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 24 

Abstract 25 

Medusozoa is a widely distributed ancient lineage that harbors one-third of Cnidaria diversity 26 

divided into four classes. This clade is characterized by the succession of stages and modes 27 

of reproduction during metagenic lifecycles, and includes some of the most plastic body plans 28 

and life cycles among animals. The characterization of traditional genomic features, such as 29 

chromosome numbers and genome sizes, was rather overlooked in Medusozoa and many 30 

evolutionary questions still remain unanswered. Modern genomic DNA sequencing in this 31 

group started in 2010 with the publishing of the Hydra vulgaris genome has experienced an 32 

exponential increase in the past three years. Therefore, an update of the state of Medusozoa 33 

genomics is warranted. We reviewed different sources of evidence, including cytogenetic 34 

records and high-throughput sequencing (HTS) projects. We focused on four main topics that 35 

would be relevant for the broad Cnidaria research community: 1) taxonomic coverage of 36 

genomic information; 2) continuity, quality and completeness of HTS datasets; 3) overview of 37 

the Medusozoa specific research questions approached with genomics; and 4) the 38 

accessibility of data and metadata. We highlight a lack of standardization in genomic projects 39 

and their reports, and reinforce a series of recommendations to enhance future collaborative 40 

research. 41 
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 50 

Background 51 

Medusozoa subphylum includes nearly 4,055 species of invertebrates distributed in 52 

the classes Hydrozoa, Cubozoa, Staurozoa and Scyphozoa [1], which are found at all latitudes 53 

in almost all aquatic environments, from freshwater to marine, and from shallow to deep 54 

waters. Medusozoa species, together with the other cnidarians classes (i.e. Anthozoa and 55 

Endocnidozoa), harbor some of the most plastic life cycles and diverse body plans among 56 

animals [2], and represent one of its early diverging groups, with all major cnidarian lineages 57 

already present 500 million years ago [3]. 58 

The Medusozoa clade is characterized by different evolutionary novelties, such as the 59 

presence of linear mitochondria and the adult pelagic stage, also known as medusa or jellyfish 60 

[4–6]. Most medusozoan life-cycles are characterized by the succession of different stages, 61 

including a larval, benthic asexually reproducing polyp stage, and a sexually reproducing 62 

jellyfish stage [6,7]. This ancestral metagenic life-cycle pattern is highly plastic and in some 63 

groups has been extensively modified or even lost. For example, several lineages have lost 64 

the pelagic medusae or reduced it to a reproductive structure, or acquired colonial lifestyles 65 

during the benthic phase [8–10]. Other novel traits have emerged in Medusozoa such as 66 

complex body patterns, neuromuscular systems and sensory organs [11]. 67 

The history of Medusozoa genomics started with pioneer cytogenetics reports (e.g., 68 

[12,13]) and was followed later by genome size estimations [14,15]. Over the past 20 years, 69 

technological advances and cost reduction of genome-scale sequencing platforms have led 70 
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to a steady increase in both number and diversity of sequenced genomes and transcriptomes 71 

[16,17]. Medusozoa is not an exception, as numerous genomic resources have become 72 

available for model and non-model species, especially in the last 3 years. This advance has 73 

enabled the study of the genetic basis of many Medusozoa novel traits (e.g. [18–22]. Previous 74 

reviews about cnidaria genomics have focused on the small number of species with 75 

sequenced genomes available at the time [11,23,24], on individual cnidarian lineages (i.e. 76 

Myxozoa; [25]), or on specific topics such as toxins or evolution of novel traits [11,26]. Given 77 

the increasing amount of genomic information available, an update of the state of Medusozoa 78 

genomics is warranted. 79 

Here, we provide a comprehensive review of the major advances in Medusozoa 80 

genomics over the past century. In order to shed light in the understanding of the genomic 81 

evolution of the group from high throughput sequencing (HTS) datasets, we report the main 82 

trends on the number and quality of available genome projects, taking into account basic 83 

information of sequencing datasets, genome assemblies, genome annotations, and 84 

accessibility of associated data and metadata.  85 

 86 

Main text 87 

1. Methods 88 

We surveyed literature and databases for cytogenetic reports and genome size 89 

estimations. Our main source was NCBI Genome (Assembly, Genomes, Nucleotide, 90 

Taxonomy and SRA; [27]). For the information not present in NCBI, published articles were 91 

checked for proper information collection, as well as personal repositories mentioned in the 92 

associated articles. Due to recent updates in taxonomic statuses, we modified the attribution 93 

of karyotypes, genome sizes and assemblies of several species (see main text and 94 

Supplementary Materials). 95 
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Because there have been subtle variations in metrics and statistics between most 96 

genome reports, we recalculated some statistics, allowing us to make meaningful 97 

comparisons. Briefly, we have generated the following: i) assembly statistics statswrapper.sh 98 

script from BBmap (v38.73; RRID:SCR_016965; [28]); ii) gene statistics from the original 99 

annotation files with AGAT (v0.6.0; [29]) and assessment of completeness of all assemblies 100 

using BUSCO (v5.0.0+galaxy0; RRID:SCR_015008; [30]) in genome mode and Metaeuk 101 

software, using two Single Orthologs Databases (eukaryota_odb10, number of genes=255, 102 

number of species=70; metazoa_odb10, number of genes=954, number of species=65), 103 

available at the public Galaxy server [31,32]. 104 

Assembly quality was reported following the metric proposed by Earth Biogenome 105 

