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Abstract

A fundamental unresolved question in molecular evolution is how novel genes arise from
noncoding DNA and become fixed within stable gene repertoires. Here, we performed
comparative genomic analyses across evolutionary timescales in insects using
chromosome-scale genome assemblies of two cricket species, Teleogryllus occipitalis and
Tarbinskiellus portentosus. Using conservative criteria, we identified 41 de novo gene
candidates derived from intergenic regions in the Te. occipitalis lineage. These genes are
simple and compact, exhibit hallmarks of evolutionarily young genes, and frequently
contain fragments of transposable elements and simple sequence repeats. Across insects,
such repetitive sequence fragments show positional homology but lack sequence
conservation in older genes, suggesting that they serve as sequence material for gene
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emergence during early stages of gene evolution. In contrast, insertions after gene
establishment are strongly constrained. We propose a model in which stages of gene
evolution are characterized by shifts in selective pressure on the incorporation of sequence
material.

MAINTEXT
I ntroduction

The ultimate origin of eukaryotic genes remains one of the central unresolved questions in
evolutionary biology. Genes are widely thought to arise through gene duplication followed
by functional divergence, a process that generates gene families across genomes™?. Yet a
substantial fraction of genes in many eukaryotic genomes lacks detectable homologues
and cannot be readily explained by duplication alone®®. Mounting evidence across diverse
eukaryotes suggests that some of these orphan genes emerge as de novo genes from non-
genic DNA within ancestral genomes’ ™,

That said, estimates of de novo gene numbers vary widely across studies™*, reflecting

methodological differences as well as a fundamental ambiguity in defining the boundary
between non-coding and coding sequences™***. Intergenic DNA is not a reservoir of
entirely novel material but instead comprises an evolutionarily dynamic mosaic of
accumulated transposable elements (TEs), pseudogenes, and other remnants™®. One
influential model for de novo gene evolution is the proto-gene hypothesis, which proposes
that translation of short and unstable open reading frames from intergenic DNA may
generate transient polypeptides with limited structural stability and high rates of
evolutionary turnover®. These immature gene-like entities—proto-genes—are considered
intermediate stages between non-genic DNA and fully established functional genes,
suggesting that gene evolution may proceed as a continuum from unstable proto-genes to
evolutionarily stable genes™****. Consistent with this view, de novo genes typically
exhibit characteristics of young genes, including short sequence lengths, fewer introns,
and restricted gene expression®'"*, However, whether de novo genes represent transient
evolutionary trials or can persist long enough to contribute to deeply conserved gene
families remains unclear™.

Most insights into de novo gene evolution derive from a limited number of model
organisms, particularly Drosophila melanogaster in insects'®*-%. In Drosophila,
intergenic regions are typically short, constraining the amount of non-genic DNA
available as potential raw material for gene emergence®**. In contrast, crickets
(Polyneoptera) are phylogenetically distant from holometabolous insects such as
Drosophila and possess expansive intergenic regions. Incorporating such divergent
genomes enables a less biased comparative analysis of gene evolution across insects.
Here, we investigate whether genes originated from intergenic regions in the cricket
Teleogryllus occipitalis (Supplementary Fig. 1) exhibit hallmarks of evolutionarily young
genes and whether deeply conserved insect genes retain detectable traces of intergenic
sequence material. By examining sequence features, including the remnants of sequence
material used during de novo gene birth, across genes of different evolutionary ages, we
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test whether gene evolution represents a continuous process from non-genic DNA to
evolutionarily stable genes.

Results

Chromosome-Scale Genome Assembly of Crickets

To establish chromosome-scale genomic resources for analyses of de novo gene birth, we
sequenced and assembled the genomes of Te. occipitalis and a phylogenetic outgroup
within the subfamily Gryllinae, Tarbinskiellus portentosus. After estimating genome size
by k-mer analysis (Supplementary Fig. 2), we integrated long-read, short-read, and Omni-
C sequencing and adopted the best-quality genome using multiple assemblers
(Supplementary Tables 1-2). After polishing, haplotype removal, and elimination of
mitochondrial and bacterial genome contamination, clustered super-scaffolds covered

95.02% (Te. occipitalis) and 86.80% (Ta. portentosus) of the whole genome (Table 1,

Supplementary Fig. 3, Supplementary Table 3). Scaffold numbers (14 and 6, respectively)
matched karyotypic data for Te. occipitalisand a close relative of Ta. portentosus »% (Fig.
1A, B). Mapping depth of short-read sequencing for Te. occipitalis indicated that Chr 1 is
the X chromosome (Fig. 1C). Synteny analyses with Ta. portentosus and the published
Acheta domesticus genome revealed chromosome-wide collinearity 2” (Fig. 1D), and sex
chromosomes contained significantly larger syntenic blocks than autosomes (Fig. 1E). The
Benchmarking Universal Single-Copy Orthologs (v5; Arthropoda odb10) recovered

99.2% and 90.4% of expected genes, respectively %.

We then generated comprehensive annotations for robust de novo gene discovery.
Integrating ab initio, homology-based, and RNA-seq evidence-based gene prediction
identified 19,842 and 23,502 protein-coding genes in Te. occipitalisand Ta. portentosus,
respectively. Functional annotation assigned significant hits (E-value < 1e-6) to 15,707
(79.16%) and 17,913 (76.18%) genes, respectively, using eggNOG-mapper, InterProScan,
or BLASTP searches against the Caenorhabditis elegans, D. melanogaster, Homo sapiens,
and Mus musculus proteomes, the UniProt Swiss-Prot databases, and the NCBI non-
redundant database®>* (Table 1). Furthermore, RepeatModeler/RepeatMasker identified
repetitive elements occupying 38.16% and 43.97% of the assemblies**** (Supplementary
Fig. 4).

