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ABSTRACT OF THE DISSERTATION 

 

From Transposable Elements to DNA Methylation: 

The Role of Genome Regulation 

in the Evolution of the Jellyfish Medusa 

 

by 

 

Xinhui Zhang 

Doctor of Philosophy in Biology 

University of California, Los Angeles, 2022 

Professor David K. Jacobs, Chair 

 

 

One phenomenon that has perplexed biologists for decades is the lack of correlation 

between genome size and organismal complexity, aka the ‘C-value paradox’. It is now 

generally accepted that the paradox is caused by repetitive, non-coding sequences such 

as transposable elements. These ‘selfish’ or ‘parasitic’ sequences have profound impacts 

on the host genome. For instance, DNA methylation is thought to have originated as a 

defense mechanism against these genome parasites. As one of the most conserved 

epigenetic modifications in eukaryotes, DNA methylation plays important regulatory 

roles in animals. However, the evolution of transposable elements and DNA methylation 

have rarely been studied in non-bilaterian animals. This dissertation explores genome 
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regulation in Cnidaria, the sister group of Bilateria, and its potential role in the 

evolution of complex life histories.  

            Chapter 1 studies the distribution of DNA methylation across Cnidaria using 

published genomes and transcriptomes of over 70 species. By analyzing a proxy of DNA 

methylation, I show this epigenetic modification is prevalent in Cnidaria with instances 

of loss in a group of endoparasitic species. I also show cnidarian DNA methylation 

shares many similarities with bilaterian invertebrates, supporting the hypothesis that 

gene body methylation is the ancestral state in Eumetazoa. Additionally, cnidarians with 

complex life cycles tend to have heavier methylation, and both gene body methylation 

and repeat methylation increase with genome sizes.  

            Chapter 2 examines DNA methylation patterns across the life history of a 

scyphozoan jellyfish, Aurelia coerulea, via stage-specific whole-genome bisulfite 

sequencing. This work characterizes the distribution of DNA methylation on the Aurelia 

genome, the correlation between methylation and expression levels, and highlights that 

sparsely-methylated genes tend to be expressed dynamically. Moreover, many genes are 

differentially methylated across life history stages; however, methylation changes do not 

predict expression changes. This study indicates that the regulatory role of gene body 

methylation lies more in stabilizing expression, a notion emerging as the primary 

function of DNA methylation in animals.  

            Chapter 3 studies transposable elements (TEs) in the Aurelia genus. TEs in 12 

species are annotated and quantified using whole genome sequencing. One clade shows 

signatures of ancient TE expansion events, indicating the TEs have undergone different 

evolutionary histories. Based on the phylogeny within the genus, these expansion events 

predate the closure of the isthmus of panama which separated the two clades of Aurelia. 
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Additionally, the genome size difference between Aurelia aurita and Aurelia coerulea is 

unlikely due to activities of known TEs; however, Aurelia genomes harbor many unique 

TEs that would be worth further exploring.  

 Overall, this dissertation research shows that Cnidaria is one of the most 

fascinating systems to study the evolution of genome regulation. As the first animals 

with real tissue layers, neuro-sensory systems, and a wide variety of different life 

histories, Cnidaria can shed light on how the genome ‘dark matter’ plays a role in the 

evolution of animal complexity.  
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Supplemental Materials  

Table S1. Genomic/transcriptomic resources used in this study. Gray shaded species 
indicate predicted gene models used for gene body CpGo/e analyses instead of 
transcripts.  

Class Order Species Source for GbM analyses 
Source for repeat 
methylation analyses 

Anthozoa 

Actiniaria 

Actinia tenebrosa GCF_009602425.1 GCF_009602425.1 

Aiptasia pallida   Zapata et al. 2015 GCF_001417965.1 

Anthopleura 
elegantissima 

GBXJ00000000; 
GBYC00000000  

Edwardsiella lineata Stefanik et al. 2014  

Nematostella 
vectensis  GCA_000209225.1 GCA_000209225.1 

Alcyonacea 

Acanthogorgia aspera GETB00000000  

Briareum asbestinum GHBD00000000  

Clavularia sp. GHAW00000000  

Corallium rubrum SRR1552944  

Dendronephthya 
gigantea GCF_004324835.1 GCF_004324835 

Eleutherobia rubra GHFI00000000  

Eunicella cavolinii SRR1324943  

Eunicella verrucosa SRR1324944  

Gorgonia ventalina SRR935083  

Leptogorgia 
sarmentosa SRR1324968  

Xenia sp.  GHBC00000000  

Corallimorpharia 

Corynactis australis GELM00000000  

Rhodactis 
indosinensis GELO00000000  

Ricordea yuma GELN00000000  

Helioporacea Heliopora coerulea GFVH00000000  

Scleractinia 

Acropora digitefera GCF_000222465.1 GCF_000222465.1 

Acropora millepora GCF_004143615.1 GCF_004143615.1 

Ctenactis echinata Okubo et al. 2016  
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Favia lizardensis Okubo et al. 2016  

Lobactis scutaria SRR2300562  

Madracis auretenra Kayal et al. 2018  

Montastraea 
cavernosa SRR2306543  

Orbicella faveolata GCF_002042975.1 GCF_002042975.1 

Platygyra carnosus SRR402974-5  

Pocillopora 
damicornis GCF_003704095.1  

Seriatopora hystrix SRR2300678  

Stylophora pistillata GCF_002571385.1  

Hydrozoa 

Anthoathecata 

Ectopleura larynx Zapata et al. 2015  

Hydra oligactis SRR040466-9  

Hydra viridissima SRR040470-3  

Hydra vulgaris GCF_000004095.1 GCF_000004095.1 

Hydractinia polyclina SRR923509  

Hydractinia 
symbiolongicarpus Zapata et al. 2015  

Podocoryna carnea Zapata et al. 2015  

Porpita porpita GHBA00000000  

Turritopsis sp Hasegawa et al. 2016  

Velella velella GHAZ00000000  

Leptothecata 

Clytia hemisphaerica HAMU00000000  

Dynamena pumila GHMC00000000  

Limnomedusae 
Craspedacusta 
sowerbyi SRR923472  

Narcomedusae Aegina citrea Zapata et al. 2015  

Siphonophorae 

Abylopsis tetragona Zapata et al. 2015  

Agalma elegans Zapata et al. 2015  

Craseoa lathetica Zapata et al. 2015  

Nanomia bijuga Zapata et al. 2015  

Physalia physalis Zapata et al. 2015  
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Cubozoa 

