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Abstract Plant genomes are dominated by repetitive DNA sequences of many distinct types 
which, due to their variability and high copy numbers, are difficult to analyse. This sequence 
complexity has recently become accessible to detailed investigations with the advent of 
next-generation sequencing technologies and novel analytical approaches utilizing low-pass 
genome sequence data. Here we explore the insights these methods have provided to our 
understanding of plant genomes, and review bioinformatic tools used in their analyses. We 
show that the repeats are diverse and fast diverging even between closely related lineages. We 
explore how the method has been used to study repeats in large and small plant genomes, and 
in association with polyploidy, distinctive chromosomes (sex chromosomes, B chromosomes, 
holocentric chromosomes), chromosome domains (e.g., rDNA loci and centromeres) and spe-
cies groups of interest. It is apparent from these works that the dynamics of repeat evolution 
are complex, and divergence among repeats is shaping genome evolution, function and activ-
ity, the significance of which we are only starting to understand.
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Repetitive DNA in plant genomes

A substantial proportion of plant genomes is composed of repetitive DNA. 
Whilst gene numbers can vary to some extent, especially in relation to de 
novo polyploidy, it is the repetitive DNA which is largely responsible for the 
C-value paradox that refers to the enormous genome size variation among 
higher plants. Indeed, the 1C value, the amount of DNA in the haploid unrep-
licated nucleus, ranges 2,500 fold from 1C = 0.06 pg in Genlisea margaretae 
(Lentibulariaceae; Greilhuber & al., 2006) to 1C = 152 pg in Paris japonica 
(Melanthiaceae; Pellicer & al., 2010).

The repetitive DNA fraction of the genome is also diverse and fast evolv-
ing and can be involved in chromosomal and genomic rearrangements 
(Zhang J. & al., 2013; Knoll & al., 2014). Typically two major types of repeti-
tive DNAs are distinguished, tandem repeats and dispersed repeats (Hes-
lop-Harrison & Schmidt, 1998; Weiss-Schneeweiss & Schneeweiss, 2013). 
Within each of these classes further families or types of elements exist. The 
tandem repeats encompass satellite DNA, microsatellites and 5S and 35S 
ribosomal DNAs (rDNA). Whilst rDNAs are ubiquitous and the ribosomal 
RNA (rRNA) genes they encode are conserved, associated intergenic spacer 
sequences (IGSs) as well as satellite DNAs are fast diverging and typically 
species or genus specific (Plohl & al., 2008). Microsatellites are also fast 
diverging and may be used for phylogenetic and phylogeographic analy-
ses, but their types and genomic abundances vary substantially between 
lineages (Ellegren, 2004). The dispersed repeats are mostly represented 
by mobile genetic elements, known also as transposable elements (TEs) 
(Kumar & Bennetzen, 1999; Kejnovský & al., 2012). These are divided into 
several distinct categories, the DNA transposons (DNA-TEs) using trans-
position (cut-and-paste mobility), Helitrons which may replicate by rolling-
circle replication (Kapitonov & Jurka, 2001) and retroelements that amplify 
using retrotransposition (RNA-mediated copy-and-paste mobility). Retro-
elements are further divided into LTR (long terminal repeat) and non-LTR 
retrotransposons (LINEs and SINEs). It is the LTR retroelements, including 
two major families, Ty3/gypsy and Ty1/copia retrotransposons that are the 
most significant dispersed repeats in higher plant genomes (Kejnovský & al., 
2012). Repeats are extremely variable both in their abundance and sequence 
length, occurring in up to millions of copies per genome and ranging in size 
from a few base pairs to many thousands (Hemleben & al., 2007; Heslop-
Harrison & Schwarzacher, 2011).
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Analyses of the repetitive genome fraction

With the discovery of repetitive DNA in eukaryotic genomes by DNA reas-
sociation kinetics analysis (Britten & Kohne, 1968), it was shown that plant 
genomes have particularly diverse and abundant repetitive families (Flavell, 
1986). However, owing to the repeat complexity and sequence variability, 
this substantial component of the genome has typically been treated as an 
inconvenience in genome assemblies and of reduced interest because it is 
not “genic”. However, it is now clear that this perspective needs reconsidera-
tion because: (1) genome size, significantly influenced by repeat abundance, 
impacts phenotype directly, through, for example, influences on cell size and 
cell cycle time (Greilhuber & Leitch, 2013); (2) repeats are prone to illegitimate 
recombination, which when occurring between adjacent copies can result in 
excision of intervening sequences (Kejnovský & al., 2012), including poten-
tially genes; (3) TEs can, through insertions and induced DNA breaks, disrupt 
gene function; and (4) genes when flanked by TEs (as in the majority of genes 
in maize, Schnable & al., 2009) can have altered expression patterns through, 
for example, epigenetic silencing of elements spreading to the genes (West & 
al., 2014).

