
 
 

1 

 
Fig. S1. The 30 chromosomes of the AEPx105 F1 hybrid 
(a) Generation of AEPx105 F1 hybrid by crossing the AEP strain and the 105 strain. (b) The k-
mer frequency distribution of the AEPx105 F1 hybrid genome. The k-mer (k = 21) occurrence was 
analyzed in the raw short-reads of the AEPx105 F1 hybrid genome1. (c) Hi-C contact map of the 
30 chromosomes of the AEPx105 F1 hybrid. In each chromosome, interaction signals at both ends 
of the chromosome are observed, suggesting a Rabl-like configuration, an arrangement of 
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interphase chromosomes where centromeres and telomeres are located at opposing poles within 
the nucleus. (d) Distribution of telomeric repeats. The x-axis represents genomic positions and the 
y-axis shows the number of occurrences of telomeric repeats (TTAGGG) per kilobase pair. The 
plots of each chromosome are colored alternately to distinguish between the plots of the terminal 
regions of two different chromosomes. (e) Chromosome lengths of each haplotype genome. Plots 
between orthologous chromosomes are linked with black lines. (f) Chromosomes are colored 
according to gene density. The positions of the centromeres are indicated by notches. It is evident 
that each haplotype genome consists of metacentric or submetacentric chromosome. (g) Molecular 
phylogenetic positions of the AEP haplotype and the 105 haplotype. Maximum-likelihood tree 
based on sequences of the internal transcribed spacer (ITS) 1, the 5.8S ribosomal RNA gene, and 
ITS2 from the AEP haplotype, the 105 haplotype, and sequences from a public database. Samples 
of Hydra oligactis are colored black. Two major clades of Hydra vulgaris are colored red and blue. 
The ITS1-5.8S-ITS2 sequences of the AEP haplotype and 105 haplotype are indicated by asterisks. 
(h) Geographic distribution of the samples whose ITS1-5.8S-ITS2 sequences are publicly-
available. Each dot represents individual sample, colored in accordance with the Maximum-
likelihood tree.  
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Fig. S2. The structure of hydra telomeric, subtelomeric and centromeric regions 
(a) Telomere and subtelomere sequences in the 1-4,361 bp region of the chromosome 9. (b) Motif 
map of the telomere, subtelomere, and distal telomeric regions in chromosome 9. (c) Genome 
alignment between the AEP chromosomes and the 105 chromosomes. Alignments of the 
chromosomes involved in the translocation is highlighted with rectangles. (d) Genome alignment 
between chromosome 5 and chromosome 15 from the AEP haplotype genome and those from the 
105 haplotype. The start and end of the centromeric regions are indicated by horizontal lines. (e) 
Highlight of the Robertsonian translocation. Each curved line indicates positions of orthologs.   
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Fig. S3. Divergence of the genome coverage of subfamilies of A-TEs between the AEP and 
105 genomes 
The x-axis represents the difference in genome coverage of each TE subfamily between the AEP 
and 105 genomes (in Mb), while the y-axis displays the log2-transformed fold change (Log2 FC) 
in genome coverage of each TE subfamily between the two genomes. Each dot represents each 
subfamily.   
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Fig. S4. Divergence of TE subfamilies between the AEP and 105 genomes 
(a) Collinear syntenic blocks between the 105 chromosomes and the AEP chromosomes.  Collinear 
syntenic blocks are shown as ribbon diagrams. Syntenic blocks with same chromosomal 
orientations are colored in blue. Syntenic blocks with reverse orientations are colored in red. The 
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length of the chromosomes is depicted as proportion to the assembly size of each chromosome. 
(b) Distributions of TE subfamilies across chromosomes. The leftmost panel shows the distribution 
of collinear syntenic regions in black. The second panel from the left represents the density plot 
for the 14 A-TEs. The remaining panels provide examples of the distributions of subfamilies of A-
TEs. The red lines indicate genomic regions where collinear syntenic regions were not detected.  
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Fig. S5. Expression profiles of TE families 
(a) Full length transcripts of the CR1 element and TcMar-Tc1 element with trans-spliced leader 
sequences (SL-B12) attached at the 5' end. (b) Proportions of transcripts with trans-spliced leader 
sequences revealed by Iso-Seq. The x-axes represent types of trans-spliced leader sequences2. The 
y-axes represent the proportions of transcripts with trans-spliced leader sequences. (c) 
Representative locus with CR1 expression measured by Iso-Seq. (d) Expression profiles of the A-
TEs at the family level. The color scale indicating gene expression levels is the same in all panels, 
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and the variations in color intensity are comparable across different panels. (e) Coverage of TE 
subfamily sequences in TE Iso-seq reads.  
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Fig. S6. Expression profiles of TEs at locus level 
Expression profiles of TEs at locus level were investigated using two different datasets3,4. In each 
