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General Introduction

Historical perspective and current framework on genome size and
repetitive DNA

The existence of immense variation in haploid DNA content (C-value) has been

acknowledged since the middle 1960s (Cavalier-Smith, 1978; references therein). In

Eukaryotes, the interspecific C-value variation is at least of five orders of magnitude, while

the intraspecific variation is assumed to be almost negligible in comparison (Graur, 2016;

Gregory, 2001; but see Stelzer et al., 2021). The lack of correlation between genome size

and organismal or genetic complexity (i.e., number of protein-coding genes) contradicted the

expectations of the scientific community at the time and remained as an apparent paradox

for many years (Cavalier-Smith, 1978).

A significant proportion of eukaryotic genomes is represented by sequences that are

repeated thousands or even millions of times (Charlesworth et al., 1994) whose diversity has

been grouped under the concept repeatome (Y. B. Kim et al., 2014), adding to the earlier

and widely extended concept, the mobilome (Siefert, 2009). The latter includes all types of

sequences capable of moving within and between genomes, including transposable

elements, viruses, bacteriophages and self-splicing sequences such as group II introns

(Siefert, 2009). According to their pattern of genomic distribution, repetitive elements are

classified into two main groups, (I) those sequences distributed in tandem and (II) those

dispersed repeats (Richard et al., 2008). Tandem repeats include multigene families,

minisatellites, microsatellites, and satellites (Richard et al., 2008). Dispersed repeats include

transposable elements (TEs), dispersed multigene families and pseudogenes (Richard et al.,

2008).

Repetitive elements are popularly associated with the inaccurate term “junk-DNA”.

This concept was formally coined by Ohno (1972) to refer to the extra non-coding DNA that

could explain the existence of genome size variations. Although he specifically referred to
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pseudogenes (Kuska, 1998; Palazzo & Gregory, 2014), the scientific community rapidly

embraced the term to indiscriminately designate different kinds of sequences that were

assumed to be non-functional and neutrally evolving. This led to many contemporary

debates and controversies that primarily focused on the notion of functionality, many of

which are still open (e.g., ENCODE debate; Doolittle et al., 2014; Graur et al., 2013; Palazzo

& Gregory, 2014).

It was soon recognized that the genome size of related taxa could vary discretly, i.e.

as multiples of a basal value, or gradually (Gregory, 2001; references therein). Moreover,

this variation could be caused by different interacting mechanisms, such as whole-genome

duplications (WGD, i.e., polyploidy) followed by diploidization, segmental duplications,

deletions, and variations in repetitive content (Blommaert, 2020; Graur, 2016; Gregory,

2001). The "C-value paradox" was outmoded by the understanding of the mechanisms

behind variations in genome content, but mainly by the discovery of significant variations in

the content of repetitive DNA that was considered "non-functional" (Graur, 2016; discussed

below). The evolutionary processes that contribute to the apparently non-random variation in

genome size are not so well known and understood and remain under the reframed concept

“C-value enigma” (Gregory, 2001).

Another example of debate surrounding repetitive DNA is the concept of genetic

“selfish” elements, usually applied to transposable elements but also sporadically used for

satellite DNA (e.g., Charlesworth et al., 1994). Selfish elements are genomic parasites that

amplify and mobilize within a host genome against individual fitness (Kidwell & Lisch, 2001).

The parasite analogy, which was first coined for TEs by Orgel and Crick (1980), captures the

mobilizing and amplifying mechanisms of TEs and the intragenomic selection acting on them

(Kidwell & Lisch, 2001). Nevertheless, as occurred with the terms “junk”, many authors have

been for and against the term “selfish” (Kidwell & Lisch, 2001; Palazzo & Gregory, 2014).

The main argument against it is that it could disregard the potential benefits of repetitive

elements to hosts and its many implications in genomic evolution (Kidwell & Lisch, 2001).
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Some authors proposed that the relationship between TEs and their host genomes

would be better described as a continuum, fluctuating from extreme parasitism to mutualism

(Kidwell & Lisch, 2001). This analogy was later expanded, giving rise to the term “ecology of

the genome”, where repetitive elements and their host genomes are considered species

belonging to the same ecological community (Brookfield, 2005; Venner et al., 2009).

