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chromosomes, has only been uncovered recently by telo-
mere-to-telomere sequence and assembly efforts [7].

Hydractinia symbiolongicarpus is a colonial hydrozoan 
cnidarian species found along the east coast of North 
America, forming colonies on hermit crab shells, and 
can be cultured in laboratory conditions [8]. This species 
has specialized zooids (polyps) for feeding, reproduction, 
and defense, and its daily spawning facilitates genetic 
manipulation techniques like RNAi, CRISPR/Cas9, and 
transgenesis [9, 10]. H. symbiolongicarpus also possesses 
unique pluripotent interstitial stem cells (i-cells) capable 
of differentiating into all somatic and germ cell lineages, 
in contrast to the other commonly studied hydrozoan 
Hydra vulgaris i-cells, which have more limited potential 

Introduction
Deep chromosomal homologies have been shown for 
a vast range of animals and beyond [1, 2]. Despite such 
conservation of chromosomal identity, the non-cod-
ing content and the amount of repetitive elements on 
these chromosomes are strikingly diverse [3–6]. How 
repetitive elements are distributed on complete animal 
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Abstract
Despite the striking conservation of animal chromosomes, their repetitive element complements are vastly diverse. 
Only recently, high quality chromosome-level genome assemblies enabled identification of repeat compositions 
along a broad range of animal chromosomes. Here, utilizing the chromosome-level genome assembly of 
Hydractinia symbiolongicarpus, a colonial hydrozoan cnidarian, we describe an accumulation of a single 372 bp 
repeat unit in the subtelomeric regions. Based on the sequence divergence, its partial affinity with the Helitron 
group can be detected. This sequence is associated with a repeated minisatellite unit of about 150 bp. Together, 
they account for 26.1% of the genome (126 Mb of the 483 Mb). This could explain the genome size increase 
observed in H. symbiolongicarpus compared with other cnidarians, yet distinguishes this expansion from other 
large cnidarian genomes, such as Hydra vulgaris, where such localized propagation is absent. Additionally, we 
identify a derivative of an IS3EU-like DNA element accumulated at the putative centromeric regions. Our analysis 
further reveals that Helitrons generally comprise a large proportion of H. symbiolongicarpus (11.8%). We investigated 
Helitron presence and distributions across several cnidarian genomes. We find that in Nematostella vectensis, an 
anthozoan cnidarian, Helitron-like sequences were similarly accumulated at the subtelomeric regions. All these 
findings suggest that Helitron derivatives are prone to forming chromosomal extensions in cnidarians through local 
amplification in subtelomeric regions, driving variable genome expansions within the clade.
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[11]. These features make H. symbiolongicarpus an 
attractive model for studying stem cell function and evo-
lution [9].

In a previous study, we assembled all 15 chromosome 
sequences of H. symbiolongicarpus by combining long-
read sequencing with DNase Hi-C [12]. The genome of 
H. symbiolongicarpus retained chromosomal scale syn-
teny with other Cnidaria, although colinear synteny was 
almost lost compared to H. vulgaris, which belongs to 
the same Hydrozoa class, because of intrachromosomal 
rearrangements [12, 13]. The genome assembly size was 
483 Mb, more than 100 Mb larger than the genome sizes 
of many other Cnidaria, which typically range from 200 
to 300 Mb [14–16]. Although 61% of the genome con-
sisted of repetitive elements, most of them could not be 
attributed to specific TE families [12]. However, the dis-
tribution of sequence divergence in the repetitive ele-
ments suggested that there was a past burst of TE activity 
during a narrow time window [12].

The nucleotide sequences of TEs generally undergo 
rapid substitutions, and inactive TEs progressively 
become fragmented, making it often challenging to accu-
rately assign them to known TEs [17–20]. This tendency 
is particularly evident in animals other than well-studied 
model organisms such as mice and zebrafish, which have 
well-characterized genomes [13]. In this study, we used 
highly sensitive TE analyses, based on the hidden Mar-
kov model (HMM) that we previously developed [13]. 
Our findings suggest that the past TE burst in H. sym-
biolongicarpus was primarily driven by Helitrons. Fur-
thermore, by utilizing genome coordinate information 
obtained from our chromosomal-scale genome assembly 
[12], we discovered that a single family of repeats poten-
tially derived from Helitron-like elements is preferentially 
accumulated in subtelomeric regions.

