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1. Introduction

Multiple definitions for plants have been introduced throughout history. Around 300 Before
Christ (BC) the Greek philosopher Aristotle classified all living beings around him into non-
motile plants and animals “with blood” and “without blood” (Manktelow, 2010). By the
1700’s taxonomy evolved through Carl Linnaeus, who established the kingdoms of animals,
vegetables and minerals (Podgorny & Irina, 2019). Current classification of living organisms
(made by Thomas Cavalier-Smith) considers Plantae as a kingdom containing the biliphytes
(Glaucophyta and Rodophyta) and Viridiplantae (Ruggiero et al., 2015). However, the most
widely accepted definition of a plant is any organism belonging to the Viridiplantae
subkingdom (Schreiber et al., 2022). Viridiplantae (translated “green plants”) are a
monophyletic group branched into three major lineages: Prasinodermophyta, Chlorophyta and
Streptophyta (Charophyta), which are part of the eukaryotic kingdom Archaeplastida
(comprising Glaucophyta, Rhodophyta and Viridiplantae) (Leliaert, 2019; L. Li et al., 2020).
Archaeplastida gained photosynthetic ability by engulfment of cyanobacteria in a process
called primary symbiosis, resulting in chloroplasts. Throughout the text, I use the term “plants”
or “green lineage” to describe Viridiplantae "1 By divergent evolution, green lineage
species transitioned from the deep seas and oceans to fresh water, and later land (Zhang et al.,
2022). This transition took place in three major steps: the emergence of plants through primary
endosymbiosis (approximately 1.2 bya), the evolution of charophytes and embryophytes from
a common green algal ancestor, and the angiosperms accelerated developmental domination

over gymnosperms around 130 million years ago (Zhang et al., 2022).

Species of the green lineage are the principal organisms capable of oxygenic photosynthesis
among the eukaryotic groups, and they have a substantial contribution to our quotidian life
(Zhang et al., 2022). Plants use light energy to produce O, the essential gas for aerobic
respiration. Furthermore, by assimilating CO- (one of the major greenhouse gases), green

plants actively contribute to the global ecosystem and carbon recycling.

As a source of food, plants benefit not only humans (through agriculture), but also other
organisms such as bacteria and heterotrophic eukaryotes (such as amoebae and ciliates)

including animals, which use their sugar contents as an energy and carbon source. According

footnote 1 Throughout the text, | use italics for all taxa levels in Latin and regular font with small letters for
familiarized versions of the names (e.g. Chlorophyta vs. chlorophytes, Angiospermae vs. angiosperms).
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to the United Nations (UN) world population prospects, the world population has rapidly
increased over the past 200 years. The number of inhabitants on our planet has reached 7.9
billion in November 2021, more than double the population number of approximately 4 billion
in 1975 (United Nations, DESA, Population Division, 2022). As the continuously growing
population increases, so do the dietary needs to be met. The United Nations Food and
Agriculture Organization (FAO) estimated in 2011 that in order for the human population to
be fed, crop production should increase by 70% by the year 2050 (FAO, 2009). Medicinal
applications are also widely employed within the green lineage, especially throughout the
green algae (Chlorophyta) and vascular plants (Tracheophyta) taxa, for the anti-inflammatory,
antimicrobial, and antioxidant properties they possess (Cowan, 1999; Haq et al., 2019; Wiart,
2006). Also mentionable are the herbs and condiments used in worldwide cuisine and the trees
and shrubs utilized in the latex, paper and construction industry.

The most ancient phylum of Viridiplantae is Prasinodermophyta (or “prasinodermophytes”),
a group of green algae which is a sister branch to the clade diverging into Chlorophyta and
Streptophyta (L. Li et al.,, 2020). Adapted to low-light and low-nutrient conditions,
prasinodermophytes are marine planktonic microalgae (Piganeau, 2020; Schreiber et al.,
2022). Their ancestor is now believed to have been flagellated, which is a novel discovery for

this group (Piganeau, 2020).

Chlorophyta (or “chlorophytes™) forms a group of unicellular and multicellular eukaryotic
photosynthetic organisms with simply organized thalli. Chlorophytes are aquatic, motile green
algae. From unicellular, to colonial, filamentous and multicellular, chlorophytes exhibit a
substantial morphological variation (Schreiber et al., 2022). They are a well-known protein
rich food source commercially cultivated in Asia, also used in the pigment and cosmetic
industry (Abu-Ghannam & Gupta, 2010; J. K. Kim et al., n.d.; Shah et al., 2020).

Streptophyta (or streptophytes) are the first green organisms adapted to life on land. They
include the streptophytic green algae and land plants (Embryophyta) (Figure 1). Streptophyte
algae can further be classified into the Klebsomidiophyceae, Chlorokybophyceae, and
Mesostigmatophyceae (KCM) order and the more advanced Zygnematophyceae,
Coleochaetophyceae, and Charophyceae (ZCC) order (Schreiber et al., 2022).
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Figure 1 Streptophyta cladogram, as previously described in (de Vries & Archibald, 2018)

showing Chlorophyta as outgroup.

Among ZCC clade, the most ancient are the Charophyceae dating back to the Devonian era
(>380 mya). The extant order of this group, Charales, are called stoneworts due to their
calcified surface (Lambert, 2009). Streptophyte algal species range in morphology from
unicellular to filamentous and multicellular (Turmel & Lemieux, 2018). The latest diverged
groups are the Coleochaetophyceae, which developed the thallus alike extant land plants, and
Zygnematophyceae (Fig. 1), the largest ZCC group considered to be the precursor of land
plants, despite its morphological reduction (Zhang et al., 2022).

Embryophyta (“embryophytes” or “land plants”) are the most specialized multicellular
representatives of plants. They originate from the Ordovician era (450 mya), when they gave
rise to a novel biosphere. Embryophytes currently dominate the global terrestrial flora, with
angiosperms accounting for more than 95% of the approximately 300 000 extant species
(classified in Figure 2). Their name is derived from their ability to produce a diploid embryo

via mitotic division of the zygote (Broutin, 2019).



The transition from aquatic charophytic algae (stoneworts) to land plants has been discussed
in multiple phylogenetic studies. The ancestor of the embryophytes is thought to be a member
of Zygnematophyceae which molecularly adapted to stress factors such as drought and
initiated apical cell growth, developing the primordial 3-D growth and branching (Rensing,
2020; Schreiber et al., 2022). Fossil records document the existence of land plants around 450
million years ago (mya). A 455 million-year-old fossil suggests an unknown moss species as
a possible candidate for the first avascular land plant (Cardona-Correa et al., 2016). Another
study from 2018 considers Cooksonia barrandei (an amphibious species living around 432
mya), as the earliest vascular land plant. Cooksonia is the oldest known plant to have had a
stem with vascular tissue, and had a sporophytic life stage with trumpet-shaped sporangia
(Libertin et al., 2018).
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Figure 2 Embryophyta cladogram as presented in (Jiao & Guo, 2014)
1.1 The plant genome

Mechanisms driving genome evolution are still unclear, in spite of decades of intense study.
Genome evolution is driven by accumulation of changes, including DNA mutations,
duplications and rearrangements (Soltis & Soltis, 1999). Understanding the processes and
pathways which underlie the evolution of the green lineage genomes provides a considerable
insight into plant evolution, body form development and basic mechanisms of genome

function and control, with implications for plant genetic manipulation or breeding. As a result,



studying the plant genomes is important both for fundamental science as well as for
agricultural applications. The agriculture field would benefit by acquiring genomic data
applicable for genetically modified (GM) plants. GM plants may be engineered for resistance
to drought or other environmental stresses, reducing the amount of fertilizer or water required,
inducing resistance to pathogens or pesticides, and even increasing nutritional levels and flavor
(Halagarda & Popek, 2018; Kumar, 2021). From the scientific community point of view,
analyzing the genomes of the green lineage, especially repetitive elements which contribute to
genome evolution and gene expression, will deliver valuable information about the key drivers
of evolution and epigenetic mechanisms which dictate how plants adapt to their surroundings

and shape environmental diversity.