Different genomic species would occupy different genomic niches, and a series of possible

interactions could take part (e.g., parasitism, mutualism, neutralism) between TEs and the

host sequences, and between different TE species within the same organism (Venner et al.,

2009).

Finally, based on the selected-effect function at the organismal level, that is, the

function a sequence was maintained for by natural selection, Graur et al. (2015) proposed

four categories of genomic DNA: i. the result of selection on nucleotide sequence on “literal”

ones (e.g., genes), ii. the result of selection acting on sequence distribution/structure or

“indifferent” (e.g., centromeric DNA, spacers, fillers), both types considered as functional

sequences; iii. “junk”, if the genomic segment is not under selection, or iv. “garbage”, if it is

under non-effective purifying selection, both considered as non-functional sequences. These

four categories could be transcriptionally active or not, translated or not and could change of

status during evolution, e.g., junk to literal DNA (Graur et al., 2015). Thus, a careful

interpretation of the diversity of repetitive elements can lead to the inclusion of different

repeats in any of these four categories.

Repeatome components

Several classification schemes are available cataloging the diversity of repetitive

elements and have been the subject of intense discussion, especially for TEs (Arkhipova,

2017; Charlesworth et al., 1994; Piégu et al., 2015; Storer et al., 2021; Wicker et al., 2007).

This work focuses mainly on TEs and satellites because these are frequent sources of

genome size variations in eukaryotes (e.g., Bosco et al., 2007; Stelzer et al., 2021; Wong et

al., 2019).
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Transposable elements can move through the genome (and between genomes) by

different mechanisms. The first fundamental division of TEs, proposed by Finnegan

(Finnegan, 1989), is based on the nature of their transposition intermediate (Wells &

Feschotte, 2020) and is the base of most classification schemes. Class I retrotransposons

have retro-transcribed RNA intermediates and are integrated into novel locations in a

“copy-and-paste” manner. Class II transposons do not have RNA intermediates and are

usually known as “DNA” transposons. Most Class II TEs transpose by a “cut-and-paste”

mechanism, in which the element is cleaved and re-integrated in other chromosomal

locations (Wells & Feschotte, 2020).

Transposable elements have characteristics that make them particularly difficult to

classify (reviewed in Arkhipova, 2017). Briefly, such characteristics include their multiple

origins and the occurrence of events that create chimeric and fragmented elements (e.g.,

nested insertions, recombination, arrested transposition) (Arkhipova, 2017). Existing

classification schemes combine different cladistic, mechanistic, and structural criteria to deal

with TE diversity and therefore differ in assigning nested hierarchies such as class, order,

superfamily, family or subfamily of TEs (Storer et al., 2021). For practical and operational

reasons, a family of TEs is defined by a 80-80-80 rule (Wicker et al., 2007): a family includes

sequences (>80pb) that show 80% similarity in 80% of their sequence.

Satellites (satDNA) are highly repetitive monomeric sequences organized in tandem,

forming blocks in centromeres and heterochromatic regions (reviewed in Plohl et al., 2012).

They are mainly distinguished from other tandem repeats such as micro and minisatellites by

the size of their arrays, which is two orders of magnitude higher than minisatellites (Richard

et al., 2008). Despite its structural roles in chromosome structure, satellite DNA shows rapid

evolutionary changes due to different processes involved in its origin, dispersion and

homogenization, leading to intra and interspecific variations (Garrido-Ramos, 2017; Lower et

al., 2018; Plohl et al., 2012). A formal classification scheme for satDNA is still lacking, but its

diversity is usually classified into families and superfamilies depending on sequence

similarity (e.g., Ruiz-Ruano et al., 2016).
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SatDNA and TEs are traditionally considered differentiated elements (e.g.,

Charlesworth et al., 1994), but there is a growing amount of evidence that these elements

are closely interrelated and constitute a complex network that affects genomic architecture

(reviewed in Meštrović et al., 2015; Paço et al., 2019). Both utilize similar chromosomal

niches, satDNA can be originated by the activity of TEs and also mobilized by them, and

both can have copies distributed in dispersed and clustered manners (Paço et al., 2019).