Results
TE coverage analysis in the H. symbiolongicarpus genome
The previous study suggested that identifying specific TE 
families responsible for past bursts in H. symbiolongicar-
pus was challenging due to nucleotide substitutions and 
TE fragmentation [12]. Therefore, in this study, we cre-
ated a custom repetitive element library using Repeat-
Modeler v2.0.5 [21] with a modified method [13]. This 
modified method utilized an HMM-based sequence 
search [22], instead of using rmblast v2.14.1, which is 
employed by RepeatClassifier v2.0.5, a subprogram of 
RepeatModeler, to compare the sequences of the custom 
repetitive element library generated by RepeatModeler 
against the Dfam database (Fig. S1, Methods) [13, 21]. In 
the original default run of RepeatModeler v2.0.5, 2,300 
sequences were generated as a custom repetitive element 
library, of which 24.4% (562 sequences) were attributed 
to one of the TE families. The modified method provided 

improved annotation: we were eventually able to anno-
tate 63.5% (1,461 sequences) of repeats. Using this refined 
custom repetitive element library as an input for Repeat-
Masker v4.1.6, we examined the TE landscape in the 
chromosome-level genome assembly of H. symbiolon-
gicarpus (total size 483  Mb) [12]. As a result, we found 
that 38.0% (184 Mb) of the genome is occupied by SINEs, 
LINEs, LTRs, DNA, and rolling-circle (RC) elements 
(Table S1). When unclassified repetitive elements were 
also included, the genome coverage expanded to 60.4% 
(292 Mb) (Table S1). Furthermore, analysis of the nucleo-
tide substitution distribution of TEs (Kimura divergence 
scores) revealed a sharp peak, as we previously reported 
[12], suggesting a past burst of TE activities (Fig. 1a, b). 
Although the main components of the sharp peak were 
unclear when using the default RepeatModeler custom 
repetitive element library (Fig. 1a), the analysis with the 
refined custom repetitive element library showed that 
Helitrons (RC) were the main component in the sharp 
peak (Fig. 1b). This suggests that the H. symbiolongicar-
pus genome experienced a Helitron burst in the past.

We examined the genome coverage of TEs at both the 
superfamily and family levels [23]. At the superfamily 
level, the most abundant elements were unclassified ele-
ments (22.4%, 108 Mb), Helitrons (11.8%, 57.1 Mb), and 
DNA element IS3EU, (4.19%, 20.2  Mb) (Fig.  1c, Table 
S2). At the family level, a single family of unclassified 
element (ID: rnd-1_family-0) occupied 15.9% (76.9  Mb) 
of the genome (Fig.  1d, Table S3), with an overwhelm-
ing copy number of 382,119 copies, far surpassing all 
other TE families (Fig.  1e, Table S3). We named this 
unclassified element HSymSR (H. symbiolongicarpus 
subtelomeric repeat) because of its localization to the 
subtelomeric regions. The HSymSR represented 71.0% 
of all unclassified elements (Tables S2, S3). A single 
Helitron-like family (ID: rnd-2_family-1) accounted for 
10.2% (49.1 Mb) of the genome (Fig. 1d, S2a), represent-
ing 86.1% of all Helitron elements (Tables S2, S3). We 
named this Helitron-like family HSymSHlR (H. symbi-
olongicarpus subtelomeric Helitron-like repeat). The 
copy number of the HSymSHlR was 4,938 (Table S3). A 
single IS3EU-like family (rnd-3_family-1290) accounted 
for 3.96% (19.1  Mb) of the genome (Figs.  1d, S2b), rep-
resenting 94.4% of all IS3EU elements (Tables S2S3). 
We named this IS3EU-like family HSymIS3EUlR (H. 
symbiolongicarpus IS3EU-like repeat). The copy num-
ber of the HSymIS3EUlR was 1,384 (Table S3). More-
over, the Kimura substitution level of HSymSHlR was 
8.86%, closely aligning with the RC peak (Fig.  1b, Table 
S3). The Kimura substitution level for the HSymSR was 
5.85% (Fig.  1b, Table S3). The HSymIS3EUlR showed a 
Kimura substitution level of 20.6%, which corresponds 
to the second wide peak (Fig. 1b, Table S3). In summary, 
we identified HSymSHlR, HSymSR, and HSymIS3EUlR 
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that together account for 30.0% (145 Mb) of the genome. 
These elements may have contributed, at least in part, 
to the genome size increase in the H. symbiolongicarpus 
genome compared with other cnidarians [14–16].

We also searched for a putative active Helitron in our 
chromosomal-scale genome assembly using the cus-
tom repetitive element library. As a result, we identi-
fied a 3,389  bp sequence containing two open reading 
frames (ORFs), which we designated as HSymHel (H. 