Plants have a larger number of genes than vertebrates, most of them conserved during
evolution (Armisén et al., 2008; Claros et al., 2012). However, in contrast to vertebrates, their
genomes exhibit extensive variations in size. Land plant species have a 2340-fold variation of
genome sizes, chlorophytes and streptophyte alga 4680 (Leebens-Mack et al., 2019; Leitch &
Leitch, 2013). The main responsible causes for this complexity are whole genome duplications
followed by rearrangements and reductions, and repetitive element copy number expansion
(Kress et al., 2022).
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The C-value is the amount of DNA enclosed in a haploid cell nucleus given in picograms,
regardless of the level of ploidy (Fleury et al., 2012). C-values among land plants show a
dynamic distribution, alternating between genome reductions and expansions over
approximately 4 orders of magnitude (Michael, 2014). The “C-value paradox” states that the
developmental and body plan complexity of an organism is not connected to the size of its
genome (Agren & Clark, 2018). For example, the unicellular protozoan Polychaos dubium
(earlier Amoeba dubia) has the largest known C-value of all organisms (approximately 685
pg), whilst humans have a 200 times smaller C-value (approximately 3 pg) (Dolezel et al.,
2003; Karami, 2013).

Although multiple plant genomes have been sequenced and annotated, much remains to be
done and discovered. Only 2202 plant genome assemblies are currently deposited on the
National Center for Biotechnology Information (NCBI) website, of which 819 are completed
at a chromosomal level, and only 7 complete. This number is extremely low in comparison to
the sequence data availabe for animals (9083). Multiple explanations are possible for this
discrepancy. Possibly the most relevant one would be the general lack of interest in sequencing
non-agricultural plants (Kersey, 2019). Another explanation could be the complications
caused by the abundance of repetitive elements in the plant genomes. Repetitive elements in
plants may account for 15% (Genlisea nigrocaulis Steyerm) up to 85% (Zea mays) of their
genome size (Schnable et al., 2009; Vu et al., 2015). Also, the extensive number of introns
developed in most of the genomes of green plants coupled with the high number of repetitive

elements complicate gene annotation (Kress et al., 2022).

However, the recent advancement of bioinformatic and sequencing tools in the past 20 years
has considerably improved the plant genomics field (Marks et al., 2021). With the optimization
of long read sequencing technologies (further described in chapter 1.4.2.3), the number of
sequenced plant species has increased from 383 in 2018 to 812 in 2020 and continues to rise
exponentially (Kersey, 2019; Kress et al., 2022). A more in-depth study and interpretation of
green plants genomic identities will broaden our understanding of speciation, evolution, and

physiological development (Kress et al., 2022).

1.2 DNA sequencing

In 1944, the molecule carrying genetic information was identified by three members of the
Rockefeller Institute for Medical Research in New York. Avery, MacLeod and McCarty

proved that deoxyribonucleic acid (DNA), a long a-helical structured polymer is the genetic



material responsible for cell identity (Avery et al., 1944). This and other discoveries prompted
scientists to decipher the structure of DNA, which was officially announced in 1953 by J.
Watson and F. Crick (Watson & Crick, 1953). DNA is a double helix consisting of a
(deoxyribose-phosphate backbone to which four types of nitrogenous bases (purines and
pyrimidines) are attached. Adenine (A) and thymine (T), and cytosine (C) and guanine (G)
respectively pair with each other through hydrogen bonds, forming two antiparallel nucleotide

strands.

According to the central dogma of molecular biology, the expression of genetic information
in a cell starts with DNA-encoded “instructions”, transcribes into RNA intermediates which
determine the synthesis (translation) of functional proteins (Crick, 1958). Sequencing methods
enabled researchers to “read” genomes and opened the era of genomics: an area of genetics
that concerns the sequencing and analysis of genetic information from an organism (Mandal,
2020).

1.2.1 Sanger sequencing

The dideoxy DNA sequencing method was invented in 1977 by Frederick Sanger. Sanger
discovered that incorporation of a chemically modified dideoxynucleotide (ddNTP) which
lacked the OH group on the 3’ end in a newly synthesized DNA strand triggers DNA synthesis
termination. This led to the development of the “Dideoxynucleotide trisphosohate chain
terminator” also called “Sanger sequencing”, which implied four reactions running in four
separate tubes, each containing all deoxynucleotides (ANTPs), and one dideoxynucleotide
(ddNTP): ddATP, ddTTP, ddCTP and ddGTP, respectively. In each reaction, it was a matter
of chance when the ddNTP was integrated, and the synthesis is terminated. This resulted in
multiple fragments of DNA, each terminated at a different length. These fragments could be
separated on the basis of their size by running each reaction tube on an electrophoresis gel
apparatus. The sequence could then be read one nucleotide at a time from bottom to top in a
5’ to 3’ direction (Valencia et al., 2013).

Despite its high efficiency, this method was very laborious and time consuming, as it could
only sequence a maximum of 1000 base pairs at a time. In addition, the use of radioactivity
made library preparation complicated. Automatic Sanger sequencing machines which used
fluorescently labelled ddNTP’s and capillary electrophoresis were produced in 1987 by
Applied Biosystems, and became the primary means for DNA sequencing (Liu et al., 2012;
Penn State, 2017).



In 1990, the Human Genome Project planned the complete sequencing of the human genome
using the Sanger method over a time span of 15 years. Laboratories from all over the world
joined forces and each started sequencing short fractions of human genes using Bacterial
Artificial Chromosome Cloning (BAC) in a hierarchical shotgun strategy. Hierarchical
because each fragment of nucleotides with a known position in the genome belonged to a
larger fragment. Shotgun because the BAC clones were eventually truncated and randomly
sequenced. After sequencing, the fragments were reassembled by studying the sequence
overlap (Waterston et al., 2002).

By 1998 and about halfway to accomplish the Human Genome Project, Celera Genomics was
founded by Craig Venter (Shampo & Kyle, 2011). The revolutionary idea behind this
investment was to use the random shotgun method for the entire genome without employing
BAC clones and to use computers to map all the obtained fragments sequences by sequence
similarity (Waterston et al., 2002). This meant that portions of the genome were deciphered
based on chance, so each one of them could be selected multiple times, meaning that
throughput would increase and the required time would considerably decrease. With hundreds
of sequencing machines running constantly, Celera Genomics announced the plan to complete
the human genome from scratch in less than two years (Marshall, 2000). This initiated the
historical race between the publicly founded Human Genome Project and Celera Genomics to
publish the human genome. The final outcome was the publishing of 90 % of the human DNA
by both opponents simultaneously in 2001 (Shampo & Kyle, 2011). Ultimately, the complete
sequence of a human genome was just published by the Telomere-to-Telomere (T2T)
Consortium presenting a gapless assembly for all chromosomes except the Y chromosome
(Nurk et al., 2022).

