess one or
(rarely) two centromeric satellites (Zatloukalova et al. 20171;
Yu et al. 2017; Dluhosova et al. 2018). The molecular or evo-
lutionary processes that made Fabeae so rich in satDNA re-
main to be fully elucidated, but one possible mechanism was
revealed in our recent investigation of L. sativus repeats using
ultralong nanopore reads. Most noncentromeric satellites in
this species originated relatively recently by amplification of
short tandem repeat arrays present in LTR-retrotransposons
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(Vondrak et al. 2020). The same mechanism was previously
proposed for the origin of PisTR-A satellite in P. sativum
(Macas et al. 2009); thus, it is likely to contribute to the
emergence of species-specific satellites and their high turn-
over across Fabeae. It is worth noting that the LTR-retrotrans-
posons providing these short array templates belong to the
lineage of Ty3/gypsy Ogre elements (Neumann et al. 2019)
which represent dominant repeats in the Fabeae genomes
(Macas et al. 2015) but are comparably less abundant in the
related legume taxa (Macas et al. 2007; DluhoSova et al. 2018),
potentially resulting in smaller numbers of Ogre-derived sat-
ellite repeats.

Taken together, the results presented in this work, along
with the recent data from other species, suggest that the
patterns of association and eventual coevolution of satellite
repeats with plant centromeres may be far more complex
than previously envisioned. It is possible that the mechanisms
leading to the centromere drive act only episodically, or in
specific cases in which only a single repeat with properties
favorable for supporting centromeric chromatin is available.
However, should multiple such satellites occur in a genome,
they might be co-opted simultaneously or alternatively dur-
ing centromere evolution, and this seems to have occurred in
Fabeae. Several features are thought to be important for
“centromere competence” of satellite repeats, including the
presence of dyad symmetries (Kasinathan and Henikoff 2018)
or WW dinucleotide periodicities in their sequences (Zhang
et al. 2013; Yang et al. 2018), as well as a proper level of
transcription (Duda et al. 2017; Perea-Resa and Blower
2018). The sequence data acquired in this study will be in-
strumental in future research of these properties, as it
includes diverse satellite sequences and allows for their com-
parative analysis in species with different modes of association
between individual satellite families and centromeric
chromatin.

Materials and Methods

Plant Material

Seeds of most Vicia species were obtained from the seed bank
of the Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), Gatersleben, Germany. Their accessions in
the seed bank are as follows: V. hirsuta (L) S.F.Gray, VIC728;
V. ervilia (L) Willd,, ERV52; V. pisiformis L, VIC36; V. peregrina
L, VIC765; V. villosa, VIC876; and V. tetrasperma (L.) Schreb.,
VIC726. Commercial varieties of V. pannonica “Déténicka
panonska,” V. faba “Merkur,” and P. sativum “Terno” were
obtained from Osiva Borsov, Czech Republic; V. sativa
“Ebena” from the Agricultural Research Institute Kromériz,
Czech Republic; and Le. culinaris “Eston” from the Nohel gar-
den, Dobtis, Czech Republic. Vicia narbonensis (ICARDA 14)
was provided by A. M. Torres (IFAPA Cordoba, Spain).
Lathyrus sativus, L. latifolius, and L. niger were purchased
from Fratelli Ingegnoli S.p.A, Milano, Italy (Cat. No. 455),
SEMO Smrzice, Czech Republic (accession number 1-0040-
68867-01), and Arboretum Paseka Makcu Pik¢u, Paseka,
Czech Republic, respectively. Lathyrus vernus was collected
from a wild population at Vidov, Czech Republic (GPS
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48°55'17.401"N, 14°29'44.158"E). Pisum fulvum accession
(ICARDA 1G64207) was provided by Petr Smykal, Palacky
University, Olomouc, Czech Republic.

Genomic DNA Isolation and Phylogenetic Analysis of
Fabeae Species

Genomic DNA was extracted from leaf tissues according to
Dellaporta et al. (1983). Sequences of the chloroplast loci
(matK and rbcl) used for phylogenetic reconstructions
were obtained by PCR amplification of the corresponding
DNA fragments from total genomic DNA preparations using
the primers MatK-L-F (5'-ATG AAG GAM TAT HMA GTA
TAT TTA G-3') and Matk-L-R (5-TCA TTC ATC ATG GAC
CAG ATC-3'), and rbcl-L_F2 (5-ATG TCA CCA CAA ACA
GAA ACT AAA-3) and rbcl-L_R2 (5'-TTA CAA AGT ATC
CAT TGC TGG G-3'). Alternatively, the matK and rbcl
sequences were assembled from previously published NGS
data sets (Macas et al. 2015) or retrieved from GenBank, as
specified in supplementary table 3, Supplementary Material
online. Nucleotide sequences were aligned using Muscle
(Edgar 2004). ML phylogenies were estimated using PhyML
3.0 (Guindon et al. 2010) with automatic model selection by
SMS (Lefort et al. 2017). Starting trees for ML analysis were
calculated using neighbor-joining (NJ) algorithm imple-
mented in SeaView (Gouy et al. 2010). The branch support
was evaluated using bootstrap analysis (>10,000 replicates).
Divergence times were estimated using RelTime method
implemented in MEGA X (Mello 2018), taking into account
that the most recent common ancestor of P. sativum and
V. sativa existed 12.9-22.8 Ma (Lavin et al. 2005). Phylogenetic
trees were edited using ITOL (Letunic and Bork 2019).
Alignment of the concatenated sequences of matK and
rbcl used to infer the species tree (fig. 1A) is provided in
supplementary file 2, Supplementary Material online.

Identification of Centromeric Repeats Using
Chromatin Immunoprecipitation

Chromatin immunoprecipitation was performed on nuclei
isolated from fresh leaves as described (Neumann et al.
2012) using custom-made antibodies raised against peptides
designed according to the previously identified Fabeae
CENH3 protein sequences (Neumann et al. 2012, 2015). A
single antibody was always used for ChIP experiments, and it
was selected based on 1) the similarity between peptide an-
tigen and the CENH3 sequence in particular species and 2) its
performance in in situ immunodetection experiments.
Information about the antibodies and their use in individual
species is provided in the supplementary table 1,
Supplementary Material online and references cited therein.
Rabbit polyclonal antibody to CENH3-2 of L. sativus (ID: P60)
was produced in the course of this study by Genscript
(Piscataway, NJ) using “complete affinity-purified peptide
polyclonal package” (Cat. No.. SC1031). ChlPed DNA and
input DNA control were sequenced on the lllumina platform
in a single-end, 101 nt read mode. The resultant reads were
trimmed to 100 nt by removing the first base and quality
filtered to exceed the cutoff quality score of 10 over at least
95 nucleotides. Quality-filtered reads were mapped to
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reference contigs assembled from clusters of genome shotgun
sequencing reads representing repetitive sequences of the
corresponding species produced and characterized in our
previous work (Macas et al. 2015). Similarity-based mapping
of reads to repeat contigs was performed using BlastN
(Altschul et al. 1997) with the parameters “-m 8 -b 1 -e 1e-
20-W9-r2-q-3-G5-E2-FF”and was followed by output
parsing to ensure that each read was mapped to a maximum
of one repeat cluster with the highest similarity score. The
proportion of ChIP and input reads mapped to individual
clusters was evaluated to identify repeats with a ChIP/input
ratio >3, which were considered to represent repeats
enriched in the ChIP sample. In the two species for which
reference contigs were not available (L. niger and
L. clymenum), the ChIP and input reads were used directly
for comparative RepeatExplorer analysis (Novak et al. 2013)
and enrichment was calculated as a ratio of ChIP to input
reads in individual repeat clusters.

Sequence Analysis of Satellite Repeats

Putative satellite repeats were identified in the course of our
previous study (Macas et al. 2015) via graph-based clustering
of genomic shotgun reads using the RepeatExplorer pipeline
(Novak et al. 2013). Reconstruction of monomer sequences of
selected satellites was performed using TAREAN (Novak et al.
2017). Similarities between satellite sequences were evaluated
using alignment-free sequence comparison using D3 distance
(Reinert et al. 2009) as implemented in d2-tools (https://code.
google.com/archive/p/d2-tools/; last accessed September 23,
2019). Dissimilarity measurement matrices were calculated
using shotgun reads from individual satellite clusters for k-
mer lengths k from three to nine nucleotides under the zero-
to third-order Markov model M. The resultant distance ma-
trix was calculated as arithmetical average of all 27 dissimilar-
ity matrices. The similarity threshold used for visualization

was defined as:y",_, ZXA:OS—% < 0.33. This threshold was
selected based on the empirical exploration of multiple sat-
ellite sequences using dotplot comparisons (Sonnhammer
and Durbin 1995).

Alternatively, similarities between centromeric satellites
and all other repetitive sequences were detected using
BlastN search with default parameters. Contigs assembled
from clusters representing repetitive sequences of the corre-
sponding species produced and characterized in our previous
work (Macas et al. 2015) were searched against the database
of TAREAN-reconstructed satellite centromeric sequences.
The top percentile of similarity hits was manually explored
using dotplot.