I dentification of Species-Specific Gene Candidates

To investigate how gene properties change across evolutionary timescales, we first
classified genes into evolutionary age categories and identified lineage-specific genes that
may represent the youngest stage of gene evolution. Using genome assemblies and
annotations, we constructed a Te. occipitalis-specific gene set for de novo gene discovery
by profiling homology across 29 insect genomes from species with clearly defined
phylogenetic relationships®® (Fig. 2A; Supplementary Table 4). OrthoFinder clustered
1,470,750 proteins encoded by the 29 genomes (19,892 from Te. occipitalis) into 30,709
orthogroups®’, 10,670 of which contained at least one Te. occipitalis gene; 37,825 proteins
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(1,847 from Te. occipitalis) were not assigned to an orthogroup. Each Te. occipitalis
protein, including those not assigned to an orthogroup, was then assigned to an
evolutionary age category based on the deepest phylogenetic node at which an orthologue
was detected, yielding nine age categories (Fig. 2B; Supplementary Table 5): Category 9
(root, 14,345 genes), Category 8 (719), Category 7 (181), Category 6 (83), Category 5
(450), Category 4 (1,448), Category 3 (317), Category 2 (217), and Category 1 (2,132
genes with no detectable orthologue in any other examined insect genome). Gene
expression analysis showed that testis-expressed genes were abundant across categories,
and approximately half of the genes in Category 1 did not exhibit biased expression in
specific tissues (Fig. 2C). Category 1 genes therefore represent candidate lineage-specific
genes, among which we hypothesized that genes newly originating from intergenic
regions would occur.

| dentification and Characterization of De Novo Gene Candidates

To identify de novo genes in Te. occipitalis, we applied a series of strict filtering steps
(Fig. 3A). From 2,132 Category-1 genes, we further excluded potential orthologs,
xenologs, and both out- and in-paralogs (i.e., genes with intraspecific duplicates) using
BLASTP v2.16.0 searches against the cricket genome and the NCBI-nr database, yielding
284 candidates. Among these, we retained 41 loci that (i) showed no detectable similarity
to any protein in both NCBI-nr and cricket genomes, and (ii) had their best nucleotide
matches in syntenic intergenic regions of closely related crickets. These candidates were
distributed across the genome (5 on the X chromosome, 35 on autosomes, and 1 on an
unplaced scaffold) (Table 2, Supplementary Table 6), had an average GC content of 70%
and 62% hydrophobic amino acids (Supplementary Fig. 5).

These 41 candidates generally had fewer exons than the genomic average (Fig. 3B) and
encoded shorter predicted proteins (Fig. 3C). Syntenic alignments of each candidate plus
300 bp of flanking sequence against syntenic regions of closely related crickets revealed
that 14 genes (Tocc.3G0015530.1, Tocc.4G0008930.1, Tocc.4G0012180.1,
Tocc.4G0012190.1, Toce.5G0008290.1, Toce.6G0004530.1, Tocc.6G0011210.1,
Tocc.7G0009600.1, Tocc.9G0009060.1, Tocc.10G0002420.1, Tocc.11G0007880.1,
Tocc.12G0010430.1, Toce.13G0004800.1, Tocc.367G0000010.1) shared conserved flanks
but contained unique start/stop codons or exon sequences specific to Te. occipitalis
(Supplementary Fig. 5).

Furthermore, to confirm that these 41 candidates represented genuine de novo genes rather
than misannotated TEs, we compared each exon with TransposonPSI
(https://transposonpsi.sourceforge.net/, last accessed July 24, 2025) calls. BLASTN
analyses detected TE fragments in 22 genes, seven of which had >80% of their exon
length covered by TE fragments (Fig. 3D; Supplementary Fig. 5). Full-length searches
against the TransposonPSI consensus library and the Dfam database (E <1 x 107117)
revealed significant matches for four genes (Tocc.1G0004690.1, Tocc.1G0007340.1,
Tocc.1G0017610.1, Tocc.1G0019510.1) only in the Dfam search, and none aligned with
TransposonPSI consensus sequences. No recognizable protein domains were detected by
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Pfam scanning, consistent with these loci lacking detectable signatures of known protein-
coding genes, including annotated protein-coding sequences within TEs.

We then asked which sequence features might contribute to early coding potential and
protein structure. Pairwise syntenic alignments revealed newly elongated simple-repeat
segments absent from the orthologous non-coding loci of other crickets (Supplementary
Fig. 5). Consistently, systematic screening with Krait2 identified simple sequence repeats
within the exons of 22 candidates® (Fig. 3E; Supplementary Fig. 5). Predicted protein
structures were dominated by short a-helices (Fig. 3F), suggesting that repeat expansion
could provide both extended open reading frames and foldable structural elements during
de novo gene birth. Together, TE fragments and simple repeats coincide with segments
lacking homology in syntenic alignments to related genomes, supporting their recent
origin and highlighting repetitive sequence material as a substrate for protein-coding gene
emergence.

Finally, we examined transcriptional properties of these candidates. Expression profiling
revealed pronounced tissue bias for a subset of loci. Eight genes were testis-specific, three
midgut-specific, three Malpighian-tubule-specific, two brain-specific, and one femur-
specific (Fig. 3G), whereas many others showed broader, pleiotropic expression across
tissues. Consistent with this pattern, all candidates except for five genes were expressed in
at least one tissue, and 30 showed a tissue specificity index (t) above the genome-wide
average in at least one sex® (Fig. 3H). Overall expression levels tended to be lower than
those of typical annotated genes (Supplementary Table 5), consistent with these loci
representing recently emerged, weakly expressed genes®.

Transposable Element Fragmentsin De Novo Gene Candidates

To assess whether TE fragments within de novo gene candidates were unique to these loci
or widespread across insect genes, we queried TE fragments from Te. occipitalis de novo
gene candidates against other insect genomes. BLASTN searches detected homologous
regions in gene sequences across multiple species (Supplementary Table 7), spanning
diverse TE classes and showing no enrichment for any specific class. Homologs of TE
fragments located in Te. occipitalis de novo gene introns were frequently detected in
genomes of closely related crickets, whereas homologs of exonic TE fragments were also
found in the exons of more distantly related species (Supplementary Table 7). Across
insect species, genes containing TE fragments often had orthologues in other species that
lacked the corresponding TE-derived regions, indicating that these fragments were
inserted independently in different lineages (Supplementary Tables 7-8). Similar TE
fragments were inserted independently into different genes, including both duplicated and
single-copy genes, across taxa, suggesting that their insertion is not restricted to specific
gene classes (Supplementary Tables 7-8). Although orthologues of these genes often
retained traces of related repetitive sequences (Supplementary Table 9), the TE-derived
regions lacked conserved motifs across taxa, suggesting that they do not encode conserved
protein functions.
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The Sequence Properties of De Novo Genesin an Evolutionary Context

To test whether features characteristic of de novo gene candidates were enriched in
younger genes and attenuated with age, we classified Te. occipitalis genes into
evolutionary age categories and examined gene structure and expression specificity for
each category. From younger to older genes, the number of exons per gene increased
(Spearman’s p = -0.505, P < 0.01; Jonckheere-Terpstra P < 0.01) (Fig. 4A), as did exon
length (Spearman’s p = —0.440, P < 0.01; Jonckheere—Terpstra P < 0.01) and intron length
(Spearman’s p =-0.374, P < 0.01; Jonckheere-Terpstra P < 0.01) (Fig. 4B, C). In contrast,
7 decreased with evolutionary age (Spearman’s p = 0.432 (male), 0.359 (female), both P <
0.01; Jonckheere-Terpstra both P < 0.01) (Fig. 4D), showing that younger genes exhibit
more restricted expression profiles. These monotonic trends remained significant after
excluding the de novo category (all Jonckheere—Terpstra P < 0.01).