1.2.2 Next generation sequencing

After the scientific breakthrough of obtaining the human genome sequence brought about by
Sanger DNA sequencing, a new era of genome sequencing emerged. Next Generation
Sequencing (NGS) entails innovative sequencing techniques with improved throughput and
lower costs (Liu et al., 2012). Perhaps the most notable improvement offered by NGS was the
novel ability to sequence multiple fragments at the same time, greatly increasing the speed.
The steps it employs are library preparation and sequencing. Subsequently, many
bioinformatic tools and algorithms have been improved to analyze NGS data (Van Dijk et al.,
2014).



On the basis of the starting material, NGS can be used on RNA, DNA, or proteins. Classified
by their principle of operation, NGS technologies include sequencing by synthesis and
sequencing by oligo ligation detection (DeWitt, 2020). Sequencing by synthesis functions by
amplification, denaturation, and subsequent DNA replication taking place in cycles until the
desired amount of DNA is reached. The sequencing by synthesis protocols are diverse from
one company to another, but can be grouped based on the dNTP incorporation reaction
mechanism. Sanger sequencing and Illumina sequencing involve reaction stop as each dNTP
is inserted in order to obtain a read, whilst pyrosequencing and lon torrent sequencing attain

reads simultaneously with the incorporation of nucleotides (Kircher & Kelso, 2010).

1.2.2.1 Brief history of NGS

NGS revolutionised the field of genomics with a new library preparation strategy: random
DNA fragmentation and subsequent adaptor ligation (J. Shendure & Ji, 2008). Launched in
2005 by 454 Life Sciences, the first NGS technology had a read length of 700 bp and an
accuracy of 99.9% (L. Liu et al., 2012). The mechanism behind it was pyrosequencing on
magnetic beads, which was fast, however, still expensive and prone to polymer errors as a
result of accumulated light intensity variance (L. Liu et al., 2012; Luo et al., 2012). The
technology was discontinued in 2013 (Slatko et al., 2018).

Almost two years after the release of 454 technologies, SOLID (Sequencing by Oligo Ligation
Detection) was released by Applied Biosystems. Based on the concept of polony sequencing,
developed by George M. Church and his team at Harvard Medical School in Boston,
Massachusetts, SOLID also employed the use of beads, however they could be bound to a

glass slide directly by their 3¢ end, instead of using a picotiter plate (Kircher & Kelso, 2010).

The next step in the NGS era was taken through the development of sequencing by detection
of hydrogen ions. lon Torrent sequencing technologies are still used in current times owing to
their low cost, quality stability and acceptable read length of 200-600 bp (Gupta & Gupta,
2013; L. Liu et al., 2012). However, the most used short read technology nowadays is the
Illumina sequencing by synthesis technology. Illumina sequencing uses repetitive bridge
amplification of DNA sequences separated into clusters. Fluorescently labelled
oligonucleotides are incorporated one at a time over the billions of clusters in the flow cell,
pausing the reaction between each nucleotide detection (Figure 4) (Slatko et al., 2018). As a
result, Illumina technologies achieve a higher throughput and lower indel error rate than lon
Torrent (Loman et al., 2012).
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Digital Image
Data is exported to an output file l

Cluster 1 > Read 1: GAGT...

Cluster 2 > Read 2: TTGA...

Cluster 3 > Read 3: CTAG...

Cluster 4 > Read 4: ATAC... Text File
Figure 4 Illumina sequencing chemistry overview as described in (lllumina, 2017).
Fluorescently labelled oligunucleotides are added and incorporated one at a time, producing
light. After each step a digital image is produced and the wavelength and intensity of the light
is documented. The nitrogenous base type is identified, (as A,T,C, or G) and stored in a text

file. The process is repeated until all fragments have been processed.

Following the success of Illumina sequencing in genetics, two novel sequencing tools
emerged. Pacific Biosciences and Oxford Nanopore currently offer the longest reads as output
for their sequencing technology. Nevertheless, a cost decrease is required in order for these

technologies to take over Illumina technology (further discussed in next chapter).

1.2.2.2 Strategies and applications of NGS

NGS is currently used in many scientific fields. The wide range of applications include
studying the transcriptome and epigenome, capturing phylogenetic diversity in relation to
disease (virology, epidemiology, oncolgy, etc.), metagenomic study of microbiomes,
archaeological study of extinct species, and others (Barba et al., 2014; Morozova & Marra,
2008; Reis-Filho, 2009).

Depending on the starting material and on the desired result, NGS requires the preparation of
customised sequencing strategies. Adequate sequencing strategies are necessary in order to
avoid poor quality or un-mappable reads, PCR duplicates, and/or adapter reads, which are the

most common reasons underlying a failed sequencing run (Genohub Inc., 2019).
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The major concepts taken into account when organising a sequencing strategy are: sequencing
libraries (single end, paired-end, or mate paired reads), read lengths, costs per base, and
accuracy (J. A. Shendure et al., 2008). Each sequencing project begins with isolation of the
target material, followed by library preparation. There are certain prerequisites for the
selection of the sequencing library. The most important requirements are accurate
establishment of genome size and targeted coverage, and selection of fitting informatic

software for post-sequencing read assembly and annotation.

Although Illumina technologies produce short read scaffolds (35-300 base pairs per read),
their sequencing services are the most used in current times (Levy & Boone, 2019). The reason
for this general predilection is the effectiveness-low cost relationship. Illumina sequencing
machines achieve an error rate lower than 1 % per run at a reagent cost of around $0.10 per
million base pairs (Glenn, 2011; Reuter et al., 2015). Moreover, the paired-end sequencing
feature grants clients the ability to perform a wide range of operations including whole genome
resequencing, de novo whole exome sequencing (owing to the high coverage), and
transcriptome related sequencing such as RNA, ChlIP, and epigenetic modifications (Levy &
Boone, 2019; Morozova & Marra, 2008). Illumina is also effective for repeat analysis (McCoy
etal., 2014).

Long read sequencing technologies are currently employed by Pac Bio and Oxford Nanopore
(Levy & Boone, 2019). They are particularly used for sequencing small bacterial and viral
genomes, but may also be applied for larger telomere to telomere genome assemblies (Reuter
etal., 2015). As Marks et al. concluded, contigs obtained via short read technologies (Illumina)
exhibit an N50 32 times lower than those assembled via long read sequences, meaning the
mean contig length is significantly higher (Marks et al., 2021). The genome coverage is
increased (ranging from 1 kb to >1 Mb), which means the number of genome gaps is reduced
(Logsdon et al., 2020). However, the increased read length comes at the expense of higher
error rates and higher per-base sequencing costs. Error rates for Pacific Biosciences (Pac Bio)
machines range from 2% to 8%, and the per-base sequencing cost may reach 86 $ per billion
base pairs (T. Jiang et al., 2021). Nanopore sequencing technologies are cheaper than Pac Bio

services (Branton et al., 2008).

For extremely large whole genomes, a widely employed strategy is combining Illumina

sequencing technology with Pac Bio. Errors from reads obtained by Pac Bio are corrected by
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applying lllumina only on the error regions, and assemblies obtained from both companies are

then merged into one dataset (Y. Liu et al., 2017).

NGS techniques have their limitations (Erlich et al., 2008). Sequence assembly is less accurate
than in Sanger sequencing, despite the considerable improvement in elapsed time and costs
(Knyazev et al., 2021) Sequencing equipment can be very expensive, and has certain standards
for the purity of DNA material (Guminska et al., 2018).

Good sampling protocols are vital, as the sequenced material quality determines the integrity
of the sequencing data (Van Dijk et al., 2014). Among the determining factors for quality
control, sample ambient temperature, freshness, and level of exposure to contaminants are of
utmost importance. In addition, fragment size has to be taken into account depending on the
sequencing technology used. The fragment length usually targeted during the shearing step

stands around a few hundred nucleotides (Slatko et al., 2018).

