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Fig. S1. Overview of transposable elements (TEs) identified in the Tmad1.0 assembly using the 
Earl Grey pipeline. 

Fig. S2. Alignments of partial sequence segments between T. madens satDNAs and Repbase-
deposited repetitive elements. 

Fig. S3. Localization of the low-copy-number satDNAs TmSat5 (A), TmSat6 (B), TmSat7 (C), 
TmSat8 (D), TmSat9 (E), TmSat10 (F), and TmSat11 (G) on the T. madens metaphase 
chromosomes (2n=20+supernumeraries) determined by fluorescence in situ hybridization. 

Fig. S4. Structural organization of TmSat1 and TmSat2 repeat units. 

Fig. S5. Short (<10 bp) inverted repeats in the subunits of TmSat1 and TmSat2 (A), and predicted 
secondary structures of TmSat1 and TmSat2 repeat units (B). 

Fig. S6. The ModDotPlot visualization of the multi-megabase sized regions containing inter-
mingled arrays of TmSat1 and TmSat2 satDNAs in the four contigs (ptg000032l, ptg000011l, 
ptg000031l, and ptg000014l) from the Tmad1.0 assembly. 

Fig. S7. The length of the TmSat1 arrays related to the number of subarrays they contain. 

Fig. S8. Diverged subunits INV_1a and INV_1b from the inversion sites in the TmSat1 arrays. 

Fig. S9. Structure of the inversion site INV_2 in the TmSat2 arrays and a possible explanation for 
its formation. 

Fig. S10. Structure of the transition zones TRANS_1 and TRANS_2 between the TmSat1 and 
TmSat2 arrays. 



Fig. S11. Visualization of the raw PacBio HiFi sequencing reads (>30 kb) demonstrating the 
authenticity of macro-dyad symmetries and conserved segments in TmSat1 and TmSat2 arrays. 

Fig. S12. PCA clustering of TmSat1 and TmSat2 monomers, as well as INV_1a, INV_1b, INV_2, 
TRANS1, and TRANS2 segments derived from the 12 longest contigs of the Tmad1.0 assembly. 

Fig. S13. Graph networks illustrating sequence-similarity relationships among TmSat1, TmSat2, 
INV_1a, INV_1b, INV_2, TRANS_1, and TRANS_2 sequences extracted from the 12 longest contigs 
of the Tmad1.0 assembly. 

Fig. S14. Meiotic bouquet-like configurations showing associations among non-homologous 
chromosomes of T. madens. 

Fig. S15. Predicted secondary structures of TmSat3 (A) and TmSat4 (B) repeat units. 

Fig. S16. The abrupt transitions between (A) TmSat1 and TmSat3 arrays, and (B) TmSat1 and 
TmSat4 arrays. 

Fig. S17. A raw PacBio HiFi read consisting entirely of TmSat4 repeats separated by 
microsatellite (AC)n arrays of different lengths. 

Fig. S18. K-mer analysis of the satDNAs TmSat1, TmSat2 and TmSat4, performed to investigate 
the possible presence of the orthologous satDNAs in the congeneric species T. castaneum and T. 
freemani. 

Fig. S19. The relationships between the orthologous satDNAs TmSat3 from T. madens, TfSat02 
from T. freemani, and TCsat15 from T. castaneum. 

Fig. S20. Alignments of the T. madens low-copy-number satDNAs and their orthologs among the 
known T. castaneum and T. freemani satDNAs. 

Fig. S21. Comparison of the TmSat2 consensus sequence defined in this work and the GenBank 
entry U30599. 

 



 

Fig. S1. Overview of transposable elements (TEs) identified in the Tmad1.0 assembly using the Earl Grey pipeline. (A) 
Summary chart showing the proportional representation of major TE classes in the assembly. (B) Repeat landscape 
plot summarizing TE activity using Kimura 2-Parameter Divergence. 
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Fig. S2. Alignments of partial sequence segments between T. madens satDNAs and Repbase-deposited repetitive elements. 
Similarities between satDNAs and Repbase entries were accessed by the CENSOR tool on October 17th 2025. 