Fig. 1  TE genome coverage in H. symbiolongicarpus genome. (a) Repeat landscape illustrating TE accumulation history for the H. symbiolongicarpus 
genome with the custom repetitive element library generated by RepeatModeler run with the default settings. The horizontal axis illustrates the Kimura 
substitution levels of repeat elements relative to their consensus sequences, indicating their ages. On the vertical axis, the graph depicts the genome 
coverage of each repeat family within the genome in Mb. Consequently, older repetitive elements appear toward the right side of the graph, while more 
recently active repetitive elements are positioned on the left. (b) Repeat landscape with the refined custom repetitive element library. (c) Genome cover-
age of TE superfamilies. (d) Genome coverage of TE families. (e) Copy number of TE families
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Fig. 2 (See legend on next page.)
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symbiolongicarpus Helitron; Fig. S3a). Analysis of the 
protein domains encoded by HSymHel revealed that it 
contains the Helitron_like_N superfamily (NCBI CDD 
accession cl16715), the DEAD-like_helicase_N super-
family (NCBI CDD accession cl28899), and the RecD 
superfamily (NCBI CDD accession cl33920) (Fig. S3b). 
A BLAST search of the HSymHel sequence against the 
genome mapped it to 217 locations. Among these, 27 
sequences that formed alignments longer than 2.5  kb 
were extracted along with 2  kb upstream and down-
stream flanking regions, and a multiple alignment was 
constructed from these 27 sequences and the consen-
sus sequence of HSymHel (Fig. S3c). This analysis dem-
onstrated the conservation of regions corresponding to 
the three identified domains (Fig. S3c). These findings 
suggest that HSymHel may represent a putative active 
Helitron in the genome. Helitrons can be classified into 
Helitron-like element 1 (HEL1) and Helitron-like ele-
ment 2 (HEL2): HEL1 inserts between ‘A’ and ‘T’ in the 
genome, while HEL2 inserts between ‘T’ and ‘T’ [24–28]. 
By examining the termini of the alignment, we identi-
fied potential regions suggesting that HSymHel belongs 
to HEL1, despite extensive nucleotide substitutions (Fig. 
S3d). The self-sequence alignment of the HSymHel con-
sensus sequence revealed that it does not contain internal 
repetitive sequences (Fig. S3e).

Distribution of HSymSHlR copies on chromosomes
Next, we examined how HSymSHlR is distributed on 
chromosomes. We found that, in all chromosomes except 
chromosome 15, the HSymSHlR sequences are accumu-
lated at both ends of the chromosomes (Fig.  2a–c, S4, 
S5). In the regions of the local accumulation, HSymSHlR 
showed tandem array with variety of unit lengths (Fig. 2b, 
c). We generated a self-sequence alignment of the con-
sensus sequence of HSymSHlR and found the repetitive 
nature of the consensus sequence (Fig. S5b). The length 
of the internal repeat unit of the HSymSHlR consensus 
sequence is 372 bp (Fig. S5b). Copy numbers and genome 
coverage of HSymSHlR vary between chromosome arms 
and median copy number was 148 copies and median 
genome coverage was 1.46  Mb (Fig. S5c, d). We also 
observed a tandem array of HSymSR, beginning from 
the terminal of the array of HSymSHlR and extending 
continuously to the end of the chromosome (Fig.  2a–c, 
S5a). Self-sequence alignment of the HSymSR consensus 

sequence also revealed its repetitive nature (Fig. S5e). The 
copy numbers and genome coverage of the HSymSR dif-
fered across chromosome arms, with a median of 12,278 
copies and a median genome coverage of 2.46  Mb (Fig. 
S5f, g). There was a statistically significant positive cor-
relation between the copy number of HSymSHlR in each 
chromosome arm and the copy number of HSymSR in 
each chromosome arm (p < 9.6 × 10− 4; Fig. S5h), as well 
as between the genome coverage of HSymSHlR in each 
chromosome arm and the genome coverage of HSymSR 
in each chromosome arm (p < 1.2 × 10− 5; Fig. S5i). No sta-
tistically significant Blast hits were obtained between the 
consensus sequence of HSymSHlR and that of HSymSR. 
We also found that HSymIS3EUlR was highly accumu-
lated at the center of each chromosome and at the right 
end of chromosome 6 (Fig. 2a, d, S4). In addition to the 
IS3EU putative homologous region of HSymIS3EUlR 
(Fig. S2b), the consensus sequence had additional inter-
nal repetitiveness with a repeat unit length of 182 bp as 
determined by Tandem Repeats Finder v4.09. Manual 
inspection of the raw HiFi genomic reads was able to 
confirm this consensus sequence.

We also compared the distance to the nearest gene 
for HSymSHlR, HSymSR, and HSymIS3EUlR against 
all TEs (Fig. 2e). In all cases, the distance to the nearest 
gene was significantly greater for HSymSHlR, HSymSR, 
and HSymIS3EUlR compared to all TEs (Wilcoxon test; 
p < 2.2 × 10–16 for all cases; Fig. 2e). Furthermore, we ana-
lyzed the relationship between gene density and TE copy 
number in 100  kb genomic windows. Compared to all 
TEs (Fig. 2f ), the TE-rich regions of HSymSHlR (Fig. 2g), 
HSymSR (Fig. S4b), and HSymIS3EUlR (Fig. S4c) were 
mutually exclusive with gene-dense regions. These data 
are consistent with the accumulation of HSymSHlR and 
HSymSR in subtelomeric regions and HSymIS3EUlR in 
putative centromeric regions.