The different molecular mechanisms related to TEs and satDNAs biology turn them

into potential mutagenic agents, producing genetic restructuring at genomic or chromosomal

scales and alterations in gene structure and expression (Biscotti et al., 2015; Feschotte,

2008; Warren et al., 2015). There is growing evidence that TEs can be recruited into novel

functions or genes (Cosby et al., 2021; Feschotte, 2008). SatDNA has been shown to play

an active role in the formation and maintenance of chromatin structure, affecting genomic

integrity and stability (Biscotti et al., 2015; Garrido-Ramos, 2017). Finally, the repeatome is

currently considered a potential source of evolutionary novelties that impact on the

macroevolution of organisms (Y. B. Kim et al., 2014; Warren et al., 2015). A broader

exploration of the great diversity of repetitive elements along the tree of life would have a

central role in developing of our understanding of the evolution of eukaryotic genomes and

their consequences.

TEs: evolutionary mechanisms and related processes

The mobile capacity of TEs would favor their increase in copy number unless

constrained by natural selection. In summary, three forces affect the success of TE spread

(Wells & Feschotte, 2020): i. the rate of transposition, ii. the rate of fixation of insertions, and

iii. the rate of deletion and erosion. At the same time, these three forces are influenced by

populational, genetic, and environmental factors that interplay during the lifecycle of a TE

(Wells & Feschotte, 2020). Different mechanisms of TE control and silencing have evolved

that affect the rate of transposition and deletion. In animals, one of the main mechanisms of
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TE silencing is the PIWI and pi-RNA pathway that prevents TE mobilization by epigenetic

marks and direct degradation of TE-derived RNAs (Yamanaka et al., 2014).

On the other hand of this intragenomic “race”, TEs tend to overcome host silencing

mechanisms by random mutation, insertion preferences and lateral transmission (Wells &

Feschotte, 2020). Mobile elements are often considered sexually-transmitted, as sexual

reproduction and recombination can allow TEs to escape silencing by invading novel

genomic backgrounds. In this context, asexuality can lead to the selection of reduced

insertion rates and effective silencing mechanisms, therefore reducing TE-load over time

(Boutin et al., 2012; Glémin et al., 2019). An opposite hypothesis proposes that TE-load

would increase in asexuals due to a decrease in the effectiveness of purifying selection on

linked traits but would eventually be lost by a Muller’s “ratchet” like mechanism (Glémin et

al., 2019 and references therein).

To understand the accumulation/loss of repetitive elements, we also have to

recognize processes acting on a higher level, that is, external forces affecting genome size

change. Both selective and neutral hypotheses have been proposed to address this issue

and have gained support in different lines of evidence and different groups of organisms

(reviewed in Blommaert, 2020).

Genomic size can be positively correlated to cell and body size and negatively to

developmental and metabolic rates, among other traits (Alfsnes et al., 2017; Beaudreau et

al., 2021; but see Gardner et al., 2020). Two main selective hypotheses were proposed to

explain these correlations. The Nucleotypic Hypothesis establishes that genome size is

under selection, as DNA quantity is expected to affect phenotype directly (Bennett, 1972).

According to the Nucleoskeletal hypothesis, genome size is a sub-product of selection

acting on other features which depend on DNA content acting as a structural component of

the nucleus (Cavalier-Smith, 1978).

On the other hand, two (nearly)neutral hypotheses were recently proposed to explain

genome size variation. Following the Mutational Equilibrium Hypothesis, genome size

would be determined by the balance between the rate of “junk” DNA accumulation and its
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gradual loss by drift (Petrov, 2002). In other words, genome size would result from the

equilibrium between insertion and deletion rates. On the contrary, the Mutational Hazard

Hypothesis considers population size as the main factor driving genome size evolution

(Lynch & Conery, 2003; but see Roddy et al., 2021). In populations with small effective

population sizes, slightly deleterious insertions could be fixed by drift, and these populations

would tend to accumulate DNA over time (Lynch & Conery, 2003). The contrary would be

true in sufficiently large populations, in which slightly deleterious insertions or duplications

would be filtered out by natural selection (Lynch & Conery, 2003).

Ultimately, a single factor would not explain the eukaryotic genome size range and

the great diversity of repetitive elements. Several historical, ecological, and genetic factors

(or a combination of them) can have different importance in independent lineages (Alfsnes et

al., 2017; Wells & Feschotte, 2020).