FISH and Immunolabeling

Mitotic chromosomes used for cytogenetic experiments were
prepared from root apical meristems synchronized as de-
scribed previously (Neumann et al. 2015) to increase the pro-
portion of simultaneously dividing cells. The synchronized
meristems were processed using different protocols depend-
ing on their intended use. For FISH experiments, they were
fixed in a 3:1 v/v solution of methanol:glacial acetic acid for
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2 days at 4°C, washed in ice-cold water, and digested in a
solution of 4% cellulase (Onozuka R10, Serva Electrophoresis,
Heidelberg, Germany), 2% pectinase, and 0.4% pectolyase Y23
(both MP Biomedicals, Santa Ana, CA) in 0.01 M citrate buffer
(pH 4.5) for 90 min at 37 °C. One to three digested meristems
were transferred to a drop of freshly made 3:1 fixation solu-
tion on a glass slide and further macerated using a forceps.
The slide was then placed over an alcohol flame to induce
chromosome spreading as described by Dong et al. (2000).
Following air-drying, the slides were stored at —20°C. FISH
was performed using either oligonucleotide probes that were
5'-labeled with biotin or Rhodamine Red-X during their syn-
thesis (Integrated DNA Technologies, Leuven, Belgium), or
using cloned fragments of satellite sequences labeled with
biotin using nick-translation (Kato et al. 2006). Nucleotide
sequences of the probes are provided in supplementary file
3, Supplementary Material online. FISH was performed as
described (Macas et al. 2007) with hybridization and washing
temperatures adjusted to account for AT/GC content and
hybridization stringency allowing for 10-20% mismatches.
Immunolabeling of CENH3 proteins was performed with
chromosomes isolated from the meristems fixed using 4%
formaldehyde for 25 min at 23 °C Following fixation, suspen-
sions of purified metaphase chromosomes were prepared as
described (Neumann et al. 2002). Alternatively, the meristems
were digested in a solution of 2% cellulase and 2% pectinase in
phosphate-buffered saline (PBS) for 80-120min at 28°C,
transferred to a glass slide, and squashed under the coverslip.
Immunodetection was performed as follows, slides with chro-
mosome suspensions and squash preparations were treated
identically, and all incubations were performed at room tem-
perature unless stated otherwise. Slides were washed in PBS
for 5min, PBS-T1 buffer (1x PBS, 0.5% Triton, pH 7.4) for
25 min, and twice in PBS for 5 min and once in PBS-T2 buffer
(1x PBS, 0.1% Tween 20, pH 7.4) for 30 min. The slides were
then incubated with the primary CENH3 antibody diluted
1:1,000 in PBS-T2 at 4 °C overnight, and then washed twice
in PBS for 5min and once in PBS-T2 for 5 min. The primary
antibodies were detected with anti-rabbit-Rhodamine Red-X-
AffiniPure (1:500, Jackson ImmunoResearch, Suffolk, UK; cat-
alog number 111-295-144) or anti-chicken-DyLight488 (1:500,
Jackson ImmunoResearch; catalog number 103-485-155) di-
luted in PBS-T2 buffer for 1h. After two washes in PBS for
5min and one wash in PBS-T2 for 5min, the slides were
mounted for observation or processed further if combined
detection of DNA sequences by FISH was needed. In such
cases, the slides were immediately postfixed in 4% formalde-
hyde in PBS for 10 min at RT and dehydrated in a series of 70%
and 96% ethanol at RT for 5 min each. Chromosomes were
denatured by incubation in 1x PCR buffer (Promega,
Madison, WI) supplemented with 4 mM MgCl, for 2 min at
94°C and used for FISH as described earlier. The slides were
counterstained with 4',6-diamidino-2-phenylindole (DAPI),
mounted in Vectashield mounting medium (Vector
Laboratories, Burlingame, CA), and examined using a Zeiss
Axiolmager.Z2 microscope with an AxioCam 506 mono
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camera. Images were captured and processed using the
ZEN pro 2012 software (Carl Zeiss GmbH).

Identification and Analysis of CENH3 Genes

Partial CENH3-coding sequences of V. ervilia, V. hirsuta, V.
pisiformis, and V. tetrasperma were identified in lllumina se-
quence data by BlastN using a query containing all CENH3
sequences identified in Fabeae species previously (Neumann
et al. 2012, 2015). Primers designed based on these sequences
were then used for RT-PCR and RACE amplification of frag-
ments of CENH3 transcripts, as described by Neumann et al.
(2015). Finally, fragments surrounding the 5" and 3’ end of the
coding sequences were used to design primers for amplifica-
tion of full-length CENH3-coding sequences. Sequences of
these primers and details of the amplification conditions
are provided in supplementary table 4, Supplementary
Material online.

Entire CENH3 genes in V. ervilia and V. tetrasperma were
selectively assembled using GRABb (Brankovics et al. 2016)
using as input lllumina paired-end reads (2 x 151nt) and a
bait file containing all CENH3-coding sequences available in
Fabeae. The CENH3 sequences were also identified in super-
reads assembled from the lllumina paired-end reads by
MaSuRCA (Zimin et al. 2013). lllumina sequence data used
for assembly were custom-produced at Admera Health, LLC
(South Plainfield, NJ), and deposited into the SRA database
under accessions ERR3523145 and ERR3523144, respectively.
Exon/intron structure of the genes and their translation prod-
ucts were predicted using est2genome (Rice et al. 2000) and
GeneWise (Birney et al. 2004).

CENH3 sequences were aligned using Muscle (Edgar 2004).
Pairwise similarities between CENH3 sequences were inferred
from the proportions of variable sites (p-distances) calculated
from CENH3 alignment in MEGA (Kumar et al. 2018).
Phylogenetic analyses were performed using NJ and ML algo-
rithms implemented in SeaView (Gouy et al. 2010) and
PhyML 3.0 (Guindon et al. 2010), respectively. Bootstrap val-
ues were calculated from at least 1,000 replications.
Phylogenetic trees were drawn and edited using the FigTree
program  (http://treebio.edac.uk/software/figtree/;  last
accessed May 15, 2017). Tests for positive selection were car-
ried out using the BUSTED (Murrell et al. 2015), FEL
(Kosakovsky Pond and Frost 2005), and MEME (Murrell
et al. 2012) tools implemented in the software package
HyPhy (Kosakovsky Pond et al. 2005).

Availability of Sequence Data

lllumina reads from the ChIPed and control input samples are
available in the European Nucleotide Archive (https://www.
ebiac.uk/ena) under run accession numbers ERR3063140-
ERR3063141,  ERR3063378-ERR3063383,  ERR3063416—
ERR3063425, and ERR3063493—-ERR3063500. The runs are as-
sociated with the study “Repeat characterization in Fabeae
genomes” (PRJEB5241) which also includes the corresponding
genomic NGS data. Newly identified CENH3 gene sequences
are available from GenBank (https://www.ncbi.nlm.nih.gov/
genbank/) under accession numbers MK415838—MK415841.
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Supplementary data are available at Molecular Biology and
Evolution online.
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Supplementary fig. 1
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Supplementary fig. 1. Identification of repeat clusters associated with CENH3 chromatin. Repeat clusters are
represented by dots and their positions reflect genomic abundance of corresponding repeats (x axis) and their ChIP
enrichment (ChIP/input ratio; y axis). Only repeats with genomic proportions of at least 0.01% were analyzed.
Tandemly organized repeats are highlighted as green dots whereas all remaining repeats are blue. The plots show
only three of the analyzed species as examples of genomes with different numbers of centromeric satellites.
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Supplementary fig. 2
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Supplementary fig. 2. Immunodetection of CENH3 proteins on isolated chromosomes to confirm
antibody specificity. The CENH3 antibodies are shown as red signals, the chromosomes counterstained
with DAPI are gray. Results are shown for all nine Fabeae species where the centromere labeling have not
been demonstrated previously. Antibody IDs provided in parenthesis correspond to those listed in
supplementary table 1.
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Supplementary fig. 3A
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Supplementary fig. 3A. Overview of sequence similarities between Fabeae satellites. (A) Each species is
represented by a segment of the outer circle which is pink in the case of species analyzed by ChIP-seq.
Radial lines within the inner circle represent different satellite repeats in each species. Blue radial lines
distinguish centromeric (ChIP-enriched) satellites from those that either were not enriched or were not
analyzed by ChIP (gray radial lines). Connecting lines indicate sequence similarities as follows: gray
connection lines represent similarities between non-centromeric satellites or satellites not analyzed by
ChIP, blue lines show similarities between two centromeric satellites, and red lines connect satellites that
are centromeric in some and non-cetromeric in other species.
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Supplementary fig. 3B-D
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Supplementary fig. 3B-D. Circos plots constructed as in the panel 3A but selectively showing only three
individual superfamilies. Sequence similarity dotplots on the right show comparisons of corresponding
satellites from different species. Dimers of the consensus monomer sequences were used for the dotplots.
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Supplementary fig. 4
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Supplementary fig. 4. Localization of CENH3 (green) and FabTR-2 (red) on metaphase chromosomes of
Lathyrus sativus (A-D) and L. vernus (E-H) detected by immunostaining followed by FISH. In both
species FabTR-2 co-localized with CENH3 as predicted by ChIP-seq analysis. (I-J) Localization of two
species-specific centromeric satellites (FabTR-30 and FabTR-32; red) on metaphase chromosomes of V.
peregrina. Chromosomes counterstained with DAPI are shown in blue (D,H) or gray (I,J).
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Supplementary fig. 5
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Supplementary fig. 5. Comparison of CENH3 sequences. (A) Alignment of CENH3 protein sequences.
The CENH3 sequences are ordered according to species tree inferred from matK-rbcL sequences which is
shown on the left. CENH3-1 and CENH3-2 branches are highlighted in blue and red, respectively. Dashed
lines mark the CENH3-1 and CENH3-2 branches immediately following the duplication event. Sites that
were predicted using FEL and MEME to evolve under pervasive or episodic diversifying positive selection
are marked with vertical black arrows. Numbers above the arrows show positions in the alignment.
Symbols below the alignment indicate branches in which the sites under diversifying positive selection
were predicted. The secondary structure of histone fold domain is shown above the alignment, as adopted
from (Tachiwana et al. 2011). The putative centromere targeting domain is shown in red. (B) A table
showing numbers of substitutions among CENH3-1 (above the diagonal) and CENH3-2 (below the
diagonal) protein sequences from five Lathyrus species that possess the same centromeric satellite (FabTR-
2). Numbers in brackets show how many of the substitutions were found at sites predicted to evolve under
positive selection in any of the tests described in the table 2. Note, however, that the tests carried out
specifically for this lineage predicted only one site in CENH3-1 and none in CENH3-2. (C) Distributions
of variable sites in the alignments of CENH3-1 and CENH3-2 protein sequences of the five Lathyrus
species compared in panel B. Note that positions of the variable sites are different between CENH3-1 and
CENH3-2.
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Supplementary table 1. Antibodies used for ChIP.