Project [33] (hereafter BGP-metric). This system avoids the use of ambiguous terminology for 106 

quality and uses a logarithmic scale where the first two numbers are the exponents of the N50 107 

contig and scaffold (1: 0-99Kb; 2: 1-9.9Mb; 3: 10-99.9Mbp), and the third number corresponds 108 

to the level of chromosomal assembly (1: 90% DNA > assigned to chromosomes in silico; 2: 109 

chromosomal rearrangements validated by two data sources; 3: >80% DNA assigned to intra-110 

species maps and experimental validation of all breakpoints; see [33]). 111 

All graphs were generated using Python v.3 with ETE Toolkit v.3 [34], Matplotlib v3.3.1 112 

[35] and Seaborn v.0.11 [36]. The tree of figures 1 and 3 represent a simplified phylogenetic 113 

hypothesis obtained by combining phylogenies from previous studies (Scyphozoa [37], 114 

Medusozoa [5], Hydrozoa [38,39]), taking into account clades with high congruence and 115 

support values. Although the different phylogenetic hypotheses were mostly congruent, no 116 

single study nor molecular dataset comprised all the terminals discussed here. To compile all 117 

genomic information and HTS metadata referenced in this review, we created a report model, 118 

based on previous works and public databases such as NCBI (Supplementary file S1; 119 

[29,40,41]). All collected data was updated until May 1st 2021. 120 

2. Genomic projects: whos and hows of Medusozoa 121 
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Chromosome numbers are known for 34 hydrozoan species and 5 scyphozoan, 122 

including 3 lineages of the Aurelia aurita sp. complex species ([12,13,21,42–50]; 123 

Supplementary file S2). Older chromosome descriptions for 25 species do not include 124 

information about chromosome morphology and often lack photographic records or schematic 125 

representations [12,13,42–46]. 126 

Genome size, a fundamental feature in genome sequencing project, has been 127 

experimentally estimated by Flow Cytometry or Feulgen Densitometry techniques, for 24 128 

medusozoan species (Scyphozoa: 7spp.; Cubozoa: 1spp.; Hydrozoa: 16 spp.;  129 

Supplementary file S2). Genome sizes are highly variable ranging from 254 Megabases (Mbp) 130 

to 3,481.68 Mbp in Sanderia malayensis (Scyphozoa) and in Agalma elegans (Hydrozoa), 131 

respectively [15]. Moreover, an additional 12 genome size estimates are available when 132 

considering k-mer-based computational assessments, increasing the number of species with 133 

genome size information to 30, and including two cubozoans (913-2,673Mbp) and one 134 

staurozoan (230 Mbp) (Supplementary file S1; Supplementary file S2). These estimates are 135 

considered less accurate, especially for genomes with high heterozygosity, high repetitive 136 

content and large genome size [51]. In fact, kmer based and experimental estimations from 137 

the same species differed by 13-33%. 138 

 A total of 34 HTS projects were identified. Of these, 32 had sequencing reads 139 

accessible through the NCBI-SRA database but not all of them were associated with a genome 140 

assembly (Table 1; Supplementary file S1). The taxonomic coverage of the assemblies 141 

encompassed 7 of the 13 Medusozoa orders, and represented at least one species per class 142 

(Figure 1): 28 assemblies were accessible for 21 species, representing 0.5 % of Medusozoa 143 

(Figure 1; Table 1; Supplementary file S1). Of these 21 species, 12 were Scyphozoa, 4 were 144 

Hydrozoa, 4 were Cubozoa, and one was Staurozoa. Scyphozoa had the highest number of 145 

sequenced families (4 of 22), of which Pelagiidae contained the highest number of sequenced 146 

species so far (5 spp.), followed by Ulmaridae, Rhizostomatidae and Cassiopeiidae with 2 spp. 147 

each (Figure 1), all belonging to subclass Discomedusae (none from Coronamedusae). The 148 
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remaining assemblies represent three of the eight Cubozoa families and three of 135 149 

Hydrozoan families (Figure 1). In addition to the small fraction of family representation in the 150 

hydrozoan genomes, the underrepresentation of Leptothecata is particularly unfavorable as it 151 

harbors more than half of Medusozoa species (2,059 sp; [1]). 152 

------------TABLE 1 SHOULD BE LOCATED HERE------------ 153 

Much of the assembly effort is biased towards a small number of species. For example, 154 

three species of Hydrozoa and Scyphozoa presented two assemblies each, of which Hydra 155 

viridissima and Rhopilema esculentum were sequenced twice independently, meanwhile 156 

Chrysoaora quinquecirrha presents two versions of the same assembly. Moreover, three 157 

assemblies were available for two different strains of Hydra vulgaris (former Hydra 158 

magnipapillata), one of them published as an update of the reference genome called Hydra 159 

