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Abstract 

Background:  Transposable element (TE) expansion has long been known to mediate 
genome evolution and phenotypic diversity in organisms, but its impact on the evolu-
tion of post-transcriptional regulation following species divergence remains unclear.

Results:  To address this issue, we perform long-read direct RNA sequencing, poly-
some profiling sequencing, and small RNA sequencing in the cotton genus Gossypium, 
the species of which range more than three folds in genome size. We find that TE 
expansion contributes to the turnover of transcription splicing sites and regulatory 
sequences, leading to changes in alternative splicing patterns and the expression levels 
of orthologous genes. We also find that TE-derived upstream open reading frames 
and microRNAs serve as regulatory elements mediating differences in the translation 
levels of orthologous genes. We further identify genes that exhibit lineage-specific 
divergence at the transcriptional, splicing, and translational levels, and showcase 
the high flexibility of gene expression regulation in the evolutionary process.

Conclusions:  Our work highlights the significant role of TE in driving post-tran-
scriptional regulation divergence in the cotton genus. It offers insights for decipher-
ing the evolutionary mechanisms of cotton species and the formation of biological 
diversity.
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Background
Evolution is a cornerstone in the field of biology, permeating research across the life sci-
ences. The scientific community widely accepts the concept of the last universal com-
mon ancestor (LUCA), which posits that all living organisms share a common origin 
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[1–4]. This view is supported by a wealth of biological evidence spanning genomics, 
biogeography, paleobiology, and other fields of study [5–7]. A thorough investigation of 
evolution not only aids in understanding the origin and development of biodiversity but 
also reveals the adaptive evolutionary mechanisms underlying the structure, function, 
and behavior of organisms, providing a crucial theoretical foundation and guidance for 
research in the field of biology.

While genetic variation forms the foundation of biological evolution, some distantly 
related species exhibit high sequence similarity in their genomes [8], with their dif-
ferences being regulated by gene expression. Thus, gene expression regulation plays a 
crucial role in species adaptive differentiation and evolution [9–11]. For instance, differ-
ential expression of Hoxd13 regulates the adaptive evolution of tail length in deer mice 
[12]. Gene expression regulation is a complex process in which protein expression levels 
are influenced by various factors. In recent years, the emergence and advancement of 
omics technologies such as full-length transcriptomics [13, 14], translatomics [15–17], 
small RNA sequencing [18, 19], and proteomics [20, 21] have provided a more compre-
hensive perspective for studying posttranscriptional regulation, including the regulation 
of RNA splicing, modification, stability, and translation efficiency, among other aspects. 
In particular, alternative splicing (AS) and translation regulation have profound impacts 
on protein function. AS generates different mRNA isoforms from the same gene through 
different splicing mechanisms, which is a source of protein and phenotypic diversity [22, 
23]. For example, the role of AS in regulating sex determination in turtles, as well as 
affecting the morphological size of plant floral organs and the length of fish fins, has 
been documented [24]. The ultimate goal of studying gene expression is to understand 
the protein level rather than the intermediate product mRNA. Proteins exhibit orders 
of magnitude differences from mRNAs in terms of half-life, synthesis rate, and abun-
dance, indicating significant variability in protein levels [25, 26]. Research indicates that 
translational regulation (i.e., the regulation of protein synthesis) has a greater impact on 
proteins than does the sum of RNA synthesis (i.e., epigenetic and transcriptional regula-
tion), mRNA degradation, and protein degradation [26, 27]. Hence, delving more deeply 
into the evolution of these posttranscriptional regulations can enhance our understand-
ing of the intricacies and adaptive evolutionary mechanisms of organisms.

In the genomes of both animals and plants, a large number of transposable elements 
(TEs) exist. Host organisms utilize TEs to fulfill certain cellular functions, a phenom-
enon considered an evolutionary process that is more common than initially anticipated 
[28]. The insertion and movement of TEs can lead to gene recombination and chromo-
somal structural variations, providing the basis for genetic variation in species evolution 
[29, 30]. TEs also regulate gene transcription levels by introducing transcription factor-
binding sites (TFBSs) and enhancers, modulating chromatin 3D structure, and generat-
ing noncoding RNAs [31]. Furthermore, TE insertions introduce transcription start sites 
that drive the transcription of various chimeric RNAs and protein isoforms, thereby gen-
erating novel transcripts [32, 33]. At the posttranscriptional level, TE insertions in the 
5′-UTR (untranslated region) or 3′-UTR can impact protein expression [34]. TEs are 
also associated with upstream open reading frames (uORFs) that mediate translational 
regulation [35]. Miniature inverted-repeat transposable elements (MITEs) located in 
the 3′-UTR exert regulatory effects through translational suppression mechanisms [36]. 
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Studies have reported that TE insertions in genes may lead to the production of novel 
protein isoforms through AS, thereby providing possibilities for organisms to adapt to 
new environments and develop new functions during evolution [37]. Therefore, trans-
posons are regarded as an engine propelling species diversity and evolution. Researchers 
believe that focusing on TEs is crucial for unraveling the principles of transcriptional 
regulation and evolution [31].