AntIlBOdy Based on | Source Peptide sequence Reference Species ChIP result
CENH3-1, .. |GRVKHFPSPSKPAASDNLGKK Pisum fulvum' ok
P22 P, sativum Rabbit KRRCKPGTKC Neumann et al. 2012 Pisum sativum' ok
CENH3-2 Lathyrus clymenum' |ok
P23 .~ |Chicken [ TPRHARENQERKKRRNKPGC |Neumann et al. 2012 |Lathyrus vernus ok
P, sativum YV RT]
Lathyrus latifolius' ok
Vicia faba' ok
Vicia peregrina ok
Vicia pisiformis ok
Vicia sativa' ok
P31 CENH3-2, Rabbit CQTPRHARETQEKKKRRNKP Neumann et al. 2015 Vicz:a nclzrbonensis > |No enr%chment
V. faba G Vicia hirsuta No enrichment
Vicia ervilia No enrichment
Vicia tetrasperma ok
Vicia villosa ok
Lathyrus sativus' ok
CENH3-2 _ Lens culinaris ok
P45 L cu linargs Rabbit |PRPVLQNQERKKRRNKPGC |Neumann et al. 2015 ) - :
: Vicia narbonensis * |No enrichment
CENH3-2, . . .
P60 L sativus Rabbit |QTPRHARENQERKKRRNKC |this study Lathyrus niger ok

! The centromeric specificity of the antibodies in these species has previously been demonstrated using in situ immunodetection by
Neumann et al. (2012, 2015).
2 Two ChIP-seq experiments were performed in Vicia narbonensis.

Supplementary table 2. Other (non-satellite) repetitive elements enriched in ChIP.
RepeatExplorer contigs representing consensus sequences of these repeats are provided in
supplementray file 4.

ChIP
3 0
Species ID Repeat Genome % enrichment
VPF CL121 Unclassified 0.186 66.8
.. . VPF CL150 LTR 0.107 103.5
V. pisiformis LTR/ovpsy/
VPF CL240 EYPSy 0.017 3.17
- chromo
VPR CL14 LTR 0.772 13
V. peregrina VPR CLS8I LTR 0.382 15.5
VPR CL127 LTR 0.196 16.9
V. sativa VSA CL16 LTR 0.215 77
LTR/gypsy/
VVL CL77 0.282 12.6
- chromo
V villosa VVL cL22g  FIREYPSY | o5 84.1
- chromo
VVL cL2ss |LTR/copia/ 0.019 85.1
- Angela
V tetrasperma |VTS CL168 |-LR/copia/ 0.118 64.96
Maximus
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Supplementary table 3. Sources of matK and rbcL sequences

Species Code  |matK rbeL

Cicer arietinum CicA Neumann et al., 2015 EU835853.1
Trifolium pratense TriP KX538847.1 KF241982.1
Medicago trucatula MedT  |Neumann et al., 2015 KF241982.1
Trigonella foenum-graecum |TFG AF522147.2 MG946901.1
Melilotus albus MelA  |Neumann et al., 2015 KP126850.1
Vicia hirsuta VHR NGS data NGS data
Vicia ervilia VER NGS data NGS data
Lens culinaris LNS Neumann et al., 2015 JN661189.1
Vicia pisiformis VPF JX505896.1 JX505517.1
Vicia pannoica VPN Neumann et al., 2015 NGS data
Vicia peregrina VPR Neumann et al., 2015 NGS data
Vicia narbonensis VNR Neumann et al., 2015 NGS data
Vicia lathyroides VLT Neumann et al., 2015 NGS data
Vicia sativa VSA Neumann et al., 2015 JN661204.1
Vicia sepium VSP Neumann et al., 2015 NGS data
Vicia villosa VVL Neumann et al., 2015 JN661208.1
Vicia tetrasperma VTS NGS data NGS data
Pisum sativum PST Neumann et al., 2015 JN661190.1
Pisum fulvum PFL Neumann et al., 2015 NGS data
Lathyrus clymenum LACLM [JX505793.1 KJ850235.1
Lathyrus ochrus LAO PCR amplification from genomic DNA |JIN661184.1
Lathyrus niger LNG PCR amplification from genomic DNA |HE963532.1
Lathyrus vernus LAV Neumann et al., 2015 NGS data
Lathyrus sativus LAS Neumann et al., 2015 NC014063
Lathyrus latifolius LAL Neumann et al., 2015 HMO029364.1
Lathyrus sylvestris LASYL |PCR amplification from genomic DNA |PCR amplification from genomic DNA
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Supplementary table 4. Primers used for CENH3 amplification.

Species Reverse transcription | Reaction | Forward PCR primer Reverse PCR primer Reaction profile
primer type
94°C - 50 sec; 35
GGCCACGCGTCGAC cycles of 94°C - 30
V. tetrasperma | TAGTACTTTTTTTTTT | RT-PCR gngT TGCTCCAAGT Ei’éGCAACAATGGTTTT sec, 55°C - 50 sec,
TTTTTTTTV 72 °C - 1 min; 72 °C
- 10 min
94°C - 50 sec; 35
GGCCACGCGTCGAC cycles of 94°C - 30
V. ervilia TAGTACTTTTTTTTTT | RT-PCR gg;:rrg Acg CCAAGTT gggTTTCACTACAGGT sec, 55°C - 50 sec,
TTTTTTTTV 72 °C - 1 min; 72 °C
- 10 min
94°C - 50 sec; 35
GGCCACGCGTCGAC cycles of 94°C - 30
V. pisiformis TAGTACTTTTTTTTTT | RT-PCR gig’:’éTCAAATGGC ?EiTTGTGTCGGTTCTC sec, 55°C - 50 sec,
TTTTTTTTV 72 °C - 1 min; 72 °C
- 10 min
94°C - 50 sec; 35
GGCCACGCGTCGAC cycles of 94°C - 30
V. hirsuta TAGTACTTTTTTTTTT | 3’RACE /EF/I\'T[(Tj?\I/:iigCACAT g?TC]qTC GTCGACTAGTA sec, 55°C - 50 sec,
TTTTTTTTV 72 °C -1 min; 72 °C

- 10 min
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Chapter I1I:

Characterization of repeat arrays in ultra-long nanopore reads reveals
frequent origin of satellite DNA from retrotransposon-derived tandem

repeats.
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SUMMARY

Amplification of monomer sequences into long contiguous arrays is the main feature distinguishing satellite
DNA from other tandem repeats, yet it is also the main obstacle in its investigation because these arrays
are in principle difficult to assemble. Here we explore an alternative, assembly-free approach that utilizes
ultra-long Oxford Nanopore reads to infer the length distribution of satellite repeat arrays, their association
with other repeats and the prevailing sequence periodicities. Using the satellite DNA-rich legume plant
Lathyrus sativus as a model, we demonstrated this approach by analyzing 11 major satellite repeats using a
set of nanopore reads ranging from 30 to over 200 kb in length and representing 0.73X genome coverage.
We found surprising differences between the analyzed repeats because only two of them were predomi-
nantly organized in long arrays typical for satellite DNA. The remaining nine satellites were found to be
derived from short tandem arrays located within LTR-retrotransposons that occasionally expanded in
length. While the corresponding LTR-retrotransposons were dispersed across the genome, this array expan-
sion occurred mainly in the primary constrictions of the L. sativus chromosomes, which suggests that these
genome regions are favourable for satellite DNA accumulation.

Keywords: satellite DNA, Lathyrus sativus, long-range organization, sequence evolution, nanopore sequenc-
ing, centromeres, heterochromatin, fluorescence in situ hybridization (FISH), technical advance.

INTRODUCTION

Satellite DNA (satDNA) is a class of highly repeated geno-
mic sequences characterized by its occurrence in long
arrays of almost identical, tandemly arranged units called
monomers. It is ubiquitous in animal and plant genomes,
where it can make up to 36% or 18 Gbp/1C of nuclear DNA
(Ambrozova et al., 2010). The monomer sequences are typ-
ically hundreds of nucleotides long, although they can be
as short as simple sequence repeats (<10 bp) (Heckmann
et al., 2013) or reach over 5 kb (Gong et al., 2012). Thus,
satDNA is best distinguished from other tandem repeats
like micro- or minisatellites by forming much longer arrays
(tens of kilobases up to megabases) that often constitute
blocks of chromatin with specific structural and epigenetic
properties (Garrido-Ramos, 2017). This genomic organiza-
tion and skewed base composition have played a crucial
role in satDNA discovery in the form of additional
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(satellite) bands observed in density gradient centrifuga-
tion analyses of genomic DNA (Kit, 1961). Thanks to a
number of studies in diverse groups of organisms, the ini-
tial view of satellite DNA as genomic ‘junk’ has gradually
shifted to an appreciation of its roles in chromosome orga-
nization, replication and segregation, gene expression, dis-
ease phenotypes and reproductive isolation between
species (reviewed in Plohl et al., 2014; Garrido-Ramos,
2015, 2017; Hartley et al., 2019). Despite this progress,
there are still serious limitations in our understanding of
the biology of satDNA, especially with respect to the
molecular mechanisms underlying its evolution and turn-
over in the genome.

Although the presence of satDNA is a general feature of
eukaryotic genomes, its sequence composition is highly
variable. Most satellite repeat families are specific to a

© 2019 The Authors.
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single genus or even a species (Macas et al., 2002), which
makes satDNA the most dynamic component of the gen-
ome. A theoretical framework for understanding satDNA
evolution was laid using computer simulations (reviewed
in Elder and Turner, 1995). For example, the computer
models demonstrated the emergence of tandem repeats
from random non-repetitive sequences by a joint action of
unequal recombination and mutation (Smith, 1976), pre-
dicted satDNA accumulation in genome regions with sup-
pressed meiotic recombination (Stephan, 1986) and
evaluated possible impacts of natural selection (Stephan
and Cho, 1994). It was also revealed that recombination-
based processes alone cannot account for the persistence
of satDNA in the genome, which implied that additional
amplification mechanisms need to be involved (Walsh,
1987). These models are of great value because, in addition
to predicting conditions that can lead to satDNA origin,
they provide testable predictions regarding tandem repeat
homogenization patterns, the emergence of higher order
repeats (HORs) and the gradual elimination of satDNA
from the genome. However, their utilization and further
development have been hampered by the lack of genome
sequencing data revealing the long-range organization and
sequence variation within satDNA arrays that were needed
to test their predictions.