2.0. In Aurelia, the genomes of three different lineages were sequenced and assembled: Baltic 160 

sea, Roscoff and Aurelia sp1. strains [19,20]. Based on a recent taxonomic update of this 161 

genus [52], locality and genetic information described in the original articles [19,20], we 162 

decided to refer to these genomic datasets as: Baltic sea strain = Aurelia aurita; Roscoff strain 163 

and Aurelia sp1. strains = Aurelia coerulea. 164 

Most of the assemblies were deposited in NCBI Assembly database, one was only 165 

found in a journal-specific database (i.e. GigaDB [53]), one assembly was only in a personal 166 

repository (Google Drive) and one in the National Human Genome Research Institute site [54]. 167 

Some assemblies were additionally deposited in Institute-centered repositories such as OIST 168 

Marine Genomics Unit [55], the Marine Invertebrate Models Database (MARIMBA, [56]). A 169 

significant portion of the publicly available assemblies (total of 8, ~30%) are not yet associated 170 

with a formal publication and belong to the IRIDIAN GENOMES project [57]. The most frequent 171 

sequencing technology was Illumina (26 assemblies, ~93%), but leaving aside unpublished 172 

ones, most works include a combination of different sequencing techniques, library sizes and 173 
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platforms (i.e Sanger, 454, Illumina, long reads, linked-reads and Hi-C sequencing; 174 

Supplementary file S1). 175 

Almost all medusozoan genome assemblies were at draft contig or scaffold level, with 176 

one exception, Rhopilema esculentum, where chromosome-level scale assembly was 177 

reported [58]. The total length, contig and scaffold number, N50, and GC% varied across 178 

species and classes (Figure 2A; references in Supplementary file S3). The assembly 179 

continuity and quality was higher in Scyphozoa than in the other classes, as observed by the 180 

distribution of contig and scaffold N50 (Figure 2A) and the BGP-metric for assembly quality 181 

(Figure 2A). In general, they are fragmented (75%), and have contig N50 of less than 40 Kbp 182 

(Figure 2A; BGP-metric values of 0.0.0, 0.1.0 and 0.2.0). Staurozoa, Cubozoa and Scyphozoa 183 

assemblies have similar percentages of base composition, around 35% to 43% GC. 184 

Consistent with previous reports [59], Hydrozoa genomes have a higher dispersion of GC%, 185 

with the GC values of five assemblies below 35%. 186 

In relation to gene content (Figure 2B), 17 genomes were annotated using at least one 187 

source of information (Supplementary file S1) and their total number of genes or total number 188 

of protein-coding genes were reported. Further description of coding information was variable 189 

among works and as more detailed information was considered, the number of genomes with 190 

reported information decreased. Annotation tracks and gene models were available for only 191 

11 of the 17 datasets. Recalculations of gene features together with the information recovered 192 

from original articles, allowed us to analyze the distribution of 5 different features in 15 193 

genomes of Scyphozoa, Hydrozoa and Cubozoa (Figure 2B; Box): Number of genes (n=15), 194 

Mean exons per cds (n=10), Mean gene length (n=11), Mean exon length (n=11), Mean intron 195 

length (n=12). For three species, Cassiopea xamachana (Scyphozoa; 31,459), Alatina alata 196 

(Cubozoa; 66,156) and Calvadosia cruxmelitensis (Staurozoa; 26,258), the available 197 

information was restricted to the number of predicted genes. 198 
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The determination of repetitive DNA has been an integral step before gene annotation 199 

in most genomic projects. Frequently, repeat diversity was not properly reported and the 200 

degree of detail also varied between articles: e.g. some published works only referred to the 201 

most abundant class of repetitive DNA, meanwhile others described only results at class or 202 

family level. Repetitive libraries ーconsensus sequences representing repeat familiesー were 203 

not properly saved in repositories with the exception of two independent articles, and 204 

RepeatMasker results were reported in 4 articles (one reporting only classified repeats). Total 205 

repetitive length of 12 species for which coding information was also available is presented in 206 

Figure 2B and discussed in Box. 207 

The degree of completeness of these datasets also varied substantially, as estimated 208 

by BUSCO (metazoa_odb10 and eukaryota_odb10; Figure 3). While all Eukaryota genes were 209 

present in at least one assembly (Supplementary file S3, Supplementary file S4), the level of 210 

absence and fragmentation of Metazoa genes was higher (Figure 3. Supplementary file S3). 211 

Seven Metazoa genes were absent in all assemblies and 17 were absent in more than 20% 212 

of them (Figure 3, indicated in red). Some Metazoa BUSCO genes were absent in lineages 213 

with the higher number of assemblies, such as Scyphozoa and Hydrozoa (Figure 3. indicated 214 

in yellow rectangles; Supplementary file S3). This condition was suggested by [20], after 215 

detecting the absence of 14 genes in 5 species (version metazoa_o9db), 3 of which coincided 216 

with the genes detected as absent here (Orthodb IDs: 460044at33208, 601886at33208, 217 

114954at33208), one of which (445034at33208) that has a patchy distribution in Medusozoa 218 

and 9 of which were removed in later versions of the database (Figure 3 in bold). 219 

Moreover, 27 genes were simultaneously recovered as undetectable or fragmented in 220 

more than 80% of the assemblies (Supplementary file S3). Based on BUSCO completeness 221 

assessment with metazoa_o10db, 13 assemblies present 90-95% of genes 222 

(fragmented+complete), while only one assembly includes over 90% of complete genes; the 223 

remaining 15 assemblies present between 57-87% of genes (complete+fragmented) or 16-224 
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77% complete genes. While the Metazoa database might include genes that are absent, 225 

fragmented, or have non-conventional features in all medusozoa species, the utility of the 226 

