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Long noncoding RNAs (IncRNAs) function as crucial regulatory elements in eukaryotes, yet have
remained largely unexplored across diverse insect lineages. We present a comprehensive analysis of
IncRNA atlases across 115 insect species, identifying 647,691 multi-exonic IncRNAs with substantial
variation (1119 to 40,850 per species). Our analysis reveals that IncRNA abundance correlates
positively with both genome size and transposable element (TE) content. Approximately 500 diverse
transcriptomes were found to represent the minimum threshold for comprehensive IncRNA
identification. While most IncRNAs show limited sequence conservation, we identified 4806 derived
IncRNAs that maintain syntenic relationships with protein-coding genes. These derived IncRNAs,
which are significantly shaped by TE insertions, exhibit higher expression levels, greater regulatory
complexity, and stronger functional conservation compared to conventional IncRNAs. They are
primarily involved in regulating development and insect behavior. One such example is Msex-Inc-
001918, which is derived from a conserved Lepidoptera orthogroup and retains ancestral functions in
regulating spermatogenesis. This study provides fundamental insights into insect IncRNA evolution
and demonstrates how the transformation of protein-coding genes can drive novel regulatory

mechanisms in insect genomes.

Insects represent one of the largest and most diverse groups of organisms,
with over a million described species adapted to various environments. They
play important roles in ecosystems', agriculture’, human health’, and the
economy”. Their remarkable adaptability and diversity are driven by com-
plex regulatory networks, among which long non-coding RNAs (IncRNAs)
have emerged as key players. These regulatory molecules, typically
exceeding 200 nucleotides in length, participate in critical biological pro-
cesses such as development™, dosage compensation’, sex determination®,
insecticide resistance’"’, and immunity'*, despite their non-coding nature.
Advances in high-throughput sequencing technologies have facilitated
extensive characterization of insect IncRNAs, revealing their diverse func-
tions and evolutionary dynamics. This has led to increasing interest in
understanding their evolution and employing comparative genomics to
study their functional determinants"’.

Recent evolutionary studies show that IncRNAs can originate through
multiple mechanisms. One particularly interesting pathway involves the
transformation of protein-coding genes'*'’, through which the resulting
derived IncRNAs often gain novel functions'. A classic example is the Xist

noncoding RNA in Drosophila melanogaster, which is evolved from a
protein-coding gene and located in the X inactivation center (Xic). It initi-
ates X chromosome inactivation, a process essential for dosage compen-
sation in female mammals'’. Similarly, JPX, a IncRNA derived from Uspl,
plays a critical role in regulating Xist. The observation that deletion of the
JPX locus impairs X-inactivation'® demonstrates that these derived
IncRNAs can be integrated into complex regulatory networks.

While numerous studies of derived IncRNAs have made significant
progress in vertebrates'*'®, the systematic identification and character-
ization remain largely unexplored in insects. Derived IncRNAs might
play crucial yet undiscovered regulatory roles. This knowledge gap is
particularly significant, as experimental validation of IncRNA functions
remains technically challenging in insects. The absence of large-scale
studies on insect derived IncRNAs represents a major gap in our
understanding of transcriptome evolution, particularly given the ecolo-
gical importance of insects. Therefore, investigating derived IncRNAs in
insects not only addresses a fundamental gap in evolutionary biology but
also provides a strategic approach to identifying functionally relevant
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IncRNAs from the vast pool of non-coding transcripts. In this study, we
present a comprehensive analysis of insect IncRNAs across 115 species,
utilizing an extensive dataset of RNA-seq samples obtained from
Insectbase2.0'” and the National Center for Biotechnology Information
(NCBI)*. Through the previously synteny-based approaches™', we
identified 4806 derived IncRNAs, and clarified the potential role that TEs
play in the evolutionary process. By comparing the expression and reg-
ulatory features of derived IncRNAs with other IncRNAs, we explored the
potential functions of derived IncRNAs and demonstrated the pre-
servation of the functions of syntenic genes during their transformation
into IncRNAs. Our research contributes to the fundamental knowledge of
insect IncRNA biology and provides insights into how derived IncRNAs
serve as sources of important regulatory functions.

Results

Comprehensive characterization of IncRNA atlases across 115
insect species

To construct a comprehensive insect IncRNA atlas, our study integrated
extensive genomic and transcriptomic data from 115 insect species. This
dataset included high-quality reference genomes (BUSCO completeness >
90%) and 30,840 RNA-seq samples (totaling ~147 T, as of June 5, 2023),
sourced from InsectBase 2.0" and NCBI (Supplementary Data 3). Each
species was represented by at least 50 samples from diverse developmental
stages or tissues. The transcriptome coverage varied markedly across spe-
cies, ranging from Aedes aegypti (2260 samples, ~12.4T) to Ephemera
danica (50 samples, ~39.2 G).

Using this comprehensive dataset, we performed genome-guided
transcript assemblies and merged all samples for each species. Initial can-
didate IncRNAs were identified using the FeeLnc pipeline™, and potential
protein-coding genes were subsequently filtered using CPC2* tool
(Fig. S1A). We thus identified a range of 1119 (Cochliomyia hominivorax) to
40,850 (A. aegypti) multi-exonic candidate IncRNAs per species, for a total
0f 647,691 IncRNAs (Fig. 1A). These IncRN As were systematically classified
into intergenic (including divergent, convergent, and same strand) and
genic (including overlapping, containing, and nested)”, based on their
genomic loci relative to protein-coding genes (Fig. SIA). Notably, nested
IncRNAs were the most abundant, while containing IncRNAs were the least
abundant across all orders (Fig. S1B).