For cross-validation, we analyzed another genome 
assembly of H. symbiolongicarpus (Hsym_primary_v1.0) 
[29]. The contig-level genome assembly of H. symbi-
olongicarpus [29] was organized into 15 pseudochro-
mosomal sequences using the publicly available female 
genetic linkage map [30]. Then, the TE landscape was 
examined in these 15 pseudochromosomes. The sub-
telomeric accumulation of HSymSHlR was also detected 
in the pseudochromosomes (Fig. S6a, b). The subtelo-
meric accumulation of HSymSR and the centromeric 

(See figure on previous page.)
Fig. 2  Subtelomeric and centromic expansions on H. symbiolongicarpus chromosomes. (a) Whole genome landscape of selected repeat localization. The 
first track represents all TEs, the second track represents HSymSHlR, and the third track depicts HSymSR. The fourth track shows HSymIS3EUlR. (b) Selected 
repeat localization on the chromosome 1. The regions highlighted by black horizontal lines (#1 and #2) are further emphasized in panel (c) and (d). (c) 
The regional plot on the chromosome 1 (region #1). (d) The regional plot on the chromosome 1 (region #2). The first to fourth tracks in panel (b), (c), and 
(d) are the same as in panels (a). (e) Distance to nearest gene. The boxplots illustrate the distance from the nearest gene for all TEs, HSymSHlR, HSymSR, 
and HSymIS3EUlR. The asterisks indicate that the median distance from the nearest gene is significantly greater compared to all TEs (p-value < 2.2e-16 
for all asterisks, Wilcoxon rank-sum test). (f) The relationship between gene density and density of all TEs. (g) The relationship between gene density and 
HSymSHlR density
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accumulation of HSymIS3EUlR were not as distinct as in 
the chromosome-level genome assembly (Figs. 2, S4, S6a, 
b). This is most likely due to the nature of pseudochro-
mosomes, where contigs were simply appended to female 
linkage groups. This could lead to the relatively low reso-
lution in the subtelomeric and centromeric regions.

Molecular phylogenetic analysis of Helitrons in the genome 
of H. symbiolongicarpus
Molecular phylogenetic analysis was conducted for 
copies of HSymSHlR and HSymSR detected in the H. 
symbiolongicarpus genome in order to resolve their 
phylogenetic relationship. Examining the sequence 
length distribution of the 4,938 copies from HSymSHlR 
revealed a broad distribution, with a median length of 
2,149  bp (Fig.  3a). In contrast, the 382,119 copies of 
HSymSR exhibited a narrow length distribution, with a 
median length of 209 bp (Fig. 3b). Total 177 HSymSHlR 
sequences with lengths between 2.3 kb and 2.6 kb were 
extracted and aligned, resulting in a 3,419 bp alignment 

(Figs.  3c, S7a). Numerous insertions, deletions, and 
base substitutions were observed, suggesting that these 
sequences represent inactivated Helitron derivatives (Fig. 
S7a). Similarly, 200 sequences of HSymSR with lengths 
between 205  bp and 215  bp were randomly extracted 
and aligned, yielding comparable result (Figs.  3d, S7b). 
Furthermore, a molecular phylogenetic analysis using 
the neighbor-joining method was performed on the 
extracted sequences of HSymSHlR (Fig.  3e). This analy-
sis identified monophyletic groups consisting of copies 
located on the same chromosome arm, suggesting their 
local propagation (Fig. 3e).

Genomic distribution of Helitrons in other cnidaria
We investigated the presence of Helitron sequences in the 
genome assemblies of five additional cnidarian species 
(Hydra vulgaris [13], Hydra viridissima [14], Rhopilema 
esculentum [15], Acropora millepora [31], and Nema-
tostella vectensis [16]). Helitrons were identified in all 
species analyzed (Fig. 4a). Notably, the genome coverage 

Fig. 3  Molecular phylogenetic analysis of HSymSHlR in H. symbiolongicarpus genome. (a) Sequence length distribution of HSymSHlR. (b) Sequence 
length distribution of HSymSR. (c) Multiple sequence alignment of all 177 HSymSHlR, with sequence lengths greater than 2.3 kb and less than 2.6 kb. (d) 
Multiple sequence alignment of 200 randomly selected HSymSR, with sequence lengths greater than 205 bp and less than 215 bp. The enlarged views of 
panels (c) and (d) are shown in Fig. S7. (e) Cladogram of a neighbor-joining tree of sequences from panel (c). Monophyletic groups formed by HSymSHlR 
sequences from the same chromosome arms are highlighted in red
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Fig. 4 (See legend on next page.)
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of Helitrons was higher in N. vectensis and H. symbiolon-
gicarpus compared to the other species (Fig. 4a, b). Fur-
thermore, we identified sequences similar to HSymHel in 
these genome assemblies (Fig. 4c). In the generated align-
ment, although nucleotide substitutions and indels were 
extensive among species, we found that the three pro-
tein domains encoded by HSymHel, such as the Helicase 
domain, were also present in sequences similar to HSym-
Hel from the five species (Fig. 4c).