Eukaryota database in the completeness assessment is limited by its low number of genes. 227 

Until more specific databases are developed, the combination of both BUSCO databases 228 

should be used taking into account their limitations. 229 

3. The state of Medusozoa genomics: inner and derived knowledge 230 

The first glimpse of the Medusozoa genomic organization was obtained by cytogenetic 231 

studies [12,13,21,42–50], but in contrast to other animals, the available information is still 232 

sparse. Many cytogenetic questions essential to the understanding of genome evolution are 233 

unanswered in Medusozoa, either at species or population scale, including the distribution of 234 

the chromosome number (2n), fundamental number of chromosome arms (FN), genome size, 235 

ploidy level, heterochromatin contente. These are questions that have gained renewed interest 236 

since the arrival of the genomic era. 237 

Regarding the phylogenetic distribution of the chromosome number, no inferences can 238 

yet be made on the sparse available information, apart from the presence of some 239 

chromosome variation throughout Medusozoa. A special case was reported in Hydra where, 240 

according to recent descriptions, many species shared a 2n=30 karyotype with metacentric or 241 

submetacentric chromosomes ([50];  Supplementary file S2). This suggests that the 2n=30 242 

karyotype could be widely distributed in the genus and even in other Hydrozoa groups, since 243 

it was also described for one species of Hydrocorynidae, Hydractiniidae, Campanulariidae, 244 

Bougainvilliidae, and Clytiidae, and 3 Eirenidae (Supplementary file S2; references therein). 245 

Interestingly, in Anthozoa, a few sea anemones and several scleractinian corals have 246 

karyotypes between 2n=28 and 2n=30 [60–62]. Nevertheless, a higher sampling effort should 247 

be conducted in order to test the extent of this apparent karyotype stability. 248 
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Scyphozoa genomes tend to be restricted to smaller sizes (~250 to ~700 Mbp) than 249 

those of Hydrozoa, which encompass a larger range (~380 to ~3,500 Mbp) (Figure 1;  250 

Supplementary file S2, references therein), but due to the scarcity of estimations that 251 

represent around 1% of the subphylum, these ranges should be considered preliminary. The 252 

evolution of genome size is a long-standing question that is included in the so-called C-value 253 

Enigma [40]. The latter cover several widely discussed frameworks and hypotheses that try to 254 

explain the causes and consequences of genome size variation and that have found support 255 

in different organisms (reviewed in [63]. The molecular basis of these variations in Medusozoa 256 

have only been studied in detail for Hydra [64] and for S. malayensis [65]; their trends have 257 

been related to repetitive DNA and gene length respectively (Box). Meanwhile, the ecological 258 

and historical factors underlying genome size diversity and its extent in Medusozoa, are topics 259 

that remain to be elucidated. 260 

 261 

Box. Genome content 

Gene content and length: it is straightforward to imagine that the evolution of these two 

characteristics have potential impacts in macroevolution of organisms. The distribution of 

gene number in Medusozoa (Figure 2B) ranged from 17,219 in the Scyphozoan Rhopilema 

esculentum [58] to 66,156 in the Cubozoan Alatina alata [22], but most species of all classes 

have gene counts near the median (26,258), which is higher than the range (18,943 ± 

451.82) described for animals [40]. The upper limit described in the highly fragmented A. 

alata genome deviates from the observed in Morbakka virulenta (24,278 genes), the only 

other sequenced Cubomedusae [66]. Species with varying genome sizes of Hydrozoa, 

Scyphozoa and M. virulenta (Cubozoa) had similar mean CDS lengths (1,414, 1,214, 1,387 

base pairs), mean numbers of exons per gene (5, 6, 5.4), mean exon lengths (306, 293, 432 
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bp), but had different gene lengths (9,530, 7,855 and 21,444 bp respectively) due to the 

presence of longer introns in Hydrozoa and Cubozoa when compared to Scyphozoa 

(Hydrozoa: 1,600; Cubozoa: 3,705 vs. 1,146 bp in Scyphozoa). This is best exemplified in 

the genome of the scyphozoan S. malayensis, which has the smallest cnidarian genome 

reported to date [65], and has also the smallest introns of any sequenced medusozoan 

genome (Figure 2B. yellow arrowhead). Nevertheless, these ranges are rough estimates 

and sometimes heterogeneous, e.g. resulting from different filtering parameters, and their 

implications should be tested as new assemblies and annotations become available. 

Repetitive content: repetitive DNA represents a significant part of eukaryotic genomes and 

is highly diverse, composed by different kinds of transposable elements (TEs), tandem 

repeats and multigene families (e.g. rRNA and tRNA). Many of these sequences, especially 

TEs and satellite DNA, were initially considered as an expendable sector of the genome, 

although their impact on genomic evolution has since been recognized (reviewed in [67]). 