A parallel line of research has focused on elucidating
satDNA evolution using molecular and cytogenetic meth-
ods. These studies confirmed that satellite repeats can be
generated by tandem amplification of various genomic
sequences, for example, parts of dispersed repeats within
potato centromeres (Gong et al., 2012) or a single-copy
intronic sequence in primates (Valeri ef al., 2018). An addi-
tional putative mechanism of satellite repeat origin was
revealed in DNA replication studies, which showed that
repair of static replication forks leads to the generation of
tandem repeat arrays (Kuzminov, 2016). SatDNA can also
originate by expansion of existing short tandem repeat
arrays present within rDNA spacers (Macas et al., 2003)
and in hypervariable regions of LTR retrotransposons
(Macas et al., 2009). Moreover, there may be additional
links between the structure or transpositional activity of
mobile elements and satDNA evolution (Mestrovic¢ et al.,
2015; McGurk and Barbash, 2018). Once amplified, satel-
lite repeats usually undergo a fast sequence homogeniza-
tion within each family, resulting in high similarities of
monomers within and between different arrays. This pro-
cess is termed concerted evolution (Elder and Turner,
1995) and is supposed to employ various molecular mech-
anisms, such as gene conversion (Schindelhauer and Sch-
warz, 2002), segmental duplication (Ma and Jackson,
2006) and rolling-circle amplification of extrachromosomal
circular DNA (Cohen et al., 2005; Navratilova et al., 2008).
However, little evidence has been gathered thus far to
evaluate real importance of these mechanisms for satDNA

© 2019 The Authors.

evolution. Since each of these mechanisms leaves specific
molecular footprints, this question can be tackled by
searching for these patterns within satellite sequences.
However, obtaining such sequence data from a wide
range of species has long been a limiting factor in satDNA
investigation.

The introduction of next generation sequencing (NGS)
technologies (Metzker, 2009) marked a new era in genome
research, including the characterization of repetitive DNA
(Weiss-Schneeweiss et al., 2015). Although the adoption
of short-read technologies like lllumina resulted in a
boom of genome assembly projects, such assemblies are
of limited use for satDNA investigation because they
exclude repeat-rich regions that cannot be efficiently
resolved with the short reads (Peona et al., 2018). On the
other hand, the short-read data are successfully utilized
by bioinformatic pipelines specifically tailored to the iden-
tification of satellite repeats employing assembly-free
algorithms (Novak et al., 2010; Ruiz-Ruano et al., 2016;
Novak et al., 2017). Although these approaches proved to
be efficient in satDNA identification and revealed a sur-
prising diversity of satellite repeat families in some plant
and animal species (Macas et al., 2015; Ruiz-Ruano et al.,
2016; Avila Robledillo et al., 2018), they, in principle,
could not provide much insight into their large-scale
arrangement in the genome. In this respect, the real
breakthrough was recently made by the so-called long-
read sequencing technologies that include the Pacific Bio-
sciences and Oxford Nanopore platforms. Especially the
latter has, due to its principle of reading the sequence
directly from a native DNA strand during its passage
through a molecular pore, a great potential to generate
“ultra-long” reads reaching up to one megabase (van Dijk
et al., 2018). Different strategies utilizing such long reads
for satDNA investigation can be envisioned. First, they
can be combined with other genome sequencing and
mapping data to generate hybrid assemblies in which
satellite arrays are faithfully represented and then ana-
lyzed. This approach has already been successfully used
for assembling satellite-rich centromere of the human
chromosome Y (Jain et al., 2018) and for analyzing
homogenization patterns of satellites in Drosophila mela-
nogaster (Khost et al., 2017). Alternatively, it should be
possible to infer various features of satellite repeats by
analyzing repeat arrays or their parts present in individual
nanopore reads. Since only a few attempts have been
made to adopt this strategy (Cechova and Harris, 2018) it
has yet to be fully explored, which is the subject of the
present study.

In this work, we aimed to characterize the basic proper-
ties of satellite repeat arrays in a genome-wide manner by
employing bioinformatic analyses of long nanopore reads.
As the model for this study, we selected the grass pea
(Lathyrus sativus L.), a legume plant with a relatively large
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genome (6.52 Gbp/C) and a small number of chromosomes
(2n = 14) which are amenable to cytogenetic experiments.
The chromosomes have extended primary constrictions
with  multiple domains of centromeric chromatin
(meta-polycentric chromosomes) (Neumann et al., 2015;
Neumann et al., 2016) and well distinguishable heterochro-
matin bands indicative of the presence of satellite DNA.
Indeed, repetitive DNA characterization from low-pass gen-
ome sequencing data revealed that the L. sativus genome
is exceptionally rich in tandem repeats that include 23
putative satDNA families, which combined represent 10.7%
of the genome (Macas et al., 2015). Focusing on the frac-
tion of the most abundant repeats, we developed a work-
flow for their detection in nanopore reads and subsequent
evaluation of the size distributions of their arrays, their
sequence homogenization patterns and their interspersion
with other repetitive sequences. This work revealed sur-
prising differences of the array properties between the ana-
lyzed repeats, which allowed their classification into two
groups that differed in origin and amplification patterns in
the genome.

RESULTS

For the present study, we chose a set of 16 putative satel-
lites with estimated genome proportions exceeding a
threshold of 0.1% and reaching up to 2.6% of the
L. sativus genome (Table 1). These sequences were
selected as the most abundant from a broader set of 23
tandem repeats that were previously identified in
L. sativus using graph-based clustering of lllumina reads
(Macas et al., 2015). The clusters selected from this study

Table 1 Characteristics of the investigated satellite repeats

were further analyzed using the TAREAN pipeline (Novak
et al., 2017), which confirmed their annotation as satellite
repeats and reconstructed consensus sequences of their
monomers (Data S1). The monomers were 32-660 bp
long and varied in their AT/GC content (46.3-76.6% AT).
Mutual sequence similarities were detected between
some of the monomers, which suggested that they repre-
sented variants (sub-families) of the same repeat family
(Figure S1). These included three variants of the satellite
families FabTR-51 and FabTR-53 and two variants of
FabTR-52 (Table 1). Except for the FabTR-52 sequences,
which were found to be up to 96% identical to the repeat
pLsat described by (Ceccarelli et al., 2010), none of the
satellites showed similarities to sequences in public
sequence databases. We assembled a reference database
of consensus sequences and additional sequence variants
of all selected satellite repeats to be used for similarity-
based detection of these sequences in the nanopore
reads. The reference sequences were put into the same
orientation to allow for evaluation of the orientation of
the arrays in the nanopore reads.

We conducted two sequencing runs on the Oxford
Nanopore MinlON device utilizing independent libraries
prepared from partially fragmented genomic DNA using a
1D ligation sequencing kit (SQK-LSK109). The two runs
resulted in similar size distributions of the reads (Figure S2,
panel a) and combined produced a total of 8.96 Gbp of
raw read data. Following quality filtering, the reads shorter
than 30 kb were discarded because we aimed to analyze
only a fraction of the longest reads. The remaining 78 563
reads ranging from 30 to 348 kb in length (N50 = 67 kb)

Genomic abundance

Satellite family Monomer [bp] AT [%] FISH probe
Subfamily [%] [Mbp/1C]
FabTR-2 49 71.4 1.700 110.8 LASm3H1
FabTR-51 3.101 202.2
FabTR-51-LAS-A 80 46.3 2.500 163.0 LASmM1H1
FabTR-51-LAS-B 79 51.9 0.560 36.5 LasTR6_H1
FabTR-51-LAS-C 118 50.0 0.041 2.7
FabTR-52 2.019 131.6
FabTR-52-LAS-A 55 47.3 2.000 130.4 LASm2H1
FabTR-52-LAS-B 32 50.0 0.019 1.2
FabTR-53 2.600 169.5 c1644 + c1645
FabTR-53-LAS-A 660 76.6 n.d.
FabTR-53-LAS-B 368 76.4 n.d.
FabTR-53-LAS-C 565 75.9 n.d.
FabTR-54 104 51.0 0.840 54.8 LasTR5_H1
FabTR-55 78 55.1 0.480 31.3 LasTR7_H1
FabTR-56 46 60.9 0.250 16.3 LasTR8_H1
FabTR-57 61 65.6 0.130 8.5 LasTR9_H1
FabTR-58 86 59.3 0.140 9.1 LasTR10_H1
FabTR-59 131 49.6 0.110 7.2 LasTR11_H1
FabTR-60 86 52.3 0.110 7.2 LasTR12_H1

© 2019 The Authors.
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Figure 1. Schematic representation of the analysis
strategy. (a) Nanopore read (grey bar) containing (a)
arrays of satellites A (orange) and s (green). The ori-

Satellite A B A A
forward

forward reverse forward

entations of the arrays with respect to sequences in
the reference database are indicated. (b) LASTZ

IR

(D))

search against the reference database results in
similarity hits (displayed as arrows showing their
orientation, with colours distinguishing satellite

sequences) that are quality-filtered to remove non- (b)
specific hits (c). The filtered hits are used to identify d E>
the satellite arrays as regions of specified minimal ¢

length that are covered by overlapping hits to the |:>|:> |:>

same repeat (d). The positions of these regions are
recorded in the form of coded reads where the
sequences are replaced by satellite codes and array
orientations are distinguished using uppercase and
lowercase characters (e). The coded reads are then (C)
used for various downstream analyses. (f) Array
lengths are extracted and analyzed regardless of

orientation of the arrays but while distinguishing :[:} |:>

the complete and truncated arrays (here it is shown
for satellite A). (g) Analysis of the sequences adja-
cent to the satellite arrays includes 10 kb regions
upstream (—) and downstream (+) of the array. This
analysis is performed with respect to the array ori- (d)

entation (compare the positions of upstream and
downstream regions for arrays in forward (A1, A3)

versus reverse orientation (A2)).

(e)

0000AAAAAAARAAAARAAA(OOOBBBBB00000aaaaaa0000AAAAARA

(f)
Complete Complete Truncated
(9)
Al (- Al (+ A3 (-
(=) A1 ( ): ) , A3

lOOOOAAAAAAAAAAAAAAAOOOBBBBBOOOOOaaaaaaOOOOAAAAAAA|

provided a total of 4.78 Gbp of sequence data, which corre-
sponded to 0.73x coverage of the L. sativus genome.

Detection of the satellite arrays in nanopore reads
revealed repeats with contrasting array length
distributions

The strategy for analyzing the length distribution of the
satellite repeat arrays in the genome using nanopore reads
is schematically depicted in Figure 1. The satellite arrays in
the nanopore reads were identified by similarity searches
against the reference database employing the LASTZ pro-
gram (Harris, 2007). Using a set of nanopore reads with
known repeat compositions, we first optimized the LASTZ

© 2019 The Authors.