Among the analyzed cnidarians, N. vectensis exhibited 
an accumulation of a Helitron-like sequence (NveSHlR) 
near the chromosomal termini, a pattern also observed 
in H. symbiolongicarpus (Fig.  4d, upper panel). These 
regions were characterized by an extremely low gene 
density compared to other genomic regions (Fig.  4d, 
middle and bottom panels). In contrast, IS3EU-like ele-
ments, which were found to accumulate in the putative 
centromeric regions of H. symbiolongicarpus (Figs. 2, S2), 
displayed a diffuse distribution across the chromosomes 
in N. vectensis (Fig. 4d).

We also examined whether canonical (TTAGGG)n 
telomeric repeats are present at the chromosomal termini 
of H. symbiolongicarpus and N. vectensis. As a result, in 
H. symbiolongicarpus, canonical telomeric repeats were 
identified at one end of chromosome 7. In N. vectensis, 
canonical telomeric repeats were detected at one end of 
chromosomes 1, 2, 4, 6, 7, and 8. We also performed a 
BLASTP search using the protein sequence of human 
telomerase reverse transcriptase (TERT) as a query 
against the protein sequence sets of both species. As a 
result, we identified sequences with similarity to TERT 
in both species (XP_057313859.1, XP_032223148.2), sug-
gesting putative TERT candidates (Fig. S8).

Discussion
Helitrons have been identified across diverse animal and 
plant species [32–37], with strong evolutionary asso-
ciation with telomeres [38] or centromeres [39]. In the 
genomes of several plants, such as Arabidopsis thali-
ana, it has been reported that Helitrons form tandem 
arrays within the genome, which is probably a result of 
rolling-circle replication generating tandem Helitron 
concatemers [40]. Additionally, in Brassicaceae species, 
Helitrons are found in lower densities in areas of the 
genome with high gene density, and they tend to prefer-
entially insert into regions near centromeres and inter-
genic regions [39]. These findings have primarily been 

derived from analyses of plant genomes, leaving much 
to be explored regarding the role of RC transposons in 
metazoan genomes. In animal genomes, particularly in 
mammals, Helitrons seem to be less common and less 
active in comparison to plant genomes [41]. As an excep-
tional example of Helitron presence in mammals, in the 
bat Myotis lucifugus Helitrons make up approximately 
6% of the genome, and in several cases, they include 
one or two gene fragments [35]. Likewise, in Drosophila 
yakuba, 3% of the genome consists of both autonomous 
and non-autonomous Helitrons, including DNAREP1_
Dyak, which has been actively transposing within the 
last 5 million years [42]. Due to the sequence divergence 
of Helitrons, identifying them within repetitive element 
sequences requires highly sensitive detection meth-
ods [13]. Indeed, in our current study, running Repeat-
Modeler with default parameters proved insufficient for 
detecting Helitrons in the H. symbiolongicarpus genome. 
With the modified RepeatModeler pipeline, we observed 
subtelomeric accumulations of Helitron-like elements 
in H. symbiolongicarpus and N. vectensis. By applying 
this approach to other animal genomes, we may be able 
to shed light on the potentially underestimated role that 
Helitrons could play in metazoan genomes, offering new 
insights into their evolutionary significance.

The accumulation of Helitron-like elements at the 
chromosome ends of H. symbiolongicarpus raises the 
possibility that they may contribute to chromosome 
maintenance. In Drosophila species, telomerase has been 
lost, and to counteract the inevitable telomere shorten-
ing, Drosophila developed a compensatory mechanism 
involving certain TEs, primarily non-LTR retrotranspo-
sons such as HeTA, TART, and TAHRE [43]. These TEs 
preferentially insert into telomeric regions, effectively 
maintaining telomere length in the absence of telomer-
ase [43]. Interestingly, in Drosophila biarmipes, Helitrons 
have been reported to associate with telomeres instead of 
non-LTR retrotransposons [38]. Although both canoni-
cal telomeric repeats and telomerase are present in the 
genomes of H. symbiolongicarpus and N. vectensis, the 
accumulation of repetitive elements at chromosome ends 
in these species may partially parallel the Drosophila sys-
tem and could potentially contribute to telomere stabil-
ity. Further studies are needed to evaluate whether these 
repetitive elements play a functional role in chromosome 
end protection.