Sequencing library preparation is not bias free, as errors may result from unequal sonication
of euchromatin and heterochromatin (in the case of chromatin sonication for chromatin
immunoprecipitation) and from PCR preferential amplification of neutral guanine-cytosine
(GC) percentage (Van Dijk et al., 2014). Also, NGS technologies result in an increase of base
pair calling error as sequencing position progresses on the nucleotide strand (Mohsen et al.,
2019). Correct classification of transposable elements (further described in chapter 1.3.2) is
important, as the presence of coding regions in some of these repeats may result in erroneous
gene annotation (Lerat, 2009). Another limitation is the low accuracy of the low diversity
sequences at the first stages of lllumina sequencing (Mitra et al., 2015). Some of the errors
have been reduced over the years by the development of error-correcting algorithms (Luo et
al., 2012). Additionally, advancement in NGS techniques delivers longer read lengths, new
bioinformatic instruments, and lower error rates each year, showing a promising future

outlook.

1.3 Repetitive elements as integral components of the genome

The eukaryotic genome contains coding and non-coding regions accompanied by
mitochondria and chloroplast DNA sequences acquired through endosymbiosis (Filip &
Skuza, 2021). Parts of the eukaryotic genome which do not code for proteins are usually
located between the coding regions or at the chromosome telomeres and centromeres. They
encompass the intergenic regions, spacer sequences, and in some cases repetitive DNA

sequences, and were shown to control gene expression regulation by transcription factor
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binding (Wu & Brown, 2018). Mainly accountable for the genome complexity among the
green plant clade are the repetitive DNA sequences, which occupy its majority in some species
(Pisupati et al., 2018). Based on their arrangement and their type, repetitive sequences can be
classified into tandem repeats and dispersed (or interspersed) repeats, which disperse

throughout the entire genome (Lerat, 2009) (Figure 5).
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Non-LTR
retrotransposons
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/ [LTR retrotransposon:

Ratrotransposnns
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Figure 5 Classification of repetitive elements in the eukaryotic genome as presented in (Paco,
2014)

—

DNA transposo ns

Repetitive DNA, unlike unique DNA sequences, which directly encode amino acids for
incorporation into proteins, may execute coding, as well as noncoding functions in the cell

(Zdobnov et al., 2005). They play important roles in the chromosomal structure and are highly
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relevant from an evolutionary, physiological, and epigenetic point of view, as they control

gene expression (Mehrotra & Goyal, 2014).

Every known living organism retains repetitive DNA in its genome, in highly variable amounts
(Favarato et al., 2017). Repetitive elements can be detected in even the smallest genomes and

cause a genome size variation of 5 orders of magnitude in eukaryotes (Blommaert et al., 2019).

1.3.1 Tandem repeats

Tandem repeats represent successive copies of certain nucleotide sequences. Major tandem
repeat types are mainly located in heterochromatic regions in the genome (Mehrotra & Goyal,
2014). They include all types of satellite sequences that range in length from a few up to 30000
base pairs. Microsatellites are the shortest type of tandem repeat and incorporate 1-6
nucleotides (Lerat, 2009). Larger elements are minisatellites, which consist of 6-100

nucleotides, followed by satellites.

Owing to their heterochromatinization, satellite elements are mainly not transcribable but play
a role in the function and protection of the centromeric and telomeric regions in the
chromosome. Centromeric repeats, for example pAL (150 bp) in plants and Alu in humans are
considered key drivers of the evolution of chromosomes and genes (Hartley & O’neill, 2019).
Despite their fast evolution, centromeric repeats tend to manifest themselves in a homogenous
fashion in genomes. Unlike centromeric repeats, telomeric repeats diverged slowly throughout
plant evolution (Lermontova et al., 2015). Their composition is usually defined in the form of
(TxAyGz)n creating motifs for the binding of specific proteins and enabling telomere extension
by telomerase. Therefore, modifications of telomeric repeats have a considerable influence on
chromosome end stability, namely on cell ageing (Bianchi & Shore, 2008; Lindsey et al., 1991;
Peska & Garcia, 2020).

Ribosomal DNA (rDNA), especially the 5S and 45S rDNA, is a transcriptionally active
representative of tandemly arranged repetitive elements. Its transcription results in the
production of the majority of eukaryotic ribosomal RNA, the structural constituent of
ribosomes The 5S rDNA encodes the 5S rRNA, while the 45S rDNA transcript is processed
into the 18S, 5.8S and 25(28)S rRNAs (Rosato et al., 2016; Warmerdam & Wolthuis, 2018).

1.3.2 Dispersed repeats

Dispersed repeats comprise recurring DNA patterns resulting either from duplications or from
DNA insertions (Rao et al., 2010). These repeats can account for up to more than 50% of DNA
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and they are distributed throughout the genome, rather than being restricted to certain loci
(Flavell, 1986; Mehrotra & Goyal, 2014). Dispersed repeats are mostly composed of
transposable elements (TES), repetitive sequences of DNA which can relocate and/or multiply
themselves within the genome (Klein & O’Neill, 2018; Lerat, 2009). Transposable elements
are the main source of variability in the plant genome, and their nucleotide composition is
species specific (N. Jiang, 2013). Their ability to produce insertion or deletion mutations
results in transcriptional reprogramming, a likely factor of plant adaptation to environment
(Lisch, 2012).

A classification system for transposable elements was established in 2007 by Wicker et al.
(Wicker et al., 2007). As a result, all dispersed repeats can be further classified into class |
(retrotransposons), and class 11 (DNA transposons). Class I transposable elements use a “copy
and paste” mechanism to transpose throughout the genome aided by RNA intermediates,
resulting in an increased replication speed. Class 11 DNA transposons on the other hand, are
mobile by means of a DNA intermediated “cut and paste” or “peel and paste/rolling circle
amplification” (in the case of Helitrons) mechanisms (Bourque et al., 2018; Y.-J. Kim et al.,
2012) (Figure 6).
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Figure 6 Transposition mechanisms described in (Colonna Romano & Fanti, 2022)
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1.3.2.1 Retrotransposons

Based on their relocation mechanisms, retrotransposons (Class | repeats) are divided into five
orders: Long Terminal Repeats (LTR), Dictyostelium Intermediate Repeat Sequences (DIRS),
Penelope like elements (PLES), and long and short interspersed nuclear elements (LINEs and
SINEs) (Wicker et al., 2007). Retrotransposons may function autonomously, meaning they
can transpose using their own encoded proteins, or non-autonomously, requiring reverse
transcriptase from other transposable elements (Janicki et al., 2011). SINEs are
retrotransposons which depend on other transposable elements to gain mobility (Figure 6), as
they rely on LINE for transposition (Berthelier et al., 2018). LTRs are not frequent in animals,
but are abundant in plants, constituting the majority of repetitive elements in most studied
plant genomes (N. Jiang, 2013; Wicker et al., 2007).

1.3.2.2 DNA transposons

Class Il transposable elements are present in almost all eukaryotes, usually in relatively small
numbers, and can be grouped into 13 superfamilies (Jurka et al., 2007). They are composed of
a transposase gene flanked by Terminal Inverted Repeats (TIRs) (Mufioz-Lopez & Garcia-
Pérez, 2010). On the basis of the number of DNA strands cut to facilitate their transposition,
DNA transposons include subclass 1 (double-stranded cleavage) and subclass 2 (mono-
stranded cleavage) (Wicker et al., 2007). The cleavage reactions are catalyzed by the enzyme

transposase (Jurka et al., 2007).