——

[—
A2 (+) A2 A2 (-)

parameters towards high sensitivity and specificity. Under
these conditions, the satDNA arrays within nanopore reads
typically produced a series of short overlapping similarity
hits that were filtered and parsed with custom scripts to
detect the contiguous repeat regions longer than 300 bp.
Then, the positions and orientations of the detected
repeats were recorded, while distinguishing whether they
were complete or truncated by the read end. In the latter
case, the recorded array length was actually an underesti-
mation of the real size.

When the above analyses were applied to the whole set
of nanopore reads, the detected array lengths were pooled
for each satellite repeat, and their distributions were
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visualized as weighted histograms with a bin size of 5 kb,
distinguishing complete and truncated satellite arrays
(Figure 2). This type of visualization accounts for the total
lengths of the satellite sequences that occur in the genome
as arrays of the lengths specified by the bins. Alternatively,
the array size distributions were also plotted as histograms
of their counts (Figure S3). As a control for the satellite
repeats, we also analyzed the length distribution of 45S
rDNA sequences, which typically form long arrays of tan-
demly repeated units (Copenhaver and Pikaard, 1996).
Indeed, the plots revealed that most of the 45S rDNA
repeats were detected as long arrays ranging up to
>120 kb. A similar pattern was expected for the satellite
repeats; however, it was found for only two of them,
FabTR-2 and FabTR-53 (Figure 2a). Both of these repeats
were almost exclusively present as long arrays that
extended beyond the lengths of most of the reads. To ver-
ify these results, we analyzed randomly selected reads
using sequence self-similarity dot-plots, which confirmed
that most of the arrays spanned entire reads or were trun-
cated at only one of their ends (Figure S4a,e). However, all
nine remaining satellites generated very different array
length distribution profiles that consisted of relatively large
numbers of short (<5 kb) arrays and comparatively fewer
longer arrays (Figure 2b; Figure S3b). The proportions of
these two size classes differed between the satellites, for
example, while for FabTR-58, most of the arrays (98%)
were short and only a few were expanded over 5 kb,
FabTR-51 displayed a gradient of sizes from <5 to 174 kb.
To check whether these profiles could have partially been
due to differences in the lengths of the reads containing
these satellites, we also analyzed their size distributions.
However, the read length distributions were similar
between the different repeats, and there was no bias
towards shorter read lengths (Figure S2, panel b). Thus,
we concluded that nine of 11 analyzed satellites occurred
in the L. sativus genome predominantly as short tandem
arrays, and only a fraction of them expanded to form long
arrays typical of satellite DNA. This conclusion was also
confirmed by the dot-plot analyses of the individual reads,
which revealed reads carrying short or intermediate-sized
arrays and a few expanded ones (Figure S4i-n).

Analysis of genomic sequences adjacent to the satellite
arrays identified a group of satellites that originated from
LTR-retrotransposons

Next, we were interested in whether the investigated satel-
lites were frequently associated in the genome with each
other or with other types of repetitive DNA. Using a refer-
ence database for the different lineages of LTR-retrotrans-
posons, DNA transposons, rDNA and telomeric repeats
compiled from L. sativus repeated sequences identified in
our previous study (Macas et al., 2015), we detected these
repeats in the nanopore reads using LASTZ along with the

analyzed satellites. Their occurrences were then analyzed
within 10-kb regions directly adjacent to each satellite
repeat array, and the frequencies at which they were asso-
ciated with individual satDNA families were plotted with
respect to the oriented repeat arrays (Figure 3). When per-
formed for the control 45S rDNA, this analysis revealed
that they were mostly surrounded by arrays of the same
sequences oriented in the same direction. This pattern
emerged due to short interruptions of otherwise longer
arrays. Similar results were found for FabTR-2 and FabTR-
53 (Figure 3a) which also formed long arrays in the gen-
ome. Notably, the adjacent regions could be analyzed for
only 33 and 35% of the FabTR-2 and FabTR-53 arrays,
respectively, because these repeats mostly spanned entire
reads. Substantially different profiles were obtained for the
remaining nine satellites (Figure 3b), revealing their fre-
quent association with Ogre LTR-retrotransposons. No
other repeats were detected at similar frequencies, except
for unclassified LTR-retrotransposons that probably repre-
sented less-conserved Ogre sequences. At a much smaller
frequency (~0.1), the FabTR-54 repeat was found to be
adjacent to the FabTR-56 satellite arrays. Based on its posi-
tion and size in relation to FabTR-56, the detected pattern
corresponded to short FabTR-54 arrays attached to FabTR-
56 in a direction-specific manner. Inspection of the individ-
ual reads confirmed that short arrays of these satellites
occurred together in a part of the reads (Figure S4l). A
peculiar pattern was revealed for FabTR-58 that consisted
of a series of peaks that suggested interlacing FabTR-58
and Ogre sequences at fixed intervals (Figure 3). This pat-
tern was found to be due to occurrence of complex arrays
consisting of multiple short arrays of FabTR-58 arranged in
the same orientation and embedded into Ogre sequences
(Figure S4q). Upon closer inspection, this organization was
found in numerous reads.

Ogre elements represent a distinct phylogenetic lineage
of Ty3/gypsy LTR-retrotransposons (Neumann et al., 2019)
that were amplified to high copy numbers in some plant
species including L. sativus. Because they comprise 45% of
the L. sativus genome (Macas et al., 2015), the frequent
association of Ogres with short array satellites could sim-
ply be due to their random interspersion. However, we
noticed from the structural analysis of the reads that these
short arrays were often surrounded by two direct repeats,
which is a feature typical of LTR-retrotransposons. This
finding could mean that the arrays are actually embedded
within the Ogre elements and were not only frequently
adjacent to them by chance. To test this hypothesis, we
performed an additional analysis of the array neighbour-
hoods, but this time, we specifically detected parts of the
Ogre sequences coding for the retroelement protein
domains GAG, protease (PROT), reverse transcriptase (RT),
RNase H (RH), archeal RNase H (aRH) and integrase (INT).
If the association of Ogre sequences with the satellite
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Figure 2. Length distributions of the satellite repeat arrays. The lengths of the arrays detected in the nanopore reads are displayed as weighted histograms with
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arrays was random, these domains would be detected at
various distances and orientations with respect to the
arrays. In contrast, finding them in a fixed arrangement
would confirm that the tandem arrays were in fact parts of
the Ogre elements and occurred there in specific positions.
As evident from Figure 4(a), that latter explanation was
confirmed for all nine satellites. We found that their arrays
occurred downstream of the Ogre gag-pol region including
the LTR-retrotransposon protein coding domains in the
expected order and orientation (see the element structure
in Figure 4b). In two cases (FabTR-54 and 57), some protein
domains were not detected, and major peaks corre-
sponded to the GAG domain which was relatively close to
the tandem arrays. These patterns were explained by the
frequent occurrence of these tandem arrays in non-au-
tonomous elements lacking their pol regions due to large
deletions. In approximately half of the satellites (e.g.,
FabTR-51 and 52), we detected additional smaller peaks
corresponding to the domains in both orientations located
approximately 7-10 kb from the arrays. Further investiga-
tion revealed that these peaks represented Ogre elements
that were inserted into the expanded arrays of correspond-
ing satellites (Figure S4k). Consequently, they were
detected only in satellites such as FabTR-51 and 52 in
which the proportions of expanded arrays were relatively
large and not FabTR-58 in which the expanded arrays were
almost absent.

The finding that the nine satellite sequences are also
present as short tandem arrays within Ogre elements can
be explained by either of the two principally different sce-
narios: (1) the long satellite arrays originated by expansion
of tandem sequences originally present only within Ogre
elements, or (2) the long satellite arrays are ancestral and
unrelated to Ogre sequences but their fragments were cap-
tured by some element copies and subsequently dispersed
in the genome along with the element amplification.
Although the array size distributions (Figure 2b; Figure S3b)
suggest gradual expansion of the arrays from their short
precursors and thus support the first scenario, we set to
further investigate this question employing an alternative,
phylogeny-based approach. Using the repeat sequencing
and annotation data generated previously for a group of
Fabeae species (Macas et al., 2015), we tested the presence
of these satellite sequences in two related Lathyrus spe-
cies, L. vernus and L. latifolius. No similarity hits to repeat
clusters annotated as satellite repeats were detected, thus
revealing that these sequences occur as amplified satellite
DNA only in L. sativus. However, significant similarity hits
to clusters annotated as Ogre elements or putative LTR-
retrotransposons were found for three of the tested
repeats, FabTR-54, FabTR-55 and FabTR-57 in both species
(Table S1). Detailed inspection of these clusters confirmed
their annotation and revealed that all of them also included
tandem subrepeats, some of which matched the query

© 2019 The Authors.

Satellite DNA characterization using nanopore reads 491

sequences. Thus, at least for these three repeats it was
demonstrated that while the elements carrying their short
arrays occur in all three Lathyrus species, the correspond-
ing satellite repeats were detected in L. sativus only, thus
supporting the model of satellite DNA evolution from the
tandem subrepeats within Ogre sequences.

Satellites with mostly expanded arrays show higher
variation in their sequence periodicities

The identification of large numbers of satellite arrays in the
nanopore reads provided sequence data for investigating
the conservation of monomer lengths and the eventual
occurrence of additional monomer length variants and
HORs. To this purpose we designed a computational pipe-
line that extracted all satellite arrays longer than 30 kb and
subjected them to a periodicity analysis using the fast
Fourier transform algorithm (Venables and Ripley, 2002).
The analysis revealed the prevailing monomer sizes and
eventual additional periodicities in the tandem repeat
arrays as periodicity spectra containing peaks at positions
corresponding to the lengths of the tandemly repeated
units. These periodicity spectra were averaged for all
arrays of the same satellite (Figure 5) or plotted separately
for the individual arrays to explore the periodicity varia-
tions (Figure S5). As an alternative approach, we also
visualized the array periodicities using nucleotide auto-
correlation functions (Herzel et al., 1999; Macas et al.,
2006). In selected cases, we verified the periodicity pat-
terns within arrays using dot-plot analyses (Figure S4b-d
and f,h).