(See figure on previous page.)
Fig. 4  Helitrons in cnidarian genomes. (a) Cladogram of the six cnidarian species with their TE genome coverage and proportion of TEs in total TEs. (b) 
Proportion of TEs in total TEs across the six cnidarian species, with rows representing TEs, sorted by hierarchical clustering using the Euclidean distance 
and the Ward D2 methods. Columns represent species, all of which show varying amounts of Helitrons. (c) Sequence alignment of sequences similar to 
HSymHel from six cnidarians. The domain names are based on the analysis output from the NCBI Conserved Domain Search. (d) Genomic localization 
of Helitrons in Nematostella vectensis, highlighting the abundance of NveSHlR in subtelomeric regions. The first track shows the distribution of all TEs, the 
second track shows the distribution of NveSHlR, and the third track shows the distribution of IS3EU. Abbreviations of species names are as follows: NVE, 
Nematostella vectensis; AMI, Acropora millepora; RES, Rhopilema esculentum; HVI, Hydra viridissima; HVU, Hydra vulgaris; HSY, Hydractinia symbiolongicarpus
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In this study, among the six analyzed cnidarian species 
(H. symbiolongicarpus, Hydra vulgaris, Hydra viridis-
sima, Rhopilema esculentum, Acropora millepora, and N. 
vectensis), accumulations of IS3EU-like DNA elements 
were found in the putative centromeric regions of the H. 
symbiolongicarpus genome. This superfamily was discov-
ered in 2012, with the first ten families of autonomous 
IS3EU transposons identified in various species (Danio 
rerio, H. vulgaris, beetle, acorn worm, and fungus) [44, 
45]. IS3EU is a DNA transposon belonging to the IS3 
family [46]. Although multiple sequences of IS3EU are 
registered in Repbase Reports [47, 48], detailed analy-
ses focusing on their structure and function remain 
largely unexplored, leaving room for future investigation. 
Unlike Helitrons, no significant expansion of IS3EU was 
detected in N. vectensis, suggesting that the proliferation 
of IS3EU-like elements is specific to the H. symbiolongi-
carpus lineage.

The availability of a chromosome-scale genome assem-
bly for H. symbiolongicarpus played a pivotal role in 
enabling a comprehensive characterization of the distri-
bution of Helitrons within the genome. While it is feasi-
ble to analyze the average proportion of TEs across the 
genome using scaffold- or contig-level assemblies, this 
study revealed that Helitron-like elements significantly 
enrich at the ends of chromosomes, contributing to an 
increase in genome size. Recent research on other TEs 
has shown that Ty3/Gypsy elements are highly overrep-
resented in pericentromeric and subtelomeric regions 
in frogs using a high-quality chromosome-scale genome 
assembly [49]. These findings offer valuable insights into 
the role of TEs in genome evolution, highlighting the 
importance of high-quality chromosome-scale genome 
assemblies for detecting such patterns. Thorough inves-
tigations of chromosome-scale genome assemblies across 
various species could uncover novel TE distribution pat-
terns that are dependent on specific genomic regions. 
This, in turn, may illuminate the role of TEs in maintain-
ing chromosomal integrity, dynamics, and evolution.

In this study, the accumulation of Helitron-like ele-
ments was observed not only in the H. symbiolongicarpus 
genome but also in the N. vectensis genome. H. symbi-
olongicarpus and N. vectensis belong to Medusozoa and 
Anthozoa, respectively, both of which are two major 
clades of Cnidaria that diverged over 500  million years 
ago [50, 51]. Building on these findings, our study sug-
gests the evolutionary role of Helitron-like elements in 
cnidarian genomes, particularly in shaping the telomeric 
structure. The conserved chromosomal-level homology 
observed across cnidarian species, coupled with the accu-
mulation of Helitron-like elements in distinct genomic 
regions of both Medusozoa and Anthozoa lineages, sug-
gests the potential influence of Helitron-like elements in 
Cnidaria chromosome evolution over vast evolutionary 

timescales. As high-quality chromosomal assemblies 
continue to become available for cnidarian species [12, 
13, 15, 52], further exploration of TE dynamics across 
diverse lineages will help to identify the ancestral chro-
mosomal characteristics. Together with other eukaryotic 
studies on Helitron distribution [53] this will shed light 
on broader patterns of Helitron-driven genomic innova-
tion in metazoans.

Methods
Generation of custom repetitive element libraries and TE 
detection in genomes
Annotation of TEs in genomes can sometimes be chal-
lenging, largely depending on the extent to which the 
transposons of the target species or its close relatives are 
represented in known databases such as Dfam [54]. This 
difficulty arises because most TEs become inactivated 
and degraded over time due to the accumulation of muta-
tions, including base substitutions, insertions, and dele-
tions [19, 20]. In such cases, RepeatModeler generates a 
large number of “Unknown” sequences. Consequently, 
using a custom repetitive element library containing 
many such “Unknown” sequences for genome annotation 
with RepeatMasker [55] would similarly result in a large 
number of regions being classified as “Unknown” [13]. To 
overcome this, we adopted an approach similar to that 
used in our previous study (Fig. S1) [13]. RepeatModeler 
internally performs iterative sampling and clustering of 
genomic sequences to generate consensus sequences of 
repetitive elements (Step 1 in Fig. S1). These consensus 
sequences are generated solely based on their sequence 
repetitiveness. In the final step of RepeatModeler, 
RepeatClassifier annotates them using a homology-based 
approach by performing a BLAST search against data-
bases such as Dfam (Step 2-A in Fig. S1) [21]. To enhance 
the sensitivity of this annotation step, we replaced the 
BLAST-based RepeatClassifier search (Step 2-A in Fig. 
S1) with an HMM-based search using nhmmscan v3.4 
(Step 2-B in Fig. S1) [22]. Applying RepeatMasker with 
this refined library is anticipated to improve the annota-
tion of genomic regions with identifiable TE classifica-
tions (Step 3-B in Fig. S1), compared to using a repetitive 
library annotated by RepeatClassifier (Step 3-A in Fig. 
S1).