Medusozoans and their genomic organization

The cnidarian clade Medusozoa (4,073 current species) is distinguished by a series

of characteristics, including the presence of metagenic life cycles with three differentiated

stages (i.e., polyp, medusae and larvae), linear mitochondria, varied reproduction strategies

and demographic phenomena known as blooms and swarms (Arai, 1997; Dawson &

Hamner, 2009; Kayal et al., 2018; Morandini et al., 2016). Medusozoa is composed of four

different classes, of which Hydrozoa and Scyphozoa are the most species-rich, with ca.

3,752 and 224 contemporary species respectively, followed by the less specious classes

Cubozoa (48 spp.) and Staurozoa (49 spp.; World Register of Marine Species, 2022).

According to a recent and robust phylogenetic hypothesis of Cnidaria (Kayal et al.,

2018), two main Medusozoa lineages were reconstructed: Hydrozoa and Acraspeda, the

latter composed of the remaining classes as follows: (Staurozoa(Scyphozoa, Cubozoa))

(Figure 1A). The clade composed of Scyphozoa and Cubozoa, known as Rhopaliophora,

stands out for the predominance of the life cycle stage known as jellyfish or medusae

(pelagic sexually active stage), of non-colonial polyps and the presence of sensitive
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structures called rhopalia (Kayal et al., 2018). Scyphozoa is further divided into two main

clades: the subclasses Coronamedusae (7 families, 13 genera and 59 spp.) and

Discomedusae (15 families, 48 genera and 165 spp.; Bayha et al., 2010; Kayal et al., 2018;

World Register of Marine Species, 2022).

Despite the relatively small number of Scyphozoa species and their apparent

simplicity, it harbors variable ecological, biological, and populational features that can

potentially impact genome dynamics and evolution (discussed below). This, together with the

fact that many species can be maintained in laboratory conditions (Jarms et al., 2002), make

them a proper biological system for testing different evolutionary hypotheses such as the

evolution of complex life cycles and the establishment of symbiosis, among others.

The metagenic life cycles imply the existence of four stages that succeed during a

scyphozoan lifetime and differ in body plan and environment (Djeghri et al., 2019; Figure

1B): the planula larvae (short-lived, free-swimming), the polyp (benthic, sessile,

asexually-reproducing), the ephyrae (immature jellyfish) and the medusae (pelagic

free-swimming sexually-reproducing). The evolution of species with complex life cycles

would be affected by developmental and genetic constraints because the same genome

would be under different selective regimes at the stages presenting different lifestyles (e.g.,

solitary/colonial, planktic/benthic; Albecker et al., 2021; Moran, 1994).

These contrasting patterns between stages can also be found between species that

have lost or reduced a life stage, for example becoming holoplantic or holobenthic. Such

reductions include the Coronatae species Periphylla peryphilla (direct development without a

polyp stage; Jarms et al., 1999), and Thecoscyphus zibrowii (jellyfish reduced to a

reproductive structure called egg sack, which sometimes remains fixed to the polyp; Sötje &

Jarms, 2009). The Medusozoa general life cycle pattern shows remarkable plasticity, as

many other deviations from it were described, such as life-cycle reversions (Morandini et al.,

2016).

Several mechanisms of asexual reproduction exist in Medusozoa besides

metamorphosis and metagenesis: podocyst formation, lateral budding, stolons, and
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regeneration, (Schiariti et al., 2014). Species can asexualy reproduce by one (mono-mode)

or several (multi-mode) of the aforementioned strategies. For example, both multi-mode and

mono-mode species have been identified in Scyphozoa, of which multi-mode presented the

highest rates of polyp production (Schiariti et al., 2014). Three main topics are important

regarding reproductive modes: (I) it is suggested that rapid propagation by asexual

strategies can impact population size and predispose species to bloom (Schiariti et al.,

2014); (II) the effect of different reproductive strategies in the evolution of genome size; and

(III) asexual propagation can pass on somatic mutations to new individuals. If we also

consider the potential perennial nature of polyps (Morandini et al., 2016) and the hypothesis

of a lack of germline in Cnidaria (Watanabe et al., 2009), scyphozoans are suitable for

studying the contribution of somatic mutations in animal evolution.