We observed a substantial variation (~36-fold) in IncRNA numbers
across species, with Lepidoptera and Hemiptera showing higher average
numbers (Fig. S1C). This variability necessitated careful consideration of the
effects of data quality and quantity. To address this, we performed iterative
IncRNA predictions using incrementally increasing sample numbers (in 50-
sample intervals). This analysis revealed that the number of identified
IncRNAs increased rapidly with sample size and plateaued when a species
was represented by ~500 transcriptome datasets covering diverse develop-
mental stages and tissue types (Fig. 1B). However, we emphasize that this is
not an absolute threshold, as IncRNA discovery also depends on sequencing
depth, library quality, and transcriptomic complexity. Thus, the “500-
sample” point should be interpreted as a general benchmark observed in our
dataset, rather than a strict threshold.

Based on these findings, we focused our subsequent analyses on species
with more than 500 samples to explore factors influencing IncRNA abun-
dance. This refined dataset included 13 species from five orders: Coleoptera
(Tribolium castaneum), Diptera (Drosophila pseudoobscura, Anopheles
gambiae, Drosophila simulans, A. aegypti), Hemiptera (Acyrthosiphon
pisum), Hymenoptera (Nasonia vitripennis, Bombus terrestris, Apis melli-
fera), and Lepidoptera (Helicoverpa armigera, Spodoptera frugiperda,
Melitaea cinxia, Bombyx mori). Among these species, genome size varied by
~54-fold, and we observed a strong positive correlation between IncRNA
numbers and genome size (R=0.927, P <0.001, Fig. 1C), indicating that
larger genomes tend to harbor more IncRNAs. Additionally, IncRNA
abundance showed a significant correlation with genomic transposon
content (R = 0.510, P < 0.05, Fig. 1D), supporting previous observations that
link IncRNA origins to transposons'*****,

Evolutionary analysis of IncRNA orthologous families

To enable direct cross-species comparisons, we reconstructed IncRNA
orthologous families (orthogroups) based on sequence similarity using
OrthoFinder”. This analysis successfully identified 60,177 IncRNA
orthogroups, with a striking observation that over 50% were species-specific
(Fig. 2A, Fig. S2). This high proportion of species-specific IncRNAs high-
lights their rapid evolutionary turnover, resulting in poor sequence con-
servation. Notably, we also observed a strong positive correlation (R = 0.91,
P <0.001, Fig. S1D) between the total number of IncRNAs and the count of
species-specific IncRNAs, demonstrating that the expansion of IncRNAs is
predominantly driven by the emergence of species-specific sequences.

To better understand the evolutionary dynamics of IncRNAs, we
performed a parallel analysis on protein-coding gene orthogroups (Fig. 24,
Fig. S2). Comparative analysis between IncRNAs and protein-coding genes
revealed distinct evolutionary patterns. Although there were no 1:1 protein-
coding orthologs among 115 insect species, 170 orthogroups were conserved
across all species (Fig. 2A, Fig. S2). In contrast, IncRNAs showed markedly
lower conservation. The most widespread IncRNA orthogroup was present
in only 81 species (Fig. 2A, Fig. S2). Furthermore, more than 98.5% of
IncRNA orthogroups were restricted to fewer than 10% of the species
(Fig. 2A, Fig. S2). These results underscore the profoundly lower sequence
conservation of IncRNAs compared to protein-coding genes, highlighting
the rapid evolutionary turnover of IncRNA sequences. Given that poor
sequence conservation is a common feature of IncRNAs in both mammals
and plants”™*, we next assessed their positional conservation using estab-
lished syntenic relationships”. Positional conservation occurs when
IncRNAs in different species are found flanking orthologous genes within a
certain distance and have the same relative orientation. Despite the pre-
dominance of species-specific IncRNAs, we identified 21 IncRNA
orthogroups with conserved syntenic relationships (Fig. 2A, Fig. S2), indi-
cating that some IncRNAs, while lacking detectable primary-sequence
conservation, retain positional conservation.

Origins and evolution of syntenic IncRNAs from protein-

coding genes

Through systematic synteny analysis, we found that a subset of IncRNAs
maintains syntenic relationships with protein-coding genes. Previous stu-
dies have proposed that these IncRN As, referred to as derived IncRNAs, may
have evolved from protein-coding gene loci that have lost their coding
capacity'*'’. To investigate IncRNAs potentially derived from protein-
coding genes, we applied a previously described approach' to examine this
evolutionary process.

First, we employed MUMmer™ for whole-genome alignment between
pairs of species to identify the genomic alignment chains. We found low
genome alignment rates even among closely related species within the same
family, highlighting the rapid evolution of insect genomes (Fig. S3).
Homologous protein-IncRNA pairs (X and Y) were identified based on the
following criteria: (i) X and Y represent the flanking genes of the syntenic
protein-coding gene and the IncRNA, respectively, located within 100 kb
and showing confirmed orthology; (ii) the relative orientation between the
syntenic gene and X, and between the IncRNA and Y, is consistent
(Fig. S4A); and (iii) both gene pairs are located on the same strand (Fig. S4B).
Finally, we considered pairs of IncRNA and protein-coding genes when
there was a homologous protein-coding gene pair on one side and a genomic
alignment chain on the other (Fig. S4C). These identified IncRNAs were
defined as derived IncRNAs.