To implement the refined method, we first obtained 
the RefSeq H. symbiolongicarpus genome sequence from 
the NCBI Genome database (NCBI RefSeq accession 
GCF_029227915.1) [12] and generated a custom repeti-
tive element library using RepeatModeler v2.0.5 [21] 
with the default parameters and the genome sequence as 
an input. Next, we downloaded all Dfam HMM profiles 
of TEs from the Dfam v3.8 database ​(​​​h​t​t​p​s​:​/​/​d​f​a​m​.​o​r​g​/​
h​o​m​e​​​​​)​. Due to the large size of the Dfam HMM profile 
dataset for TEs, we divided it into smaller chunks, each 

https://dfam.org/home
https://dfam.org/home
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containing 25,000 HMM profiles. Each chunk file was 
indexed using hmmpress v3.4 with default parameters 
[22]. We then used the sequences of the custom repeat 
library as queries to perform a HMM-based search 
against the Dfam HMM profiles using nhmmscan v3.4 
with default parameters [22]. For each sequence in the 
custom repetitive element library, we identified the hit 
sequences in the Dfam database with the lowest E-value, 
as long as it was less than 0.05. Thereby we refined the 
annotations in the custom repeat library based on the 
search results. Using the refined custom repetitive ele-
ment library, we ran RepeatMasker v4.1.6 [55] on the 
genome sequences with the options of “-parallel 70 -gff 
-a -dir -xsmall”. For Hydra vulgaris (GCA_029227915.2), 
Hydra viridissima (GCA_014706445.1), Rhopilema escul-
entum [15], Acropora millepora (GCF_013753865.1), and 
N. vectensis (GCF_932526225.1), we retrieved genome 
sequences from the NCBI Genome database and per-
formed repetitive element analyses in the same manner 
as for H. symbiolongicarpus.

To investigate the types of repetitive elements pres-
ent in the genome assembly and their distribution across 
different genomic regions, we parsed the “.out” file from 
RepeatMasker v4.1.6 using awk. The “.out” file contains 
essential information, including the query sequence 
name in the fifth column, the start and end positions in 
the sixth and seventh columns, the ID of the repetitive 
element in the tenth column, and the type of TEs in the 
eleventh column. We extracted this information using 
awk and converted it into BED format. Since this BED file 
represents the genome-wide distribution of TEs, we used 
it as a basis for downstream analyses. Gene annotation 
of each species was retrieved from the NCBI Genome 
database. The positions of genes and TEs on the genomes 
were visualized using Integrative Genomics Viewer (IGV) 
v2.12.3 [56].

For the quantitative analysis of the genomic distri-
bution of HSymSHlR, HSymSR, and HSymIS3EUlR, 
we first prepared BED files containing the distribution 
of each element, which were generated by parsing the 
“.out” file from RepeatMasker v4.1.6 using awk. Addi-
tionally, we created a gene body BED file from the H. 
symbiolongicarpus genome annotation [12] using awk. 
Next, we used bedtools closest v2.30.0 [57] with the 
“-d” option to identify the nearest gene for each TE and 
calculate the distance to it. We then performed statisti-
cal tests using the wilcox.test function of R v4.4.2 [58], 
considering a p-value < 0.05 as statistically significant, 
and visualized the results using the R boxplot function. 
Furthermore, we applied a 100 kb sliding window, shift-
ing by 50 kb across each chromosome, to calculate both 
the copy number of TEs and the gene density within each 
window. The results were plotted using R’s plot function. 
The correlation between the copy numbers of HSymSHlR 

and HSymSR in each chromosome arm was tested using 
R cor.test function, considering a p-value < 0.05 as sta-
tistically significant. The same approach was applied to 
genome coverage.