Carybdeida 

Alatina alata Zapata et al. 2015  

Copula sivickisi GHBG00000000  

Morbakka virulenta GHAF00000000 GCA_003991215.1 

Tripedalia cystophora GHAQ00000000  

Chirodropoda 

Chironex fleckeri SRR1819888  

Chironex yamaguchii GHAX00000000  

Scyphozoa 

Coronatae Atolla vanhoeffeni Zapata et al. 2015  

Rhizostomeae 

Cassiopea xamachana Kayal et al. 2018 GCA_900291935.1 

Nemopilema nomurai GHAR00000000  

Rhopilema 
esculentum GEMS00000000  

Stomolophus 
meleagris SRR1168418  

Semaeostomeae 

Aurelia aurita Brekhman et al. 2015  

Aurelia coerulea Gold et al., 2019 Gold et al., 2019 

Chrysaora fuscescens SRR3180892  

Staurozoa Stauromedusae 

Calvadosia 
cruxmelitensis Kayal et al. 2018  

Craterolophus 
convolvulus Kayal et al. 2018  

Haliclystus auricula HAHA00000000  

Haliclystus 
sanjuanensis Kayal et al. 2018  

Lucernaria 
quadricornis Kayal et al. 2018  

Myxozoa Bivalvulida 

Henneguya 
salminicola GCA_009887335.1  

Myxobolus cerebralis GBKL00000000  

Myxobolus pendula 
SRR2472984;SRR247298
7;SRR2472989  

Myxobolus squamalis GHBR00000000 GCA_010108815.1 

Thelohanellus kitauei GCA_000827895.1 GCA_000827895.1 

Polypodiozoa Polypodiidea 
Polypodum 
hydriforme Kayal et al. 2018  
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Table S2. Genes that have orthologs in at least one other species are tested for 
enrichment in high or low methylation. A gene is categorized as ‘high’ methylation if the 
CpGo/e is less than the median, and vice versa. 
 
Acropora digitifera 

 Low High 

Orthologous 12586 13471 

Non-orthologous 7425 6541 

X-squared = 3730.9, df = 3, p-value < 2.2e-16 

Aiptasia pallida 

 Low  High 

Orthologous 11268 12281 

Non-orthologous 3422 2409 

X-squared = 10825, df = 3, p-value < 2.2e-16 

Alatina alata 

 Low  High 

Orthologous 10616 13939 

Non-orthologous 50872 47549 

X-squared = 46824, df = 3, p-value < 2.2e-16 

Aurelia coerulea 

 Low  High 

Orthologous 8277 9202 

Non-orthologous 3250 2325 

X-squared = 6295.1, df = 3, p-value < 2.2e-16 

Calvadosia cruxmelitensis 

 Low  High 
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Orthologous 14189 11822 

Non-orthologous 36579 38946 

X-squared = 24366, df = 3, p-value < 2.2e-16 

Clytia hemisphaerica 

 Low  High 

Orthologous 16353 16024 

Non-orthologous 36441 36770 

X-squared = 15796, df = 3, p-value < 2.2e-16 

Hydra vulgaris 

 Low  High 

Orthologous 6707 7070 

Non-orthologous 4953 4590 

X-squared = 15796, df = 3, p-value < 2.2e-16 

Morbakka virulenta 

 Low  High 

Orthologous 10522 10791 

Non-orthologous 3864 3595 

X-squared = 6680.9, df = 3, p-value < 2.2e-16 

Nematostella vectensis 

 Low  High 

Orthologous 13739 15012 

Non-orthologous 6066 4792 

X-squared = 8246.8, df = 3, p-value < 2.2e-16 

Physalia physalis 

 Low  High 
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Orthologous 10163 12618 

Non-orthologous 20568 18113 

X-squared = 4505.5, df = 3, p-value < 2.2e-16 

 

Table S3. Single orthologs of various methylation status between pairs of species. In 
each species, the CpGo/e of each gene is compared to the species median, and is 
categorized as ‘high’ if the CpGo/e is less than the median, and vice versa. The rows are 
the methylation status in the first species, the columns are the methylation status in the 
second species.  
 
Aurelia coerulea (Scyphozoa) vs. Nematostella vectensis (Anthozoa) 

X-squared = 949.95, df = 3, p-value < 2.2e-16 

 Low High 

Low 275 534 

High 146 1046 
 
Aurelia coerulea (Scyphozoa) vs. Hydra vulgaris (Hydrozoa) 

X-squared = 90.261, df = 3, p-value < 2.2e-16 

 Low High 

Low 514 449 

High 614 753 

 
Nematostella vectensis (Anthozoa) vs. Hydra vulgaris (Hydrozoa) 

X-squared = 1140, df = 3, p-value < 2.2e-16 

 Low High 

Low 278 143 

High 969 1119 

 
Acropora digitifera (Anthozoa) vs. Aurelia coerulea (Scyphozoa) 
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X-squared = 523.46, df = 3, p-value < 2.2e-16 

 Low High 

Low 343 526 

High 300 968 

 
Acropora digitifera (Anthozoa) vs. Nematostella vectensis (Anthozoa) 

X-squared = 1637, df = 3, p-value < 2.2e-16 

 Low High 

Low 647 260 

High 500 1740 

 
Acropora digitifera (Anthozoa) vs. Hydra vulgaris (Hydrozoa) 

X-squared = 595.96, df = 3, p-value < 2.2e-16 

 Low High 

Low 423 894 

High 308 1069 

 
Alatina alata (Cubozoa) vs. Aurelia coerulea (Scyphozoa) 

X-squared = 243.84, df = 3, p-value < 2.2e-16 

 Low High 

Low 563 437 

High 503 934 

 
Alatina alata (Cubozoa) vs. Nematostella vectensis (Anthozoa) 

X-squared = 1155.5, df = 3, p-value < 2.2e-16 

 Low High 
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Low 267 629 

High 220 1255 

 
Alatina alata (Cubozoa) vs. Hydra vulgaris (Hydrozoa) 