group of ectodermal stem cells (Ec_BodyCol/SC), endodermal stem cells (En_BodyCol/SC), and 
i-cells (I_ISC), top20 TEs that were significantly more expressed are shown. Average expression 
levels (color intensity) and the proportion of cells expressing them (circle size) are shown. 
Additionally, as a validation, the expression levels of these TEs in a FACS-sorted bulk RNA-seq 
dataset are displayed on a heatmap to the right.  
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Fig. S7. Stem cell-lineage specific whole genome sequencing 
(a) TE activation and stem cell genome divergence. (b) Workflow for stem cell-lineage specific 
whole genome sequencing. To elucidate the TE landscapes within the genomes of three stem cell 
lineages in hydra, transgenic lines expressing reporter genes (Cnnos1::GFP5 or Ecto-GFP/Endo-
RFP6) were clonally propagated. The hydra specimens were dissociated into single cells through 
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Pronase treatment, and the stem cell lineages were sorted based on fluorescence intensities using 
FACS. Genomic DNA was then extracted from the sorted cells, and long reads were obtained via 
Nanopore sequencing. The reads were mapped to the AEP genome sequence to identify insertion 
sites. The analysis focused on insertions longer than 1kb, searching for insertions with sequences 
homologous to a custom repeat library generated by RepeatModeler from the genome sequence 
(Methods). This approach allowed for the determination of the extent to which each TE subfamily 
is inserted into the genome across different cell populations, facilitating the analysis of TE-induced 
stem cell genome divergence through comparisons across cell populations. (c) Contribution of the 
A-TEs to the TE insertions. (d) Piwi2 expression in the stem cell. Piwi2 (G009682) is expressed 
in the all three stem cell populations (i-cell, EcSC, and EnSC). Panels were retrieved from the 
Hydra AEP Genome Project Portal (https://research.nhgri.nih.gov/HydraAEP/). (e) The i-cell 
specific hAT-Tip100 insertion in the intron of 3-phosphoinositide-dependent protein kinase 1 
(PDPK1) involved in cell proliferation7,8. (f) Target site duplication of the the i-cell specific hAT-
Tip100 insertion.   
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Fig. S8. TE insertion dynamics of stem cells in ecto-GFP/endo-RFP hydra 
(a) ecto-GFP/endo-RFP transgenic line labelling the epithelial cells. (b) FACS-sorting of the 
ecotodermal cell population, endodermal cell population and non-epithelial cell population. (c) 
Size distribution of insertions. (d) Number of cell type specific and shared insertions. (e) Major 
types of TEs contributing to the insertions. (f) Counts of TE subfamilies in the TE insertions at the 
specific loci for each population. (g) Contribution of the A-TEs to the insertions. (h) Distributions 
of insertions identified in intergenic regions, introns, and exons. (i) GO-term enrichment analysis 
of closest genes to the insertions detected. 
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Fig. S9. Refinement of the TE detection pipeline 
(a) Flowchart of the pipeline for detecting TEs. (b) Cladogram of species used for the benchmark 
analysis. (c) Annotation of repeat consensus sequences generated by RepeatModeler. (d) Changes 
in the repeat landscape. 
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Fig. S10. Deep TE family homology across eukaryotes (related to Fig. 5) 
Compositions of TEs in 82 eukaryote genomes. The heatmap represents the extent to which the 
genome coverage of each TE family constitutes the overall genome coverage of TEs for each 
species. The dendrogram at the left of the heatmap represents the result of hierarchical clustering 
performed using the Euclidean distance metric and the Ward’s method. TEs in the cluster #3 are 
highlighted in Fig. 5. 
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Fig. S11. A-TEs and chromosomal conformation 
(a) The distance between adjacent A-TEs and between adjacent non-A-TEs. (b) TE density and 
chromatin contact intensity. Both axes represent TE density in bins, while chromatin contact 
intensities are indicated by the color gradients. (c) Relationship between A-TE coverage in bins 
and chromatin contact intensity. (d) Average TE coverage across bins. (e) The relationship between 
A-TEs coverage within a bin and the distance between bins. For bins with 20-30% A-TEs and bins 
with 50-60% A-TEs, the distances between bins were measured by extracting only bins with Hi-C 
contact intensity of 500-1000. 
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Fig. S12. Nested insertion patterns of A-TEs 
Nested insertion patterns are shown for each A-TE family, and for each of its comprising 
RepeatModeler subfamilies (consensus sequences). Relative TinT timescale: old elements (left, 
diverse TinTs), young elements (right, less TinTs). The center of the ovals represents the maximum 
of each activity period, the end of the oval indicates 75%, and the vertical outer lines represent 
99% of the probable activity period.  
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Supplementary Note 1. Brief summary of TE evolution and function, and the context to this 
study 
 