Well-established, traditional approaches to study repeats, involving meth-
ods such as PCR, cloning, Southern hybridization and Sanger sequencing, 
were limited by both financial and practical constraints. Consequently, using 
repeats for chromosomal and phylogenetic analyses was overwhelmingly 
dominated by studies using rDNA probes, exploiting the conserved nature of 
their genic regions. Nevertheless a number of satellite DNA sequences were 
well characterized and studied in a range of plant species (Hemleben & al., 
2007 and references therein; Heslop-Harrison & Schwarzacher, 2011). In con-
trast to satellite repeats, transposable elements, which usually make up the 
largest fraction of plant genomes (Kumar & Bennetzen, 1999), have been less 
studied (Kumar & Hirochika, 2001; Petit & al., 2007). This is because isolation 
and characterization of full-length elements required considerable resources, 
although the research is essential for phylogenetic and population genetic 
analyses involving fingerprinting techniques such as SSAP, IRAP, REMAP 
(Kumar & Hirochika, 2001). To circumvent the need to clone and sequence 
the entire TE repeat, the conserved reverse transcriptase (rt) domains of retro-
elements were exploited for phylogenetic, molecular and comparative cytoge-
netic analyses (e.g., Park J.-M. & al., 2007).

In contrast to these established traditional approaches, next-genera-
tion sequencing (NGS)-based analyses can target repeats across the entire 
genome by using data from a single sequencing run. For example, the cur-
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rently widely used platform, Illumina HiSeq, delivers at least hundreds of mil-
lions individual reads per sequencing lane, providing over 1–3× coverage for 
plant genomes of intermediate size (e.g., Pisum sativum with ca. 4.3 pg/1C) 
or 10–30× for species with small genomes (e.g., Oryza sativa ca. 0.43 pg/1C). 
Although such read volumes are insufficient for draft assemblies of all but 
the smallest plant genomes, they provide sufficient redundancy for analyz-
ing repetitive elements in most genomes. In practice, for many applications 
a “genome skimming” approach is adequate to characterize repeats, requir-
ing only ten-fold or even hundred-fold smaller volumes of sequence than the 
genome size itself. However, with the advent of large-scale NGS data came the 
bottleneck of bioinformatic tools to analyse the data and for efficient de novo 
identification of repeats. To overcome that problem, some approaches have 
relied on the identification of repeated motifs in DNA sequences (the repeated 
substring approach, Kurtz & Schleiermacher, 1999), which once identified can 
be merged, where possible, into longer contigs (Volfovsky & al., 2001). Other 
approaches have required the virtual breakup of sequencing reads into small 
fragments (k-mers of length 20 bp) and then recording the frequencies of all 
k-mers in a library of “Mathematically Defined Repeats” (MDR). Identified 
repeats could then be targeted back to annotate genome assemblies (Wicker 
& al., 2008). There also exist analytical approaches for de novo identifica-
tion of repeats which exploits the large number of NGS reads as a random 
sample of the genome (Swaminathan & al., 2007; Flutre & al., 2011; Natali & 
al., 2013). Detecting repeats is achieved via direct assembly of a large number 
of sequence reads and conducting similarity searches to known repeat data-
bases. The assemblies can be further analysed for putative repeats by mapping 
sequence reads to assembled contigs and isolating all regions with high read 
depth. Another approach used to facilitate a broader range of repeat analyses, 
the Assisted Automated Assembler of Repeat Families (AAARF) identifies 
sequence overlaps and walks then out to create long pseudomolecules repre-
senting the most abundant repeats in any genome (DeBarry & al., 2008; Estep 
& al., 2013).

Recently, an efficient pipeline called “RepeatExplorer” has been developed 
which allows for the de novo identification of repeats in genomes lacking a 
reference genome (Macas & al., 2007; Novák & al., 2010, 2013). A general out-
line to the approach is shown in Fig. 1. This pipeline uses a similarity-based 
read clustering approach that allows detection of repetitive sequences, which 
are identified as groups of frequently overlapping sequence reads in all-to-all 
read comparison. The clustering procedure employs graph-based methods 
that transform read similarities to a virtual graph, where reads are repre-
sented as nodes and their similarities by edges connecting the nodes. Graph 
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topology is subsequently used for 
identification of communities of 
densely connected nodes represent-
ing various families of repetitive 
DNA sequences (Fig. 2). The reads 
within the sequence clusters can be 
assembled to generate contigs that 
represent the repeats they contain. 
The pipeline is continuously being 
developed and improved (http://
www. repeatexplorer.org/).