Next, we asked whether the prevalence of repetitive sequence fragments within genes
changes across evolutionary age classes. Here, we used orthogroups inferred by
OrthoFinder as operational units of gene families across insects. From younger to older,
gene families in which >50% of the members contained exonic simple sequence repeats
decreased (Cochran-Armitage 2 = 118.8, P < 0.01; OR =1.14, 95% CI 1.12-1.17) (Fig.
4E, Supplementary Table 10), as did families with exonic TE segments (2] = 420.5, P <
0.01; OR =1.34, 95% CI 1.31-1.38) (Fig. 4F, Supplementary Table 10). Conversely, the
proportion of families with intronic simple sequence repeats increased (y2[J] = 208.7, P <
0.01; OR =0.83, 95% CI 0.81-0.86) (Fig. 4G, Supplementary Table 10), and this increase
was even more pronounced for intronic TE fragments (x?7 1 = 653.8, P < 0.01; OR = 0.75,
95% CI0.73-0.77) (Fig. 4H, Supplementary Table 10). These trends were unchanged after
excluding the de novo category (all Cochran—Armitage 21 P < 0.01).

To determine whether these trends reflected changes in repeat abundance within genes, we
next quantified repeat coverage per gene across age classes (Supplementary Fig. 6).
Younger genes showed a higher fraction of exon length occupied by simple sequence
repeats (Spearman’s p = 0.120, P < 0.01; Jonckheere—Terpstra P < 0.01), whereas the
fraction of intron length occupied by simple sequence repeats showed no significant
monotonic trend (Spearman’s p =-0.018, P = 0.18). For TE fragments, both exonic
(Spearman’s p = 0.167, P < 0.01; Jonckheere-Terpstra P < 0.01) and intronic (Spearman’s
p =0.056, P < 0.01; Jonckheere—Terpstra P < 0.01) coverage fractions declined toward
older age classes. Thus, while the number of intron repeat-bearing genes increases with
age, the per-gene share of intronic sequence covered by repeats does not increase in
parallel, indicating a shift toward broader incidence across genes rather than expanding in
copy or length within individual genes.

Finally, we examined whether the evolutionary persistence of repeat elements differed
depending on their inferred timing of insertion. We first defined a set of 9,898 gene
families inferred to have been maintained since the insect last common ancestor. This set
included the Te. occipitalis genes assigned to Category 9 (deeply conserved genes shared
across insects), in which we identified repetitive elements and traced their histories across
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insects. For each repetitive element detected within Te. occipitalis Category 9 genes, we
inferred insertion timing from presence—absence patterns at orthologous loci in other
insect genomes. Insertions were classified as early insertions if the element was inferred to
have been acquired in the ancestral lineage leading to Insecta, and as late insertions if it
was inferred to have occurred after diversification of insect taxa. Using this framework,
early insertions were detected in 2,358 gene families, whereas late insertions were
detected in only 11 families. Within the 2,358 gene families with early insertions,
repetitive elements were identified in 91,499 genes (Supplementary Table 11). This
accounts for ~90% of alignable genes and ~12% of the entire genome across insects. We
then classified each Te. occipitalis-derived repeat element by its cross-species state
(Conserved, Neutral, Diverged, or Non-shared). State frequencies were summarized across
five phylogenetic nodes; values at each node represent how often the Te. occipitalis-
detected elements are observed in that state among orthologous genes from the
corresponding clade within the same orthogroups (Fig. 41, J). Among early insertions, a
total of 3,515 repeat elements detected in Te. occipitalis were classified as “Conserved”
when summarized across phylogenetic nodes (in Insecta: 804, in Polyneoptera: 598, in
Orthoptera: 1072, in Ensifera: 949, and in Te. occipitalis: 92) (Fig. 41, Supplementary
Table 11), while only two late-inserted repetitive elements were classified as “Conserved”
(in Ensifera: 2)(Fig. 4J, Supplementary Table 11). Across insect taxa, TE fragments
acquired by genes prior to the insect radiation showed no bias in insertion positions within
genes (Supplementary Fig. 8). Neutrally conserved TE fragments acquired by genes after
the insect radiation originated from seven independent evolutionary events, six of which
involved insertions at the 5' or 3' ends of gene sequences (Supplementary Table 12). These
analyses indicate that repetitive sequence fragments located within exons of insect-
conserved genes tend to persist over evolutionary time, even though the underlying
nucleotide or amino acid sequences themselves are poorly conserved.

Discussion

A central unresolved question in genome evolution is whether and how de novo genes
transition from intergenic origins to stable components of long-lived gene repertoires
81L20 - Addressing this requires comparative analyses across evolutionary timescales
anchored by conservative identification of de novo genes. Here, using such a comparative
framework in insects, we provide empirical support for a view of gene evolution as a
continuum from intergenic regions to mature genes and propose an evolutionary model
centered on the sequence material used in molecular tinkering (Fig. 4K). In insects, genes
can be constructed from intergenic regions through the incorporation of abundant and
mutable sequence materials, such as TE fragments. However, once a gene becomes
stabilized, purifying selection shifts to restrict further incorporation of such sequences into
exons.

Based on chromosome-scale genomes and transcriptome resources for crickets, we
identified 41 Te. occipitalis lineage-specific gene candidates for which non-genic
homologous sequences were detected in other cricket genomes. Although this number is
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likely an underestimate due to strict filtering and limited transcriptomic sampling, and
although alternative scenarios such as extreme sequence divergence cannot be fully
excluded, the number of these candidates falls within the range reported in D.
melanogaster***!. We therefore use them as a conservative set to examine the earliest
stages of gene evolution in insects.

Using evolutionary age as a comparative framework, we found that multiple gene
properties vary across insect genes, despite potential biases from gene loss or extreme
divergence in outgroups®>*2. These patterns indicate a gradual increase in gene length and
structural complexity with increasing evolutionary age (Fig. 4A-D). Within this
continuum, de novo gene candidates from Te. occipitalis fall within the spectrum of these
youngest classes, consistent with a recent evolutionary origin. These results support a
model of gene evolution based on a continuum from intergenic regions to mature genes®’.
Although expression specificity generally increases with evolutionary age, this pattern
does not yet apply to species-specific genes, and most de novo gene candidates in Te.
occipitalisstill exhibit pleiotropic expression patterns (Fig. 3H). In Drosophila, a
hypothesis has been proposed that de novo genes evolve under natural selection due to
biased expression in the testes'®. However, it remains unclear at which evolutionary stage
these candidate genes are located in this scenario. The evolutionary fate of these
candidates therefore remains unresolved, including whether they will be eliminated,
transition toward testis-biased expression, or become integrated into existing gene
networks through alternative evolutionary routes.