The mechanisms of evolution are intricate and still harbor many mysteries, necessitat-
ing further in-depth research and exploration. Cotton is an important agricultural crop 
with multiple genome types and extensive geographical distribution and shows rich and 
diverse phenotypic characteristics, which can provide valuable materials for evolution-
ary studies. The 45 diploid cotton species mainly include eight genome types, A–G and 
K. Moreover, there are significant differences in genome sizes, with the largest K genome 
being more than three times larger than the smallest D genome [38, 39]. Based on phy-
logeny, diploid cotton species can be divided into three branches: the New World, the 
African-Asian (A, B, F), and the Australian clades (C, G, K) [40]. In previous work, our 
laboratory constructed a pangenome and pan-3D genome map covering all diploid cot-
ton genome types and explored the evolution of regulatory elements and orthologous 
gene networks, involving some genetic variations and expression-related regulatory 
mechanisms involved in cotton evolution [41]. However, there have been no studies at 
the posttranscriptional regulatory level. Building upon this work, we investigated the 
impact of TE-mediated posttranscriptional regulation on diploid cotton species from 
eight different genome types, providing a new perspective and theoretical foundation for 
unraveling evolutionary mechanisms.

Results
Effect of TE expansion on gene evolution in cotton

Previous studies have indicated that there is a more than threefold difference in the 
size of cotton genomes (Additional file 1: Table S1) [41]. Notably, TEs accounted for a 
significant proportion of these genomes, ranging from 57% (D5) to 81% (K2), with the 
majority being class I LTR retrotransposons, primarily Gypsy elements (Additional file 1: 
Table S2). Using a TE library of 6180 consensus sequences, we re-annotated TEs across 
all cotton genomes to investigate the differential expansion of TEs.

Among the 6180 TE entries, 698 entries expanded in all cotton lineages, 582 entries 
specifically expanded in D5 (cluster 6), 1148 entries specifically expanded in E1 (cluster 
1), 1401 entries specifically expanded in the African-Asian cottons (A2, B1, F1) (cluster 2), 
and 2351 entries specifically expanded in the Australian cottons (C1, G1, K2) (cluster 4). 
There are substantial numbers of lineage-specific TEs within the African-Asian and Aus-
tralian clades, indicating a potential association between cotton lineage divergence and 
TEs differential expansion (Fig. 1a, Additional file 2: Fig. S1). To further investigate the 
impact of TEs on gene evolution after speciation, we categorized genes from eight cot-
ton species into 18,676 single-copy orthologous genes, 12,501 (D5)–13,768 (C1) multi-
copy gene families, 6035 (K2)–8938 (C1) variable conserved genes, and 471 (C1)–1990 
(D5) species-specific genes present in only one genome (Fig. 1b, Additional file 2: Fig. 
S2, Additional file 1: Table S3). To confirm the accuracy of their classification as species-
specific, we compared these genes with orthologous genes from other cotton species. 
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Genome-wide comparison and gene family analysis revealed no homologous counter-
parts for these genes in other species, confirming that the identified genes are indeed 
species-specific and not unannotated homologs or annotation errors. By comparing the 
TE coverage of different gene types, we found a significant enrichment of TEs on spe-
cies-specific genes (P < 0.0001), suggesting that TE activity may contribute to the forma-
tion of species-specific genes (Additional file 2: Fig. S3). We also found that the number 
of conserved TE insertions on single-copy orthologous genes was highly similar among 
closely related species, such as the Australian and African-Asian cotton clades (Addi-
tional file 2: Fig. S4). This aligns with the general understanding of evolutionary biology, 
where closely related species share more genetic similarities due to their recent common 
ancestry. Conversely, in relatively distant species, there was significant divergence, con-
sistent with the accumulation of genetic differences over time. These results, along with 
previous studies indicating that TEs provide a phylogenetic signal [42], further support 
the role of TEs in the genetic divergence of cotton species.