Studies using various types 
of bioinformatic analyses of NGS 
data have now targeted the repeti-
tive fraction of several plant groups 
exhibiting, for example: (1) large 
or small genome sizes, or large 
within-group genome size varia-
tion; (2) polyploidy (both auto- and 
allopolyploidy); (3) variation in 
amounts and localization of het-
erochromatin; (4) holocentric chro-
mosomes; (5) sex chromosomes 
and (6) supernumerary B chromo-
somes. The NGS-based approach 
has also been used to characterize 
the complex organisation of cen-
tromeric domains (see below), and 
has been used to identify novel telo-
mere motifs in plants (Peška & al., 
2015). Several other species from 
various genera and families have 
also been analysed including Olea 
europea (Oleaceae, Barghini & al., 
2014), Capsicum annuum (Solana-
ceae, Park M. & al., 2012), Helian
thus (Aster aceae, Staton & al., 2012; 
Natali & al., 2013), Cucumis sativus 
(Cucurbit aceae, Huang & al., 2009), 
and species in Poaceae including 

Fig. 1. Flow diagram showing the process of 
repeat identification with RepeatExplorer. 
Modified from Novák & al. (2010).
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Fig. 2. Major types of repeats and their cluster characteristics. A, Tandem repeats include 35S 
rDNA, 5S rDNA and satellite DNAs; for each of these graph structures, dot-plots of the larg-
est contigs and chromosomal localization are shown. 35S and 5S rDNA data are from genus 
Melampodium, satellite PaB6 from genus Prospero. B, Dispersed repeats include DNA-TEs 
and retroelements; for each of these classes examples of graph structures and their annota-
tions are given (both from genus Melampodium; unpub.).
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Zea mays, Hordeum, Triticum, Secale and Aegi lops (Wicker & al., 2006, 2008, 
2009; Tenaillon & al., 2011; Ben-David & al., 2013; Senerchia & al., 2013).

This review details several of these studies in selected plant genera/fami-
lies. It focuses on examples where NGS has been used to generate reliable 
estimations of repeat content across the genome. In particular it explores how 
genome skimming approaches have lead to deeper understanding of genome 
structures, patterns of evolution and mechanisms leading to genome size 
increase or reduction.

Initial studies of repeats using NGS

The first species to be analysed for their repetitive content using NGS 
approaches were the soybean, Glycine max and the pea, Pisum sativum in 
family Fabaceae (Macas & al., 2007; Swaminathan & al., 2007). Glycine max 
454 pyrosequencing data were first analysed against the TIGR plant repeat 
databases, which include genomic data from G. max and other angiosperms. 
New repeat types were also identified by assembling the genome reads to con-
tigs and evaluating the read coverage against each contig (Swaminathan & 
al., 2007). In a simultaneous and separate study, repeats were identified with 
a similarity-based read clustering approach with NGS reads from P. sativum, 
using a 454 /Roche read volume equivalent to only 0.77% of the species genome 
size (Macas & al., 2007). Then, by combining sequence similarity searches 
with detection of conserved protein domains, it was possible to identify most 
of the abundant repeats into specific classes of elements, which collectively 
comprised ca. 35%–48% of the genome. Recent analysis of a novel dataset 
of P. sativum Illumina reads (0.1× genome coverage) using RepeatExplorer 
confirmed relative proportions of individual repeat types but provided better 
annotation of repeats increasing their proportion to 76% of the pea genome 
(Macas & al., unpub.). The majority of P. sativum genome was made up of 
LTR retrotransposons, dominated by Ty3/gypsy elements, in particular Ogre 
elements (Macas & Neumann, 2007). In addition, a large set of novel satellite 
repeats was identified (see below). The study also, for the first time, used NGS 
for whole-length element reconstruction. In addition, rt regions were isolated 
from reconstructed contigs, and used for large-scale phylogenetic analyses 
to reveal intragenomic relationships, providing an efficient and less biased 
alternative to traditional cloning approaches. This approach subsequently led 
to the development of the RepeatExplorer pipeline, described above (Novák 
& al., 2010, 2013).
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Large plant genomes analysed using NGS

Gymnosperms. — Gymnosperms have large genomes in comparison with 
most angiosperms (gymnosperms modal 1C genome size = 10.0 pg, mean 
1C = 18.8 pg, angiosperm modal 1C = 0.6 pg, mean 1C = 5.9 pg), and out-
side of genus Ephedra polyploidy is rare (Leitch A.R. & Leitch, 2012). The 
large genomes of gymnosperms are most likely the result of amplification of 
various types of repeats. Attempts to reconstruct the genome of conifers of 
Pinus taeda (Kovach & al., 2010) and Picea abies (Nystedt & al., 2013) using 
NGS is being seriously hampered by the large number of repeats. Surprisingly, 
however, individual repeats do not have particularly high genome propor-
tions compared with repeats in many angiosperms, the genome being better 
characterized by a high abundance of heterogeneous repeats, especially LTR-
retroelements (Nystedt & al., 2013). It is hypothesized that these repeats are 
accumulating slowly with a still lower frequency of excision. In one study, a 
Ty3/gypsy type retroelement of the Athila lineage called Gymny, appears to 
have amplified after the divergence of genera Pinus and Picea, but before fur-
ther diversification of the subgenus Pinus approximately 16 Ma. In contrast 
two other gymnosperm retroelements, IFG7 and TPE1 (Morse & al., 2009) 
were shown to be shared by various genera of gymnosperms and may be more 
slowly diverging.