The de novo gene candidates we identify here contain TE fragments and simple sequence
repeats, and genes with such sequences in their exons are abundant in evolutionarily
young classes (Fig. 4E, F). By distinguishing repetitive sequence insertions within exons
traceable to the last common ancestor (LCA) from lineage-specific insertions, we found
that LCA-derived repetitive sequences exhibit higher sequence conservation (Fig. 41, J).
Among insects, approximately 24% of LCA-derived gene families contain repetitive
sequences. Their persistence over long evolutionary timescales despite the absence of
conserved motifs suggests that they contribute as sequence material rather than as
conserved functional elements. Conversely, the scarcity of recent insertions into exons is
consistent with purifying selection against insertions into coding regions, which are
generally deleterious*™°, indicating that the evolutionary impact of repetitive sequence
insertions is strongly dependent on the stage of gene evolution.

In contrast to exonic regions, repetitive sequences overlapping introns were less frequent
in evolutionarily younger genes (Fig. 4G, H). Consistently, intronic TE fragments
predominantly reflected lineage-specific insertions (Supplementary Table 11). This pattern
IS consistent with recurrent insertion of active TEs into introns during gene evolution, a
common feature of eukaryotic genomes??3, suggesting intronic TE accumulation reflects
continuous lineage-specific activity of TEsS across evolutionary time independent of gene
age.
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The predicted protein structures of de novo gene candidates are dominated by a-helical
conformations and disordered regions, a structural signature commonly observed in young
genes originating from intergenic regions’. Accidentally translated disordered proteins are
generally expected to be selectively neutral or deleterious and predicted to be eliminated
near the time of de novo gene birth?*. Nevertheless, functionally important a-helical cores
are exemplified by goddard, a Drosophila gene originating from an ancestral intron and
conserved across the genus*®*’. Recent studies further suggest that the emergence of
foldable de novo genes is shaped by genomic background and biochemical properties of
DNA sequences®, including the propensity to form a-helical transmembrane domains that
could reduce unintended intermolecular interactions*®*. Consistent with this view, de
novo gene candidates in Te. occipitalis are GC-rich and enriched in hydrophobic amino
acids. These candidates may originate through the extension of simple repeats, which
rapidly change in copy number and can simultaneously provide extended open reading
frames and foldable protein structures®.

Together, our results support a continuum model in which intergenic loci can give rise to
de novo genes and, in some cases, seed long-lived gene repertoires through time. The
observation that ~24% of LCA-derived gene families across insects retain repetitive
sequences argues against the idea that such insertions are inherently lethal and cannot be
explained solely by survivorship bias®". The contrasting evolutionary dynamics of
repetitive sequences between exonic and intronic regions further suggest that stages of
gene evolution can be operationally distinguished by the changing receptivity of coding
sequences to repetitive insertions. Further analyses integrating functional characterization
and comparative genomics will be required to clarify the evolutionary fate of de novo gene
candidates in Te. occipitalisand to test how intergenic region—derived genes are retained
or eliminated over evolutionary time.

Online M ethods

Biological Samples, DNA and RNA Isolation

A schematic diagram of the process from DNA extraction to genome assembly is shown
in Supplementary Figure 9.

For constructing long-read and short-read sequencing libraries, high molecular weight
DNA was extracted with the NucleoBond HMW kit (MACHEREY-NAGEL, GmbH &
Co. KG, Diiren, Germany) from the head and hind legs of a single adult female Te.
occipitalis (lab-reared at Waseda University) and the hind legs of a single adult female Ta.
portentosus (collected at Kampong Thom, Cambodia). The lysis step was extended to 3 h,
the centrifugation step was omitted, and DNA pellets were transferred by pipette during
the precipitation/wash steps. For Omni-C scaffolding, DNA from the head and hind legs
of an additional adult single female Te. occipitalisand the hind legs of an additional adult
single female Ta. portentosus was isolated with the Dovetail™ Omni-C™ kit (Dovetail
Genomics, California, USA).
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For gene prediction, RNA of Te. occipitaliswas isolated from the heads, thoraxes, and
abdomens of individual adult males and females, and whole-body larvae. Also, RNA of
Ta. portentosus was isolated from the head and fat bodies of an adult male. For the
differential expression analysis, RNA was extracted from the brain, femur, flight muscle,
foregut, gonad, hindgut, Malpighian tubules, and midgut of eight males and eight females
of Te. occipitalis. All RNA was extracted with TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) following homogenization, chloroform phase
separation, isopropanol precipitation, ethanol wash, and buffer elution. At least four
biological replicates were obtained for each tissue and sex.

Library Construction and Sequencing

For long-read sequencing of Ta. portentosus, genomic DNA was size-selected with the
Short Read Eliminator XL kit (Pacific Biosciences of California, Inc., CA, USA) to
remove fragments < 10 kbp. A 2.5 pg aliquot of the size-selected DNA was end-repaired
with the NEBNext FFPE DNA Repair Mix and NEBNext Ultra 1l End Repair/dA-Tailing
Module (New England Biolabs, MA, USA), then ligated to sequencing adapters from the
SQK-LSK109 kit (Oxford Nanopore Technologies KK, Tokyo, Japan) using the NEBNext
Quick Ligation Module. DNA was purified after each step with AMPure XP beads
(Beckman Coulter, CA, USA). The finished library was loaded on an R9.4.1 Flowcell and
run on a PromethlON 24 (Oxford Nanopore Technologies PLC, Oxford, UK). Raw signals
were base-called with Guppy v4.3.4 in high-accuracy mode. In addition, an Omni-C
library was prepared using the Dovetail™ Omni-C™ kit (Cantata Bio LLC, California,
USA), sequenced on an Illumina NovaSeq 6000, and utilized for scaffolding. Bionano
optical mapping data (Bionano Genomics, CA, USA) were also generated for scaffolding,
and Illumina paired-end reads from a NovaSeq 6000 were obtained for polishing the draft
assembly. Furthermore, RNA-seq for gene prediction was performed on a HiSeq 2500. All
auxiliary sequencing services were provided by Rhelixa, Inc. (Tokyo, Japan).