In terms of ecological interactions, the establishment of the photosymbiosis with

eukaryotic zooxanthellae would have happened at least seven times independently in

Medusozoa (Djeghri et al., 2019). In Scyphozoa, species from two Coronamedusae genera

and 12 Discomedusae genera harbor zooxanthellae, some of them facultatively (reviewed in

Djeghri et al., 2019). Zooxanthellae are vertically transmitted during asexual reproduction

and strobilation or taken up by polyps after larvae metamorphosis (Djeghri et al., 2019). The

nutritional dependence on symbiosis is variable among species, and it is suggested that

photosynthetic contribution to nutrition would be higher in the medusae than in the polyp

stage (Djeghri et al., 2019). Establishing the symbiotic relationship is known to have

profound impacts on the genomes of both the symbiont and the host, including extensive

reduction of the first and acquisition of laterally transferred genes by the second, among

other effects (Sloan et al., 2014; and references therein).

In recent years, significant advances have taken place regarding Medusozoa

genomics. With multiple genomes being sequenced and assembled, different topics

regarding Medusozoa-centric questions are being addressed, such as the emergence of the

medusae and complex venom sets. Nevertheless, compared with other groups of animals,

our knowledge of their genomic organization is still scant. This is especially evident when
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considering repetitive elements that, with very few exceptions, were not the main objective of

most genome projects and reported information was very limited.

Figure 1 - Medusozoa phylogeny, main clade representatives, and lifecycle. A. Phylogeny and
clade representatives. The tree topology was retrieved from previous phylogenetic analyses (Kayal
et al., 2018; and references therein). Species names are as follows (from left to right):
Craspedacusta sowerbii, Haliclystus sanjuanensis, Tamoya haplonema and Phyllorhiza punctata.
Except for the C. sowerbii photograph that Marta Chiodin kindly provided; all other photographs
were obtained from Cifonauta (Migotto & Vellutini, n.d.) and were captured by Alvaro E. Migotto
(Hydrozoa and Cubozoa) and André Carrara Morandini (Scyphozoa). B. Schematic representation
of Medusozoa complex life cycle, exemplified by the scyphozoan Chrysaora lactea (Morandini et
al., 2004). General life cycle variations were described for almost all of the stages in the different
clades. For example, the ephyrae are supposed to be exclusive of Scyphozoa, and strobilation is
replaced by metamorphosis in Cubozoa and Staurozoa (Straehler-Pohl & Jarms, 2022).
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Hydra is the most extensively studied from this point of view, where studies have

focused on the determination of the repetitive elements responsible for the genome size

expansion (Wong et al., 2019), on microsatellite marker description and dynamics

(Ruiz-Ramos & Baums, 2014; Schenkelaars et al., 2020), and mechanisms of TE repression

(Teefy et al., 2020; Ying et al., 2022). Two main pathways of TE repression were identified:

the PIWI pi-RNA pathway and DNA methylation. In the first case, PIWI–piRNA complexes

that produce the cytoplasmic degradation TE-derived RNAs repressed transposition in Hydra

vulgaris (Teefy et al., 2020). Unlike other metazoans, where the TE repression activity of this

pathway is restricted to the germ line, PIWI-piRNAS actively degrade TEs in somatic cells in

Hydra (Teefy et al., 2020). In the second case, CpG methylation targeted young

TE-insertions and declined in more divergent ones (i.e., older copies), suggesting a role in

TE immobilization (Ying et al., 2022). In the remaining Medusozoa, transposable elements

and microsatellites have been characterized to some extent (i.e., TE annotation in most

published genomes), but satellite DNA was estimated with non-specialized tools in two

scyphozoan species with no further characterization (Gold et al., 2019; H.-M. Kim et al.,

2019).

This dissertation aims to contribute to the knowledge of genome content and

organization in Medusozoa, with emphasis on Scyphozoa. For that, this work was organized

in two independent but interconnected chapters related to this thematic. The first chapter,

entitled “The state of Medusozoa genomics: current evidence and future challenges”, is

focused on reviewing all available information about Medusozoa genomes, that is, from

karyotypes and genome size estimations, to the recent advances in sequencing projects. We

also addressed potential standardization problems that could potentially hinder novel

discoveries.