Angiosperms. — The modal genome size of angiosperms is small com-
pared with all other land plant groups of comparable size (Leitch I.J. & Leitch, 
2013). Nevertheless a few angiosperm lineages have experienced massive 
genome size enlargement associated with species radiation, the largest known 
being in genus Fritillaria (Liliaceae), where there is an astonishing 35 pg size 
range in 1C value between species (Kelly & Leitch, 2011). Analyses of repeat 
composition of nine species in this genus reveal, as in gymnosperms, a large 
heterogeneous collection of repeats (Kelly & Leitch, 2011; Kelly & al., 2015). 
The complexity is indicative of an evolutionary dynamics of repeats in Fritil
laria that is similar to analyzed gymnosperms, suggesting that the character 
is a feature of large genomes rather than of specific evolutionary lineages.

Small plant genomes analysed using NGS

Some angiosperm genomes have undergone drastic genome size reduction in 
their ancestry and now contain very few repeats (Ibarra-Laclette & al., 2013). 
The smallest reported genome is that of Genlisea margaretae (0.06 pg/1C) 
and related taxa in family Lentibulariaceae (Greilhuber & al., 2006). Recent 
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sequencing of the complete genome of Utricularia gibba (0.09 pg/1C) using 
a hybrid (454/Illumina/Sanger) sequencing strategy revealed a paucity of 
repetitive DNA, which amounts to only 3.12% of the genome, largely com-
posed of LTR retrotransposons (2.6%). Among 369 identified copies of retro-
elements only 58 were complete, representing 0.5% of the genome. The high 
frequency of incomplete TEs or fragmented LTR retrotransposons associ-
ated with numerous microdeletions encompassing segments or whole genes 
of retroelements in U. gibba indicated that any genome expansion through 
retrotransposon amplification has been counterbalanced, probably at a faster 
rate over recent evolutionary history, by removal of the elements via ille-
gitimate recombination (mechanistically as suggested in Arabidopsis, Ibarra-
Laclette & al., 2013).

Repeats analyses across families and genera using NGS

Musaceae. — A study of Musa acuminata (cv. ‘Calcutta 4’) using clustering 
analysis of 454/Roche reads revealed that repeats make up about 30% of its 
genome (ca. 0.64 pg/1C). The repeats are dominated by LTR-retrotranspo-
sons, with Ty1/copia being about two-fold more abundant than Ty3/gypsy. 
DNA-TEs were found to be rare and only two new satellite DNA repeats were 
identified (Hřibová & al., 2010; Čížková & al., 2013). In a follow-up study the 
analyses of the repeats were extended to six related species, selected to rep-
resent various phylogenetic groups within Musaceae, these being five species 
of Musa (in sect. Musa and sect. Callimusa) and Ensete gilletii (Novák & al., 
2014). LTR retrotransposons of the Maximus/SIRE and Angela lineages of 
Ty1/copia and the chromovirus lineage of Ty3/gypsy elements were dominant 
elements in all species (representing 14%–34.5% of the genomes). However, 
there were quantitative differences and sequence variation detected for all 
repeat families. These differences occurred at the intersectional level, whereas 
pairs of closely related species shared more similar populations of repetitive 
elements. This data suggested that the total repetitive fraction of the genome 
contains phylogenetic and evolutionary signal (Novák & al., 2014; see the 
development of a novel phylogenetic approach below).

Orobanchaceae. — NGS analyses (454/Roche platform) to identify the 
repetitive DNA fraction of representatives of several genera have provided 
insights into the repeat composition of species in two holoparasitic (non-
photosynthetic) genera of plants, Orobanche and Phelipanche (Piednoël & 
al., 2012, 2013). These genera are closely related but differ in chromosome 
numbers (x = 19 and 12, respectively; Schneeweiss & al., 2004) and genome 
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size (1.5–3.3 pg/1C in analysed Orobanche species and about 4.4 pg/1C in 
Phelipanche). Their repeat composition also differs in the prevalence of Ty3/
gypsy elements in Orobanche genomes and Ty1/copia elements in most anal-
ysed Phelipanche genomes (except for P. purpurea). DNA-TEs constitute about 
2% of the genomes, while satellite DNAs constitute between 2%–5%, with sat-
ellite DNAs content being higher in Orobanche. Two outgroup taxa, Schwalbea 
and Lindenbergia, exhibited relatively low overall retroelement content (about 
13% and 20%, respectively), thus also total repeat content, while the levels of 
DNA-TEs and satellite DNAs corresponded to those in their holoparasitic 
relatives (Piednoël & al., 2012). The higher proportions of repetitive DNA 
sequences in Orobanche and Phelipanche might reflect relaxed selection on 
genome size in parasitic organisms (Piednoël & al., 2012). Orobanche species 
have smaller genomes but higher proportions of repetitive DNA than those 
of Phelipanche, mostly due to a diversification of repeats. In the relatively 
recently formed tetraploid O. gracilis, tetraploidization may have contributed 
to Ty3/gypsy element enrichment and led to the emergence of seven large spe-
cies-specific families of chromoviruses (Piednoël & al., 2012), perhaps caused 
by relaxed epigenetic regulation of repeats associated with polyploidy.