For long-read sequencing of Te. occipitalis, we followed a similar workflow. Genomic
DNA was size-selected with the Short Read Eliminator XL kit, and 2.5 ug of the
recovered DNA underwent end-repair (NEBNext FFPE DNA Repair Mix + Ultra Il End
Repair/dA-Tailing), adapter ligation with the SQK-LSK112 kit (Oxford Nanopore
Technologies KK), and AMPure XP purification at every step. The library was loaded on
an R10.4.1 Flowcell and sequenced on a PromethlON 24. Raw signals were base-called
with Guppy v5.0.11 in high-accuracy mode. Additional PacBio HiFi reads were produced
on a Sequel Il system, Omni-C reads were generated with a NovaSeq 6000, and Illumina
paired-end reads (HiSeq 2500 for polishing; NovaSeq 6000 for X-chromosome
identification) were also obtained. RNA-seq for gene prediction and differential
expression analysis was performed on a HiSeq 2500. All auxiliary sequencing services
were provided by Rhelixa, Inc. (Tokyo, Japan).

Genome Assembly


https://doi.org/10.64898/2026.07.07.736878
http://creativecommons.org/licenses/by-nc-nd/4.0/

00
01
02
03
04
05
06
07
08
09
10
11

12
13
14
15

16
17
18
19
20
21
22
23
24
25
26
27

28
29
30
31
32
33
34
35

36

37

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.07.736878; this version posted July 9, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under a CC-BY-NC-ND 4.0 International license.

The genome size of crickets was estimated using GenomeScope v2.3.0, with k-mers
counted using Jellyfish v2.3.0°%*%, For genome assembly of Ta. portentosus, long reads
generated from the PromethlON sequencer were assembled using de novo assemblers,
Flye v2.8.1, NECAT v0.0.1, Miniasm v0.3, Raven v1.5.0, SMARTdenovo v3.29, Shasta
v0.7.0, and wtdbg2 v2.5. Additionally, MaSuRCA v3.4.2 was employed for hybrid de
novo assembly>*°, integrating short lllumina paired-end reads with the long PromethION
reads. The performance of each assembler was evaluated based on assembly continuity by
QUAST®. Additionally, the gene completeness of the assembly is also assessed by
BUSCO using the Arthropoda database. The genome assemblies generated by Flye and
wtdbg2, which demonstrated superior performance among long-read assemblers, were
polished with short reads and used to compare their performance to the assembly by
MaSuRCA.

For genome assembly of Te.occipitalis, a similar approach was taken. Long reads
generated from the PromethlON sequencer were assembled using Flye v2.8.1 and wtdbg2
v2.5. MaSURCA v3.4.2 was also employed for hybrid de novo assembly. The assemblies
were evaluated by QUAST and BUSCO.

After selecting the genome assemblies in both species, the resulting contigs were
subjected to error correction (polishing) using POLCA v1.4.1 with lllumina paired-end
data®. Contaminants were also removed based on unexpected coverage, GC content, or
homology with bacterial and other contaminant sequences using BlobtoolKit v1.1.1%. The
sequence coverage was obtained by mapping the Illumina reads with BWA. Similarity
analysis was performed with BLASTN v2.12.0 using NCBI NT database v5 with the
options “-task megablast culling_limit 10 -evalue 1e-25 -outfmt '6 gseqid staxids bitscore
std sscinames sskingdoms stitle™. Allelic haplotigs were removed by Purge Haplotigs
v1.1.2, using the long-read mapping data by bwa v0.7.17-r1188%%. Followed by
additional rounds of polishing using Hapo-G v1.3.6 for both genome assemblies®,
BioNano optical mapping data were also integrated to further improve the assembly for Ta.
portentosus,

The assembled contigs of both Ta. portentosus and Te. occipitalis were corrected for
misjoins, ordered, oriented, and anchored into candidate chromosome-scale assemblies
using Omni-C™ data with Juicer v1.9.9 and 3D-DNA v180419%*?, Finally, the candidate
assemblies were reviewed and refined for quality control using Juicebox v1.11.08 for
quality control and interactive corrections®’. The contact maps of two crickets were
visualized using Juicebox as the interactive signals between each pair of 2 bins.
Additionally, a Circos plot, illustrating the distribution of genomic elements, was
generated using Circos v0.69-9%.

Repeat Annotation and Gene Prediction

A schematic diagram of gene prediction is shown in Supplementary Figure 10.
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For de novo repeat prediction, RepeatModeler v2.0.5 was initially employed to construct a
candidate database of repetitive elements. The identified repetitive sequences were then
soft-masked using RepeatMasker v4.1.5. Structural annotation of protein-coding genes
was performed on the soft-masked genome utilizing three approaches: ab initio,
homology-based, and RNA-seq evidence-based prediction. Initially, to minimize noise
from the RNA-seq reads for gene prediction, a de novo transcriptome assembly was
carried out using Trinity v2.15.1 to generate contigs®. The original RNA-seq reads were
then mapped back to these contigs using HISAT2 v2.2.1 with default parameters™. This
step filtered out reads that did not map correctly in the proper orientation as paired-end
reads. The filtered reads were subsequently utilized for gene prediction with BRAKER3
" GeMoMa'?, and StringTie2"”. The ab initio prediction of each cricket was carried out
using BRAKER v3.0.2, which incorporated both protein data from OrthoDB 11
arthropoda dataset (https://www.orthodb.org/, last accessed August 8, 2024) and the
filtered RNA-seq alignments. For the homology-based prediction, GeMoMa v1.9.0 used
gene sets from Apis mellifera, D. melanogaster, and Tribolium castaneum; for Ta.
portentosus, the Te. occipitalis gene set was added. RNA-seg-based prediction was
conducted using StringTie2 v2.2.1. Predictions generated by BRAKERS served as the
reference backbone; gene models from GeMoMa v1.9.0 and StringTie2 v2.2.1 were then
merged and deduplicated against this backbone with GffCompare v0.12.6, producing the
final consensus annotation’. EggNOG-mapper (http://eggnog-mapper.embl.de/, last
accessed August 8, 2024), InterProScan, and BLASTP v2.16.0 (E-value <1 x 10017)
searches against proteomes of C. elegans, D. melanogaster, H. sapiens, M. musculus,
UniProt Swiss-Prot, and the NCBI-nr database (downloaded on November 28, 2021)
provided gene functional annotation. To assess the completeness of the gene structure
annotation, BUSCO v5 with the arthropoda database was utilized.