This approach identified 4806 derived IncRNAs across six orders, with
D. melanogaster having 366 derived IncRNAs, making it the species with the
highest number (Fig. 2B). Since Blattodea and Coleoptera have a small
number of derived IncRNAs, we therefore only retained data from Hemi-
ptera, Hymenoptera, Lepidoptera, and Diptera for further analysis. Among
these four orders, the number of derived IncRNAs in Hymenoptera was
significantly higher than in Hemiptera and Lepidoptera (**P < 0.01, Wil-
coxon’s test), while there were no significant differences compared to
Diptera (Fig. S5A). Furthermore, an analysis of genome alignment rates
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Fig. 1 | Identification of insect IncRNAs and factors influencing IncRNA quan-
tity. A Phylogenetic distribution of IncRNA types across 115 insect species repre-
senting 10 orders. Bar colors represent different IncRNA types, and the height
indicates the total count of identified IncRNAs per species. The tree indicates phy-
logenetic relationships among the species. B Saturation curves showing cumulative
IncRNA numbers plotted against increasing transcriptome sample sizes (increments
of 50) for four representative species: A. pisum (pea aphid, n = 694), A. mellifera
(honey bee, n =2362), B. mori (silkworm, n = 1344), and T. castaneum (red flour
beetle, n=1113). C Strong positive correlation between genome size and IncRNA

Genome assembly Size(Mb)

Proportion among annotated TEs(%)

abundance (R = 0.927, P < 0.001) among species with >500 transcriptomes. Scatter
plot displays genome size (x-axis, in Mb) versus total IncRNA count (y-axis). Each
point represents a species, with regression line and confidence interval shown.

D Significant positive correlation between IncRNA abundance and genomic TE
content (R =0.510, P < 0.05) among species with >500 transcriptomes. Scatter plot
shows the percentage of genome covered by TEs (x-axis) versus total IncRNA count
(y-axis). Each point represents one species, with regression line and confidence
interval shown.

between different species revealed that Hymenoptera insects exhibited
higher alignment rates than the other orders (***P<0.001,
*HEHED < 2.2 x 107", Wilcoxon’s test) (Fig. S5B). This suggests a correlation
between the number of derived IncRNAs and genome alignment rates,
highlighting the potential influence of genomic conservation on IncRNA
evolution across different insect lineages.

Evolutionary transitions in sequence architecture

To further investigate the origin of these derived IncRNAs, we assessed
whether derived IncRNAs differ from their syntenic genes in terms of
sequence features. Detailed sequence analysis revealed substantial

divergence between derived IncRNAs and their syntenic genes, with simi-
larity ranging from 0.6% to 85.1% and an average value of 26.7% (Fig. 3A).
Characteristically, syntenic genes were generally more compact than typical
protein-coding genes (P<2.2x 107", Wilcoxon’s test) (Fig. 3B), with
notably shorter intronic regions (Fig. S6A, B). During the transition from
protein-coding genes to derived IncRNAs, derived IncRNAs contained
significantly fewer exons and introns than their syntenic genes
(¥F**P <22 x 107", Wilcoxon’s test) (Fig. S6A, B). Moreover, the average
length of both exons and introns was markedly shorter in derived IncRNAs
(F*¥**P < 2.2 x 107", Wilcoxon’s test) (Fig. S6C, D), consistent with the
overall reduction in transcript size (Fig. S3B). This contrasts with prior
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Fig. 2 | Evolutionary analysis of IncRNA orthogroups and identification of
derived IncRNAs. A Comparative analysis of orthogroup distribution patterns
among primary sequence conserved IncRNAs, protein-coding genes, and positional
conserved IncRNAs. The stacked bar chart illustrates the relative proportions of

orthogroups shared across different numbers of species. Colors indicate the per-
centage of species sharing each orthogroup category. B Lollipop plot shows the
number of derived IncRNAs detected in each species, arranged by taxonomic
relationships.

findings in mammals, where noncoding genes often exhibit larger tran-
scripts and longer introns than protein-coding genes’'. Our results suggest
that in insects, the structural reduction of derived IncRNAs during the
transition from protein-coding genes may follow a distinct evolutionary
trajectory.

Analysis of TE content revealed distinct patterns. Other IncRNAs
exhibited a significantly higher fraction of TE-overlapping sequences than
derived IncRNAs (P<2.2x 107", Wilcoxon’s test). Similarly, a smaller
fraction of syntenic gene sequences overlapped with TEs than other protein-
coding genes (P<2.2x 107", Wilcoxon’s test). However, we observed a
significant increase in TE content during the transition from protein-coding
genes to IncRNAs (P<2.2x107", Wilcoxon’s test) (Fig. 3C). TEs

preferentially overlapped ~with intronic regions (***P<0.001,
KD < 2.2 x 1079, Wilcoxon’s test), whereas the exonic regions of protein-
coding genes exhibited low TE overlap (Fig. 3D). Strikingly, the overlap in
exonic regions increased substantially when protein-coding genes evolved
into IncRNAs (P < 2.2 x 107'%, Wilcoxon’s test) (Fig. 3D).