X-squared = 299.26, df = 3, p-value < 2.2e-16 

 Low High 

Low 554 424 

High 743 1027 

 
Alatina alata (Cubozoa) vs. Acropora digitifera (Anthozoa) 

X-squared = 716.96, df = 3, p-value < 2.2e-16 

 Low High 

Low 344 575 

High 401 1189 

 
Clytia hemisphaerica (Hydrozoa) vs. Aurelia coerulea (Scyphozoa) 

X-squared = 73.083, df = 3, p-value = 9.329e-16 

 Low High 

Low 352 281 

High 207 408 

 
Clytia hemisphaerica (Hydrozoa) vs. Nematostella vectensis (Anthozoa) 

X-squared = 446.22, df = 3, p-value < 2.2e-16 

 Low High 

Low 186 404 

High 109 593 
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Clytia hemisphaerica (Hydrozoa) vs. Hydra vulgaris (Hydrozoa) 

X-squared = 52.6, df = 3, p-value = 2.231e-11 

 Low High 

Low 433 320 

High 341 500 

 
Clytia hemisphaerica (Hydrozoa) vs. Acropora digitifera (Anthozoa) 

X-squared = 218.96, df = 3, p-value < 2.2e-16 

 Low High 

Low 239 395 

High 193 540 

 
Clytia hemisphaerica (Hydrozoa) vs. Alatina alata (Cubozoa) 

X-squared = 63.043, df = 3, p-value = 1.315e-13 

 Low High 

Low 366 387 

High 282 500 

 
Physalia physalis (Hydrozoa) vs. Aurelia coerulea (Scyphozoa) 

X-squared = 54.11, df = 3, p-value = 1.063e-11 

 Low High 

Low 313 293 

High 310 462 

 

Physalia physalis (Hydrozoa) vs. Nematostella vectensis (Anthozoa) 

X-squared = 562.62, df = 3, p-value < 2.2e-16 
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 Low High 

Low 150 433 

High 131 665 

 
Physalia physalis (Hydrozoa) vs. Hydra vulgaris (Hydrozoa) 

X-squared = 123.3, df = 3, p-value< 2.2e-16 

 Low High 

Low 486 300 

High 461 628 

 
Physalia physalis (Hydrozoa) vs. Acropora digitifera (Anthozoa) 

X-squared = 317.6, df = 3, p-value < 2.2e-16 

 Low High 

Low 221 376 

High 225 640 

 
Physalia physalis (Hydrozoa) vs. Alatina alata (Cubozoa) 

X-squared = 113.57, df = 3, p-value = 1.315e-13 

 Low High 

Low 358 373 

High 307 611 

 
Physalia physalis (Hydrozoa) vs. Clytia hemisphaerica (Hydrozoa) 

X-squared = 42.297, df = 3, p-value = 2.854e-09 

 Low High 

Low 327 242 
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High 281 397 

 

Figure S1. Density distribution of gene body CpGo/e of the 76 species in this study. For 
each species, the left panel shows the density distribution and mode detection by Notos. 
The blue or orange vertical lines denote the peaks of modes detected. 11 species are 
detected to be bimodal. The middle panel shows BIC scores of Gaussian mixture models. 
Most species are best described by mixture models with three or more components. The 
right panel shows correlation between CpGo/e and TpGo/e to verify that the depletion of 
CpG is indeed due to cytosine methylation.  
 

 



 26 

 

 



 27 

 

 



 28 

 
 

 



 29 

 

 



 30 

 

 



 31 

 

 



 32 

 

 



 33 

 

 



 34 

 

 



 35 

 

 



 36 

 

 



 37 

 

 

 



 38 

  



 39 

Figure S2. Phylogenetic analyses of DNMT1 and DNMT3. Sequences found in 
Myxobolus pendula are more closely related to corresponding sequences found in the 
zebrafish than the other Cnidarians.    
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Stage-Specific Methylomes of a Medusa-Bearing Jellyfish   
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Abstract 

As a Scyphozoan jellyfish, Aurelia coerulea has a complex life cycle underlined by 

dynamic expression profiles. To better understand the potential role of DNA 

methylation in regulating gene expressions, we conducted whole-genome bisulfite 

sequencing studies of different stages of the Aurelia life cycle. Aurelia DNA methylation 

shares similarities with bilaterian invertebrates, including gene bodies being the 

primary target of CpG methylation, a sharp peak of CpG methylation immediately 

following the transcription start site, and that genes with low methylation being more 

dynamically expressed. Interestingly, we identify differentially methylated genes across 

stages, yet changes in methylation do not correlate with changes in expression, a 

phenomenon previously noted in bilaterian invertebrates as well. Overall, our results 

suggest that the role of DNA methylation on gene bodies relates more to stabilizing 

expression via repressing spurious transcription start sites.       

Introduction 

To better understand the role of DNA methylation in regulating life history transitions, 

and the evolution of DNA methylation patterns in Metazoa, we report the first whole-

genome methylome study on Aurelia coerulea (‘species 1’ sensu, Dawson and Jacobs). 

Previous studies on Aurelia coerulea have shown that the complex life history is 

underlain by dynamic gene expression changes across stages (Gold et al 2018). This 

study surveys DNA methylation at different stages of Aurelia life history with bisulfite 

sequencing to assess the potential role of methylation in regulating gene expression 

across life history transitions.   
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The Aurelia life cycle incorporates a larval stage (‘planula’), a bottom-dwelling 

stage (‘polyp’), and a free-swimming stage (‘ephyra’) that subsequently develops into the 

adult medusa stage (Figure 1). The Aurelia medusa can reproduce sexually and produce 

planula (Gold et al 2018; Brekhman et al 2015). Additionally, medusae possesses 

complex sensory structures called ‘rhopalia’, which are located are the bell margins of 

the medusa (Nakanishi et al 2009). Aurelia undergoes dramatic metamorphic changes 

between stages in its life history, and previously Fuchs et al (2014) showed that the 

transition from the polyp stage to the ephyra stage in Aurelia, also known as 

‘strobilation’, was blocked when polyps were treated with 5-azacytidine, a DNA 

methyltransferase inhibitor. This suggests a role for DNA methylation in regulating life 

history transitions (Fuchs et al 2014). Studies in several bilaterian invertebrates also 

indicate that DNA methylation is important in regulating life history, such as in the 

honeybee (Kucharski et al 2008) and the Pacific oyster (Riviere et al 2013).  