X-chromosome | dentification of Te. occipitalis

In the XO sex determination system, the X chromosome in males should have half the
read depth of autosomes. An adult male was sequenced on an Illumina platform to ~65x
genomic coverage. Reads were aligned to the Te. occipitalis assembly with BWA (default
parameters). The SAM file was converted to BAM with SAMtools v1.9, and Mosdepth
v0.3.8 computed windowed coverage (-t 10 --no-per-base --fast-mode --by 500000)">"°.

Synteny Analysis

Chromosome-scale assemblies for Ta. portentosus, Te. occipitalis, and A. domesticus from
a previous study were compared pairwise?’. Predicted proteins underwent all-versus-all
BLASTP v2.16.0 searches (-evalue 1e-10 -outfmt 6). Gene collinearity was detected with
MCScanX v1.1 (-b 2 -m 25 -g -1 -s 10) and visualized in SynVisio
(https://synvisio.github.io)’. For each comparison, MCScanX block sizes (gene counts
per block) were tabulated separately for autosomes and the X chromosome and evaluated
with Pearson’s y2 tests.

I dentification of Species-Specific Gene Candidates
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Protein-coding genes from Te. occipitalis, Ta. portentosus, and 27 additional insects (from
NCBI; Table S8) were clustered homologous amino acid sequences by OrthoFinder v2.5.x
(default settings). Using the molecular phylogenetic tree reconstructed by OrthoFinder, the
species sets were divided into nine groups based on their divergence from Te. occipitalis.
The genes specific to each species set were classified into the corresponding category
(Category 1- 9).

Transcriptome Statistics

Raw RNA-seq reads were trimmed and filtered with fastp v0.23.2". Transcript
abundances were then quantified as TPM (transcripts per million) with Salmon v1.10.2
under default settings’. Log-transformed TPMs for all genes were analyzed in R v4.2.3.
Genes expressed with tissue-bias were detected with DESeq2 v1.44 by contrasting each
tissue against the pooled set of the other seven tissues (one-versus-all design)®°. Genes
with fewer than 10 counts were excluded, and significance was set at an adjusted P < 0.05
and |log(] fold change| > 1.

| dentification of De Novo Gene Candidates

A composite BLASTP database was assembled from (i) all predicted protein coding genes
of the cricket genomes analysed here and (ii) the NCBI-nr collection. Each Category-1
gene was queried against this database (E <1 x 10 1 1). Hits to genes in the non-Te.
occipitalis genome were scored as orthologs/out-paralogs; hits to additional genes in the
Te. occipitalis genome were scored as in-paralogs. All sequences with either type of hit
were discarded, leaving initial targets with no detectable similarity to any known protein-
coding gene.

For each target, the coding sequence plus its 5" and 3" intergenic segments (nearest gene
boundary to boundary) were queried (BLASTN, E <1 x 100111) against every cricket
genome. A gene was retained only if (i) the best coding-sequence alignment mapped to an
intergenic region of the sister genome and (ii) both flanking segments aligned immediately
upstream and downstream of that locus, preserving collinearity. Loci passing both tests
were designated final de novo gene candidates (n = 41).

The predicted protein products of all 41 loci were subsequently modelled with AlphaFold
3 (DeepMind, default settings) to obtain putative tertiary structures .

Alignment De Novo Gene Candidateswith Syntenic Regions

For every final candidate, the full gene plus 300-bp flanks and each exon’s protein
sequence were aligned to their orthologous regions. Nucleotide alignments used MAFFT
v7 (--auto)®. Syntenic regions in other crickets were six-frame translated, considering
strand and open reading frame shifts. The longest contiguous match for each exon was
then selected, permitting different optimal frames among exons. These alignments verified
(i) sequence continuity and frame integrity in Te. occipitalisand (ii) persistence of
homologous yet non-coding DNA in other crickets.
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Detection of Repetitive Sequence Overlap

TE signatures were predicted with TransposonPSI. Simple sequence repeats were
identified with Krait2 v2.0.3. For the TE homology search, all TransposonPSI calls were
compiled into a BLASTN database. Each candidate gene was searched against this
database (BLASTN v2.16.0, E <1 x 1071(7). To uncover deeper similarity, consensus TE
sequences were extracted and queried with HMMER3 nhmmscan (-E 1e-6)%. Full-length
candidates were also searched against the Dfam 3.8 nucleotide consensus set (BLASTN, E
<1 x 107 2)*. Protein domains were sought by HMMER3 hmmsearch (-E 1e-6) against
Pfam 35.0%. Coordinates from Krait2 and TE homology were merged and visualized on
candidate alignments (TEs, green; simple repeat sequences, blue).

Gene expresson specificity acrosstissues

In each tissue and sex, Tau (T), a measure of gene expression specificity, was calculated
using the average TPM of multiple samples according to the following formula:

R.
(- )

max (1)

n—1

Tau (1) =

where n is the number of tissues, R; is the expression level of a gene in tissue i, and R,
is the highest expression level of a gene detected in all tissues examined. Tau values
theoretically range from 0 to 1, with lower values indicating an expression pattern that is
evenly distributed across all tissues examined and higher values indicating greater
variation in expression levels among tissues and higher tissue specificity.

Quantifying conservation of transposable elements acr oss insect species

The classification of TE fragments was based on the output of TransposonPSI. Each TE
fragment detected within de novo gene candidates was assigned to a TE class according to
the TransposonPSI annotation. To investigate the evolutionary conservation of these
fragments, BLASTN searches (E <1 x 10010J) were performed using TE-derived
sequences from Te. occipitalis de novo gene candidates as queries against the genomes of
other insects. Genes containing TE fragments were examined for gene duplication by
intralJgenomic BLASTP searches (E <1 x 10011), in which any intraspecific hit other
than the self Jmatch was defined as a duplicated gene. Furthermore, to confirm the
presence or absence of TE segments within the detected duplicate genes, we performed
BLASTX searches (E <1 x 1001[7) using the TE segments as queries and the protein
sequences of the duplicate genes as the database.

Evolutionary Age Classification and Statistical Analysis

All Te. occipitalis genes were assigned to one of six evolutionary age classes, based on the
orthogroup framework described above (see “Identification of Species-Specific Gene
Candidates”): (i) Category 9 genes conserved across insects (Insect-common), (ii)
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Category 8 genes shared within Polyneoptera (Polyneoptera-common), (iii) Category 7
genes restricted to Orthoptera (Orthoptera-common), (iv) Categories 2—6 genes restricted
to Ensifera (Ensifera-common), (v) Category 1 genes excluding de novo gene candidates
(species-specific), and (vi) de novo gene candidates.