As expected, the periodicity spectra of all satellites con-
tained peaks corresponding to their monomer lengths (Fig-
ure 5 and Table 1). In the nine Ogre-derived satellite
repeats, the monomer periods were the longest detected.
There were only a few additional peaks detected with
shorter periods that corresponded to higher harmonics
(see Experimental procedures) or possibly reflected short
subrepeats or underlying single-base periodicities. In con-
trast, FabTR-2 and FabTR-53 repeats, which occur in the
genome as the expanded arrays, displayed more periodic-
ity variations. Various HORs that probably originated from
multimers of the 49 bp consensus were detected in the
FabTR-2 arrays. Closer examination of the individual arrays
revealed that the multiple peaks evident in the averaged
periodicity spectrum (Figure 5) originated as combinations
of several simpler HOR patterns that differed between indi-
vidual satellite arrays (Figure S5). In FabTR-53, the HORs
were not detected, but a number of shorter periodicities
were revealed, which suggests that the current monomers
of 660, 368 and 565 bp (sub-families A, B and C, respec-
tively) actually originated as HORs of shorter units that are
represented by the peaks on the left from the monomer
peaks (Figure 5). An additional analysis using autocorrela-
tion functions generally agreed with the fast Fourier
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Figure 5. Periodicity spectra revealed by the fast
Fourier transform analysis of the satellite repeat
arrays. Each spectrum is an average of the spectra
calculated for the individual arrays longer than
30 kb of the same satellite family or subfamily. The
numbers of arrays used for the calculations are in
parentheses. The peaks corresponding to the
monomer lengths listed in Table 1 are marked with
red asterisks. The peaks in the FabTR-2 spectrum
corresponding to higher-order repeats are indicated
by the horizontal line.
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transform approach and confirmed the high variabilities in
FabTR-2 and FabTR-53 (Figure S5).

Array expansion of the retrotransposon-derived satellites
occurred preferentially in the pericentromeric regions of
L. sativus chromosomes

To complement the analysis of satellite arrays with the
information about their genomic distribution, we per-
formed their detection on metaphase chromosomes using
fluorescence in situ hybridization (FISH) (Figure 6).
Labelled oligonucleotides corresponding to the most con-
served parts of the monomer sequences were used as
hybridization probes in all cases except for FabTR-53 for
which a mix of two cloned probes was used instead due to
its relatively long monomers (Table 1 and Data S2).
Although each satellite probe generated a different label-
ling pattern, most of them were located within the primary
constrictions. The exception was FabTR-53, which pro-
duced strong hybridization signals that overlapped with
most of the subtelomeric heterochromatin bands (Fig-
ure 6a). The other distinct pattern was revealed for FabTR-
2, which produced a series of dots along the periphery of
the primary constrictions on all chromosomes (Figure 6b).
This pattern was identical to that obtained using an anti-
body to centromeric histone variant CenH3 (Neumann
et al., 2015; Neumann et al., 2016), which suggests that
FabTR-2 is the centromeric satellite. The remaining nine
probes corresponding to Ogre-derived satellites mostly
produced bands at various parts of primary constrictions
(Figure 6¢—f; Figure S6). For example, the bands of FabTR-
54 occurred within or close to the primary constrictions of
all chromosomes and produced a labelling pattern which,
together with the chromosome morphology, allowed us to
distinguish all chromosome types within the L. sativus
karyotype (Figure 6¢). A peculiar pattern was generated by
the FabTR-51-LAS-A subfamily probe, which painted whole
primary constrictions of one pair of chromosomes (chro-
mosome 1, Figure 6d); a similar pattern was produced by
the FabTR-52-LAS-A probe, but it labelled the entire pri-
mary constrictions of a different pair (chromosome 7, Fig-
ure 6e).

Although the FISH signals of the Ogre-derived satellites
were supposed to originate from their expanded and
sequence-homogenized arrays, we had to consider the
possibility that the probes had also cross-hybridized to the
short repeat arrays within the elements; therefore these
FISH patterns may have reflected the genome distribution
of Ogre elements. Thus, we investigated the Ogre distribu-
tion in the L. sativus genome using a probe designed from
the major sequence variant of the integrase coding domain
of the elements carrying the satellite repeats (see the ele-
ment scheme in Figure 4b). The probe produced signals
dispersed along the whole chromosomes that differed
from the locations of the bands in the primary

constrictions revealed by the satellite repeat probes (Fig-
ure 6g-i). Thus, these results confirmed that, while the
Ogre elements carrying short tandem repeat arrays were
dispersed throughout the genome, these arrays expanded
and gave rise to long satellite arrays only within the pri-
mary constrictions.

DISCUSSION

In this work, we demonstrated that the detection and anal-
ysis of satellite repeat arrays in the bulk of individual nano-
pore reads is an efficient method to characterize satellite
DNA properties in a genome-wide manner. This is an addi-
tion to an emerging toolbox of approaches utilizing long
sequence reads for investigating satellite DNA in complex
eukaryotic genomes. Currently, these approaches have pri-
marily been based on generating improved assemblies of
satellite-rich regions and their subsequent analyses (Weis-
sensteiner et al, 2017; Jain et al., 2018). Alternatively,
satellite array length variation was analyzed using the long
reads aligned to the reference genome (Mitsuhashi et al.,
2019) or by detecting a single specific satellite locus in the
reads (Roeck et al., 2018). Compared to these approaches,
our strategy does not distinguish individual satDNA arrays
in the genome. Instead, our approach applies statistics to
partial information gathered from individual reads to infer
the general properties of the investigated repeats. As such,
this approach can analyze any number of different satellite
repeats simultaneously and without the need for a refer-
ence genome. However, the inability to specifically address
individual repeat loci in the genome may be considered a
limitation of our approach. For example, we could not pre-
cisely measure the sizes of the arrays that were longer than
the analyzed reads and instead provided lower bounds of
their lengths. On the other hand, we could reliably distin-
guish tandem repeats that occurred in the genome pre-
dominantly in the form of short arrays from those forming
only long contiguous arrays and various intermediate
states between these extremes. Additionally, we could ana-
lyze the internal arrangements of the identified arrays and
characterized the sequences that frequently surrounded
the arrays in the genome. This analysis was achieved with
a sequencing coverage that was substantially lower com-
pared with that needed for genome assembly. Thus, this
approach could be of particular use when analyzing very
large genomes, genomes of multiple species in parallel or
simply whenever sequencing resources are limited. How-
ever, it could be valuable even for the genome assembly
projects as it provides information that is complementary
to that obtained from the assembly-based methods.

We found that only two of the 11 most abundant satellite
repeats occurred in the genome exclusively as long tan-
dem arrays typical of satellite DNA. Both occupied specific
genome regions, FabTR-2 was associated with centromeric
chromatin, and FabTR-53 made up subtelomeric
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Figure 6. Distribution of the satellite repeats on the metaphase chromosomes of Lathyrus sativus (2n = 14). (a-f) The satellites were visualized using multi-col-
our FISH, with individual probes labelled as indicated by the colour-coded descriptions. The chromosomes counterstained with DAPI are shown in grey. The
numbers in panel (c) correspond to the individual chromosomes that were distinguished using the hybridization patterns of the FabTR-54 sequences. This satel-
lite was then used for chromosome discrimination in combination with other probes. (g-i) Simultaneous detection of the Ogre integrase probe (INT) and the
satellite FabTR-52-LAS-A demonstrates the different distribution of these sequences in the genome. The probe signals and DAPI counterstaining are shown as
separate grayscale images (g-i) and a merged image (j). The arrowheads point to the primary constrictions of chromosomes 7.

heterochromatic bands on mitotic chromosomes. Both are
also present in other Fabeae species (Macas et al., 2015),
which suggests that they are phylogenetically older com-
pared with the rest of the investigated L. sativus satellites.
The other feature common to these satellites was the
occurrence of HORs that emerge when a satellite array
becomes homogenized by units longer than single mono-
mers. The factors that trigger this shift are not clear,

© 2019 The Authors.

however, it is likely that chromatin structure plays a role in
this process by exposing only specific, regularly-spaced
parts of the array to the recombination-based homogeniza-
tion. There are examples of HORs associated with specific
types of chromatin (Henikoff et al., 2015) or chromosomal
locations (Macas et al., 2006), but data from a wider range
of species and diverse satellite repeats are needed to
provide a better insight into this phenomenon. The
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methodology presented here may be instrumental in this
task because both the fast Fourier transform and the
nucleotide autocorrelation function algorithms employed
for the periodicity analyses proved to be accurate and cap-
able of processing large volumes of sequence data pro-
vided by nanopore sequencing.

One of the key findings of this study is that the majority
of L. sativus satellites originated from short tandem
repeats present in the 3’ untranslated regions (3'UTRs) of
Ogre retrotransposons. These hypervariable regions made
of tandem repeats that vary in sequences and lengths of
their monomers are common in elements of the Tat lin-
eage of plant LTR-retrotransposons, including Ogres
(Macas et al., 2009; Neumann et al., 2019). These tandem
repeats were hypothesized to be generated during element
replication by illegitimate recombination or abnormal
strand transfers between two element copies that are co-
packaged in a single virus-like particle (Macas et al., 2009);
however, the exact mechanism is yet to be determined.
The same authors also documented several cases of satel-
lite repeats that likely originated by the amplification of
3'UTR tandem repeats. In addition to proving this mecha-
nism by detecting various stages of the retroelement array
expansions in the nanopore reads, the present work on
L. sativus also revealed that this phenomenon can be
responsible for the emergence of many different satellites
within a species. Considering 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., 2014; Macas et al, 2015), it can be
expected that they play a significant role in satDNA evolu-
tion by providing a template for novel satellites that
emerge by the expansion of their short tandem repeats.
Additionally, similar tandem repeats occur in other types
of mobile elements; thus, this phenomenon is possibly
even more common. For example, tandem repeats within
the DNA transposon Tetris have been reported to give rise
to a novel satellite repeat in Drosophila virilis (Dias et al.,
2014).