The TE landscape in these sequences was dominated by DNA and LTR
transposons, with LINE elements showing a unique pattern. Despite con-
stituting only 12.28% of TEs in derived IncRNAs, LINEs showed distinctive
enrichment in exonic regions during the transition from protein-coding
genes to IncRNAs (Fig. 3E). This pattern suggests that specific TE classes
may play a role in the evolutionary transformation from protein-coding
genes to IncRNAs.
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introns within each gene type (***P < 0.001 and ****P < 0.0001, Wilcoxon’s test),
with statistical significance shown for both within-type and between-type com-
parisons (P < 0.0001, Wilcoxon’s test). E Compositional analysis of TE types (DNA
transposons, LTRs, LINEs, etc.) in each gene category. Stacked bar plot shows the
relative abundance of different TE classes within each gene type. Blue = derived
IncRNAs (n =4806), red = syntenic protein-coding genes (n = 6290), light blue =
other IncRNAs (n = 642,885), orange = other protein-coding genes (1 = 2,030,166).
Error bars represent standard deviation unless otherwise indicated.

Regulatory landscape and expression patterns of derived
IncRNAs

To investigate the regulatory characteristics that distinguish derived
IncRNAs from other IncRNAs, we systematically analyzed their genomic
positioning and associated regulatory elements. Derived IncRNAs showed
distinct spatial distribution patterns and regulatory features relative to other
IncRNAs. Our investigation revealed that derived IncRNAs were, on aver-
age, associated with 20 adjacent protein-coding genes within 100 kb,
exceeding the number observed for other IncRNAs (P<2.2 x 107", Wil-
coxon’s test) (Fig. 4A). Additionally, conservation analysis revealed that 10%
of derived IncRNAs were retained across five or more species, showing
higher conservation compared to other IncRNAs (P < 2.2 x 10", Wilcox-
on’s test). In contrast, their corresponding syntenic protein-coding genes
were less conserved than other protein-coding genes (P < 2.2 x 107", Wil-
coxon’s test) (Fig. 4B).

Investigation of regulatory elements revealed enhanced regulatory
potential in derived IncRNAs. We used miRanda™ to predict the miRNA
binding sites, showing that derived IncRNAs have an average of 11.4 putative
miRNA binding sites, significantly more than other IncRNAs (P < 2.2 x 107",
Wilcoxon’s test) (Fig. 4C). Additionally, derived IncRNA promoter regions
showed enhanced transcription factor binding compared to other IncRNAs
(Fig. 4D), suggesting more complex transcriptional regulation.

Because ncRNA expression can correlate with distal (trans) protein-
coding genes”, we performed co-expression analysis (Pearson’s 7> 0.5).
Derived IncRNAs had significantly more co-expressed protein-coding
partners than other IncRNAs (P< 2.2 x 107", Wilcoxon’s test) (Fig. 4E).
Moreover, derived IncRNAs exhibited higher expression levels than both
other IncRNAs and protein-coding genes (**** P < 2.2 x 10", Wilcoxon’s
test) (Fig. 4F). Both derived IncRNAs and their syntenic genes showed
similar patterns of tissue specificity (not significant, Wilcoxon’s test), with
broader expression profiles than other IncRNAs and protein-coding
genes (Fig. 4G).

Co-expression between IncRNAs and adjacent protein-

coding genes

We next assessed the potential cis-regulatory functions of derived IncRNAs
by analyzing their co-expression patterns with neighboring protein-coding
genes within 100 kb. We employed a guilt-by-association approach, using
co-expression with protein-coding genes to infer the putative functions of
derived IncRNAs. Most expression correlations between derived IncRNAs
and their adjacent protein-coding genes were below |r | = 0.5, and genomic
distance did not significantly affect correlation strength (R = 0.22, P > 0.05).
However, we observed a trend in which increasing distance was associated
with decreased correlation (Fig. 5A).
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expression patterns. A Violin plot the number of adjacent protein-coding genes,
comparing derived IncRNAs and other IncRNAs across all species (****P < 0.001,
Wilcoxon’s test). B Evolutionary conservation measured as the average number of
species (log,-transformed) per orthogroup across the four gene categories, with
statistical significance (P < 0.01, Wilcoxon’s test) indicated for pairwise comparisons
unless otherwise noted. C Abundance of putative miRNA binding sites (log,-
transformed) in derived versus other IncRNAs (P < 0.0001, Wilcoxon’s test).

D Proportion of IncRNAs with transcription factor binding sites (TFBS) in their
promoter regions, comparing derived IncRNAs and other IncRNAs. E Number of
co-expressed mRNA/IncRNA pairs (log,-transformed), with statistical significance

(P <0.01, Wilcoxon’s test) indicated for pairwise comparisons unless otherwise
noted. F Average expression levels [log,(TPM + 1)] across the four gene categories,
showing consistently higher expression in derived IncRNAs compared to other
categories (****P < 0.001, Wilcoxon’s test). G Tissue-specificity indices (0 = broad
expression, 1 = specific expression) across the four gene categories, with statistical
significance (P < 0.01, Wilcoxon’s test) indicated for pairwise comparisons unless
otherwise noted. Derived IncRNAs (1 = 508), syntenic protein-coding genes

(n =626), other IncRNAs (1 = 102,653), other protein-coding genes (n =193,614).
Blue = derived IncRNAs (n = 4806), red = syntenic protein-coding genes (n = 6290),
light blue = other IncRNAs (n = 642,885), orange = other protein-coding genes
(n=2,030,166). Error bars represent standard deviation unless otherwise indicated.