For example, fusion between TEs and host genes have occurred multiple times in 

vertebrates and have contributed to the evolution of novel features [68]. Likewise, TEs and 

other repetitive DNA have been associated with genomic rearrangements and changes in 

DNA content (e.g. [64,67]). The Hydra genus, which has been more extensively studied from 

this point of view, has experienced a rapid genomic evolutionary rate and presents a 3-fold 

genome size increase resulting from the amplification of a single LINE family [64]. Moreover, 

Hydra genomes include an over-representation of transposase-related domains [69]. It is 

interesting to note that many of the Medusozoa species studied so far have relatively small 

genomes but unusually high proportions of repetitive DNA [20,65,66,70]. Nevertheless, the 

lack of standardization in the description of its diversity, and the discrepancy in the degree 

of detail in which these have been described, limits the potential to make inferences. 

Repetitive DNA is a complex study subject, limited by assembly continuity and annotation 
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effort, but restricting genomic studies to the “functional” part of the genome (sensu [71]) may 

lead us to a narrowed view of the Medusozoa genome evolution. 

 Modern Medusozoa genomics formally started with the sequencing and publication of 262 

Hydra vulgaris genome [72] that in cnidaria was only preceded by Nematostella vectensis 263 

[60,72]. Hydra vulgaris is one of the earliest models in biology, mainly used for the study of 264 

development, regeneration, and more recently, of aging (reviewed in [73,74]). The study of 265 

these two early genomes was fundamental for the reconstruction of a more complex ancient 266 

eumetazoan genome than first suggested by the comparison of vertebrates and insects 267 

[16,23,60,72]. Nevertheless, unlike most other medusozoan species, Hydra lives in 268 

freshwater, lacks a medusa and has a genome that has experienced a very rapid rate of 269 

evolution [21]. It therefore is not the ideal species for reconstructing historical nodes on the 270 

Medusozoa tree of life. As such, more recent medusozoa genomes have led to important 271 

updates in our understanding of Medusozoa-relevant research topics, including phylogenetic 272 

reconstructions, the genetic basis of the medusae, the evolution of symbiosis, toxin 273 

characterization, Homeobox gene evolution, to name a few examples (Table 1). Nevertheless, 274 

Medusozoa genomes include thousands of single-copy genes and repetitive elements; 275 

however, only a very limited number of them have been analyzed in detail.  276 

The determination of lineage specific genes and increases and decreases of gene 277 

content is one of the recurrent questions found in Medusozoa genomic studies (e.g. [20,21], 278 

but see [75,76]), and it has been carried on using different methodologies and sets of species. 279 

It has been estimated the most elevated rates of loss in Cnidaria in the hydrozoan branch 280 

leading to Clytia hemisphaerica and Hydra [21,72], followed by slightly lower rates of gene 281 

loss in Scyphozoa and substantially lower rates in Anthozoa [19]. Gene families that have 282 

experienced expansion and contraction have been studied in relation to complex life cycle 283 

patterns [19,21], simplification of the body plan [69,72], the evolution of symbiosis [69], among 284 
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others (table 1). Expression patterns of identified taxonomically restricted medusozoan genes 285 

have been mainly studied in the context of life cycle stages (e.g. [20,21]). 286 

On the other hand, synteny was also analyzed several times, including species of 287 

Hydrozoa, Cubozoa and Scyphozoa, and were carried on at different scales depending on 288 

assembly continuity (i.e. microsynteny and macrosynteny), and often comparing the focus 289 

species to species from sister clade Anthozoa [19–21,62,72]. High synteny conservation was 290 

found within Anthozoa (N. vectensis vs. Scolanthus callimorphus [60–62]) and within 291 

Hydrozoa (H. vulgaris vs. C. hemispherica; [21]). Meanwhile, conservation of synteny at a 292 

lesser degree was also observed between Anthozoa and Scyphozoa (N. vectensis vs. R. 293 

esculentum; N. vectensis vs. Aurelia strains; [19,20,62]) and only a few shared syntenic blocks 294 

between Hydozoa and Anthozoa (H. vulgaris vs. N. vectensis; [21,62,72]), Hydrozoa and 295 

Scyphozoa (H. vulgaris vs. Aurelia aurita; [19]) and Scyphozoa and Cubozoa (A. aurita vs. M. 296 

virulenta; [20]). It is particularly interesting to note that H. vulgaris, N. vectensis and S. 297 

callimorphus present 2n=30, but shared fewer syntenic blocks than either of the two 298 

anthozoans with R. esculentum, which has a different karyotype (2n=22) [62] (non peer-299 

reviewed). These results suggest that there is evidence for the conservation of an ancient 300 

genome architecture in Anthozoa and Scyphozoa, but less conservation in Hydrozoa and 301 

Cubozoa, coincident with a more rapid rate of genome reorganization in the last two classes 302 

[21,62]. 303 

4. Prospects on genomic data and general resources 304 

The increasing amount of genomic information available for diverse organisms has 305 

enabled statistical inferences of trends in eukaryotic genomic evolution. Examples of such 306 

studies are available at small and large phylogenetic scales and have enabled evolutionary 307 

analyses of the distribution of gene numbers, gene features (e.g. intron size), and repetitive 308 

content (e.g. [40]). Nevertheless, the power of eukaryotic genomic comparative analyses is 309 
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hindered by a lack of data and metadata standardization [40,77], which is especially evident 310 

in Medusozoa. 311 

We analyzed hundreds of fields including genetic information and metadata (methods, 312 

metrics and registry codes; table Supplementary file S1), of which no dataset presents most 313 

of them, whatever the area or section (e.g., processing area, section trimming). This could be 314 

a future problem because reusing of previously published datasets is becoming routine, and 315 

tracking of information (BioProjects, Biosamples, methodologies, filtering parameters, etc.) 316 

would be misleading [77,78].  317 

The submission of raw sequencing data and fundamental metadata to the NCBI-SRA 318 

or EMBL-ENA remains a vital step in ensuring the usability and transparency of genome data 319 