Interspersed repetitive elements have long been studied in animal genome evolution and beyond9–
11. Specifically for animals, the sequencing of the first “non-model” genomes have revealed a 
“complex” repeat repertoire2,12, comprised not only of simple repeats, but also many 
representatives of major DNA and Retroelement classes13. Each of these studied have identified 
hundreds to thousands of repetitive element families, many of which were found to be expanded 
in a species-specific pattern. 
 
The function of these repeats has been discussed along several research lines. First, the most 
obvious result of the accumulation of repetitive elements is the increase in the genome size. Many 
studies have reported how increase in several14,15 or single16 repeat families or classes can result 
in several-fold increase in the genome size. Some of the most striking observation was the repeat 
expansions present in salamanders, lungfishes17–19, other vertebrates20, and plants21. Interestingly, 
as several studies have found, such expansions do not play a major role in large-scale genome 
rearrangements and the ancestral linkage groups are preserved1,18. This is also evident in species 
that have prevailed at repetitive element expulsion, and these species often show highly rearranged 
genomes12,22,23. Nevertheless, repeat elements, when accumulated in hotspots, can cause enhanced 
recombination, in particular in mammals24,25. 
 
The role of repeats in generating novel regulatory elements has been explored in many systems26, 
most functional data available for mammals27. Insertion of repeats can affect gene expression and 
adaptation28,29, as well as drive formation of putative enhancers and other regulatory regions30,31. 
Certain repeat classes and satellite repeats have been shown to facilitate duplications of particular 
gene families, such as zinc-fingers32,33 or long noncoding RNAs (lncRNAs)34. More recently, a 
more direct role of protein products from certain retro-elements during fish development35 or 
transcription factor evolution36. Retro-elements have also been recently implicated in structural 
folding of chromatin37.  
 
The functional role of somatic insertions of repeat elements has been less investigated beyond 
model species. In Drosophila, structural variant accumulation in neuronal genomes has been 
debated38 while general expression of repeats in various organisms has been widely reported25,39–
41. 
 
These data paint a very diverse and often anecdotal picture of repeat evolution and function that, 
due to the large numbers of repeats and their loci and their complex evolutionary relationships, 
makes it a daunting task to identify general principles of TE accumulation in metazoan genomes. 
To this end, the biggest missing point has been the lack of a comparative and anciently branching 
model where TE activity can be dissected at single-cell transcriptional and genomic levels. 
 