In total, we identified 13,424 IncRNA-mRNA co-expression pairs
across species, with Drosophila yakuba showing the highest number,
reaching 904 pairs (Fig. S7A). We then conducted Gene Ontology (GO)
analysis on the IncRNA-mRNA pairs for each species and calculated the
similarity among GO terms, followed by a statistical assessment of the
functional categories across different orders. The results indicated that a
specific class of derived IncRNAs in insects was significantly enriched in
developmental and metabolic processes, with 155 and 153 associated terms,
respectively. Additionally, the regulation of biological processes (111 terms)
highlighted the important role of derived IncRNAs in regulating insect
biological processes. Further, we identified a diverse range of functions,
including cell cycle processes, cellular localization, immunity, and responses
to stimuli. Notably, the process of insect behavior (21 terms) was relatively
sparse. However, it is involved in male courtship, circadian rhythm, feeding
and other important insect activities (Fig. 5B, Supplementary Data 4).

Derived IncRNAs exhibit functional conservation with syntenic
protein genes

To understand the functional implications of derived IncRNAs, we analyzed
cases in which species possessed derived IncRNAs but lacked their syntenic
gene homologs (Fig. S7B). Comparative genomic analysis in Lepidoptera

revealed that Msex-Inc-001918 is a derived IncRNA in Manduca sexta,
whereas its syntenic regions in other species retain protein-coding genes
(Hmel006382.1, Harm008025.1, and Prap015593.1). These syntenic genes
belong to the OG0013937 orthogroup, which exhibits order-specific con-
servation in Lepidoptera with 1:1:1 orthologous relationships and char-
acteristically low expression levels (Fig. S8A).

Gene structural analysis revealed distinct architectural features of
Msex-Inc-001918. Its first exon (~3600 bp in length) contained four TEs
(two LINEs, one SINE, and one unclassified) but shows no sequence
homology with syntenic genes. The subsequent two exons demonstrated
marked sequence similarity to syntenic protein-coding genes. In contrast,
none of the syntenic genes exhibited TE overlaps in exons, with only H.
armigera containing a LINE element in its intronic region (Fig. S8B).

We then analyzed the expression patterns of Msex-Inc-001918 across
different tissues and found it to be tissue-specific, with the highest expres-
sion in the testis (7 = 0.88, *P < 0.05, **P < 0.01, Wilcoxon’s test) (Fig. 6A).
Remarkably, Msex-Inc-001918 exhibited higher expression levels compared
to its syntenic genes (****P < 2.2 x 107", Wilcoxon’s test) (Fig. 6B).

In order to infer the potential functions of these genes, we employed
Weighted Gene Co-expression Network Analysis (WGCNA) to analyze
gene co-expression networks of IncRNAs and protein-coding genes in each
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Fig. 5 | Co-expression of derived IncRNAs with adjacent protein-coding genes.
A Distance-correlation analysis between IncRNA-mRNA pairs (n = 83,615),
showing relationship between physical genomic distance (x-axis) and expression
correlation (R =0.22, P> 0.05, y-axis). Scatter plot includes trend line and

confidence intervals. B Comprehensive biological process enrichment analysis
(derived IncRNAs with their adjacent protein-coding genes). Different colors
represent the number of biological processes.

species. This analysis grouped genes with similar expression patterns into
distinct modules: midnightblue in M. sexta (Msex-Inc-001918, n = 540),
yellow in Heliconius melpomene (Hmel006382.1, n=1580), black in H.
armigera (Harm008025.1, n=1303) and skyblue in Pieris rapae
(Prap015593.1, n = 326). Functional enrichment analysis of these modules
revealed that they are involved in energy metabolism and organelle orga-
nization, mainly related to spermatogenesis, including cilium assembly,
sperm axoneme assembly, and sperm motility (Fig. 6C-F). The consistent
enrichment patterns across different species suggest that Msex-Inc-001918
may participate in similar biological processes as its syntenic genes, despite
substantial structural modifications.

Discussion

Transcriptome studies have revealed pervasive transcription of complex
genomes, and IncRNAs occupy a large fraction of these genomes, although
they were previously considered “junk” transcripts™. Increasing numbers of
functional studies on IncRNAs™* are revealing their importance, however,
limited data are available for insects. Our comprehensive analysis across 115
insect species offers insights into the genomic features, evolutionary
dynamics, and potential functional implications of insect IncRNAs, with a
particular focus on those derived from protein-coding genes.

To ensure annotation accuracy and biological relevance across diverse
taxa, we limited our analysis to multi-exonic IncRNAs. While single-exonic
IncRNAs are numerically abundant, they are especially prone to tran-
scriptional noise, incomplete splicing, or read-through artifacts, making
them difficult to distinguish from nonfunctional transcripts™”’. Multi-
exonic IncRNAs, by contrast, are more likely to be genuine regulatory ele-
ments, as their splicing structure provides stronger transcriptional evidence.
Nevertheless, we acknowledge that some functional single-exonic IncRNAs
may have been excluded by this criterion, and future studies using strand-
specific or long-read sequencing technologies should revisit this question
more thoroughly.