[79,80]. Also, project centric repositories serve to store assemblies and associated datasets, 320 

and enable comparative studies. Nevertheless, their use should not lead to the abandonment 321 

of general databases, because it can result in the loss of fundamental metadata associated 322 

with a genomic project and has the potential to aggravate the discovery and re-usability 323 

problem [81]. For example, the assembly with the highest continuity as estimated by the BGP-324 

metric, corresponding to R. esculentum [58], is only found in a journal specific database and 325 

lacks an stable identifier (e.g. NCBI accession). Moreover, even a simple deposit in a public 326 

database would call our attention to potential issues such as contamination (e.g. see online 327 

SRA runs SRR13700068 and SRR13036460). 328 

About lack of past data and current limitations, we should learn from decades-old 329 

references of cytogenetic studies: because some of them do not provide complete material 330 

and methods (e.g., pretreatment, references, designs and photographs; general metadata as 331 

locality, taxonomic identification) and their results therefore should be considered carefully in 332 

a comparative framework (e.g., [16,82,83]). For example, we identified at least three 333 

independent projects that adopted different criteria for gene model filtering, and other three 334 

articles with slightly different criteria for repeat library filtering (Supplementary file S1). As 335 
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additional proof of this idea, this review presents a reanalysis on genome completeness by 336 

BUSCO, that was reran to ensure that comparisons were made between identically run 337 

analyses and database versions, which were frequently unspecified in the associated articles. 338 

There is a growing number of community-driven guidelines, standards, databases and 339 

resources based on the Findable, Accessible, Interoperable and Reusable principles (FAIR 340 

principles) for digital research outputs [81]. Furthermore, global initiatives of large-scale 341 

genome sequencing included in Earth Biogenome Project have adopted a set of standardized 342 

protocols for the different stages of the genome projects, such as specimen collection, DNA 343 

extraction, sequencing, assembly and annotation methods, and reporting, in order to generate 344 

datasets that could “be useful to the broadest possible scientific community” [33]. Standards 345 

should be also implemented by independent research groups publishing genomes. The main 346 

goal of standardization is to promote evaluation, discovery, and reuse of genomic information, 347 

providing long term benefits for science. 348 

The following are suggestions to enhance genome projects and outcomes, and to 349 

promote open and collaborative research.  350 

1. Deposit all data and metadata in public specialized databases (e.g., NCBI), at least once 351 

associated articles are accepted for publication. Detail most metadata as possible, including 352 

those not considered as priority for the aforementioned project. 353 

2. When possible, use a single standardized genome report format, based on previous 354 

Medusozoa projects (e.g. Supplementary file S1 presented here). This will help to recognize 355 

and select proper metadata options for new ones and will enable comparisons between 356 

studies; Alternatively, use specialized tools that standardize reports for multiple samples and 357 

datasets (e.g. [41,84,85]). 358 

3. Deposit output results that were fundamental in any of the steps (e.g. gene models, 359 

repetitive libraries and annotation tracks). 360 
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4. Inform as much as possible if a dataset was edited (e.g., decontamination; gene and 361 

repetitive sequence filtering criteria). 362 

5. Use and clearly identify software, database versions and references in all instances (e.g., 363 

RRID, BUSCO version and repetitive database version). 364 

6. Deposit command lines and scripts used to handle data (from reads to full annotation). 365 

 366 

Conclusions 367 

The pace of genomic development in Medusozoa is far more rapid than more 368 

traditional disciplines such as cytogenetics, where gaps still remain. As the effect of 369 

chromosome structural variants in evolution is increasingly tested and recognized, it is 370 

expected that these disciplines will gain a revived interest as has been seen in other animal 371 

groups [86]. In spite of the great advances in Medusozoa genomics, we found a general lack 372 

of standardization in methodologies and genome reports across independent sequencing 373 

projects. Efforts to incorporate standards would benefit future studies and could promote the 374 

identification of hitherto undiscovered evolutionary patterns. 375 

It is safe to anticipate that standardization will become increasingly easier as 376 

chromosome-level assemblies become more commonplace and as new integrated workflows 377 

of data reporting are developed (e.g. [87]). It will be possible to perform standardized 378 

annotation and analyses in order to identify patterns in medusozoa genome evolution. 379 

Conversations about how best to promote such efforts and best practices for medusozoan 380 

genome efforts will help move the field forward. There are several potential platforms for 381 

gathering community input (e.g., Cnidofest [88], “coelenterate” biology [89], Tutzing workshop 382 