 

Figure 1. The life cycle of Aurelia comprises multiple stages of drastically different 
morphology and ecology, including a free-swimming medusa stage. Figure adapted from 
Fuchs et al 2014.  
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Besides the complex life history, Aurelia is also of interest for DNA methylation 

studies because of its phylogenetic placement. As a member of Cnidaria, the sister group 

to Bilateria, Aurelia could provide insights into the evolution of DNA methylation in 

early animals. In particular, previous work on DNA methylation in Cnidaria is limited to 

a few species in Anthozoa, Myxozoa, and Hydrozoa, and none has a complex life history 

with a medusa stage. Thus, it is unknown how DNA methylation changes throughout the 

life history in any medusa-bearing species which includes the Scyphozoa, the true 

jellyfish such as Aurelia. Interestingly, in a recent broad survey of DNA methylation in 

Cnidaria, species with complex life history showed genomic signature of higher 

methylation, suggesting a correlation between DNA methylation and life history 

complexity (Zhang and Jacobs 2022). The present study on stage-specific DNA 

methylation in Aurelia therefore has implications for the evolution of DNA methylation 

and its role in life history evolution in animals. For the rest of the introduction, we 

review the patterns of DNA methylation in Metazoa, and the hypothesized functions of 

DNA methylation in regulating gene expression in invertebrates.  

General Description 

The addition of a methyl group to cytosines is a common epigenetic modification 

found in eukaryotes (Feng et al 2010). In Metazoa, cytosines in cytosine-phospho-

guanine dinucleotides (‘CpG sites’) are the predominant target of methylation, instead of 

CHH or CHG sites (H=A, C, or T). Interestingly, the overall level and pattern of CpG 

methylation varies greatly across Metazoa. Vertebrate genomes are heavily methylated 

except for promoters with high CpG content (Zemach et al 2010). In bilaterian 

invertebrates studied thus far, methylation at gene bodies (‘transcription units’) tends to 

be higher than methylation at transposable elements (TEs), and exhibits a ‘mosaic’ or 
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‘bimodal’ distribution pattern (Zemach et al 2010; Feng et al 2010; Suzuki et al 2007; 

Zhang & Jacobs 2022). Loss of cytosine methylation have been observed in several 

species, including the fruit fly Drosophila melanogaster, the nematode Caenorhabditis 

elegans, and several parasitic cnidarian species (Wenzel et al 2011; Takayama et al 2014; 

Kyger et al 2020; Zhang & Jacobs, 2022). Sarda et al. among others (2012) hypothesized 

that gene body methylation (GbM) was the ancestral DNA methylation pattern in 

animals. Using a proxy of DNA methylation, Zhang & Jacobs, 2022 reported prevalent 

GbM in Cnidaria, the sister group of Bilateria, suggesting that GbM was present in the 

last common ancestor of Eumetazoa.  

Complex relationships between methylation and gene expression 

There are multiple patterns relating the methylation and gene expression in 

animals.  Some taxa show a direct relationship where expression increases with GbM, 

such as Aiptasia, an anemone with photosynthetic endosymbionts (Li et al 2018). Other 

taxa show a nonlinear relationship where both high and low methylation are correlated 

with low expression. This pattern is evident in several coral species, the honeybee Apis 

mellifera, the tunicate Ciona intestinalis, as well as human (Dimond and Roberts 2016; 

Zemach et al 2010; Jjingo et al 2012). Given this variation it is hard to ascribe universal 

function of gene body methylation across animals. It has been hypothesized that GbM 

represses spurious transcription initiation by repressing intragenic transcription start 

sites (Neri et al 2017; Huh et al 2013; Li et al 2018) and/or regulates alternative splicing 

events (Flores et al 2012; Shayevitch et al 2018; Lister et al 2009), but direct evidence 

for the exact mechanism is still needed. 

Previous bisulfite studies in Cnidaria have been largely limited to the class 

Anthozoa, the parasitic clade Myxozoa, and Hydra in Hydrozoa, all of which lack a 
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medusa stage in their life cycle (Zemach et al 2010; Dixon et al 2014; Dixon et al 2016; 

Dimond and Roberts 2016; Li et al 2018; Kyger et al 2020; Liew et al 2018; Ying et al 

2022). Medusa bearing forms including the true jellies, Scyphozoa, that have complex 

life histories have not been studied. Zhang and Jacobs (2022) reported a broad survey of 

DNA methylation in Cnidaria using a proxy, and described elevated levels of GbM in 

Scyphozoa suggesting GbM associated with life history complexity. Here we present the 

first whole-genome methylome study in a scyphozoan jellyfish Aurelia.  

Results  

The global methylation rate of cytosines in all contexts (CpG, CHG, CHH) is 1.20%, with 

significant enrichment in CpG sites (the methylation rates of CpG, CHG, and CHH are 

7.08%, 0.32%, and 0.29%, respectively). CpG methylation ranges from 6.40% to 7.11% 

between stages. Consistent with other invertebrate taxa, CpG methylation is enriched in 

gene bodies; and within gene bodies, intron methylation tends to be heavier than exons, 

which is consistent with bisulfite studies on other cnidarians (Figure 2) (Ying et al 

2022).  

 

Figure 2. Methylation is predominantly focused on cytosines in CpG context, and 
enriched in gene bodies, especially introns, relative to repetitive elements.  
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Methylation on gene bodies tends to be heavier towards the 5’ end with a peak 

immediately following the transcription start site (‘TSS’) and decreases gradually 

towards the transcription end site (‘TES’) (Figure 3a). Coincidently, CpG sites are more 

frequent near the transcription start site, and the increase in CpG density in the region 

5’ to TSS coincides with the decrease in methylation (Figure 3b). Interestingly, despite 

the decrease in GbM from TSS to TES, the density of CpG remains constant across gene 

bodies. Like other invertebrates with substantial DNA methylation, GbM exhibits a 

bimodal distribution, where genes generally fall into two classes with either high or low 

methylation (Figure 3c). Differentially expressed genes identified in Gold et al 2018 tend 

to have lower methylation. Zhang and Jacobs (2022) noted a lack of discrete bimodality 

in the distribution of gene body CpG o/e. Here we note that GbM measured by bisulfite 

sequencing demonstrates more discrete bimodality with an obvious local minimum. 