The number of identified IncRN As varied markedly among species and
was strongly influenced by genome size and sample size. Our saturation
analysis indicated that around 500 transcriptomes are required to identify

most IncRNAs within a species. However, we emphasize that this is an
empirical estimate derived from high-quality species, and that sample
diversity, depth, and quality collectively influence IncRNA detection. One
key insight is that the number of IncRNAs is strongly influenced by refer-
ence genome size, suggesting that larger genomes may harbor more com-
plex regulatory networks involving IncRNAs. In humans, TEs overlap more
than two thirds of mature IncRNA transcripts and account for 30% of their
sequence length. Consistently, we found a significant correlation between
IncRNA counts and transposon overlap. The correlation between IncRNA
abundance and TE content is consistent with findings in mammals®,
indicating conserved mechanisms of IncRNA evolution across diverse taxa.
The reconstruction of orthologous families revealed that over 50% of
IncRNA orthogroups were species-specific, compared with only 33% of
protein-coding gene orthogroups. This is consistent with previous studies
showing that IncRNAs lack sequence conservations™*' and reinforces the
view that IncRNAs undergo rapid evolutionary turnover'>". However, our
analysis also demonstrated that some IncRNAs maintain conserved synte-
nic relationships with protein-coding genes, despite lacking detectable
primary-sequence conservation. This finding suggests that synteny may
serve as a crucial framework for understanding the evolutionary trajectories
of IncRNAs, particularly in insects where their deep evolutionary history
(>400 million years) and low genomic synteny present unique challenges.
Derived IncRNAs are likely to have evolved from ancestral protein-
coding genes. This aligns with emerging studies showing that pseudogen-
ization of coding genes can serve as a substrate for regulatory innovation
through IncRNAs'*"”*. In this context, derived IncRNAs may represent a
functional subset of processed pseudogene transcripts. Analysis of the dif-
ferences between derived IncRNAs and their syntenic protein-coding genes
reveals significant structural and sequence evolution. While some derived
IncRNAs retain considerable sequence homology to their syntenic coun-
terparts, many have diverged significantly, reflecting the evolutionary
pressures and functional shifts that accompany the transition from coding
to noncoding roles. As these syntenic genes evolve into derived IncRNAs, a
consistent decrease in transcript length is observed. This trend may be
indicative of the functional shift that occurs when a gene loses its coding
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indicating low similarity. Dendrogram demonstrates clustering of functionally
related processes. Error bars represent standard deviation unless otherwise
indicated.

potential. Beyond overall transcript shortening, our analyses revealed that
derived IncRNAs also contain fewer exons and introns, and these structural
components are markedly shorter than those of their syntenic genes. This
pattern suggests a pronounced simplification of gene structure during the

transition from coding to noncoding states. We propose that the loss of
protein-coding function reduces selective pressure to maintain complex
exon-intron structures, allowing sequence deletions and rearrangements to
accumulate. At the same time, the resulting shorter and simpler transcripts
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may be more transcriptionally efficient and better suited for regulatory roles.
This structural simplification leads to an increased tolerance for TE inser-
tions, which can provide regulatory motifs and promote the functional
diversification of derived IncRNAs.

TE insertions can lead protein-coding genes to lose their coding
potential, thereby causingloss of function". Only a small fraction of syntenic
gene sequences overlapped with TEs, but this this fraction increased sig-
nificantly as these sequences transitioned into IncRNAs. These patterns
suggest that TEs may be associated with the regulatory remodeling of
IncRNAs by introducing novel sequence elements that could potentially
influence gene expression. The preferential overlap of TEs with intronic
regions in syntenic protein-coding genes, followed by an increase in exonic
TE content in derived IncRNAs, reflects a possible structural transition
during evolution. While these observations indicate a potential link between
TE insertion and regulatory complexity, further experimental evidence is
needed to clarify the direct functional impact of TEs on IncRNA regulation.
Interestingly, while DNA and LTR TEs showed a high percentage of overlap
across all gene types, LINEs exhibited a distinct increase in their overlap with
exons in derived IncRNAs compared to syntenic genes. This suggests that
LINEs may have a unique role in shaping the structure and function of
derived IncRNAs, despite comprising only a small proportion (12.28%) of
all TEs in these transcripts. The increased presence of LINEs in derived
IncRNAs could be indicative of their involvement in regulatory processes,
possibly through the modulation of gene expression or the introduction of
novel regulatory sequences. These findings highlight the dynamic rela-
tionship between TEs and derived IncRNAs during evolution, particularly in
the context of regulatory element acquisition and functional adaptation.

The functional prediction of derived IncRNAs revealed their potential
roles in cis regulation™*>*, influencing the expression of neighboring
protein-coding genes. Moreover, IncRNAs often interact with TFs and
miRNAs to participate in regulatory networks” . Our findings showed that
derived IncRNAs are associated with more adjacent protein-coding genes,
increased miRNA-binding sites, and a higher percentage of overlap with TFs
(Fig. 4A, C, D), which suggests that derived IncRN As may play critical roles
in coordinating the expression of neighboring genes and be involved in post-
transcriptional regulation, thereby influencing broader regulatory networks.
While traditional IncRNAs show low expression levels”*' ™, derived
IncRNAs exhibited significantly higher expression than both conventional
IncRNAs and protein-coding genes. Their elevated expression, coupled with
broader tissue distribution, suggests an evolutionary trend toward active
regulatory roles. The investigation into the regulatory roles of derived
IncRNAs highlights their capacity to act in cis, influencing the expression of
neighboring protein-coding genes™. Interestingly, an inverse relationship
between regulatory influence and genomic distance aligns with known
distance-dependent regulatory mechanisms, while suggesting potential
long-range effects beyond traditional proximity constraints”. GO analysis
of IncRNA-mRNA pairs highlighted a range of biological processes, with
notable enrichment in development, biological regulation, and metabolic
terms. The identification of these functional categories provides a valuable
framework for future investigations. These characteristics indicate that
derived IncRNAs may compensate for or complement the functions of their
syntenic genes through diverse regulatory mechanisms, including both
proximal and distal regulation.