Solanaceae. — The genus Nicotiana has been used to study the genomic 
consequences of polyploidy. It consists of about 70 species of which 40% are 
documented allotetraploids derived from six independent polyploidy events 
(Leitch I.J. & al., 2008). It is one of most exhaustive examples of the applica-
tions of NGS for comparative analyses of repeats in diploid and related poly-
ploid species. Tobacco (Nicotiana tabacum, 2n = 4x = 48; 5.2 pg/1C) is an 
allopolyploid that is thought to have originated less than 200,000 years ago 
from diploid progenitors most closely related to N. sylvestris and N. tomen
tosiformis (each with 2n = 2x = 24). Genome skimming of N. tabacum and 
its diploid relatives using 454/Roche platform (representing about 0.5% of 
each of the genomes) allowed comparisons of the genomes (Renny-Byfield & 
al., 2011). The major repeats found were Ty3/gypsy (17%–23%) and Ty1/copia 
(2%–3.5%) retrotransposons. However, the three genomes had experienced 
distinct evolutionary trajectories, with recent bursts of sequence amplifica-
tion and/or homogenization in diploid maternal parent N. sylvestris, stability 
of repeat abundance in the paternal parent N. tomentosiformis, and genome 
downsizing and sequence loss across most major repeat types in N. tabacum, 
with particular losses of Ty3/gypsy elements and rDNA. An analysis of resyn-
thesised N. tabacum from the diploid parents also revealed the loss of some 
repeats by the fourth generation, indicating independent, targeted, and direc-
tional loss of certain repeats from the onset of allopolyploid genome evolution 
(Renny-Byfield & al., 2012).
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In four older allotetraploid species in Nicotiana sect. Repandae, radiating 
from an allopolyploidy event about 5 Ma, genome analysis showed 14%–24% 
genome upsizing in three species (one of which, N. repanda, was analysed in 
more detail) and 20% genome downsizing in another species (N. nudicau
lis). Thus, despite a common origin, these allotetraploids have subsequently 
experienced different patterns of genome evolution. Over 85% of the repeats 
identified by RepeatExplorer in N. repanda and N. nudicaulis had lower abun-
dances than expected by additivity of parental values. Genome downsizing 
in N. nudicaulis was predominantly associated with the loss of high-copy 
sequences, while genome expansion in N. repanda resulted from increase of 
copy numbers of repeats that have already been inherited in high copy num-
bers from the diploid parental taxa, particularly of CRM-like Ty3/gypsy ele-
ments. The loss of low-copy sequences was associated with ongoing genome 
diploidization in both allotetraploids, whilst differences in genome size were 
manifested through differential accumulation and/or deletion of high-copy-
number sequences (Renny-Byfield & al., 2013).

Satellite DNAs identified using NGS for karyotype analysis

Satellite DNA makes up significant proportion of many eukaryotic genomes 
and consists of tandemly arranged repetitive units up to thousands of nucleo-
tides long that can exist in millions of copies in the genome (Macas & al., 2002; 
Plohl & al., 2008). Higher-plant genomes might contain from a few to many 
families of satellite DNAs (Hemleben & al., 2007; Macas & al., 2007, 2011). 
Despite their genomic abundance, they are relatively poorly characterized 
even in extensively sequenced species, mainly due to limitations of traditional 
methods of analysis. However NGS and genome skimming approaches allows 
for efficient and comprehensive identification of satellite DNAs, regardless of 
monomer length, enabling comprehensive characterization of satellite DNA 
diversity within individual genomes and inferences to be made on evolution-
ary histories.

Studies using these approaches have shown that some genomes harbor 
many families of satellite DNAs (Luzula elegans: Heckmann & al., 2013; 
Pisum sativum: Macas & al., 2007; Neumann & al., 2012), whilst others con-
tain very few (Musa acuminata: Čížková & al., 2013; Prospero autumnale: 
Emadzade & al., 2014; Weiss-Schneeweiss & al., unpub.). There seems to be no 
correlation between the number of families of satellite DNAs and their con-
tribution to genome size. In addition, a few satellite DNA families might be 
highly amplified in the genome and contribute a large portion of the genome 
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(e.g., Olea europea: Barghini & al., 2014) or a small proportion of the genome 
might be composed of many satellite DNAs (Pisum sativum: Macas & al., 
2007; Luzula: Heckmann & al., 2013). In addition, the satellite DNA reper-
toire of two related taxa can either vary significantly (e.g., between species 
of Fritillaria, AmbroŽová & al., 2011 and cytotypes of Prospero autumnale, 
Emadzade & al., 2014) or be very similar (e.g., in genus Musa: Čížková & al., 
2013). In P. autumnale complex the satellite PaB6 is predominantly located 
in pericentromeric regions of all cytotypes but its copy number and hence 
genome proportion varies widely (from 0.1% to 10%, Fig. 2A; Emadzade & 
al., 2014).