 

Fig. S3. Localization of the low-copy-number satDNAs TmSat5 (A), TmSat6 (B), TmSat7 (C), TmSat8 (D), TmSat9 (E), 

TmSat10 (F), and TmSat11 (G) on the T. madens metaphase chromosomes (2n=20+supernumeraries) determined by 

fluorescence in situ hybridization. The first panels show the chromosomes in a black and white version to better 

visualize the contours of the chromosomes. The chromosomes are stained in DAPI (blue fluorescence), while satDNA-

specific probes are shown in green. The bar represents 3 μm. 
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Fig. S4. Structural organization of TmSat1 and TmSat2 repeat units. (A) Schematic representation of TmSat1 and TmSat2 

structure and the organization of their subunits. The arrows indicate the orientation of the subunits. (B) Alignment of the 

TmSat1 and TmSat2 subunits and matrix of their pairwise similarities. (C) Maximum likelihood trees reflecting relationships 

between the TmSat2 subunits (left) and the TmSat1-TmSat2 subunits (right). The numbers above the branches indicate 

the percentage of bootstrap values for 100 replicates. 
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Fig. S5. Short (<10 bp) inverted repeats in the subunits of TmSat1 and TmSat2 (A), and predicted secondary 

structures of TmSat1 and TmSat2 repeat units (B). Potential secondary structures were predicted using the 

RNAfold tool [63] and DNA Matthews 2004 energy model. 
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Fig. S6. The ModDotPlot visualization of the multi-megabase sized regions containing intermingled arrays of 
TmSat1 and TmSat2 satDNAs in the four contigs (ptg000032l, ptg000011l, ptg000031l, and ptg000014l) from the 
Tmad1.0 assembly. The lengths and positions of the TmSat1-TmSat2 regions within the contigs are indicated below 
the contig names, and the identity estimate values are shown in the color histogram along each plot. 



 

Fig. S7. The length of the TmSat1 arrays related to the number of subarrays they contain. 



 

Fig. S8. Diverged subunits INV_1a and INV_1b from the inversion sites in the TmSat1 arrays. (A) Alignment of 
INV_1a, INV_1b and the canonical TmSat1 subunit mad1_2, and the matrix of their pairwise similarities. (B) 
Predicted secondary structures formed at the INV_1a and INV_1b inversion sites. The potential hairpin 
conformations were predicted using the RNAfold tool [63] and DNA Matthews 2004 energy model. 
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Fig. S9. Structure of the inversion site INV_2 in the TmSat2 arrays and a possible explanation for its formation. (A) Alignment of the 

INV_2 sequence and the canonical TmSat2 subunits sub_G and sub_F. The sequence logo indicates 12 nucleotide differences between 

INV_2 and the subG+subF subunits. (B) The most parsimonious scenario of how an inversion rearrangement could occur between 

TmSat2 tandem repeats and generate the INV_2 site. We propose that ectopic recombination has occurred between two oppositely 

oriented TmSat2 arrays, most likely between the highly similar subunits sub_E and sub_B, which share the highest pairwise similarity 

(92.9%) among the TmSat2 subunits (as indicated in Fig. S4B-C). 
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Fig. S10. Structure of the transition zones TRANS_1 and TRANS_2 between the TmSat1 and TmSat2 arrays. (A) Schematic representation 

of the TRANS_1 segment and the alignment of the four subunits (I-IV) and the TmSat1 subunits mad1_1 and mad1_2. The percentages 

in the arrows indicate the similarity to the corresponding sequences (TmSat1 monomer, subunit mad1_1 and subunit mad1_2). (B) 

Schematic representation of the TRANS_2 segment and the alignment of TRANS_2, TmSat2 subunit sub_D and TmSat1 subunit mad1_2. 

The box highlights the sharp transition between the subunits sub_D and mad1_2 with the underlined duplication of the TTCAAT motif. 



 

Fig. S11. Visualization of the raw PacBio HiFi sequencing reads (>30 kb) demonstrating the authenticity of macro-dyad symmetries and conserved segments in TmSat1 and TmSat2 

arrays. (A) The raw reads consisting entirely of TmSat1 repeats, with the conserved INV_1a and INV_1b inversion sites indicated. (B) The raw reads showing the intermingled TmSat1 

and TmSat2 arrays forming macro-dyad symmetries. The conserved inversion sites INV_1a, INV_1b and INV_2, as well as transition zones TRANS_1 and TRANS_2 are indicated. 