Focusing on the specific derived IncRNA Msex-Inc-001918in Manduca
sexta, our analysis revealed a testis-specific expression pattern, with higher
expression than its syntenic protein-coding homologs. Its structural fea-
tures, including TE insertions, and its involvement in spermatogenesis-
related co-expression modules, suggest that Msex-Inc-001918 may retain
ancestral regulatory functions while adopting tissue-specific roles. The
conservation of associated biological processes across Lepidoptera species
further supports functional continuity despite structural divergence. How-
ever, the functional role of Msex-Inc-001918 remains to be experimentally
validated. In future work, we aim to collaborate with international labora-
tories to facilitate the in vivo validation of derived IncRNA functions.

In summary, this study provides a comprehensive analysis of IncRNA
evolution and function across 115 insect species. We identified 647,691
IncRNAs and demonstrated that IncRNA abundance is significantly cor-
related with genome size and TE content. Through synteny analysis, we
discovered 4806 derived IncRNAs that are likely to have evolved from
protein-coding genes. These derived IncRNAs exhibit distinct features
including higher expression levels, broader tissue distribution, and increased
regulatory complexity compared with conventional IncRNAs. The case
study of Msex-Inc-001918 in M. sexta demonstrates that derived IncRNAs
can retain functional relationships with their ancestral genes. However,
these findings should be interpreted with caution, given the limitations of
RNA-seq data quality and the need for experimental validation. Future
studies that integrate computational approaches with functional experi-
ments will further advance our understanding of the biological significance
of derived IncRNAs in insect evolution and adaptation.

Methods

Data collection and identification of IncRNAs

We used a dataset consisting of 30,840 RNA-seq libraries (excluding D.
melanogaster), representing 115 species from 10 orders, covering 14 major
tissues and 10 developmental stages. All the data for each sample are
downloaded from NCBI. LncRNAs were annotated by previous
methods”. Sequencing raw data of each sample were filtered using fastp™
(v0.23.2); then transcripts were assembled with StringTie (v2.1.4), based
on reads alignments with HISAT2* (v2.2.1). Further, the assemblies of same
species were merged with StringTie (v2.1.4) using the command: stringtie
--merge -p 12 -G <species. gff3 > -0 <merge. gtf > <merged. list > . Next, we
removed transcripts from each species which overlapped with protein-
coding genes on the same strand and were less than 200 nucleotides in
length. Furthermore, the coding potential of the candidate transcripts was
estimated using FeeLnc”' (v0.2.1) and CPC2” (v1.0.1). For FeeLnc, due to
the lack of a known IncRNA datasets, we used the protein-coding genes as
training dataset with the “shuffle” mode. CPC2 was then used to screen
FeeLnc’s results, retaining the transcripts labeled as “noncoding”. Finally, we
used blastn” (v2.11.0) to compare the transcripts against known insect
rRNAs in the NCBI database, removing those with E < 10 — 5 and identity >
70%. The remaining genes were defined as IncRNAs (Fig. S1A; Supple-
mentary Data 3). These IncRNAs were be classified into six types based on
their location relative to adjacent protein-coding genes, including over-
lapping, containing, nested, divergent, convergent, and same strand.

Construction of homologous IncRNA families and positional
conservation analysis of IncRNAs

We used Orthofinder”® (v2.5.4) to investigate homologous based on
sequence similarity: orthofinder -f <all_species_IncRNA.gtf > -t 2 -S blast
-d. Positional conservation analysis were carried out using previously
established methods™. In brief, the adjacent protein-coding genes within
100 kb of IncRNAs were used to assess synteny among the species. If there
was at least one conserved protein-coding neighbor (identified by Ortho-
finder) with the same orientation in the two analyzed species, we considered
these IncRNA pairs as positionally conserved due to the syntenic evidence.

Identification of syntenic genes and derived IncRNAs pairs

Firstly, we identified syntenic modules by performing whole-genome
alignment between different species’ genome assemblies was performed
using the nucmer script from MUMmer™ (v4.0.0): nucmer —~maxgap = 500
—-mincluster = 100 —prefix = <splsp2 > <spl. genome. fa > <sp2. genome.
fa > -t 4. Then, we identified the adjacent (100 kb) protein-coding genes and
the genome alignment areas for IncRNAs and protein-coding genes. We
named these groups “Upstream” and “Downstream” according to their
locations. Next, homologous gene pairs were identified if they meet three
conditions: (i) same orthogroup (identified by orthofinder) (ii) same relative
orientation and (iii) same strand. Finally, for a protein-coding gene and
IncRNA potentially syntenic if there were homologous genes on one side
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and syntenic genome alignment chain on the other side. LncRNA was
defined derived IncRNA and the syntenic protein-coding gene were referred
to as syntenic gene (Fig. S4).