 
Supplementary Note 2. TE cross-validation and subfamily-level quantification 
For cross-validation of the TE annotation in the current study, we evaluated the consistency of the 
TE annotation in this study with other database sources42,43. We found that the masked genomic 
regions in the genome using the custom repeat library from the current study generally overlapped 
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with regions annotated as corresponding repeat families in RepBase42 library (Additional file 2: 
Table S12). For example, genomic regions marked as LTR/Gypsy superfamily using our custom 
repetitive element library were found to correspond to hundreds of known Gypsy families in the 
RepBase. However, only 8 of these families (out of 27,549 Gypsy sequences) occupied more than 
50% of all Gypsy genomic regions based on the RepBase (Additional file 2: Table S13). Similarly, 
in the dataset of TE insertions in stem cell lineages, out of 162 Gypsy insertions (based on our 
Dfam-based analysis), 155 (95.7%) corresponded to 124 Gypsy sequences in Repbase, with 
Gypsy-19_HM-I being the most common. (Additional file 2: Table S14). Similar classification 
was reached using  GypsyDB43 as reference (Additional file 2: Table S15). These results indicate 
a notable consistency between the TE annotations in this study and established database resources. 
 
In addition to the family-level quantification outlined in the main text, this section also describes 
subfamily (consensus sequence) level analysis. Overall similar trends were observed between 
family and subfamily levels. Due to their higher numbers subfamilies of each A-TE family from  
show a more diverse size distribution between the AEP and 105 genomes (Additional file 1: Fig. 
S3). For example, only few TcMar-Tc1 and CR1 subfamilies were enriched in the AEP genome 
while the majority of hAT-Ac and Gypsy subfamilies had a contribution to the AEP genome size 
increase (Additional file 1: Fig. S3). 
 
At the subfamily level, expression of 868 subfamilies and 762 subfamilies were observed from the 
AEP and the 105 haplotype, respectively. TE subfamily coverage in the Iso-seq reads of the AEP 
strain was 59%±21 (mean±standard deviation), and that of the 105 was 57%±27 suggesting that 
more than half of regions of each TE-derived read is derived from a TE on average (Additional 
file 1: Fig. S5e). At the subfamily level, 44 types of TEs showed cell-type-specific expression 
profiles, and at the loci-level analysis, 203 types of TEs exhibited cell-type-specific expression 
profiles (Fig. 3e, Additional file 1: Fig. S6, Additional file 2: Table S6,7). The expression profiles 
measured by scRNA-seq were also supported by FACS-sorted bulk RNA-seq datasets4 (Additional 
file 1: Fig. S6, Methods). 
 
In respect to insertions, 322 TE subfamilies were detected in the i-cell population; the non-i-cell 
population insertions was associated with 200 TE subfamilies; and the shared insertions contained 
1,013 TE subfamilies (Fig. 4d). Of the TE insertions identified, 58.9% were in the i-cell population, 
56.7% in the non-i-cell population, and 57.5% in those found in both the i-cell and non-i-cell 
populations were attributed to the A-TEs suggesting the high activities of the A-TEs in each of the 
stem cell lineage (Additional file 1: Fig. S7c). In both the i-cell and non-i-cell populations, the 
CR1 (rnd-1_family-102) and TcMar-Tc1 (rnd-1_family-200) subfamilies were the most prevalent 
TE subfamily insertions (Fig. 4g). In the scRNA-seq datasets of the hydra polyps3, TE subfamilies, 
which showed genomic insertions in the stem-cell lineage, showed relatively broad expression 
suggesting underlying potential contributions of chromatin states to the TE insertion preference 
(Fig. 4h). Furthermore, in the ecto-GFP/endo-RFP transgenic line, we identified 286 subfamilies 
in ectodermal TE insertions, 382 subfamilies in endodermal TE insertions, and 345 subfamilies in 
non-epithelial cell populations (Additional file 1: Fig. S8c,d). 
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