1.4 Identifying repeats and transposable elements in genomes

For a non-erroneous structure annotation, masking repetitive elements is conventionally
performed prior to a plant genome annotation (N. Jiang, 2013). Genome masking implies the
comparison of the analyzed genome to a repetitive elements database, identifying its repeat
content (Tarailo-Graovac & Chen, 2009). The most popular tool used for this purpose is
RepeatMasker. Also, due to the poor conservation and species specificity of TEs, a species

specific repeat library should be created and used (N. Jiang, 2013; Yandell & Ence, 2012).

The overall DNA repeats contents in sequenced genomes can be identified using software such
as Repeat Explorer 2 and RepeatModeler. The most important difference between these two
software programs is the input data. Whilst RepeatModeler uses genome assemblies as input
data, RE2 is assembly-free, requiring only short read Illumina data (Berthelier et al., 2018;
Novéak, Neumann, et al., 2020). Since repetitive elements create complications for assembly
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algorithms, not many high-quality assemblies exist for eukaryotic species. This creates an
advantage for assembly-free repeats identification software programs, as they compare reads

directly with repetitive elements databases (Weilguny & Kofler, 2019).

On another hand, a variety of tools exist for specifically identifying Transposable Elements in
genomes. Two major strategies exist for TE identification and annotation: homology-based
and structure-based. The first one, uses the reads similarity either with TE databases, or within
themselves, and requires no prior knowledge about the sequences of interest. The structure-
based strategy detects TEs by similarity between their own structural components (Bergman
& Quesneville, 2007). This implies specifically selected models for each TE type as a
prerequisite and does not require TES to be repetitive for their detection. Recently, a third
strategy has been developed for TEs de novo identification that is repetitiveness-based (N.
Jiang, 2013). The new versions of the software RepeatModeler 2 and Repeat Explorer 2 (RE2)
are de novo identifying software programs for TEs we mention (further described in chapter
1.6.3). Moreover, the Tandem Repeat Analyzer (TAREAN) software can be used for
identifying satellite repeats. TAREAN uses a clustering algorithm to detect satellite repeats

from unassembled short reads (Novék et al., 2017).
2. Aims

The aim is to explore the genome evolution and diversity of repetitive elements in the green
lineage (Viridiplantae) species. To achieve this aim, | will analyze the distribution of repetitive
elements in the genomes of 12 organisms ranging from single-cells green algae to land plants.

Moreover, | formulate the following specific aims for this thesis:

I. Determine the proportion of repetitive elements in the genomes of 12 green lineage
species, including single-celled green algae, moss and seed plants using
RepeatExplorer 2.

I1. Characterize and annotate the identified repetitive elements.

I11. Compare repetitive element amount and composition in the different species of the

green lineage.
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3. Materials and Methods
3.1 Selected species and data sources

The main criterion for species selection was the phylogenetic position of the organisms in the
green lineage tree of life. Since the most early diverged Viridiplantae species are the
chlorophytes, | identified the genomes for five representatives of this green algae phylum. |
selected two prasinophytes (Desmodesmus quadricauda and Scenedesmus sp.), one
Chlorophyceae species (Chlamydomonas reinhardtii) and two Trebuxiophyceae

representatives (Chlorella vulgaris and Volvox africanus).

The next organisms documented in evolutionary order were the green algae representatives
belonging to Streptophyta (Gitzendanner et al., 2018). This group is represented by

Klebsormidium nitens, Chara braunii and Zygnema circumcarinatum.

Among the embryophytes, bryophytes are the earliest branching land plants. As a result, |
analyzed the genome of Physcomitrium patens, a wetland model moss whose life cycle is
dominated by the gametophytic stage. In addition, Marchantia polymorpha, a thallose
liverwort belonging to the Marchantiophyta clade was analyzed.

The second criterion for species selection was data availability. Since short reads were
required for the analysis, all the selected datasets were attained by Illumina sequencing.
Illumina sequencing raw data were obtained from the Sequence Read Archive (SRA) database,
NCBI (National Center for Biotechnology Information). A narrowing of the possible number
of candidates was caused by the lack of genomic data available, as out of the approximately
450.000 plant species, less than 0,2% have been completely sequenced (Kress et al., 2022).
For example, the whole genome assembly of Selaginella moellendorffii is not available in
NCBI. S. moellendorffii is the common model organism from the Selaginella genus and
represents Lycophyta, the early diverged vascular plant. Surprisingly, | could not locate
Illumina genomic sequencing raw data in the SRA database for S. moellendorffii but Illumina
sequencing raw data for Selaginella tamariscina was located. However, the origin of all the
other land plants has phylogenetically been proven to be a distinct branch, Euphyllophyta.
Amborella trichopoda, the most primitive angiosperm is a member of this clade included in
the selection. Characterized by absence of vessels in its vasculature, A. trichopoda uses only
simple tracheids for transport of water and assimilates. The more diverged land plant selected

from the euphyllophytes is Arabidopsis thaliana, perhaps the species with the most well-
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studied genome. This organism is a crucifer flowering plant widely used as a model in genetic

laboratories.

Table 1 List of the Studied Organisms includes NCBI Taxonomy ID and genome sizes

information coupled with accession for genomic NGS reads used in the analyses.

Taxonomy | Estimated genome | Accession
Taxon Class/Order ID size (Mb) number
Chlamydomonas Chlorophyceae/
reinhardtii Chlamydomonadales 3055 293 SRR1734617
Chlorophyceae/
Volvox africanus Chlamydomonadales 51714 293 DRR240879
Trebouxiophyceae/
Chlorella vulgaris Chlorellales 3077 26,3 SRR14100011
Desmodesmus Chlorophyceae/ Bisova et al
guadricauda Sphaeropleales 3089 12,6 (unpublished)
Scenedesmus sp. NREL Chlorophyceae/
46B-D3 Sphaeropleales 2650976 151 SRR12974924
Klebsormidiophyceae/
Klebsormidium nitens Klebsormidiales 105231 269 DRR103728
Zygnema Zygnemophyceae/
circumcarinatum Zygnematales 35869 873 SRR10413429
Chara braunii Charophyceae/ Charales 69332 1200 DRR054005
Physcomitrium patens Bryopsida/ Funariales
(accession Kaskaskia) 3218 518 SRR4408325
Marcantiopsida/
Marchantia polymorpha Marchantiales 3197 802 SRR1800536
Lycopolyopsida/
Selaginella tamariscina Selaginellales 137178 301 SRR7135413
Magnolipsida/
Amborella trichopoda Amborellales 13333 868 SRR954308
Magnoliopsida/
Arabidopsis thaliana Brassicales 3702 176 SRR7890551

3.2 Repetitive elements identification

RE2 is a computational tool designed to detect all similarities between short reads of 100-300
base pair length and reads from small proportions of the genome (1x), resulting in highly
accurately isolated repetitive sequences. The use of graph-based clustering of next-generation
sequencing reads yields a better classification algorithm. Furthermore, the Galaxy platform
creates a comprehensible user-friendly interface for the operation of the procedures and for

the interpretation of the results (Novak, Neumann, et al., 2020).

By virtue of the multitude of features RE2 displays, it is widely employed in the bioinformatics
field. The most prominent characteristic of the RE2 tool is the easy-to-use interface
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implemented on the Galaxy platform. The analysis does not require command line skills and
the Galaxy instance of RE2 provides other utility tools such as quality checking and filtering
and adapter removal. Also, RE2 is designed specifically for short sequence reads, which are
currently predominant in genome databases, and is suitable for detection of all repetitive

elements types.