Analysis of insect TEs

Repeat calling was performed using Extensive de-novo TE Annotator’
(EDTA, v2.0.0) pipeline, which combines LTR_FINDER*, LTR_retriever®,
and RepeatModeler®' among others, for each species. The query genome
fasta file was used as input for EDTA, as well as a cds fasta file. In the output
file, these transposons were classified into following types: DNA, LTR,
LINE/SINE, and unknown. We then used bedtools® intersect to calculate
the proportion of each IncRNA type and protein-coding genes that overlap
with different classes of repeats.

Estimation of miRNA binding sites and TF binding at promoters
Mature miRNAs and miRNA precursors of each species were download
from miRBase database®. We then utilized the miRanda® (v3.3) software to
predict potential miRNA target sites within the studied IncRNA. Specifi-
cally, we input the mature miRNA sequences along with the IncRNA
sequences into the miRanda program. Based on the output file, we calculate
the number of binding sites between IncRNAs and miRNAs.

For transcription factor (TF) annotation, we used the AnimalTFDB 4.0
database™. First, we downloaded the Hidden Markov Model (HMM) pro-
files for the TF families of the fruit fly. Second, we employed the hmmsearch
program from the HMMER package to search all protein sequences of each
species against the downloaded HMM profiles in order to predict the TFs.

We defined the promoter regions as 2000 bp upstream to 1000 bp
downstream of the start of the first exon”. Subsequently, bedtools®
(v.2.31.1) intersect was used to intersect predicted TF-binding sites with our
defined promoter regions, confirming the presence of TF-binding sites
within these areas.

Gene expression estimation and tissue-specific index

We estimated Transcripts Per Million (TPM) values using StringTie™
(v2.1.4) to quantify the expression levels of each IncRNA and protein-
coding gene. To evaluate tissue specificity, we calculated the specificity
metric 7 (Tau), which measures the degree of tissue-specific gene
expression[65]**”. The metric was derived from previously established
methods. TPM values were first averaged across the same tissues. We then
considered the maximum expression value across all tissues (expyax) for
each gene, the expression value in each specific tissue (exp;), and the total
number of tissues analyzed (n). Specifically, the Tissue-Tau for a given gene
was calculated using the formula:

n exp;
£ (1-52)
n—1
This value ranges from 0 for housekeeping genes, which exhibit broad
expression across tissues, to 1 for tissue-specific genes, indicating a high
degree of tissue specificity.

Co-expression with adjacent coding genes

Bedtools™ (v.2.31.1) window was used to identify adjacent protein-coding
gene within 100 kb. Next, we estimated Pearson’s expression correlation
between IncRNA-mRNA pairs using all the RNA-seq libraries in our
dataset. Finally, we identified candidate cis-coexpressed IncRNA-mRNA
pairs by selecting those with correlation coefficients greater than 0.5 that
were close to the IncRNA.

Reconstruction the co-expression network

Weighted gene co-expression networks were constructed to cluster genes
with similar expression patterns using the WGCNA® R package. Initially,
we determined the appropriate soft power using the powerEstimate func-
tion. We then set minModuleSize = 30 and deepSplit = 2 to construct cutree.
Next, we merged similar modules with a cutHeight = 0.25. Finally, protein-

coding genes and IncRNAs with strong connectivity (weight score > 0.1)
from each module were filtered.

Gene ontology enrichment analysis

For the IncRNA-mRNA pairs or identified modules in each species, the
clusterProfiler” (v.4.6.2) R package was employed for all Gene Ontology
(GO) enrichments analysis for its associated protein-coding genes. We
focused on “Biological Process” category for further analysis. We utilized the
GOSemSim® (2.24.0) package to assess the semantic similarity among the
enriched GO terms, which computes GO term similarities based on
org.Dm.eg.db. reference database. Additionally, we visualized the results
using the pheatmap (v.1.0.12) package, which facilitated the classification
and annotation of the functional roles of the derived IncRNAs in each
species.

Statistical analysis and visualization

All statistical analyses were performed using the R packages, specifically
utilizing the dplyr (v.1.1.4), stringr (v.1.5.1), and tidyr (v.1.3.0) packages. All
plots were generated in R using the ggplot2 (v.3.5.0), ggpubr (v.0.6.0),
reshape2 (v.1.4.4), and pheatmap (v.1.0.12). Data were analyzed using non-
parametric tests due to non-normal distribution patterns of most variables.
Differences between groups were evaluated using the Wilcoxon’s test.
Correlation coefficients were calculated using Pearson’s rank correlation
method. All analyses were based on biologically independent samples, with
sample size (n) defined as the number of independent biological replicates or
distinct species examined, as detailed in the figure legends. Each statistical
test, sample size, and measure of variation are indicated in the respective
figure legends.

Data availability

All transcriptome datasets used in this study were obtained from the
National Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA). The accession numbers for all datasets are listed in the
run_data section of Supplementary Data 3. No new sequencing data were
generated in this work. Large processed data generated during this study,
including source data of Fig. 3B-D, Fig. 4A, B, E and F and Fig. S6A-D have
been deposited in Figshare and are publicly available at: https://doi.org/10.
6084/m9 .figshare.30464195. Source Data can be found in Supplementary
Data 1, 2. All other data supporting the findings of this study are available
within the article and its Supplementary Information files.
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