Nevertheless, GbM is negatively correlated with gene body CpG o/e as expected given 

the hypermutability of methylated cytosines (Figure 3d).  
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Figure 3. a. CpG methylation is enriched in gene bodies, with a sharp peak at the 
transcription start site and gradually decreases towards the 3’ end of genes. b.CpG 
content in Aurelia genes peaks preceding the transcription start site. c. Aurelia GbM 
shows a bimodal distribution that is typically seen in invertebrates; differentially 
expressed genes are enriched in the low methylation section. d. GbM and CpG o/e are 
negatively correlated due to the hypermutability of methylated cytosines, which leads to 
the depletion of cytosines over evolutionary time.  
 

At each stage, GbM has a bell-shaped correlation with expression (Figure 4). 

Expression increases with methylation initially, then decreases as methylation continues 

to increase, and both high and low methylation are correlated with low expression 

whereas moderately methylated genes show the highest expression. We identified 17218, 

5028, 19580 differentially methylated regions (DMRs) at the planula-polyp, polyp-

ephyra, and ephyra-medusa transitions respectively; of these, 3483, 1394, and 3734 

overlap with genes, and many of these differentially methylated genes are shared 
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between the transitions (Figure S2); however, the differences in GbM across stages do 

not significantly correlate with changes in transcription (Figure 5).  

 

Figure 4. Expression and GbM have a bell-shaped correlation.  
 

 

Figure 5. Changes in GbM are not correlated with changes in transcription at each life 
history transition.  
 
Discussion  

In this study, we find that the general patterns of DNA methylation in Aurelia are 

consistent with previous studies in bilaterian invertebrates and cnidarians. Cytosine 

methylation targets primarily CpG sites within gene bodies, and there exists a sharp 
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increase at the transcription start site. Similar sharp peaks immediately following the 

TSS have also been reported in Aiptasia and Stylophora (Li et al 2018; Liew et al 2018). 

Like other cnidarians, Aurelia GbM is heavier on introns than exons, which reduces the 

mutation burden on coding sequences (Li et al 2018; Ying et al 2022). The negative 

correlation between empirically measured DNA methylation and CpG o/e adds to the 

body of work that supports the use of CpG o/e as a reliable proxy for DNA methylation. 

In addition, GbM follows a bimodal distribution, a pattern that has been commonly 

observed in invertebrates. Consistent with Zhang and Jacobs (2022), methylation of 

gene bodies is heavier than that of repetitive elements. Combined with previous 

methylation studies in Cnidaria including Nematostella, Acropora, Hydra, etc., these 

results support that GbM is likely to be present in the last common ancestor of Cnidaria, 

and possibly that of Eumetazoa.  

Although DNA methylation (and particularly GbM) is indicated in life history 

transitions in animals such as the honeybee and the Pacific oyster, changes in GbM have 

minimal correlation with changes in gene expression (Kucharski et al 2008; Riviere et al 

2013). In Aurelia, we discover a large number of genes that are differentially methylated 

between the stages studied; however, similar to the honeybee and the pacific oyster, 

changes in GbM do not predict changes in expression. To our knowledge, this is the first 

documentation of such a phenomenon in a cnidarian with complex life histories. 

Combined with previous study by Fuchs et al (2014), where Aurelia strobilation (the 

transition from polyp to ephyra) halted upon DNA methyltransferases being inhibited, 

our results suggest that the role of DNA methylation in regulating life history transitions 

is underlied by functions other than regulating transcription levels, and one of these 

functions could be modulating expression plasticity.    
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While GbM is indicated in biological processes such as regulating development 

and responding to environmental stresses in various invertebrate taxa (e.g., Wang et al 

2020; Dixon et al 2018), its exact relationship with transcription remains puzzling. In 

some invertebrate animals, it has been shown that genes with functions such as cell-cell 

signaling and development tend to be sparsely methylated, while genes with basic 

housekeeping functions tend to be strongly methylated (Elango et al 2009; Park et al 

2011; Sarda et al 2012; Gavery et al 2010; Dixon et al 2014; Harris et al 2019). Our 

results show that hypomethylation is strongly associated with more dynamic gene 

expression and high methylation is associated with more stable expression profiles 

across Aurelia life history, and thus provides the first evidence of GbM involved in 

modulating gene expression plasticity in a cnidarian with a complex life history.  

In addition, GbM might also regulate life history transitions by repressing 

spurious transcription initiation, regulating alternative splicing, and/or interacting with 

other epigenetic modifications. Our results show that the relationship between GbM and 

transcription could be rather complex. However, it is important to note that the 

relationship could be hard to interpret given that the signals could be mixed across 

different cell types. GbM has been shown to interact with other epigenetic modifications 

such as H3K36me3 in vertebrates (Teissandier et al 2017), but evidence in invertebrates 

is lacking. Aside from more detailed studies using specific cell types, surveys of histone 

modifications in Cnidaria could also provide further insights into the evolution of GbM 

in animals.  

The present work is the first description of genome-wide methylome dynamics in 

a cnidarian model with a complex life history. The overall distribution of DNA 

methylation on the Aurelia genome shares many similarities with previously studied 
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bilaterian invertebrates and cnidarians (Anthozoa), such as the enrichment of 

methylation on CpG dinucleotides and particularly those on gene bodies. Interestingly, 

our results suggest that GbM has a non-linear relationship with transcription, and that 

changes in GbM during life history transitions do not correlate with changes in 

expression even though it has been shown to be critical during the polyp-to-ephyra 

transition. We highlight that low GbM is associated with more plastic expression and 

high GbM associated with more stable expression across life history stages.  