3.2.1 Pre-processing of the data

The Illumina genomic sequencing raw data of all organisms were retrieved from the SRA
database, together with their organelle (plastid and mitochondria) genomes sequences, when
they were available. If organelle genomes for a species were not available, organelle genomes
of another species from the same genus were used. If organelle genomes of another species
from the same genus was not available, the analysis was performed without removing

organelle DNA.

The organelle genomes sequences were retrieved in fasta format and merged to obtain one
single file containing both the chloroplast and mitochondrial DNA sequences for each
organism. This organelle genome file served as a template for the removal of all the reads that

do not belong to the nuclear DNA.

To obtain organelle reads-free input files for the RE2 tool, we developed an in-house script

which implements four analyses steps (listed in appendix):

1. The first step constitutes an alignment using the “Minimap2” program. During this
process, the program uses organellar genomes sequences as a template. These reads
are then stored by the “samtools” software in a mapping file in bam format.

2. The second step separates the reads into three files consisting only of the unmapped
reads: one containing the unmapped paired reads, one containing the unmapped
forward reads, and another one with the unmapped reverse reads.

3. Inthe third step, the three unmapped reads files are merged into one mapping file.

4. The fourth step extracts all the unmapped reads sequences according to the merged

mapping file.
3.2.2 Repeat Explorer 2 analysis

A series of the RE2 utilities tools were employed in the analysis. The first tool used was the
FastQC, which offers a detailed visualization of the read quality report including nucleotide

composition among the read datasets. This report aids the decision-making process for
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establishing the most appropriate trimming range, or even for discarding the dataset altogether
if the per base sequence content and GC content are inadequate. The following tool is a
preprocessing of the reads to filter any adaptors and bad quality reads by trimming the
inadequately distributed read areas (most often at the beginning and at the end of the dataset
due to adaptors used by sequencing facilities). Another RE2 utility tool is Preprocessing of
FASTQ reads. This tool makes memory efficient preprocessing of fastq files. Output of this
file can be used as input of Repeat Explorer clustering. There are two versions of this tool: for
paired-end and single-end reads.

The submission form requires to set a read sampling parameter. Read sampling is set to 1x
genome values and maximumZ100 nt length per read (Table 2). Then the clustering analysis
can be done on the produced sequences from the preprocessing utility tool. In half of the
analyzed organisms (M. polymorpha, S. tamariscina, K. nitens, C. braunii, Z.
circumcarinatum, and A. trichopoda) the sampling reads was less than 1x, most probably
because of high-copy number repeats (Novak, Neumann, et al., 2020) — see results. However,
the read coverage range followed recommendations by developers is (0.5x - 1x).

Table 2 Read sampling

Taxon Sampling
Chlamydomonas 0.33x
reinhardtii
Volvox africanus Ix
Chlorella vulgaris Ix
Desmodesmus 1x
quadricauda

Klebsormidium nitens Ix
Zygnema circumcarinatum Ix
Chara braunii 1x

Physcomitrium patens 0.8x
Marchantia polymorpha 1x
Selaginella tamariscina Ix

Amborella trichopoda 0.72x
Arabidopsis thaliana Ix
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4. Results

Genomes were analyzed and processed using the RE2 computational tool, to isolate and
provide a basic characterization of repetitive elements for each organism, followed by
annotation and graphical representation. RE2 employs an effective graph-based clustering
algorithm, which discards the organelle and contamination reads and groups each repetitive
element into clusters by comparison to specific nucleotide databases. Following this
algorithm, the tool produces a summary clustering graph portraying the unique elements of
the genome (singletons) coupled with the repetitive genome elements grouped into clusters
and superclusters. Clusters depict all repetitive sequences which belong to one particular
repeat family, while superclusters show a more in-depth characterization of repeats by
grouping clusters together on the basis of paired-end read similarity between repetitive
elements, resulting in annotation (Novak, Neumann, et al., 2020). For the purpose of clarity,
superclusters will from this point forward be referred to as annotated repeats, and clusters

without superclusters as non-annotated repeats.

4.1 Pipeline setup, testing and data pre-processing

Chloroplast DNA was removed in the preprocessing in 11/12 organisms. Mitochondrial DNA
sequence was only available for 9/12 organisms, for which reads corresponding to mtDNA
were filtered away (Table 3). Since organelle reads were detected by RE2 even after removing

them, they were not taken into account in the final results.

Table 3 Organelle DNA removed from each dataset

Chloroplast DNA Mitochondrial DNA
Taxon accession number accession number
Chlamydomonas NC _005353.1 NC 001638.1
reinhardtii
NC_039755.1 EU760701
Volvox carteri s.
Volvox africanus nagariensis
Chlorella vulgaris NC_001865.1 NC_045362.1
Desmodesmus - AF204057
guadricauda Scenedesmus obliquus
Scenedesmus sp. NREL - AF204057
46B-D3 Scenedesmus obliquus
Klebsormidium nitens DF238762 DF238763
Zygnema NC 008117.1 -
circumcarinatum
Physcomitrium patens NC_005087.2 NC_007945.1

22



NC_042505.1 FigShare link in appendix
Marchantia polymorpha Marchantia inflexa
Selaginella tamariscina NC_041646.1 -
Amborella trichopoda NC_005086.1 -
Arabidopsis thaliana NC_000932.1 NC_037304.1

To confirm the robustness of RE2, a test run was conducted using Arabidopsis thaliana with
read sampling to reach genome coverage 1x and 0.5x. Repeat Explorer was able to
successfully analyze the complete number of reads for both sampling methods, displaying an
even higher number of analyzed reads than the input sample for the 0.5x sampling method.
However, the percentage of reads representing repetitive elements was 12% lower in the 0.5x

sampling than in the 1x sampling (Figure 7).

In contrast to the 50%-50% GC distribution, the genome of Scenedesmus sp. NREL 46B-D3
showed a 30%-70% ratio, suggesting contamination with a foreign organism. Hence, it was

removed from further analysis.
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Figure 7 Results of sampling of 1x and 0.5x of the Arabidopsis thaliana genome showing the
number of analyzed reads and the amount of single-copy and repetitive reads in percentage.
The 0.5x genome sampling is shown on the left. The two charts on the right represent the 1x
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genome sampling, where all sampled reads were analyzed (Nsampled reads = Nanalyzed reads). A
difference of 12% can be observed between the number of repeats in the 1x sampling and 0.5x

sampling method.

Reads were trimmed to less than 100 nucleotides in P. patens (80), A. trichopoda (72), and C.
reinhardtii (33) due to poor read sequencing quality. Due to the bad quality of the available
WGS paired-end reads, single-end reads were used to analyze the repeats in K. nitens genome.

4.2 Diversity of repeat content in genomes of the green lineage

Following the pre-processing, | next analyzed the repeat content in the 12 plant genomes
(Figure 8) and classified the repetitive elements based on super-cluster annotation (Figures 8
and 9). Following the annotation of repetitive elements, a summary of repeat proportions was
retrieved from the RE2 Galaxy platform, indicating the percentage of repeat classes for each

genome (represented in chapters 4.2, 4.3 and 4.4).
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Figure 8 DNA repeat content: bar chart shows the repetitive sequence content in the 12 studied
organisms. The proportions in percentage out of the entire genome for non-repetitive
sequences (singletons), non-annotated repeats, and annotated repeats are depicted on the right
side. A cladogram (on the left side) depicts the evolutionary relationship between each

organism, and the genome size of each organism is indicated in Mbp.