 

Fig. S12. PCA clustering of TmSat1 and TmSat2 monomers, as well as INV_1a, INV_1b, INV_2, TRANS1, and TRANS2 segments derived from the 12 longest contigs of the Tmad1.0 assembly. Owing 

to the large number of annotated TmSat1 and TmSat2 monomers, these datasets were downsampled by randomly selecting 100 monomers from each contig. For all other sequence sets, the 

complete sets of annotated sequences were included. Each dot corresponds to an individual sequence, colored according to its contig of origin. 

 



 

Fig. S13. Graph networks illustrating sequence-similarity relationships among TmSat1, TmSat2, INV_1a, INV_1b, INV_2, TRANS_1, and TRANS_2 sequences extracted from the 12 longest contigs 

of the Tmad1.0 assembly. These networks were generated from the same sequences analyzed by PCA in Suppl. Fig. S12. Each dot represents an individual sequence, colored according to the 

Tmad1.0 contig on which it is annotated. A color-coded contig legend is provided. 



 

Fig. S14. Meiotic bouquet-like configurations showing associations among non-homologous chromosomes of T. madens. The first panels display 

chromosomes in black and white to better visualize their contours. DAPI-stained chromosomes (blue) were analyzed by two-color FISH using TmSat1 

(red) and TmSat2 (green) probes. The final panels show the overlap of the signals. Scale bar = 3 µm. 



 

Fig. S15. Predicted secondary structures of TmSat3 (A) and TmSat4 (B) repeat units. Potential DNA secondary 
structures were predicted using the RNAfold tool [63] and DNA Matthews 2004 energy model. 
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Fig. S16. The abrupt transitions between (A) TmSat1 and TmSat3 arrays, and (B) TmSat1 and TmSat4 arrays. The transitions represent the junctions of 

truncated repeats (marked by vertical stripes) from the juxtaposed satDNAs. 



 

Fig. S17. A raw PacBio HiFi read consisting entirely of TmSat4 repeats separated by microsatellite (AC)n arrays of different lengths. 



 

Fig. S18. K-mer analysis of the satDNAs TmSat1, TmSat2 and TmSat4, performed to investigate the possible presence of the 
orthologous satDNAs in the congeneric species T. castaneum and T. freemani. Representative k-mers derived from each 
satDNA were used as queries in a search against the genome assemblies of T. castaneum (TcasONT) and T. freemani 
(Tfree1.0). The resulting matching sequences, representing hits from each genome, were then aligned to the corresponding 
satDNA consensus using the Bowtie algorithm implemented in the Geneious software. This approach revealed that the 
primary mappings of the TmSat-derived k-mers are mainly to the A+T-rich regions of TmSat1 (A), TmSat2 (B) or TmSat4 (C) 
consensus sequences. 
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Fig. S19. The relationships between the orthologous satDNAs TmSat3 from T. madens, TfSat02 from T. freemani, 

and TCsat15 from T. castaneum. (A) The alignment between TmSat3, TfSat02 and TCsat15, and the corresponding 

pairwise similarity matrix. (B) The alignment between the T. freemani major satDNA TfSat01 and the corresponding 

TfSat01-like segments extracted from TmSat3, TfSat02 and TCsat15. The pairwise similarity matrix is also shown. 



 

Fig. S20. Alignments of the T. madens low-copy-number satDNAs and their orthologs among the known T. 

castaneum and T. freemani satDNAs. Pairwise identities between the consensus sequences are indicated. 



 

 

 

 

 

 

Fig. S21. Comparison of the TmSat2 consensus sequence defined in this work and the GenBank entry U30599 
[23]. (A) The alignment of the consensus sequences, showing 90.4% of pairwise similarity. (B) Distribution of 
nucleotide sequence similarities between monomers annotated in the T. madens genome assembly Tmad1.0 and 
the sequence U30599 (upper panel), and the consensus sequence TmSat2 (bottom panel). The similarities above 
90% are shown. 
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