Across these classes, we analyzed exon number, protein sequence length, tissue specificity
index (t), and four types of repetitive sequence overlap (TEs in introns, simple repeat
sequences in introns, TES in exons, and simple repeat sequences in exons). For exon
number, protein length, and t, values were calculated on an orthogroup basis, with
duplicated genes averaged before computation. For TE and simple sequence repeats
overlaps, orthogroups in which > 50% of genes contained a given overlap were defined as
“overlap-rich,” and for each evolutionary age class, we calculated the proportion of
overlap-rich orthogroups relative to all orthogroups in that class. Statistical analyses were
tailored to the property examined: exon number, protein length, and t were tested for
correlations with evolutionary age using Spearman’s rank correlation coefficient and the
Jonckheere—Terpstra test, whereas age-dependent changes in the proportion of overlap-
rich orthogroups were evaluated with the two-tailed Cochran—Armitage trend test and
ordinal logistic regression.

Quantifying conservation of repetitive segmentsin all Te. occipitalis genes

To evaluate the evolutionary conservation of repetitive sequences in Te. occipitalis genes
relative to their orthologs, exon regions showing sequence similarity to TEs were defined
as TE-homologous regions. Overlapping TE-homologous regions within the same gene
were merged and treated as a single region. In parallel, simple repetitive sequences
detected within exons of Te. occipitalis genes were identified, and overlapping regions
within each gene were likewise merged and treated as single regions.

For each Te. occipitalis gene in which a repetitive sequence region was identified, all
orthologous genes assigned by OrthoFinder were retrieved, including additional Te.
occipitalis genes belonging to the same orthogroup when applicable. Pairwise alignments
were then performed between the focal Te. occipitalis gene and each corresponding
ortholog. For each pairwise alignment, two classes of regions were defined: (i) regions
corresponding to the repetitive sequence region identified in the focal Te. occipitalis gene,
and (ii) background regions outside these regions. When repetitive sequence regions were
detected in multiple Te. occipitalis genes within the same orthogroup, mapped to
overlapping but non-identical alignment coordinates relative to the focal Te. occipitalis
gene, these regions were combined by taking their union and treated as a single repetitive
sequence region for downstream analyses. Repetitive sequence regions shorter than 12
amino acids were excluded from subsequent analyses.

To quantify conservation, alignment identity values of repetitive sequence regions were
compared with those of background regions for each Te. occipitalis—ortholog gene pair.
Regions were excluded from analysis if the background-region identity was <35%, if the
gap proportion exceeded 60%, or if the background-region length was <96 bp, as these
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90 conditions indicated insufficient alignment quality. Because conservation states may differ
91 among species, each orthologous comparison was evaluated independently. For each

92 comparison, the mean and standard deviation of alignment identity were calculated from
93 background regions, with standard deviation defined as the square root of the variance of
94 identity values across background-region alignment columns. Repetitive sequence regions
95 were classified based on their relative alignment identity compared with background

96 regions. Regions with identity values within +3 standard deviations of the background-

97 region identity were classified as Neutral, those with higher identity values as Conserved,
98 and those with lower identity values as Diverged. Regions for which the orthologous

99 counterpart exhibited a gap proportion greater than 10% relative to the repetitive sequence
00 region in Te. occipitalis were classified as Non-shared. All thresholds used in this analysis
01 were determined using false-positive tests based on randomized sequences, with parameter
02 settings chosen to maintain a false-positive rate below 5%.

03 To further examine the evolutionary conservation of repetitive sequences specifically

04 identified in de novo genes, TE-homologous regions and simple sequence repeat regions
05 detected within de novo genes were used as queries for homology searches against each
06 insect genome included in the dataset used in this study. For genes exhibiting detectable
07 homology to these repetitive sequence regions, orthologs were identified and aligned, and
08 conservation of the corresponding regions was evaluated using the same criteria described
09 above.

10 Dataavailability

11 All data needed to evaluate the conclusions in the paper are present in the paper and/or the
12 Supplementary Materials. All the raw data produced in this study have been deposited in
13 the Sequence Read Archive on the NCBI website with BioProject ID PRINA1348230 and
14 the data of genome assembly and annotation are available in figshare.

15  Codeavailability

16 The scripts used for the analyses in this study are available in GitHub
17 (https://github.com/kataokaklab/DeNovoGene_Identification).
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Tables
Teleogryllus occipitalis Tarbinskiellus portentosus
Total scaffolds 7026 (14) 1054 (6)
Largest scaffold [Mbp] 353 374
Assembly  Scaffold N50 [Mbp] 130 347
Total length [Gbp] 2.01 2.05
BUSCO (Complete Single-copy) [%] 96.3 88.6
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BUSCO (Complete Duplicated) [%] 2.9 1.8

BUSCO (Flagment) [%] 0.2 0.2

BUSCO (Missing) [%] 0.6 7.6

Number of genes 19842 23502

Number of MRNA 19892 23513

Number of CDSs 115705 109640

5-UTR 6234 1510

Gene 3-UTR 8234 2682
M odel 5-and 3-UTR 4267 872
BUSCO (Complete Single-copy) [%] 98.4 89.7

BUSCO (Complete Duplicated) [%] 0.5 2.2

BUSCO (Fragmented) [%)] 0.1 0.1

BUSCO (Missing) [%] 1.1 8.1
Caenorhabditis elegans 45.58% 36.44%
Drosophila melanogaster 59.66% 48.07%

Homo sapiens 56.86% 46.28%

: Mus musculus 56.63% 38.48%

Annotation .

Swissprot 62.42% 54.07%

TrEMBL 78.77% 75.67%

nr 72.06% 66.24%
InterProScan 90.94% 87.15%

Table 1. Genome assembly, annotation, and functional assignment statistics.
Summary metrics for chromosome-scale assemblies and annotated gene models of
Teleogryllus occipitalisand Tarbinskiellus portentosus. Assembly statistics
include scaffold count (total and Hi-C—anchored, in parentheses), largest scaffold
length, scaffold N50, total assembly size, and BUSCO completeness scores. Gene-
model statistics list the numbers of predicted genes, mRNAs, coding sequences
(CDSs), and UTR features, together with BUSCO assessments of the annotated
proteomes. Functional assignment statistics report the percentage of predicted
proteins with significant sequence similarity to reference proteomes (C. elegans, D.
melanogaster, H. sapiens, M. musculus), UniProt/Swiss-Prot, UniProt/ TrEMBL,
and NCBI nr (BLASTP; E-value <1 x 10 | 1), and the percentage with

InterProScan domain signatures
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Genelengths CDSlength Number of exons Biased expression tissue