[90]). Such conversations could lead to new standards and potentially a powerful cnidarian 383 

genomics database. This latter goal would be most effective if accompanied by a strong 384 

alliance that spans the growing cnidarian genomics community. 385 
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Table 1 - Genomic projects related to Medusozoa HTS. Sequencing projects with no 630 

current related publication are remarked with capital letters. Column "Main research topics" 631 

describes keywords according to references, restricted to a maximum of 4; "gene evolution" 632 

refers to the study of gene gains/losses and also of specific gene families. Species with 633 

reported assemblies were re-analyzed in this review (bold; Supplementary file S3 Table S3). 634 

UMCG=University Medical Center Groningen; IISER PRune=Indian Institute of Science 635 

Education and Research, Pune; NHGRI=The National Human Genome Research Institute; 636 

TF=transcription factors; *"preliminary” assembly available at the institutional site; **species 637 

with taxonomic updates. For further details see Supplementary file S1. 638 

 639 
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Project 

Release year 

(NCBI-SRA) 

Class  

(n° genomes) Species Main research topics 

Chapman et 
al. [72] 2008 Hydrozoa (1) Hydra vulgaris 

Gene evolution; micro-
synteny 

IISER Pune 2014-2015 Hydrozoa (1) Hydra vulgaris not_informed 

NHGRI [54] no SRA Hydrozoa (1) Hydra vulgaris not_informed 

NHGRI [92] 2016 Hydrozoa (1) Hydractinia echinata* not_informed 

Gold et al. [19]  2018 Scyphozoa (1) Aurelia coerulea 

Life cycle; gene 
evolution; intraspecies 
variability; HOX 

IRIDIAN 
GENOMES 
[57] 2018 Hydrozoa (1) 

Craspedacusta 
sowerbii not_informed 

Kim et al. [66] 

2018 

Scyphozoa (1) Nemopilema nomurai 

Life cycle; jellyfish body 
patterning; gene 
evolution; toxins 

IRIDIAN 
GENOMES 
[57] 2019 Hydrozoa (1) Scolionema suvaense not_informed 

Khalturin et al. 
[20] 2019 

Scyphozoa (2)  
Aurelia aurita**, Aurelia 
coerulea** Life cycle; jellyfish body 

plan; gene evolution; 
synteny Cubozoa (1) Morbakka virulenta 

Leclère et al. 
[21] 2019 Hydrozoa (1) Clytia hemisphaerica 

Life cycle; gene 
evolution; micro-synteny; 
TF 

Odhera et al. 
[22]  2019 

Scyphozoa (1) Cassiopea xamachana 

Gene evolution; micro-
synteny; Homeobox; 
toxins 

 Cubozoa (1)  Alatina alata 

Staurozoa (1) 
Calvadosia 
cruxmelitensis 

Vogg et al. 
[93]  2019 Hydrozoa (1) 

Hydra oligactis; Hydra 
viridissima 

Gene evolution; RTKs; 
developmental genes 

Hamada et al. 
[69] 2020 Hydrozoa (1) Hydra viridissima 

Symbiosis; immune 
response; repetitive 
DNA; Homeobox 

IRIDIAN 
GENOMES 
[57] 

2020  

Cubozoa (3) 

Alatinidae sp. 

not_informed Carybdea marsupialis 
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Tamoya ohboya 

Hydrozoa (2) 

Cladonema radiatum 

Eutima sp. BMK-2020 

Scyphozoa (4) 

Aurelia coerulea 

Chrysaora achlyos 

Chrysaora chesapeakei 

Chrysaora fuscescens 

Staurozoa (1) 
Calvadosia 
cruxmelitensis 

Li et al. [58] 2020 Scyphozoa (1) Rhopilema esculentum Gene evolution; toxins 

Nong et al. 
[65] 

2020 

Scyphozoa (2) 
Sanderia malayensis, 
Rhopilema esculentum 

Gene evolution; small 
RNAs; micro-synteny; 
Homeobox 

Xia et al. [70] 
2020 

Scyphozoa (1) 
Chrysaora 
quinquecirrha 

Gene and gene feature 
evolution; repetitive DNA 

Xia et al. [94] 
2020 

Scyphozoa (1) 
Chrysaora 
quinquecirrha 

Assembly improvement 
report 

UMCG  2021 Scyphozoa (1) Cassiopea andromeda not_informed 

 640 

Figure 1 - Phylogenetic distribution of genomic information in Medusozoa. A) Number 641 

of described species and number of species with genomic data; B) Chromosome number (2n) 642 

range; C) Genome size (Mbp) range taking into account Flow Cytometry and Feulgen 643 

Densitometry estimations; D) Total number of available assemblies and number of species 644 

with assembled genomes. In B) and C) single values were also included when only one 645 

species was characterized. Tree topology is explained in the methods section. Information 646 

used for this graph is available at Supplementary file S3 Table S2. 647 

Figure 2 - Assembly and genome features. In A) is reported (from left to right): mean 648 

assembly length per class, GC content (%) per class, number of contigs and scaffolds per 649 

assembly coloured by class, contig and scaffold N50 (in Kbp) per assembly coloured by class, 650 
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and count of assemblies of each class corresponding to the different BGP-metric values, 651 

where X and Y correspond to contig and scaffold N50 respectively, and Z to chromosome 652 

assignment (see methods section). In B) is reported (from left to right): mean repeat length 653 