Identification of putative active Helitrons in the H. 
symbiolongicarpus genome
To identify putative active Helitrons in the H. symbiolon-
gicarpus genome, we extracted sequences annotated 
as RC/Helitron from a custom repetitive library gener-
ated using RepeatModeler v2.0.5 [21]. Each extracted 
sequence was then analyzed using the NCBI Conserved 
Domain Search (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​​/​S​t​​r​u​
c​t​​u​r​​e​/​c​d​d​/​w​r​p​s​b​.​c​g​i) to identify sequences encoding 
Helitron-related helicases. This process led to the iden-
tification of the HSymHel consensus sequence. The 
HSymHel consensus sequence was manually curated fol-
lowing the methodology proposed in a previous study 
[19]. Next, we used the HSymHel consensus sequence 
as a query to search for related sequences within the H. 
symbiolongicarpus genome using blastn v2.16.0 + with 
default parameters. To further analyze these sequences, 
we extended the blast hit coordinates by 2 kb upstream 
and downstream and defined these regions using a BED 
format file. The corresponding genomic sequences were 
then extracted using bedtools getfasta v2.30.0 [57]. The 
extracted sequences were aligned using Clustal Omega 
v1.2.4 [59], and the resulting alignment was visually 
inspected in Jalview v2.11.4.1 [60]. Additionally, a self-
dotplot of HSymHel was generated using the NCBI 
BLAST server to examine the presence of internal repeat 
structures within the sequence. The length of the inter-
nal repeat unit of the consensus sequences was estimated 
using Tandem Repeats Finder v4.09 with the options “2 7 
7 80 10 50 500” (​h​t​t​p​​s​:​/​​/​t​a​n​​d​e​​m​.​b​​u​.​e​​d​u​/​t​​r​f​​/​t​r​f​.​h​t​m​l).

Analysis using an alternative genome assembly of H. 
symbiolongicarpus
An alternative genome assembly of H. symbiolongicar-
pus (Hsym_primary_v1.0 [29]) was obtained from the 
Hydractinia Genome Project Portal (​h​t​t​p​​s​:​/​​/​r​e​s​​e​a​​r​c​h​​.​
n​h​​g​r​i​.​​n​i​​h​.​g​o​v​/​h​y​d​r​a​c​t​i​n​i​a​/). Because the ​H​s​y​m​_​p​r​i​m​
a​r​y​_​v​1​.​0 is a contig-level genome assembly, we gener-
ated a pseudochromosomal sequences by anchoring 
the contig sequences of the Hsym_primary_v1.0 assem-
bly to the previously reported female genetic linkage 
maps of H. symbiolongicarpus [30]. In this process, we 
aligned the contig sequences based on the SNP marker 
positions [30] and constructed 15 pseudochromosome 
sequences. The TE landscape on the 15 pseudochro-
mosome sequences was analyzed using RepeatMasker 
v4.1.6 with a custom repetitive element library generated 
from the RefSeq H. symbiolongicarpus genome assembly 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://tandem.bu.edu/trf/trf.html
https://research.nhgri.nih.gov/hydractinia/
https://research.nhgri.nih.gov/hydractinia/
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(NCBI RefSeq accession GCF_029227915.1) following 
the method described above.

TE distribution analyses
For the analysis of Kimura substitution levels, we 
extracted the Kimura substitution values for each TE 
from the RepeatMasker output file and visualized them 
using the barplot function in R v4.4.2. Similarly, the 
genome-wide coverage of TEs was calculated based on 
data extracted from the RepeatMasker result. The pro-
portions of various TE contents were visualized as a 
heatmap using the ComplexHeatmap R library v2.20.0 
with default parameters [61]. For generating the self-
alignments of consensus sequences of TE families, align-
ments were generated using blastn v2.16.0 + with default 
parameters [62]. The alignments were visualized using 
the blast2dotplot.py script (commit hash: 3b55d11) from 
the bio_small_scripts repository (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​s​a​t​
o​​s​h​​i​k​a​​w​a​t​​o​/​b​i​​o​_​​s​m​a​l​l​_​s​c​r​i​p​t​s) with default parameters. 
DNA sequence multiple alignments were generated using 
Clustal Omega v1.2.4 [59] with its default parameters. 
The resulting multiple sequence alignments were visual-
ized using Jalview v2.11.4.1 [60]. Molecular phylogenetic 
analyses were performed using MEGA software v11 [63].

Identification of sequences similar to HSymHel in other 
cnidarian genomes
To identify sequences similar to HSymHel in the 
genomes of other Cnidarians, we conducted tblastn 
v2.16.0 + searches using the protein sequence of ORF1 
from HSymHel as the query against RepeatModeler 
libraries generated from the genome assemblies of H. 
vulgaris [13], H. viridissima [14], R. esculentum [15], 
A. millepora [31], and N. vectensis [16]. The search was 
performed using default parameters, and we identified 
top-hit elements that were also annotated as Helitron. 
Next, these identified sequences were mapped to their 
respective genome assemblies using blastn v2.16.0 + with 
default parameters. Only regions with alignments lon-
ger than 2.5 kb in N. vectensis and A. millepora, 900 bp 
in H. viridissima, and 1.6 kb in H. vulgaris were retained. 
We then extended these regions by 2  kb upstream and 
downstream, defining them in a BED file, and extracted 
the corresponding sequences from the genome using 
bedtools getfasta v2.30.0 with default parameters. For 
R. esculentum, no direct hits were found in the repeat 
library, so we performed a direct tblastn v2.16.0 + search 
against the genome. Regions with alignments longer than 
500 bp were selected, and the flanking 2 kb upstream and 
downstream regions were extracted. Finally, all extracted 
sequences were aligned using Clustal Omega v1.2.4, and 
the alignment was visualized and inspected in Jalview 
v2.11.4.1.
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