Tocc.1G0004690.1 809 300 2 Brain
Tocc.1G0007340.1 1108 405 2 MalphigiTube
Tocc.1G0017610.1 866 576 2 Non-biased
Tocc.1G0019510.1 481 99 2 Non-biased
Tocc.1G0021480.1 975 369 2 Non-biased
Tocc.2G0002070.1 1612 321 4 Non-biased
Tocc.2G0004080.1 2793 309 3 Non-biased
Tocc.2G0008730.1 1403 240 2 Non-expressed
Tocc.2G0013240.1 425 90 2 Non-biased
Tocc.2G0020270.1 1245 87 2 Non-biased
Tocc.2G0021750.1 8912 447 3 Non-biased
Tocc.2G0023520.1 1670 312 2 Non-biased
Tocc.3G0002060.1 3051 273 4 Non-biased
Tocc.3G0015530.1 705 507 2 Testis
Tocc.4G0008930.1 402 402 1 Testis
Tocc.4G0010540.1 1392 180 2 Midgut
Tocc.4G0011610.1 1383 573 2 Testis
Tocc.4G0012180.1 548 228 4 Non-biased
Tocc.4G0012190.1 1874 822 2 Non-expressed
Tocc.5G0008020.1 1034 249 2 Non-biased
Tocc.5G0008120.1 878 384 2 Testis
Tocc.5G0008290.1 1178 363 4 Non-expressed
Tocc.6G0002000.1 2221 420 3 Non-biased
Tocc.6G0004470.1 351 351 1 Non-expressed
Tocc.6G0004530.1 1100 339 2 Testis
Tocc.6G0011210.1 1674 810 2 MalphigiTube
Tocc.6G0014840.1 758 366 2 Non-biased
Tocc.7G0009600.1 840 546 2 Non-biased
Tocc.7G0010080.1 1080 246 2 Brain,Testis
Tocc.8G0000430.1 1114 360 2 Non-biased
Tocc.8G0002370.1 2371 351 3 Midgut
Tocc.8G0009300.1 2133 258 3 Non-biased
Tocc.9G0000100.1 20694 231 8 Testis
Tocc.9G0009060.1 714 714 1 Non-biased
Tocc.10G0002420.1 1249 267 4 Non-expressed
Tocc.11G0001970.1 546 141 1 Midgut
Tocc.11G0007880.1 810 393 2 MalphigiTube
Tocc.12G0010430.1 2625 1413 2 Non-biased
Tocc.13G0004800.1 1457 231 2 Non-biased
Tocc.14G0001810.1 2181 975 2 Testis
Tocc.367G0000010.1 1679 987 2 Femur
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Table 2. Characteristics of Teleogryllus occipitalis de novo gene candidates.
Detailed statistics for each locus, including total gene length, coding-sequence
(CDS) length, exon count, and the tissue in which expression is significantly
biased (based on DESeq2 analysis). “Non-biased” indicates no significant tissue
preference.

Figure legends

Fig. 1. Genome-wide features and synteny of Gryllidea crickets. (A) Circos
plot of the Teleogryllus occipitalis genome showing chromosomes, gene density,
repeat density, and GC content. (B) Equivalent Circos plot for Tarbinskiellus
portentosus. (C) Male DNA-seq coverage along Te. occipitalis chromosomes.
Coverage on Chr 1 (X) is =% that of autosomes, consistent with an XO system. (D)
Pairwise synteny among Te. occipitalis, Ta. portentosus, and A. domesticus. Dark-
gray links denote X-chromosome blocks; light-gray links denote autosomal blocks.
(E) Box plots of syntenic block sizes on autosomes and the X chromosome for the
two species pairs. Block-size distributions differ significantly between
chromosome classes (Pearson y?).

Fig. 2. Evolutionary age classes of Te, occipitalis genes. (A) Phylogenetic
framework used for gene-age inference (schematic; branch lengths not scaled). (B)
Counts of Te. occipitalis genes assigned to Categories 2—-9 (deepest node with an
orthologue) and Category 1 (no orthologue in any other species). (C) Tissue-bias
profile for each age category. Stacked bars show the proportion of genes with
DESeq2-defined bias toward one of eight tissues.

Fig. 3. Identification and molecular signatures of Te. occipitalis de novo gene
candidates. (A) Three-step screen for candidate genes. Step 1: OrthoFinder
clustering across 30 insect genomes yielded 2,132 Te. occipitalis-specific proteins.
Step 2: BLASTP removal of orthologs/paralogs. Step 3: synteny comparisons
retained 41 final candidates. (B) Exon counts per candidate; blue dashed line =
genome mean (6.13). (C) Protein lengths per candidate; blue dashed line = genome
mean (444 aa). (D) Fraction of each candidate’s exon length homologous to
TransposonPSI fragments; the purple wavy line marks 80% coverage. (E) Fraction
of exon length occupied by de novo simple repeat sequences predicted with Krait2;
purple line denotes the 80% benchmark. (F) Structural evidence for the protein-
coding potential of candidate Tocc.4G0008930.1. Right, residue index versus
aligned-residue confidence plot; depth of green shading denotes expected position
error (A). Left, AlphaFold3-predicted tertiary structure colored by pLDDT (blue =
high confidence, red = low). (G) Tissue bias of candidates (DESeq2). Slico colar
match tissues in Fig. 2. (H) Tissue-specificity index (t) per candidate for females
(pink) and males (blue); dashed lines = genome-wide means.

Fig. 4. Age-class dependence of genomic and expression featuresin Te.
occipitalis, and cross-species conservation of repeat tracts. (A) Relationship
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between exon counts and expected gene age. (B) Relationship between exon length
and expected gene age. (C) Relationship between intron length and expected gene
age. (D) Relationship between tissue specificity index (t) in each sex and expected
gene age. (E)—(H) Proportion of “overlap-rich” orthogroups (>50% of members
containing the indicated repeat) in each age class: (E) simple repeat sequences in
exons, (F) TEs in exons, (G) simple repeat sequences in introns, and (H) TEs in
introns. (1) Conservation status of repetitive elements inferred to have been
inserted after gene birth, evaluated across insect species grouped by clade. (J)
Conservation status of repetitive elements inferred to have been inserted during
early stages of gene birth, evaluated across the same clades. For panels (1) and (J),
repetitive elements were classified as Conserved, Neutral, Diverged, or Non-
shared based on relative alignment identity compared with background regions.
(K) Schematic model of gene evolution from intergenic sequences to
evolutionarily stable genes. During the evolution, repetitive sequence material—
such as TE-derived fragments and simple sequence repeats—can provid