To assist result interpretation, both repetitive and non-repetitive genome elements were
summarized in a series of pie charts (Figures 9 and 10). The first step was obtaining a general
overview of all genome components analyzed in RE2. Repetitive elements (including non-
annotated repeats) and singletons are depicted as genome percentages in Figure 9. In order to
quantify the contribution of each repeat class to the total amount of repeats in each genome,



the repetitive elements in the 12 species are depicted in Figure 10. Intriguingly, satellite repeats

were not detected in K. nitens, and no transposable elements were detected in S. tamariscina.

The repeat content ranged between 25 — 90 % of the genomes (Figures 9 and 10), with the

highest proportion in S. tamariscina and lowest in D. quadricauda. The annotated repeats

constituted approximately 44% of the total repeat content. Among the annotated repeats,

mobile elements dominated in all species, but S. tamariscina, A. thaliana and C. vulgaris

(Figure 10).
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Figure 9 Proportion of repetitive and singleton reads in each genome. The percentages of
singletons, annotated repetitive elements (mobile elements, rDNA, satellite) and non-
annotated repeats are depicted.
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Noteworthy is the fact that some elements were annotated to some extent as certain repetitive

sequences classes, but not precisely classified further (“not completely classified repeats™)

(Figure 11).
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Figure 11 Summary of not completely classified repeats: Each number represents the

percentage of repetitive elements not assigned to a more specific class of genomic repeats.

I next addressed the question of the contribution of repeat content to genome size (Figure 12).
The lowest proportion of total (annotated and non-annotated) repetitive sequences corresponds
to the smallest genome size. Repeat percentages show a steep increase positively correlated
with genome size, before reaching a plateau of repeat proportion of around 75 — 90 % of the

genome, which is observed in genomes of sizes 293 — 1200 Mbp.
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Repetitive elements in relation to genome size
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Figure 12 Repetitive elements in relation to genome size: Genome sizes are showed on the x-

axis in numerical order, not in the order of evolution of the species that carry these genomes.
4.3 Mobile elements proportions

I next addressed the relative proportion of repeats within different annotated categories in each
species. Figures 13 - 19 show the separate distribution of members in each class of annotated
repetitive elements over the 12 organisms. Figures 13 - 16 provide a graphical comparison of
the amount of different mobile elements detected in all genomes, Figures 17 and 18 portray
all rDNA repeats in the organisms, and Figure 19 shows the distribution of satellite repeats.

4.3.1 Class | elements dominate the mobile elements

The RE2 results show that the proportion of mobile elements of Class | dominates those of
Class Il in all species, constituting 85 (A. trichopoda) - 99% of all annotated mobile elements

(Figure 13). Annotated mobile elements were detected in all organisms except S. tamariscina.
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Figure 13 Proportion of class | and class Il mobile elements: Numbers on the left side of the
y-axis represent the genome size of each organism. The labels with the genome percentage of
class 11 mobile elements (when present) are listed to the right of the class one mobile elements.

Absence of bar and value indicates no elements were detected in the genome.

4.3.2 Non-LTR mobile elements

Annotated non-LTR elements were found in all but three organisms (Z. circumcarinatum, P.
patens and S. tamariscina), which exhibited no annotated non-LTR elements within their
genome (Figure 14a). LINE mobile elements dominated the non-LTR elements, while
Penelope, Pararetrovirus and DIRS were each detected in one organism only and usually

occurred with a lower abundance (Figure 14b).
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Figure 14 Non-LTR (a) and annotated non-LTR elements (b): The label on the y-axis
represents the percentage of non-LTR elements out of the entire genomes. The 0.01 and 0.02
percentage values labeled for A. thaliana and K. nitens in Figure 14b both correspond to LINE

mobile elements. Absence of bar and value indicates no elements were detected in the genome.

4.3.3 LTR mobile elements

The amount of LTR repeats ranges from 0.06% to 47.54% in the analyzed organisms.
Tyl copia was not detected in D. quadricauda, however, Ty3_gypsy retrotransposons were
present. Also interesting is the absence of LTR elements in the organisms C. reinhardtii, C.
vulgaris, and S. tamariscina (Figure 1a). Gypsy repetitive elements have a higher proportion
in comparison to copia retrotransposons in each genome in which LTR retrotransposons were
detected (Figure 15b).
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Figure 15 Proportion of (a) all and (b) annotated LTR mobile elements in the studied genomes.
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The value of 0.06 in D. quadricauda corresponds to Ty3_gypsy type repeats. Absence of bar

and value indicates no elements were detected in the genome.

4.3.4 Class Il mobile elements

Class Il transposons were detected in half of the organisms analyzed (Figure 16a). Class Il
repeats ranged from 0.02 % to 3.02 % in the 12 analyzed organisms. Helitron repeats were
detected only in C. braunii (0.16 %) and A. trichopoda (0.01 %), constituting 39 % and 0.3 %

of class Il repeats, respectively (Figure 16Db).
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Figure 16 Class Il and Annotated Class Il show the total class Il repetitive elements
percentage out of the entire genomes (a) and the number of annotated TIR and Helitron class

Il repeats given as percentage for each genome (b).

4.4 rDNA and satellite repeats

Even though not further annotated into distinct subclasses, rDNA was detected in all analyzed
organisms (Figure 17a). The analysis results show that 45S rDNA is more abundant than 5S
rDNA (Figure 17b). The highest percentage of 45S rDNA was detected in the genome of
Marchantia polymorpha (12.57 %). 5S rDNA was detected in half of the organisms. The only
organism genome which contained 5.8S rDNA (D. quadricauda) is also the only one where
all types of rDNA repeats were annotated (Figure 18). 25S rDNA occupied the largest genome
percentage out of all 45S rDNA repeats.
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Figure 17 rDNA and 5S and 45S rDNA: (a) Bar chart shows all repetitive elements assigned
to the rDNA category. (b) shows the rDNA percentages specifically annotated as 5S or 45S,
including the ones which could be further assigned to the 25S, 18S, or 5.8S subcategories of
45S rDNA.
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Figure 18 Annotated rDNA displays the genome percentages of repetitive elements
distinguished as 5.8S, 25S, 18S and 5S rDNA.

When compared with Figure 17-b, Figure 18 shows that only a small proportion of 45S rDNA
repeats are classified into the 25S, 5.8S and 18S subtypes. Despite the fact that 45S rDNA is
present in each organism, only 4.2 - 66.47% of it was annotated as either 5.8S, 25S, or 18S.

Satellite repeats were identified in all but one of the 12 organisms, the exception being the
genome of K. nitens (Figure 19). The organism with highest abundance of satellite DNA
identified in V. africanus, with satellite sequences representing 4.15% of its genome.
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Figure 19 Proportion of satellite repeats in the studied genomes. Organism names are listed

on the x-axis.

5. Discussion

Repetitive elements are a major component in plant genomes. However, not much is known
about their distribution and functions across the 450000 plant species. The aim of this study
was identifying and characterizing repetitive elements present in 12 plant genomes using
Repeat Explorer 2. The Repeat Explorer 2 tool is a computational pipeline integrated in the

Galaxy platform.