(Mbp) in assembly per class, mean total number of genes per class, mean exon number (count 654 

per gene) per class, and mean gene, intron and exon length (Kbp) per assembly coloured by 655 

class. The yellow arrowhead indicates S. malayensis gene features (See Box). All other 656 

references are specified in the figure. Mbp=millions of base pairs. Information used for this 657 

graph is available at Supplementary file S3 Tables S4-6. 658 

Figure 3 - BUSCO Metazoa gene distribution in Medusozoa assemblies. Each column 659 

corresponds to a gene and each row an assembly. Columns were ordered based on presence 660 

from left to right and the least present genes (n=96) are shown in detail. Genes absent in all 661 

or almost all assemblies (more than 80% of absence) are indicated in red; genes also reported 662 

absent [20] are indicated in bold; genes absent in specific lineages are indicated with yellow 663 

rectangles. Higher quality assemblies are indicated in orange (BGP-metric > 1.0.0). The 664 

assembly with the highest quality score for BGP-metric is indicated by an orange circle and 665 

corresponds to Rhopilema esculentum [58]. Information used for this graph and complete 666 

genes names are available at Supplementary file S3 Table S7. 667 

Supplementary Material 668 

Supplementary file S1. Dataset 1. Genome report sheet. 669 

Supplementary file S2. Table S1. Species information considering chromosome number, 670 

genome size and genomic datasets. 671 

Supplementary file S3. Supplementary tables 2-8 - All information used for constructing graphs 672 

presented in this work. Includes summary information of Figure 1 (table S2), genome 673 

resources used in this study (table S3), assembly statistics for Figure 2A (table S4), genome 674 
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features of Figure 2B (table S5, S6) and BUSCO results for Figure 3 and Supplementary figure 675 

S4 (tables S7, S8). 676 

Supplementary file S4. - BUSCO Eukaryota gene distribution in Medusozoa assemblies. Each 677 

column corresponds to a gene and each row an assembly. Information used for this graph is 678 

available at Supplementary file S3 Table S8. 679 

Supplementary file S5 - Dataset 2. Information and metadata obtained from NCBI. 680 

Supplementary file S6 - Dataset 3. Original results from AGAT and Galaxy server (BUSCO). 681 

Supplementary file S7 - Dataset 4. Command line to retrieve data from NCBI and to generate 682 

new results. 683 

Supplementary file S8 - Dataset 5. Figures in vectorial format 684 

 685 

https://drive.google.com/file/d/1oFSc7RVth5nVyus6QY74lz1NU_pcXmK-/view?usp=sharing
https://drive.google.com/file/d/1oFSc7RVth5nVyus6QY74lz1NU_pcXmK-/view?usp=sharing
https://drive.google.com/file/d/1oFSc7RVth5nVyus6QY74lz1NU_pcXmK-/view?usp=sharing


Figure 1 Click here to access/download;Figure;1 Figure 1.TIFF

https://www.editorialmanager.com/giga/download.aspx?id=125502&guid=be71756f-f089-4bf5-b6ff-1ec61ca3a2b1&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=125502&guid=be71756f-f089-4bf5-b6ff-1ec61ca3a2b1&scheme=1


Figure 2 Click here to access/download;Figure;2 Figure 2.TIFF

https://www.editorialmanager.com/giga/download.aspx?id=125503&guid=b2963848-4458-4ed6-98f4-1dcda1d92731&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=125503&guid=b2963848-4458-4ed6-98f4-1dcda1d92731&scheme=1


Figure 3 Click here to access/download;Figure;3 Figure 3.TIFF

https://www.editorialmanager.com/giga/download.aspx?id=125501&guid=a523e54d-c674-431d-9a9c-1502276d1c3c&scheme=1
https://www.editorialmanager.com/giga/download.aspx?id=125501&guid=a523e54d-c674-431d-9a9c-1502276d1c3c&scheme=1


  

Supplementary File 1 

Click here to access/download
Supplementary Material

Supplementary_file_S1_Dataset_1_genome_report_she
et.xlsx

https://www.editorialmanager.com/giga/download.aspx?id=125504&guid=3dab75cf-381b-44e3-b986-78574548629f&scheme=1


  

Supplementary File 2

Click here to access/download
Supplementary Material

Supplementary_file_S2_Table_S1.xlsx

https://www.editorialmanager.com/giga/download.aspx?id=125505&guid=771e6b2b-77a9-4b89-8dbe-c130b8e00e38&scheme=1


  

Supplementary File 3

Click here to access/download
Supplementary Material

Supplementary_file_S3_TablesS2-
8_Figures_Information.xlsx

https://www.editorialmanager.com/giga/download.aspx?id=125506&guid=38907f85-e3b7-42b8-9f6b-01da0dde678e&scheme=1


  

Supplementary File 4

Click here to access/download
Supplementary Material

Supplementary_file_S4.png

https://www.editorialmanager.com/giga/download.aspx?id=125507&guid=c4e635f4-4fbf-4207-bbdb-78ef88e9a31f&scheme=1


  

Supplementary File 7

Click here to access/download
Supplementary Material

Supplementary_file_S7_Dataset_4_command_line.html

https://www.editorialmanager.com/giga/download.aspx?id=125509&guid=95597c6c-8b01-4fa7-8538-1196691b19a5&scheme=1