In the second chapter, entitled “Jellyfish repeatomes uncover hidden satellite

diversity and provide insights into the C-value enigma”, we presented novel genomic

information for several scyphozoan species representing its two main clades and studied



12

their repeatomes in a comparative framework for all available datasets to understand the

evolution of repetitive elements in the group and its putative association to genome size and

the C-value enigma. Finally, general conclusions were presented in the last part of the

dissertation.
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Abstract

A significant portion of the eukaryotic genome comprises a great diversity of

repetitive elements, collectively known as the repeatome. Despite being previously

considered expendable, it has gained revived importance at the present due to its potential

as a source of evolutionary novelties. Medusozoa is a widely distributed ancient lineage that

harbors one-third of Cnidaria diversity. This clade is characterized by the existence of

complex life cycles that, together with body plans, show marked plasticity. Like other

early-diverging Metazoa, the information related to their genomic organization and their

repeatome is scarce, a gap that we aimed to fill. First, we reviewed different sources of

genetic and genomic information, including cytogenetic records and high-throughput

sequencing (HTS) projects. We highlighted a lack of standardization in genomic projects

which can potentially affect evolutionary inferences. Then, we restricted our analysis to the

class Scyphozoa which harbors ca. 242 species. The availability of genomic data coupled

with variable biological characteristics and the relatively small and repeat-rich genomes of

scyphozoans make them suitable study systems for the study of the evolution of the

repeatome. Based on the use of HTS datasets, we carried out a comparative analysis of the

repetitive content of 12 species of Scyphozoa that showed a 11-fold genome size variation.

For the first time, we carried out a detailed characterization of the satellite content in

Scyphozoa and found high variation in the number of satellite families per species and their

features (abundance, GC%, monomer length). Moreover, we observed that larger genomes

had higher percentages of transposable elements (TEs: ~20-35%; satellites: ~3-10%), while

smaller genomes were generally dominated by satellites or showed similar proportions of

both elements (TEs: ~2-25%; satellites: ~1-22%). We propose general trends regarding

Scyphozoa repeatome and the implications of the abundance and diversity of different

transposable elements in the evolution of their genome sizes.
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Resumo

Uma parcela significativa dos genomas de eucariotos é composta por uma grande

diversidade de elementos repetitivos, conhecidos coletivamente como repitoma. Apesar de

anteriormente considerado dispensável, o repitoma ganhou importância revivida na

atualidade devido ao seu potencial como fonte de novidades evolutivas. Medusozoa é uma

linhagem antiga, amplamente distribuída que abriga um terço da diversidade de Cnidaria.

Este clado é caracterizado pela existência de ciclos de vida complexos que, juntamente com

os planos corporais, apresentam marcada plasticidade. Como em outros grupos de

metazoários basais, as informações relacionadas à sua organização genômica e seu

repitoma são escassas, uma lacuna que procuramos preencher. Primeiro, revisamos

diferentes fontes de informações genéticas e genômicas, incluindo registros citogenéticos e

projetos de sequenciamento de alto rendimento (HTS). Destacamos a falta de padronização

em projetos genômicos que podem afetar potencialmente as inferências evolutivas. Em

seguida, restringimos nossa análise à classe Scyphozoa que abriga ca. 242 espécies. A

disponibilidade de dados genômicos de cifozoários combinada com as suas características

biológicas variáveis e genomas relativamente pequenos e ricos em DNA repetitivo, os

tornam sistemas de estudo adequados para o estudo da evolução do repitoma. Com base

no uso de conjuntos de dados HTS, realizamos uma análise comparativa do conteúdo

repetitivo de 12 espécies de Scyphozoa que apresentaram uma variação de 11 vezes no

tamanho do genoma. Pela primeira vez, realizamos uma caracterização detalhada do

conteúdo de satélites em Scyphozoa e encontramos alta variação no número de famílias de

satélites por espécie e suas características (abundância, GC%, comprimento do

monômero). Além disso, observamos que genomas maiores tinham porcentagens mais

altas de elementos de transposição (TEs: ~20-35%; satellites: ~3-10%), enquanto genomas

menores eram geralmente dominados por satélites ou mostravam proporções semelhantes

de ambos os elementos (TEs: ~2 -25%; satellites: ~1-22%). Propomos tendências gerais
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sobre o repitoma de Scyphozoa e as implicações da abundância e diversidade de diferentes

elementos de transposição na evolução de seus genomas.