Mobile elements were detected in 11 out of 12 organisms, class | transposons dominating class
Il transposons in every case. These results confirm the standing hypothesis in the field, that
class | mobile elements are more abundant in plant genomes than class Il mobile elements
(Dooner & Weil, 2007). A hypothesis why this is so could be the euchromatic organization of
class 1l mobile elements (Dooner & Weil, 2007). The association of class Il mobile elements

with genic regions may impede their detection.
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The software detected rDNA repetitive elements in all genomes, and non-LTR mobile
elements in 9 out of 12 organisms. These findings confirm previous hypothesis that non-LTR
transposable elements are almost ubiquitous in plants, especially in closely related species
(Noma et al., 1999). Some class | mobile elements appear to be species specific. DIRS,
Pararetrovirus and Penelope were each only detected in one organism out of the 12 we
analyzed. Also, Helitron repeat families appear to be species specific, confirming the
previously postulated theory that class Il mobile elements are accountable for gene
modifications by transposing into euchromatin regions and therefore, plant allele divergence
(Han et al., 2013).

5.1 Amount of repeats in relation to genome size and phylogenetic position

We observe that A. trichopoda and M. polymorpha with similar genome size (802 and 868 Mb
respectively) have a comparable proportion of repeats, but they belong to different
evolutionary groups (Figure 8). C. reinhardtii and V. africanus belong to the same class
(Chlorophyceae) and show highly similar genome sizes (293 Mb) and amounts of repetitive
elements (87%) in their genome (Figure 8). However, the proportion of clustered repeats
slightly differs between them (Figure 8). A similarity of repetitive elements percentage can
also be observed between C. braunii, P. patens and M. polymorpha, which succeed each other
in the cladogram (Figure 8). D. quadricauda has the smallest genome size and at the same
time the least number of repeats out of all organisms, followed by C. vulgaris which has the
second smallest genome and the second least number of repeats (Figure 8). The highest
number of repeats (90%) was detected in S. tamariscina, an organism with a medium size
genome (301 Mb) of the analyzed species (Figure 8). Despite this, however, the repeats
percentage plateaued in the range of 67%-83% as genome size increased from 293 Mb to 1200
Mb (Figure 12).

Overall, the number of repetitive elements increased as the genome size became larger in the
organisms we analyzed. This result is in line with standing hypotheses that major drivers of
genome size expansion in plants are whole-genome duplication and repeat expansion (Macas
etal., 2015; Wendel et al., 2016). A previously conducted study concluded that repeat content
has a positive correlation to genome size in plants (Michael, 2014). Furthermore, Novak et al.
determined that up to the genome size of 5 Ghp, repetitive elements have a sharp increasing
trend in the genomes of seed plants (Novak, Guignard, et al., 2020). Still, the reason why the

repetitive element percentage reaches a plateau of 80%-85% remains questionable. One
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possibility may be the requirement of certain coding DNA percentage in the plant genomes.
The highest amount of repeats in all plant genomes is 90%, suggesting that plants may need
at least 10% coding DNA in order to function (Mehrotra & Goyal, 2014).

S. tamariscina has the highest amount of repeats (90%) despite the fact that no annotated
mobile elements were found in its genome. This value is three times higher than the repeat
content in the S. moellendorffii species, which has a considerably smaller genome size (105
Mbp) (Xu et al., 2018). As described by Xu et al., this may be caused by the expansion of

repeats which produced desiccation tolerance in S. tamariscina (Xu et al., 2018).

5.2 Annotation of repeats

Despite the fact that the 45S rDNA cistron (in the standard tandem organization 18S-5.8S-
25S) is well conserved in evolution (He et al., 2022), RE2 did not identify the individual
subgenes precisely. Less than 15% of the 45S rDNA detected by RE2 was attributed to either
5.8S, 25S or 18S categories (Figure 18). However, the RE2 algorithm functions by selecting
a “node” (either mobile element, rDNA or satellite), followed by classification attempts based
on thresholds (Novéak, Neumann, et al., 2020). When the threshold values are not satisfied, the
further classification does not take place. As a result, 45S rDNA was identified first, and then
could not be completely attributed to either 5.8S, 25S, or 18S rDNA. However, the developers

recommended a manual classification for such cases.

Satellite repeats are not annotated in K. nitens despite being found in all other analyzed
organisms (Figure 19). This may arise from difficulties of the software to detect highly
variable tandem repeats in genomes not previously analyzed (Novak, Neumann, et al., 2020).
It is possible, that satellite repeats in K. nitens carry a significant amount of sequence variation
that prevents their annotation. Moreover, mobile elements were not detected in S. tamariscina
(Figure 13). However, since only 33% of the repetitive elements were annotated further in this

species, it may be that mobile elements are actually present, but not annotated as such.

5.3 Class Il mobile elements in algae and land plants versus other organisms

DNA transposons were scarcely detected in the 12 organisms, ranging between 0.02% and a
maximum value of 3% out of the entire genome (Figure 13). These values are significantly
lower than the percentages occupied by class I transposons (0.32 % - 45.55 %) (Figure 13).
This result may be explained by the fact that DNA transposons occupy highly variable

proportions within plant genomes. Out of the total number of transposable elements, class Il
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mobile elements represent 87% in Oryza sativa, but 1% in Zea mays, both being monocots
(Feschotte & Pritham, 2007; W. Li et al., 2004). Furthermore, class Il mobile elements tend
to occupy smaller percentages of mammalian, green algae and plants genomes than those of
parasites. Around 10% of transposable elements in human are class 11, 5% in mouse, but,
interestingly, as much as 70% in Aedes aegypti (yellow fever mosquito) or 98% in

Trichomonas vaginalis (Feschotte & Pritham, 2007).

6. Conclusion

Here, | have characterized the proportion of repetitive sequences in the genomes of 11
representative genera of the green lineage, ranging from green algae to land plants using the
RepeatExplorer 2 software. Repeats were identified and classified as mobile elements, rDNA,
or satellites, and further into subcategories. Our findings were in line with standing theories
of genome expansion, concluding that plant genomes differ considerably in size and repeat
content, larger genomes having the tendency to contain more repeats. A large proportion of
repeats was not annotated, suggesting a high sequence variance and/or a low standing
repetitive element annotation ability in the green lineage. The results we obtained provide data
with considerable potential implications in the plant genetics field. It can be inferred that both
genome size and divergence may play a role in the repetitiveness of plant genomes, with larger
genomes accumulating repeat sequences. Furthermore, certain subcategories such as DIRS,
Pararetrovirus, Penelope and Helitron may be species specific. However, further work is
required to gain a more in-depth understanding of the dominant mechanisms influencing plant
genomes. Apart from the increased sequencing efforts necessary, considerable optimization is
required for repetitive elements annotation software. As a future outlook, annotation results
may be improved and verified by laboratory experimental analysis (such as fluorescence in

situ hybridization).
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8. Appendix

Genomes on a Tree (GoaT) - accessible at https://goat.genomehubs.org/

FigShare link to mitochondrial DNA of Marchantia inflexa:
https://figshare.com/articles/dataset/Marchantia_inflexa_mitochondrion_and_chloroplast_ge
genom/6639209/1

Script used in the data preprocessing:

#1/bin/bash

file_n=$(echo $2|sed "s/_1P.fastq.gz//g")

minimap2 -ax sr -t 30 $1 $2 $3 |samtools sort -@ 30 -0 $file_n.bam -
samtools view -@ 30 -u -f 4 -F 264 $file_n.bam > tmps1.bam
samtools view -@ 30 -u -f 8 -F 260 $file_n.bam > tmps2.bam
samtools view -@ 30 -u -f 12 -F 256 $file_n.bam > tmps3.bam
samtools merge -@ 30 -u - tmps[123].bam | samtools sort -n - -0 unmapped.bam
bamToFastq -i unmapped.bam -fq $file_n.1.fq -fq2 $file_n.2.fq

rm *.bam

gzip *.fq

echo 'DONE'
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