Satellite reconstruction from NGS data has also contributed to our under-
standing of the complex ancestry of the allopolyploid Cardamine schulzii. 
This species was thought to be an autohexaploid of the semi-fertile triploid 
C. × insueta (2n = 24, genome designation RRA) which formed about 110–
150 years ago in the Swiss Alps (Mandáková & al., 2013). Cardamine insueta 
itself is a hybrid of two diploid species (both 2n = 2x = 16), C. amara (genome 
designation AA) and Cardamine rivularis (genome designation RR). How-
ever, recent studies of C. schulzii revealed greater complexity with the involve-
ment of Cardamine pratensis (PPPP, 2n = 4x–2 = 30), and the occurrence of 
C. schulzii at two ploidy levels, each with fewer chromosomes than expected 
(2n = 5x–2 = 38, PPRRA and 2n = 6x–2 = 46, PPPPRA) (Mandáková & al., 
2013). Low-pass 454/Roche pyrosequencing provided support through the 
abundances and monomer types of two satellite DNAs Crambo and Prasat 
(Mandáková & al., 2013). This hypothesis was further corroborated by mining 
NGS 454 data for parental monomer types of 35S rDNA repeats (Zozomová-
Lihová & al., 2014).

Until recently the typical tandem repeat monomers in angiosperms were 
thought to be about 180 or 360 bps in length (Macas & al., 2002; Heslop- 
Harrison & Schwarzacher, 2011). However, whole-genome repeat analyses of 
several species clearly demonstrate that many satellite DNAs deviate from 
these lengths, with a nearly continuous length range from few base pairs (sex 
chromosomes of Rumex acetosa: Kejnovský & al., 2013; holocentric chromo-
somes of Luzula elegans: Heckmann & al., 2013) through tens of base pairs 
(e.g., Luzula elegans: Heckmann & al., 2013; Silene latifolia: Macas & al., 2011) 
to satellites with monomer sizes longer than 100 bp, with upper limit exceed-
ing 1000 bp (Nicotiana: Renny-Byfield & al., 2012; Solanum: Gong & al., 2012; 
Zhang H. & al., 2014; Musa: Hřibová & al., 2010; Čížková & al., 2013; Pisum 
sativum: Neumann & al., 2012).
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ChIP-seq for characterization of plant centromeric repeats

Satellite repeats are common at the centromeres of most higher eukaryotes, 
but the composition of centromeric regions has been analysed in only a very 
few plant taxa, mostly model organisms for which genomic resources are 
available (reviewed in Hirsch & Jiang, 2013). In addition to satellites, cen-
tromeres are sometimes accompanied by TEs, particularly chromoviruses 
of Ty3/gypsy superfamily (Neumann & al., 2011; Sharma & al., 2013). Now 
NGS in combination with chromatin immunoprecipitation (ChIP-seq) offers 
unparalleled opportunities to analyse centromere composition in a wide 
range of plant groups. The procedure starts with the isolation of gene(s) cod-
ing for centromere- specific histone CENH3, using, e.g., whole-transcrip-
tome sequence data. Following successful gene identification antibodies are 
developed against species-specific, centromere-specific histone CENH3. 
These are subsequently used for ChIP, which allows enrichment of centro-
mere- associated DNA sequences. This enriched genomic DNA fraction is 
sequenced and the sequences compared to NGS data obtained from control 
sample of whole genomic DNA of the same species (Macas & al., 2010).

ChIP-seq (using Illumina sequencing) applied to potato (Solanum tube
rosum, 2n = 24) has revealed surprisingly variable DNA compositions at the 
centromeres (Gong & al., 2012). Whilst six of twelve chromosomes contained 
megabase-sized satellite repeat arrays unique to individual centromeres, five 
chromosomes had centromeres composed primarily of single- or low-copy 
DNA sequences, resembling neocentromeres, and one chromosome pos-
sessed a centromere composed of both repeats and low-copy DNA sequences. 
At least four of the centromeric repeats were amplified from retrotransposon-
related sequences and possessed very long monomers that were not detected 
in other closely related Solanum species (Zhang H. & al., 2014). Comparisons 
of S. tuberosum centromeres with those from S. verrucosum (a likely progeni-
tor of cultivated potato) revealed homeologous centromeric sequences on only 
one chromosome. Four centromeres of S. verrucosum contained unique satel-
lite repeats amplified from retrotransposon-related sequences. Further com-
parisons with other Solanum species revealed high evolutionary dynamics 
and rapid sequence divergence (Zhang H. & al., 2014). Some centromeres of 
a few Solanum species also contained telomere-like repeats (He & al., 2013). 
Interestingly, none of the potato centromeric repeats resembled the “classical” 
centromeric satellites with monomer sizes of 150 to 180 bp (Gong & al., 2012).

In another study to Pisum sativum, satellite repeats were identified that 
mapped to the pericentric regions of some or all chromosomes (Macas & 
al., 2007). The species also has remarkable extended primary constrictions 
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containing 3 to 5 discreet CENH3-containing regions, spanning between 69 
and 107 Mbp, generating a novel “meta-polycentric” type of centromere with 
multiple centromere domains. These domains are composed of repetitive 
DNA sequences belonging to 13 distinct families of satellite DNAs and one 
centromeric retrotransposon. The satellite DNAs are unevenly distributed 
among the chromosomes, often occurring in various combinations at indi-
vidual centromeres. These data point to a centromere that is determined by 
its epigenetic properties (e.g., folding, epigenetic marks) rather than sequence 
identity per se. They also indicate that functional centromere domains might 
not require any repeat to segregate properly and that satellites are generated 
in these regions following centromere establishment.