Materials and Methods  

Planula and medusa bell margin samples were obtained from Cabrillo Aquarium and 

were confirmed to be Aurelia coerulea by sequencing the CO1 gene. Total DNA was 

extracted from pooled whole animals of planula, polyps, and ephyra stages, and the bell 

margins of medusae using the protocol described in Gold et al (2018). Libraries were 

constructed using Illumina Truseq DNA Prep with a bisulfite treatment using Qiagen 

Epitech Kit. The bisulfite treated DNA was then amplified by PCR for 12 cycles. WGBS 

libraries were sequenced using Illumina HiSeq single-end 100bp at the UCLA Broad 

Stem Cell Research Center.    

The sequencing reads were adapter and quality trimmed using TrimGalore 

(Cutadapt) (version 0.6.7) with default settings, and subsequently mapped to the 

Aurelia coerulea reference genome using BSseeker2 (Guo et al 2013), based on the 

Bowtie2 aligner in end-to-end mode. Cytosines with at least 4X coverage were selected 

for downstream analyses.  

Methylation data were visualized using the IGV genome browser (Thorvaldsdóttir 

et al 2013). The metagene plots were produced by deepTools (Ramírez et al 2013) 
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plotHeatmap and plotProfile functions, using a bin size of 50 bp while gene bodies 

scaled to 500 bp. 

Differentially methylated regions between planula and polyp, polyp and ephyra, 

ephyra and medusa were identified using Metilene (version 0.2-8) (Jühling et al 2018), 

and annotated by intersecting with gene models derived from Gold et al (2018). Percent 

methylation change for each gene was calculated as (methylation at stage 2 - 

methylation at stage 1)/methylation at stage 1.   
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Supplemental Materials 

 

Figure S1. Expression of DNMT1 and DNMT3 across Aurelia life history stages.  

 

Figure S2. Number of DMRs that overlap with genes at each transition. Pl - planula; P - 
polyp; E - ephyra; M - medusa.  
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CHAPTER 3 

The Evolution of Transposable Elements in the Aurelia Genus   
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Abstract 

Aurelia, a group of ‘true jellyfish’ in Cnidaria, provides an interesting system to study 

the evolution of transposable elements (TEs) because of their antiquity, known genomic 

divergence between some of the species, and their life history with alternating sexual 

and asexual reproduction. We use a homology-free method to annotate and quantify 12 

species in this genus. We note a large proportion of TEs in all species surveyed seem to 

be unique to Aurelia. We did not find signatures of particular TE expansion events 

contributing to the genome size difference between two species (A. aurita and A. 

coerulea). Our results also show that the two main clades in Aurelia have undergone 

different evolutionary histories regarding TE expansion as suggested by sequence 

divergence analyses.   

Introduction 

Transposable elements (TEs) are mobile elements ubiquitous in eukaryotic genomes 

and make up a significant proportion of the nuclear DNA in most species (Wells and 

Feschotte 2020). Once thought to be genetic oddities, TEs have profound impact on 

genome evolution as demonstrated by an increasing number of studies (Ågren and 

Wright 2011; Batzer and Deininge 2002; Bourque et al 2018; Chuong et al 2017; Cosby 

et al 2019; Fedoroff 2012; Feschotte and Pritham 2007; Wong et al 2019). Due to their 

repetitive nature, annotation and quantification of TEs are notoriously difficult. In this 

study, we use a homology-free method to examine the TEs present in 12 species in 

Aurelia, a genus of Scyphozoa (the ‘true jellyfish’) in Cnidaria.   

Aurelia contains numerous cryptic species (Dawson and Jacobs 2001; Dawson 

2003). Interestingly, the two species of Aurelia with genome assemblies, A. aurita and 
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A. coerulea, are significantly different in their genome sizes (492Mbp and 713Mbp, 

respectively) (Khalturin et al 2019; Gold et al 2019). Khalturin et al (2019) noted that a 

large proportion of TEs in the A. aurita genome did not have similar sequences in 

RepBase, hence are likely to be ‘novel’ or specific to the species. In this study, we 

additionally generated next-generation sequencing data (coverage 5-10X) for 10 more 

Aurelia species and used a homology-free method to annotate and quantify TEs to test 

whether TEs contribute to the huge difference in genome sizes in Aurelia.  

TEs are vastly diverse, and can be divided into Class I retrotransposons, and 

Class II DNA transposons (Finnegan 1989; Wicker et al 2007). The main difference 

between the two is how they transpose in the host genome. Retrotransposons proliferate 

through an mRNA intermediate which then reverse transcribes and inserts into the host 

genome (‘copy and paste’). In contrast, DNA transposons mobilize in the genome by 

moving themselves to a new location (‘cut and paste’). Within each class, there are 

numerous superfamilies and families of elements. Both TE content and TE composition 

have been found to vary in closely related species (Wong et al 2019; Naville et al 2019).     

TEs are thought to be a major contributor to genome evolution and a source for 

genetic variation. TE content has been known to strongly correlate with genome size 

(Kidwell 2002; Naville et al 2019; Tenaillon et al 2010; Zhang and Jacobs 2022). There 

have been a number of studies showing genome expansion as a result of TE 

amplification (Sun and Mueller 2014; Vitte and Panaud 2005; Blommaert et al 2019; 

Wong et al 2019). In addition to genome evolution, TEs have also been shown to 

contribute to speciation in several vertebrate lineages (de Boer et al 2007; Pace et al 

2008; Serrato-Capuchina and Matute, 2018; Pritham et al 2007). However, studies 

outside of vertebrates and plants are few.  
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In addition to the perspective of genome evolution, Aurelia offers an interesting 

case to study TEs because of their life history. As Scyphozoan jellyfish, Aurelia 

alternates sexual and asexual reproduction throughout its life cycle (for an illustration of 

the life cycle, see Gold et al 2019). It has long been thought that sexual reproduction 

allows for a stable number of TEs, whereas asexually reproduced populations would 

have to purge their genomes of TEs (or at least the most deleterious ones) because they 

lack recombination that could otherwise mitigate the detrimental effects from TE 

activities (Arkhipova 2001; Dolgin and Charleswort 2006). This hypothesis has been 

tested in ancient asexual taxa such as a class of rotifers (Arkhipova and Meselson 2000). 

Aurelia, and Scyphozoa in general, are some of the few animals that have both sexually 

and asexually reproducing stages in the life cycle that are not parasites. They thus 

provide a unique opportunity to study sex and TEs without the factor of extremely 

compacted genomes typical of parasites. 