The other important observation presented here is that
the long arrays of all nine Ogre-derived satellites are pre-
dominantly located in the primary constrictions of meta-
phase chromosomes. This implies that these regions are
favourable for array expansion, perhaps due to specific
features of the associated chromatin. Indeed, it has been
shown that extended primary constrictions of L. sativus
carry a distinct type of chromatin that differs from the
chromosome arms by the histone phosphorylation and
methylation patterns (Neumann et al., 2016). However, it is
not clear how these chromatin features could promote the
amplification of satellite DNA. An alternative explanation
could be that the expansion of the Ogre-derived tandem
arrays occurs randomly at different genomic loci, but the
expanded arrays persist better in the constrictions

compared with the chromosome arms. Because excision
and eventual elimination of tandem repeats from chromo-
somes is facilitated by their homologous recombination
(Navratilova et al., 2008), this explanation would be sup-
ported by the absence of meiotic recombination in the
centromeric regions. The regions with suppressed recom-
bination have also been predicted as favourable for
satDNA accumulation by computer models (Stephan,
1986). These hypotheses can be tested in the future investi-
gations of properly selected species. For example, the spe-
cies known to carry chromosome regions with suppressed
meiotic recombination located apart from the centromeres
would be of particular interest. Such regions occur, for
instance, on sex chromosomes (Vyskot and Hobza, 2015),
which should allow for assessments of the effects of sup-
pressed recombination without the eventual interference
of the centromeric chromatin. In this respect, the spreading
of short tandem arrays throughout the genome by mobile
elements represents a sort of natural experiment, provid-
ing template sequences for satDNA amplification, which in
turn, could be used to identify genome and chromatin
properties favouring satDNA emergence and persistence in
the genome.

EXPERIMENTAL PROCEDURES
DNA isolation and nanopore sequencing

Seeds of Lathyrus sativus were purchased from Fratelli Ingegnoli
S.p.A. (Milano, ltaly, cat. no. 455). High molecular weight (HMW)
DNA was extracted from leaf nuclei isolated using a protocol
adapted from (Vershinin and Heslop-Harrison, 1998) and (Macas
et al., 2007). Five grams of young leaves were frozen in liquid
nitrogen, ground to a fine powder and incubated for 5 min in
35 ml of ice-cold H buffer (1x HB, 0.5 m sucrose, 1 mm phenyl-
methyl-sulphonylfluoride (PMSF), 0.5% (v/v) Triton X-100, 0.1% (v/
v) 2-mercaptoethanol). The H buffer was prepared fresh from 10x
HB stock (0.1 m Tris-HCI pH 9.4, 0.8 m KCI, 0.1 m EDTA, 40 mm
spermidine, 10 mm spermine). The homogenate was filtered
through 48 um nylon mesh, adjusted to 35 ml volume with 1x H
buffer, and centrifuged at 200 g for 15 min at 4°C. The pelleted
nuclei were resuspended and centrifuged using the same condi-
tions after placement in 35 ml of H buffer and 15 ml of TC buffer
(50 mm Tris—HCI pH 7.5, 75 mm NaCl, 6 mm MgCl,, 0.1 mm CaCl,).
The final centrifugation was performed for 5 min only, and the
nuclei were resuspended in 2 ml of TC. HMW DNA was extracted
from the pelleted nuclei using a modified CTAB protocol (Murray
and Thompson, 1980). The suspension of the nuclei was mixed
with an equal volume of 2x CTAB buffer (1.4 m NaCl, 100 mm
Tris-HCI pH 8.0, 2% CTAB, 20 mm EDTA, 0.5% (w/v) Na,S,0s, 2%
(v/v) 2-mercaptoethanol) and incubated at 50°C for 30-40 min. The
solution was extracted with chloroform: isoamylalcohol (24:1)
using MaXtract™ High Density Tubes (Qiagen, Hilden, Germany)
and precipitated with a 0.7 volume of isopropanol using a sterile
glass rod to collect the DNA. Following two washes in 70% etha-
nol, the DNA was dissolved in TE and treated with 2 pl of RNase
Cocktail™ Enzyme Mix (Thermo Fisher Scientific) for 1 h at 37°C.
The DNA integrity was checked by running a 200 ng aliquot on
inverted field gel electrophoresis (FIGE Mapper, Bio-Rad, Hercules,
CA, USA). Because intact HMW DNA gave poor yields when used
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with the Oxford Nanopore Ligation Sequencing Kit, the DNA was
mildly fragmented by slowly passing the sample through a
0.3 x 12 mm syringe to get a fragment size distribution ranging
from ~30 kb to over 100 kb. Finally, the DNA was further purified
by mixing the sample with a 0.5 volume of CU and a 0.5 volume
of IR solution from the Qiagen DNeasy PowerClean Pro Clean Up
Kit (Qiagen, Hilden, Germany), centrifugation for 2 min at
24 000 g at room temperature and DNA precipitation from the
supernatant using a 2.5 volume of 96% ethanol. The DNA was dis-
solved in 10 mm Tris—HCI pH 8.5 and stored at 4°C.

The sequencing libraries were prepared from 3 pg of the par-
tially fragmented and purified DNA using a Ligation Sequencing
Kit SQK-LSK109 (Oxford Nanopore Technologies, Oxford, UK) fol-
lowing the manufacturer’s protocol. Briefly, the DNA was treated
with 2 ul of NEBNext formalin-fixed paraffin-embedded (FFPE)
DNA Repair Mix and 2 pl of NEBNext Ultra Il End-prep enzyme
mix in a 60 pl volume that also included 3.5 pl of FFPE and 3.5 pl
of End-prep reaction buffers (New England Biolabs, Ipswisch, MA,
USA). The reaction was performed at 20°C for 5 min and 65°C for
5 min. Then, the DNA was purified using a 0.4x volume of
AMPure XP beads (Beckman Coulter, Brea, CA, USA); because
long DNA fragments caused clumping of the beads and were diffi-
cult to detach, the elution was performed with 3 mwm Tris-HCI (pH
8.5) and was extended up to 40 min. Subsequent steps including
adapter ligation using NEBNext Quick T4 DNA Ligase and the
library preparation for the sequencing were performed as recom-
mended. The whole library was loaded onto FLO-MIN106 R9.4
flow cell and sequenced until the number of active pores dropped
below 40 (21-24 h). Two sequencing runs were performed, and
the acquired sequence data were first analyzed separately to
examine eventual variations. However, because the runs gener-
ated similar read length profiles and analysis results, the data
were combined for the final analysis.

Bioinformatic analysis of the nanopore reads

The raw nanopore reads were basecalled using Oxford Nanopore
basecaller Guppy (ver. 2.3.1). Quality filtering of the resulting
FastQ reads and their conversion to the FASTA format were per-
formed with BBDuk (part of the BBTools, https://jgi.doe.gov/data-
and-tools/bbtools/) run with the parameter maq = 8. Reads shorter
than 30 kb were discarded. Unless stated otherwise, all bioinfor-
matic analyses were implemented using custom Python and R
scripts and executed on a Linux-based server equipped with
64 GB RAM and 32 CPUs.

Satellite repeat sequences were detected in the nanopore reads
by similarity searches against a reference database compiled from
contigs assembled from clusters of L. sativus lllumina reads in the
frame of our previous study (Macas et al., 2015). Additionally, the
database included consensus sequences and their most abundant
sequence variants calculated from the same lllumina reads using
the TAREAN pipeline (Novak et al., 2017) executed with the default
parameters and cluster merging option enabled. For each satellite,
the reference sequences in the database were placed in the same
orientation to allow for the evaluation of the orientations of the
satellite arrays in the nanopore reads. The sequence similarities
between the reads and the reference database were detected
using LASTZ (Harris, 2007). The program parameters were fine-
tuned for error-prone nanopore reads using a set of simulated and
real reads with known repeat contents while employing visual
evaluation of the reported hits using the Integrative Genomics
Viewer (Thorvaldsdottir et al., 2013). The LASTZ command includ-
ing the optimized parameters was “lastz nanopore_reads[multiple,
unmask] reference_database -format=general: name1,size1,start1,
length1,strand1,name2,size2,start2,length2,strand2,identity,score —
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ambiguous=iupac --xdrop=10 --hspthresh=1000". Additionally, the
hits with bit scores below 7000 and those with lengths exceeding
1.23x the length of the corresponding reference sequence were
discarded (the latter restriction was used to discard the partially
unspecific hits that spanned a region of unrelated sequence
embedded between two regions with similarities to the reference).
Because the similarity searches typically produced large numbers
of overlapping hits, they were further processed using custom
scripts to detect the coordinates of contiguous repeat regions in
the reads (Figure 1). The regions longer than 300 bp (satellite
repeats) or 500 bp (rDNA and telomeric repeats) were recorded
and further analyzed. The positions and orientations of the
detected satellites were recorded in the form of coded reads where
nucleotide sequences were replaced by characters representing
the codes for the detected repeats and their orientations, or “0”
and “X”, which denoted no detected repeats and annotation con-
flicts, respectively. In the case of the analysis of repeats other than
satellites, the reference databases were augmented for assembled
contig sequences representing the following most abundant
groups of L. sativus dispersed repeats: Ty3/gypsy/Ogre, Ty3/gypsy/
Athila, Ty3/gypsy/Chromovirus, Ty3/gypsy/other, Ty1/copia/Max-
imus, Ty1/copia/other, LTR/unclassified and DNA transposon.
These repeats were not arranged nor scored with respect to their
orientations. In cases of annotation conflicts of these repeats with
the selected satellites, they were scored with lower priority.

Detection of the retrotransposon protein coding domains in the
read sequences was performed using DANTE, which is a bioinfor-
matic tool available on the RepeatExplorer server (https://repeatex
plorer-elixir.cerit-sc.cz/) employing the LAST program (Kielbasa
et al., 2011) for similarity searches against the REXdb protein data-
base (Neumann et al., 2019). The hits were filtered to pass the fol-
lowing cutoff parameters: minimum identity = 0.3, min.
similarity = 0.4, min. alignment length = 0.7, max. interruptions
(frameshifts or stop codons) = 10, max. length proportion = 1.2,
and protein domain type = ALL. The positions of the filtered hits
were then recorded in coded reads as described above.

Analysis of the association of the satellite arrays with other repeats
was performed by summarizing the frequencies of all types of
repeats detected within 10 kb regions directly adjacent to all arrays
of the same satellite repeat family. Visual inspection of the repeat
arrangement within the individual nanopore reads using self-similar-
ity dot-plot analysis was performed using the Dotter (Sonnhammer
and Durbin, 1995) and Gepard (Krumsiek et al., 2007) programs.