NGS studies to chromosomes of Luzula elegans (family Juncacaeae) have 
been informative in understanding chromosomes that lack a clearly defined 
centromere and have holokinetic kinetochores (called also diffuse or non-
localized kinetochores) that are distributed along most of the poleward surface 
of the chromatids. To these kinetochores the spindle fibers attach (Heckmann 
& al., 2013). The repetitive genome fraction of L. elegans includes about 61% 
repetitive DNA, mostly comprising retrotransposons (34.3% Ty1/copia and 
1.1% Ty3/gypsy) and an exceptional diversity of satellite DNAs, represented by 
over 30 families (9.9%), including several microsatellite types. These satellites 
occur as bands distributed towards the chromosome termini. None of the sat-
ellite DNAs showed a chromosome-wide distribution pattern or had associ-
ated LTR retrotransposons that may suggest centromeric sequence activity, as 
found in typical monocentric plant species. In addition there were no distin-
guishable large-scale patterns of eu- and heterochromatin specific epigenetic 
marks along mitotic chromosomes.

Sex chromosomes analysed using NGS

The majority of angiosperms have bisexual flowers, but about 6% of plants 
are dioecious with different individuals carrying either male or female flow-
ers (Renner & Ricklefs, 1995; Ming & al., 2011). Some dioecious plants have 
differentiated sex chromosomes and these are best studied in Rumex acetosa 
(Polygonaceae; 2n = 14 or 15) and Silene latifolia (Caryophyllaceae; 2n = 24). 
Certain types of repetitive DNA have been proposed to contribute towards 
sex chromosome differentiation (Kejnovský & al., 2009), leading to NGS and 
analysis of the repetitive genome fraction in these two model systems.

Silene latifolia possesses heteromorphic sex chromosomes, with hetero-
gametic males (XY) and homogametic females (XX). RepeatExplorer analy-
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sis of 454 sequence reads allowed characterization of the major repeat types 
(Macas & al., 2011). These assembled repeats then became the backbone for 
mapping shorter but more numerous Illumina reads obtained separately for 
male and female individuals. About 62% of the genome is repetitive, 50% of 
which comprises retroelements. Of these, Ty3/gypsy retroelements (35%–37%) 
are the most abundant, with near equal proportions of Ogre and Athila family 
members (each 12%–13%). Ty1/copia retrotransposons (13.7%) were mostly 
represented by Angela lineage (11.8%). Satellite DNA repeats were represented 
by four major families amounting to 3% of the genome. However, there was 
little divergence in repeat composition between the sex chromosomes, consis-
tent with a recent evolutionary origin of the sex chromosome system.

Rumex acetosa also possesses heteromorphic sex chromosomes with an 
XY1Y2 sex determination system which probably arose about 12 Ma (Navajas-
Perez & al., 2005). The X chromosome is larger than individual Y chromo-
somes, although together the Ys are larger than the X chromosome. Earlier 
analyses indicated that the two heterochromatic Y chromosomes have dif-
ferent compositions of tandem repeats. Low-pass 454/Roche sequencing of 
male and female genomic DNAs allowed identification of the major repeats 
(in total about 60% of the genome), with Ty1/copia retroelements (ca. 35% 
Maximus/Sirevirus families) dominating over Ty3/gypsy superfamily (espe-
cially chromovirus and Tat/Ogre lineages, each ca. 6% of the genome). Many 
retrotransposons were abundant on autosomes and X chromosome, but were 
depleted on Y1 and Y2. Only one Ty1/gypsy subfamily had accumulated on Y1 
and Y2 chromosomes. In contrast, most of the seven identified satellite DNA 
families, were most abundant on either or both Y1 and Y2, as were microsatel-
lites (Steflova & al., 2013).

Supernumerary B chromosomes analysed using NGS

Plant and animal genomes might contain, in addition to regular chromo-
some complements, accessory B chromosomes (Houben & Carchilan, 2012). 
B chromosomes are dispensable, do not recombine with the chromosomes of 
the regular chromosome complement and can follow their own evolutionary 
trajectory. Little is known about the origin and molecular makeup of B chro-
mosomes. Recent analyses of sorted B chromosomes of rye (Secale cereale) 
and sequence analysis using NGS (454/Roche platform) revealed that they 
are composed of A chromosome fragments, accumulated repeats shared with 
A chromosomes, and B-specific repeats (Martis & al., 2012). B chromosomes 
contain B-specific repeats as well as larger amounts of all parts of organellar 
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genomes, both plastid (NUPTs) and mitochondrial (NUMTs) than A chro-
mosomes. An accumulation of B-enriched satellites was found mostly in the 
transcriptionally active and late-replicating nondisjunction control region of 
the B chromosomes and in the pericentromere region of the B chromosomes 
(Klemme & al., 2013).