Results  

Among the 12 species surveyed, the repeat content ranges from 15.22% (A. sp7) to 

52.75% (A. aurita, Roscoff strain), and shows a positive correlation with genome sizes 

(Figure 1). Consistent with previous studies in A. aurita and A. coerulea, our results also 

show that the majority of TEs in Aurelia were ‘unknown’ elements. Less than 2% of TEs 

were annotated when using RepBase by finding homologous sequences. Using a custom 

library instead that is independent of RepBase substantially increased the amount of 

reads that are classified, yet there are still a large number of TEs that are ‘unknown’ 

(Figure 2; Table S1). The rest of the results presented are all from analyses using custom 

libraries. Amongst the annotated TEs, long interspersed nuclear elements (LINEs) are 
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consistently the most frequent in all species except for A. sp7 (Figure 2; Table S1; Figure 

S1).  

 

Figure 1. Repeat contents and genome sizes of 12 Aurelia species.  
 

We then investigated the ages of TE superfamilies by computing the divergence 

between sampled reads and the annotated consensus contigs. Interestingly, we highlight 

that the (sp.13, sp.12, sp.15, sp9, sp.16) clade (the top clade on Figure 2) and the (aurita, 

sp.6, sp.4, sp.14, sp.7, labiata, and coerulea) clade (the bottom clade on Figure 2) show 

different distributions of TE superfamilies, suggesting the two groups underwent 

different evolutionary histories (Figure 3). Specifically, the top clade has more TEs that 

show higher divergence to the consensus sequences (10-20%), suggesting that the 

expansion of these TEs is ancient. In contrast, TEs in the bottom clade are more 

concentrated towards the younger end of the spectrum, suggesting that the expansion 

activities in these species are more recent.   
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Aside from the different distributions of TE ages, as suggested by divergence, 

certain TEs also show distinctive patterns of evolution. First, long terminal repeats 

(LTRs) consistently show signature of recent expansion activities regardless of the 

overall distribution of TE ages, with A.aurita and A. coerulea being the only two 

exceptions where a significant proportion of LTRs are ancient (Figure 3). Second, short 

interspersed nuclear elements (SINEs) are significantly more frequent in sp. 13 (0.91%; 

Figure 2; Table S1), and are a result of relatively ancient expansion activities (Figure 3). 

Third, sp. 7 is distinctly different from all the other species examined in that DNA 

transposons are the most abundant class instead of retrotransposons, and we show that 

the expansion of these DNA transposons is extremely recent (0-2% divergent), 

suggesting that the invasion of these TEs happened in recent evolutionary history of this 

species.  

Directly comparing A. aurita and A. coerulea, the two emerging Aurelia model 

organisms with genome assemblies, we find that a large number of TEs are shared by 

the two species, and their frequencies in both species are highly correlated (Figure 4). 

Although there are some TEs that show varied frequencies in the two genomes, they 

tend to be quite rare (<0.01%), and therefore caution should be taken when interpreting 

these results. For TEs that have frequencies higher than 0.01% in both genomes, there is 

no indication that they underwent species-specific expansions.  
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Figure 2. Composition of TEs in Aurelia species. The pie charts show the relative 
abundance of TE families. ‘Unknown’ sequences are repetitive sequences without 
annotations. Genome sizes and repeat contents are noted on the right. Stomolophus is 
the outgroup on this CO1 phylogenetic tree. Bootstrap values are noted at each node on 
the tree.  
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Figure 3. Distribution of TE ages in Aurelia.  
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Figure 4. TEs shared by A. aurita and A. coerulea, and their corresponding frequencies 
in either genome.  
 
Discussion  

Given the inherent difficulties to accurately annotate and quantify TEs in genome 

assemblies, we employed a de novo technique and our estimation of TE content in A. 

aurita and A. coerulea are slightly higher than previously estimated, but not drastically 

different, which is expected (Khalturin et al 2019; Gold et al 2019). A large proportion of 

TEs seem to be unique in Aurelia in all species surveyed, a phenomenon previously 

noted by Khalturin et al (2019).  
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The two clades of Aurelia have distinct patterns of TE evolution. The (sp.12, 

sp.13, sp.15, sp.9, sp.16) clade has more TEs resulting from ancient expansion events, 

while TE expansion appears more recent in the (aurita, sp.6, sp.4, sp.14, sp.7, labiata, 

coerulea) clade. Since the two clades separated 15-20MYA, those ancient expansion 

events in the first clade likely happened in that time frame.    

Genomic differences between Aurelia species have been noted previously. Most 

notably, A. aurita and A. coerulea not only show significant difference between their 

genome sizes, but also single copy orthologous genes show sequence divergence to a 

larger degree than that between mice and rats (Gold et al 2019). This study adds to this 

body of literature in two ways. First, we report that the studied species have likely 

undergone two different histories in their repeatome evolution, where some species 

were subjected to more ancient TE expansion activities while others did not experience 

those ancient events. Second, looking more closely at A. aurita and A. coerulea, our 

results suggest that the shared TE families between the two species are highly correlated 

in frequencies in the two genomes. We did not find any evidence for expansion events 

that are specific to either species, indicating that the recent TE activities likely happened 

before the two diverged, and the activities of these shared TEs are unlikely to have 

contributed to the genome size difference. Meanwhile, our results agree with Gold et al 

(2019) and Khalturin et al (2019) in that there are a large number of TEs in both species 

that seem to be unique and therefore not annotated. Our analyses do not exclude the 

possibility that some of these unique TEs have undergone lineage-specific expansions 

and contributed to the bigger genome size in A. coerulea.  

Aurelia provides an interesting system to study sex and TE evolution as they 

alternate between asexual reproduction (the polyp stage) and sexual reproduction (the 
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medusa stage). Interestingly, in Aurelia coerulea, the Piwi proteins and Piwi interacting 

proteins are highly expressed in planula and polyp stages, and decrease sharply towards 

the medusa stage, suggesting that the asexually reproducing stages are repressing TE 

activities more vigilantly (Figure S2). On the other hand, sp.7 with its low TE content, 

might have undergone long periods of asexual reproduction, and thus TE activities, 

especially those of the Class II retrotransposons, have been under extreme controls by 

the host genome.   