Periodicity analysis was performed for the individual satellite
repeat arrays longer than 30 kb that were extracted from the nano-
pore reads and plotted for each array separately or averaged for all
arrays of the same satellite. The analysis was performed using the
fast Fourier transform algorithm (Venables and Ripley, 2002) as
implemented in R programming environment. Briefly, a nucleotide
sequence X was converted to its numerical representation X where

1 X (i) = A
| aitxi)=c
X(0)=1 3itx() 6

EX() =T

For the resulting sequences of integers, fast Fourier transform was
conducted, and the frequencies f from the frequency spectra were
converted to periodicity T as:

T:?

where L is the length of the analyzed satellite array. The analysis
reveals the lengths of monomers and other tandemly repeated
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units like HORs as peaks at the corresponding positions on the
resulting periodicity spectrum. However, it should be noted that,
while these sequence periodicities will always be represented by
peaks, some additional peaks with shorter periods could have
merely reflected higher harmonics that are present due to the
non-sine character of the numerical representation of nucleotide
sequences (Li, 1997; Sharma et al., 2004). Alternatively, periodicity
was analyzed using the autocorrelation function as implemented
in the R programming environment (McMurry and Politis, 2010).
The nucleotide sequence, X, was first converted to four numerical
representations: Xa, Xc, X1, Xg where:

o [THX() =N
X = {OifX(i) 4N

The resulting numerical series were used to calculate the auto-
correlations with a lag ranging from 2 to 2000 nucleotides.

Chromosome preparation and fluorescence in situ
hybridization

Mitotic chromosomes were prepared from root tip meristems
synchronized using 1.18 mm hydroxyurea and 15 um oryzalin as
described previously (Neumann et al., 2015). Synchronized root
tip meristems were fixed in a 3:1 v/v solution of methanol and
glacial acetic acid for 2 days at 4°C. Then the meristems were
washed in ice-cold water and digested in 4% cellulase (Onozuka
R10, Serva Electrophoresis, Heidelberg, Germany), 2% pectinase
and 0.4% pectolyase Y23 (both MP Biomedicals, Santa Ana, CA,
USA) in 0.01 m citrate buffer (pH 4.5) for 90 min at 37°C. Fol-
lowing the digestion, the meristems were carefully washed in
ice-cold water and post-fixed in the 3:1 fixative solution for
1day at 4°C. The chromosome spreads were prepared by
transferring one meristem to a glass slide, macerating it in a
drop of freshly made 3:1 fixative and placing the glass slide
over a flame as described in (Dong et al., 2000). After air-dry-
ing, the chromosome preparation were kept at —20°C until used
for FISH.

Oligonucleotide FISH probes were labelled with biotin, digoxi-
genin or rhodamine-red-X at their 5" ends during synthesis (Inte-
grated DNA Technologies, Leuven, Belgium). They were used for
all satellite repeats except for FabTR-53, for which two genomic
clones, ¢1644 and c1645, were used instead. The clones were
prepared by PCR amplification of L. sativus genomic DNA using
primers LASm7c476F (5-GTTTCTTCGTCAGTAAGCCACAG-3') and
LASm7c476R (5-TGGTGATGGAGAAGAAACATATTG-3'), cloning
the amplified band and sequence verification of randomly picked
clones as described (Macas et al., 2015). The same approach was
used to generate probe corresponding to the integrase coding
domain of the Ty3/gypsy Ogre elements. The PCR primers used to
amplify the prevailing variant A (clone ¢1825) were PN_ID914 (5'-
TCTCMYTRGTGTACGGTATGGAAG-3') and PN_ID915 (5-CCTTC
RTARTTGGGAGTCCA-3'). The sequences of all probes are
provided in Data S2. The clones were biotin-labelled using nick
translation (Kato et al., 2006). FISH was performed according to
(Macas et al., 2007) with hybridization and washing temperatures
adjusted to account for the AT/GC content and hybridization
stringency while allowing for 10-20% mismatches. The slides
were counterstained with 4',6-diamidino-2-phenylindole (DAPI),
mounted in Vectashield mounting medium (Vector Laboratories,
Burlingame, CA, USA) and examined using a Zeiss Axiolmager.Z2
microscope with an Axiocam 506 mono camera. The images were
captured and processed using ZEN pro 2012 software (Carl Zeiss
GmbH).

AVAILABILITY OF SOURCE CODE AND REQUIREMENTS
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o Other requirements: R packages: TSclust, Rfast, Bio-
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o License: GPLv3
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Characterization of repeat arrays in ultra-long nanopore reads reveals
frequent origin of satellite DNA from retrotransposon-derived tandem
repeats.
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Supplementary Fig. S1. Dot-plot sequence similarity comparison of consensus monomer sequences.
The sequences are separated by green lines and their similarities exceeding 40% over a 100 bp sliding
window are displayed as black dots or diagonal lines.
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Supplementary Fig. S2. Length distributions of nanopore reads displayed as weighted
histograms with bin size of 5 kb, with the last bin including all reads longer than 120 kb.
(A) Length distributions of raw reads from two sequencing runs and the final set of quality-
filtered and size-selected (>30kb) reads used for analysis. (B) Length distributions of
nanopore reads containing rDNA and satellite repeats.
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Supplementary Fig. S3
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reads (blue bars). Tandem repeats forming long arrays are shown in panel A, while the remaining repeats
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Supplementary Fig. S4
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Supplementary Fig. S4 A-D. Self-similarity dot-plot visualization of FabTR-2 arrays. Tandem repeats are
revealed as diagonal lines with spacing corresponding to monomer length. (A) Example of a 163 kb read
completely made of FabTR-2 array (the periodicity pattern is obscured by the high density of lines). (B)
Magnification of the 10 kb region highlighted by a red square on panel A. This array is homogenized as
~1300 bp HOR. (C,D) Examples of other FabTR-2 periodicities detected in different reads (only 10 kb
regions were used for dot-plots to make periodicity patterns comparable with other plots).
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lines). (F) Magnification of the 10 kb region highlighted by a red square on panel A. (G,H) Examples of
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Supplementary Fig. S5
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Supplementary Fig. S5. Detailed periodicity analysis of FabTR-2 and FabTR-53 arrays. Periodicity
analysis using fast Fourier transform (FFT) and autocorrelation function (ACF) are shown as averages of
spectra calculated on individual satellite arrays longer than 30 kb. Periodicity spectra from individual arrays
are shown as heatmaps with rows corresponding to individual arrays. Autocorrelations are shown separately
for individual nucleotides. The array average graphs of FabTR-53 were calculated with all subfamilies
combined and the FFT peaks corresponding to different monomer lengths of the three subfamilies are

indicated with asterisks.
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Supplementary Fig. S6

Supplementary Fig. S6. Distribution of the satellite repeats on the metaphase chromosomes of L.
sativus (2n = 14). The satellites were visualized using FISH, with individual probes labeled as
indicated by the color-coded descriptions. The chromosomes counterstained with DAPI are shown in

gray.
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Supplementary Tab. 1. Similarity hits of L. sativus satellite repeats to the repeat clustering data
(Macas et al., 2015) from two related Lathyrus species

L. vernus L. latifolius
Satellite Hit score ® Cluster™ Annotation ®  tandem Hit score ® Cluster Annotation ®  tandem
repeat subrepeats ® subrepeats
© ©
FabTR-54 3e-05,24/24 CL87 Putative LTR- Yes le-06, 26/26 CL135 Dispersed Yes
(100%) retrotransposon (100%) repeat
FabTR-55 3e-14, CL87 Putative LTR- Yes 3e-64, CL150 Dispersed Yes
92/113 retrotransposon 145/152 repeat
(81%) (95%)
FabTR-57 2e-33, CL82 LTR/gypsy/ Yes le-54, CL5 Putative LTR- Yes
99/107 Ogre 120/123 retrotransp.
(92%) (97%)

@ BLASTn hit score is provided as E-value, number of identities/hit length (% similarity)
® Cluster numbers and their annotations correspond to the repeat analysis described in Macas et al.

(2015)

© Presence of short, tandem subrepeats in contigs assembled from the repeat clusters
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SUMMARY

This thesis demonstrates the advantages of new sequencing approaches, combined with
specific bioinformatic tools, to de novo characterize satDNA in plant genomes. From this we have
been able to collect precise information about the satDNA sequence features among different
species of the tribe Fabeae. A complex pattern of the arrangement of different satDNA families was
experimentally confirmed by FISH experiments in Vicia faba chromosomes, where different repeats
often cluster around pericentromeres or interstitially. Although most of the families detected in V.
faba show a preference for A-T sequences, there are few other similarities. The satDNA families
identified for V. faba together with those identified in another 13 species of the tribe Fabeae were
further evaluated using alignment-free sequence comparison. It was shown that most satellites
sequences are species-specific, reflecting either their independent origin or rapid sequence
diversification. Furthermore, this work demonstrated that long-monomer satDNAs are more
common than previously envisioned using traditional techniques. Whether they represent early
stages of satDNA evolution, or are the result of the homogenization and sequence diversification of
shorter monomers, is yet to be determined.

In addition, this work is the most extensive study on centromeric proteins and associated
satDNA families in a group of related plant species. It was shown that most Fabeae species carry
several different satellites that are often species-specific. Among the satellites detected by our
approach, those associated with centromeric chromatin often differ between species or even
between chromosomes of the same species. Consequently, the data provided in this thesis
challenges the centromere drive hypothesis. Thus, the arm race scenario proposed for the evolution
of centromeric repeats is unlikely to occur in the Fabeae tribe since the presence of multiple
centromeric satellites with different sequences rules out the possibility of any sequence-dependent
co-evolution with the kinetochore proteins. However, since a number of features are thought to be
important for centromere function, the data provided in this thesis allows for future investigation of
these features, including dyad symmetries and WW dinucleotide periodicity in satellite repeat
sequences or detecting centromere-derived transcripts.

This thesis also reports on the investigation of satDNA origin in Lathyrus sativus, by using
ultra long reads derived from nanopore sequencing. The detection of the satellite arrays in nanopore
reads revealed repeats with contrasting array length distributions. Furthermore, analysis of genomic
sequences adjacent to the satellite arrays identified a group of satellites whose origin is linked to
LTR retrotransposons. Our study demonstrate that the majority of satDNA originated from short
tandem repeats located in the 3’UTR of Ogre elements. The array expansion of the retrotransposon-
derived satellites occurred preferentially in the pericentromeric regions of L. sativus chromosomes.
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