Patterns of rDNA divergence using NGS

Both 35S and 5S rDNA sequences are frequently used as phylogenetic and 
chromosomal markers. However, the different domains of 35S and 5S rDNA 
units differ in their overall conservation between species, ranging from the 
rRNA genes, which are highly conserved to the intergenic spacers which can 
diverge sufficiently rapidly that they can be used to distinguish species (e.g., 
ITS—internal transcribed spacer of 35S rDNA, NTS—non transcribed spacer 
of 5S rDNA) or populations of a species (IGS—intergenic spacer of 35S rDNA). 
In addition, because the units are in multiple copies, some of which may be 
redundant, there can be further divergence between units of the array. The 
extent of intragenomic variation reflects a balance between unit mutation, 
selection and drift, as well as the frequency of array homogenisation in the 
species ancestry (e.g., Kovařík & al., 2008; Matyášek & al., 2012). Addressing 
the underlying biology of array homogenisation using traditional approaches 
is extremely challenging because of the high copy numbers of rDNA units, 
and consequently our understanding of the mechanisms involved is lim-
ited. The availability of NGS technology is now changing that perspective. 
Comparative studies of 35S rDNA repeat dynamics in four Nicotiana dip-
loids using NGS (Illumina and/or 454/Roche data) suggested a relationship 
between rDNA unit diversity and rDNA loci number (Matyášek & al., 2012). 
The authors proposed that the diversity of rDNA units is best explained by 
higher rates of intralocus than interlocus homogenization, and that these 
rates exceed the rates of speciation in the genus.

Another study using 5S and 35S rDNA sequences obtained via NGS 
focused on elucidating the origin of the hexaploid Helianthus tuberosus (cul-
tivated Jerusalem Artichoke) from its closest diploid and tetraploid relatives 
(Bock & al., 2014). Phylogenies based on rDNAs, as well as whole plastid and 
partial mitochondrial genome phylogenies, supported a hypothesis of poly-
ploid origin of H. tuberosus involving autotetraploid H. hirsutus and diploid 
H. grosseserratus.
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Phylogenetic analyses from repeats using NGS

One goal of molecular systematics is to use NGS data to infer species evolu-
tionary relationships. Although NGS of gene-enriched DNAs allows identifi-
cation of numerous low- and single-copy genes, there are significant sequenc-
ing costs and labour demands for sequence assembly, alignment and tree 
building. The repeat composition of the genome, analysed by genome skim-
ming approaches requires, by contrast, relatively cheaply derived data that is 
more easily analysed. The data, especially from closely related taxa (within a 
genus) can be used for fast and effective phylogenetic analyses (Dodsworth & 
al., 2015). The approach uses the abundance and occurrence of repeats in the 
genome as continuously varying characters for that analysis. The feasibility 
of the approach was demonstrated in studies to six diverse groups of eukary-
otes, including five angiosperms and one insect group. The inferred phylog-
enies provided well-resolved and supported species relationships, the patterns 
of branching being broadly similar to more traditionally applied sequence-
based approaches (Dodsworth & al., 2015). The method is easy to implement, 
requiring only DNA extraction and Illumina sequencing, comparative clus-
tering of reads (RepeatExplorer) and tree building. This methodology may 
prove particularly useful in groups with little genetic differentiation across 
commonly applied phylogenetic markers, yielding at the same time a wealth 
of data for detailed studies and better understanding of genome evolution in 
the context of repetitive DNA. It provides an important extension to molecu-
lar systematics methods and will be a useful additional tool in comparative 
phylogenomics.

Conclusions

Plant genomes are rich in repetitive DNAs and NGS provides a route to their 
study, enabling the repeat types and proportions to be determined, generating 
understanding of their origin, function and dynamics. The studies published 
so far come from only a tiny fraction of plant diversity, but even so they are 
illuminating. We know that there can be astonishing diversity, sometimes 
even between closely related taxa in repeat occurrence and abundance. Whilst 
very small genomes possess relatively little repetitive DNA, larger genomes 
have plentiful repeats organized in a myriad of combinations. Retrotranspo-
sons are mostly the dominant fraction of repeats in plants, but some genomes 
can be highly enriched in satellite repeats too. In the majority of plant genomes 
in which retroelements dominate, the ratios between Ty3/gypsy and Ty1/copia 
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retrotransposon can vary significantly between lineages. Some genomes are 
dominated by one particular type of element whilst others are composed of a 
very broad spectrum of repeat types.

The ability to characterize and understand the genomic diversity amongst 
plant species is swiftly gathering momentum, accompanied by the ever 
increasing frequency of published NGS data and the improving bioinformatic 
tools available to analyse those data. NGS provides sequence data for isolation 
of any number and type of DNA markers to be used in genetic diversity stud-
ies, in marker-assisted selection (e.g., development of microsatellite primers), 
and for the identification and reconstruction of repeats, with applications in 
characterizing genomes and their activities. NGS allows for the rapid genera-
tion of datasets for multiple plant lineages, which in turn allows understand-
ing of mechanisms contributing the dynamic nature of the repeat repertoire.
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