Conclusion 

We report the first comparative study of TEs in Scyphozoa. Compared to other studies of 

similar scope, Aurelia stands out in a number of ways. First, Aurelia seems to possess 

many repetitive sequences that are not homologous to known TEs, resulting in a large 

proportion of the repeatome not being annotated (Figure 2; Figure S3). To our 

knowledge, this is the first systemic report of a genus that processes large amounts of 

unique TEs. Future work is needed to better understand these Aurelia-specific TEs. 

Second, the vast majority of TEs in Aurelia are extremely young, whereas animals such 

as certain insects have more TEs from ancient expansion activities (Castro et al 2020; 

Blommaert et al 2019). Third, unlike its hydrozoan relative, Hydra, where the 

expansion of a single family of TEs contributed to the genome expansion of the brown 

hydras (Wong et al 2019), we do not find any particular TEs as the cause of the larger 

genome size of A. coerulea.      

Materials and Methods  

Sequencing 



 72 

Total DNA was extracted from Aurelia species using the method described in Gold et al 

(2019) (Table 1). Libraries were constructed using Illumina TruSeq DNA Prep and DNA 

was sheared to 300-600bp. Sequencing was done using paired end 100bp. Raw 

sequencing reads were quality and adapter trimmed using TrimGalore (Cutadapt) 

(version 0.6.7) with default settings. The sequencing coverage ranges between 5.0X and 

10.6X.   

Species Location Coverage 

A. labiata Canada 7.5X 

A. coerulea Japan 10.6X 

sp. 4 Kakaban 8.9X 

sp. 6 Indonesia 9.8X 

sp. 7 New Zealand 10.0X 

sp. 9 Gulf of Mexico 7.6X 

sp. 12 Gulf of California-La Paz 5.5X 

sp. 13 El Salvador -El espino 8.1X 

sp. 14 Gulf of Panama, Panama (Pacific) 10.6X 

sp. 15 Bocas del Toro, Panama (Caribbean) 5.0X 

sp. 16 Argentina 8.9X 
Table 1. Species sequenced in this study and the locale from which the sample 
originated.  
 
TE Annotation and Quantification 

The TEs of newly sequenced Aurelia species in Table 1 and Aurelia aurita 

(SRR8040391) were assembled, annotated, and quantified from raw reads using the 

pipeline dnaPipeTE v1.3 (Goubert et al 2015). To avoid false positives due to 

mitochondrial DNA, possible mitochondrial reads were first removed from the raw 

reads by blasting to published cnidarian mitochondrial genes (supplemental file 1). All 
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species were sampled at 0.15X coverage. In absence of genome sizes for all species other 

than A. aurita and A. coerulea, estimation of genome sizes was done by kmer using 

Jellyfish and subsequently CovEst in the repeats mode to account for the repetitive 

elements in the reads (Marcais and Kingsford 201; Hozza et al 2015). The estimated 

genome sizes were then given to the dnaPipeTE command using the -genome_size flag, 

and coverage using the -genome_coverage flag.   

The initial run of dnaPipeTe returned majority of repeats as ‘Unknown’ as no 

homologous sequences could be found in the default RepBase library. To account for 

this, we further annotated the contigs assembled by dnaPipeTe using RepeatClassifier, 

as well as the Aurelia aurita (GCA_004194395.1, GCA_004194415.1) and Aurelia 

coerulea (https://davidadlergold.faculty.ucdavis.edu/jellyfish/, last accessed Mar.6, 

2022) genome assemblies using RepeatModular (Flynn et al 2020). The annotated 

contigs were then used as a custom library for the final round of dnaPipeTE by using the 

-RM_lib flag.  

Aurelia Phylogeny 

CO1 sequences used for the phylogeny were obtained from NCBI. The sequences were 

aligned using MUSCLE (Edgar 2004), and the alignment was manually trimmed in 

PAUP (supplemental file 2). The maximum likelihood phylogeny was computed by 

RAxML with 100 bootstraps (Stamatakis 2014).   
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Supplemental Materials  

Supplemental File 1: mitochondrial sequences from NCBI used to clean reads of 

mitochondrial DNA.  
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Supplemental File 2: CO1 sequence alignment by MUSCLE 
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Figure S1. Principal component analysis of frequencies of TEs in Aurelia. 

 

Figure S2. Piwi protein expressions are high in the early stages of Aurelia coerulea life 
history, and decreases towards the sexually reproducing stage, medusa.  
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Figure S3. Distribution of TE ages with ‘unknown’ sequences.   
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Table S1. Types of TEs and relative abundance in each species in percentages. 

  DNA LINE LTR 
Low 
complexity SINE Satellite 

Simple 
repeat rRNA tRNA RC snRNA Unknown 

aurita 1.27 15.1 3.55 0 0.01 0 0.07 0 0.07 0.69 0 79.14 

labiata 1.48 14.73 0.76 0 0.03 0.03 0.02 0.73 0.06 0.06 0 82.08 

coerulea 1.63 19.07 7.32 0 0.18 0 0.04 0 0.05 0.12 0 71.45 

sp.4 1.26 19.5 2.07 0 0.01 0 0 1.71 0.2 0.01 0 75.23 

sp.6 0.96 13.93 1.74 0 0.02 0.07 0 0.73 0.08 0.12 0.01 82.33 

sp.14 0.87 24.68 0.81 0 0 0.01 0 0.35 0.05 0 0 73.24 

sp.15 2.85 29.55 3.05 0.01 0.03 0.01 0.07 1.38 0.01 0 0 63.97 

sp.16 1.75 40.35 1.11 0.01 0.03 0.03 0.03 1.6 0.06 0.03 0 55.02 

sp.12 2.5 35.37 2.12 0.01 0.06 0.02 0.05 0.83 0 0 0 59 

sp.13 3.44 23.17 0.61 0 0.91 0.92 0.1 1.77 1.03 0 0 68.06 

sp.7 4.3 3.01 2.67 0 0 0 0.21 8.07 0.05 0.06 0.01 81.61 

sp.9 3.04 28.78 1.73 0 0.06 0.17 0.08 0.46 0.01 0.04 0.12 65.45 

 