Fig. 1  Identification and insertion characteristics of transposable elements (TEs) in the genomes of eight 
diploid cotton species. a A clustered heatmap of Z-score normalized copy numbers of conserved TE families 
inserted in the genomes of eight cotton species, divided into 6 clusters. Cluster 5 represents conserved 
TEs that are amplified in all cotton species, cluster 6 shows amplification specific to D5, cluster 1 exhibits 
amplification specific to E1, cluster 2 indicates species-specific amplification in the African-Asian cottons 
(A2, B1, F1), and cluster 4 shows species-specific amplification in the Australian cottons (C1, G1, K2). Highlight 
with a dashed box. The Z-score normalization was applied to the copy numbers to account for large 
differences in copy numbers between species. b Circos plot illustrates the landscape of genomic blocks 
with varying degrees of conservation using A2 as the reference genome. The outer to inner tracks represent 
species-specific genomic blocks, conserved genomic blocks among two to eight species, the green lines 
represent TE density. The chord diagram in the center displays single-copy orthologous gene families, 
multicopy gene families, variable gene families among 2–6 genomes, and species-specific genes among 
different cotton species. c The phylogenetic tree and conserved TE insertion map of eight cotton species. 
Divergence time among cotton lineages was estimated based on Ks peak, with a synonymous substitution 
rate (R) of 3.48 × 10−9. The heatmap on the right displays the landscape of conserved transposon insertions 
and absence in eight cotton species at different evolutionary nodes, where green areas indicate the presence 
of conserved TE insertions and light areas represent the absence of conserved TE insertions. The bar graph 
in the middle represents the number of genes with or without conserved TE insertions in single-copy 
orthologous genes at each time node. An empty box indicates genes without conserved TE insertions, green 
bars represent genes with conserved TE insertions, and gray bars indicate genes with TE contractions
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We focused on the impact of differential TE expansion on 18,676 single-copy ortholo-
gous genes (the following as orthologous genes). Based on the presence of conserved 
TE insertion events in genes, the orthologous gene families were classified into various 
evolutionary time nodes and a TE insertion map was constructed (Fig.  1c). This map 
provides a more intuitive display of differential TE expansion among orthologous genes 
in cotton. The orthologous genes on the N0 branch exhibited conserved TE insertions 
in all eight species, indicating that TE insertions occurred before species divergence of 
the Gossypium genus. Within this branch, we identified 4103 (F1) to 6557 (K2) genes that 
have undergone TE contraction, which also serve as potential factors leading to struc-
tural and functional differences in orthologous genes. There were 1183 gene families 
in the N3 branch (clade 1) that exhibited conserved TE insertions only in the African-
Asian cotton, and 1384 gene families in the N5 branch (clade 2) that exhibited conserved 
TE insertions only in the Australian cotton (C1, G1, K2) (Fig. 1c). These results further 
indicate that TEs potentially contributed to the genetic divergence of cotton species.

Differential TE expansion regulates orthologous expression divergence

To explore the impact of TE on posttranscriptional regulation during the divergence of 
cotton species, we first analyzed gene transcription in eight cotton species to determine 
their transcription status and any differences in transcription levels. We constructed 
RNA-seq libraries and quantified gene expression in each species (Additional file  1: 
Tables S4, S5). Out of 18,676 single-copy orthologous genes (the following as ortholo-
gous genes), we categorized 1636 genes as not expressed in any species because their 
FPKM values were ≤ 0.05. Additionally, we identified 8420 genes that were expressed 
in only some (1–7) cotton species and 8620 genes that were expressed in all eight spe-
cies (Fig. 2a middle). Among the genes expressed in only some cotton species, 32.30% 
of orthologous genes were not expressed in a single cotton species, and 7.69% of orthol-
ogous genes were detected to be expressed in only one cotton species (Fig.  2a right). 
Genes expressed in some species (FPKM > 0.05) but not in others suggest a regulatory 
mechanism controlling their transcription presence or absence. This differs from dif-
ferentially expressed genes, which are expressed across all species but show varying 
expression levels, implying differential regulation or adaptation. For example, among the 
genes expressed in all species, significant differences in expression levels were observed. 
In a comparison between K2 and A2, we found 1076 genes upregulated and 1037 genes 
downregulated in A2 relative to K2 (Fig. 2a left). This distinction helps us better under-
stand the regulatory dynamics and potential functional significance of gene expression 
across different cotton species.

To investigate the impact of TEs on the transcriptional regulation of orthologous 
genes, the differential TE insertions within 2 kb upstream of orthologous genes across 
different cotton species were examined (Additional file 1: Table S6). Subsequently, we 
analyzed the orthologous genes with these differential TE insertions and the differ-
ences in their transcription. The results revealed that among genes expressed only in 
some species, the predominant TE type with differential insertions was DNA trans-
posons, accounting for 45.6% (Fig. 2b left). However, the total length of DNA transpo-
sons only accounts for 6% of all TEs. A chi-square test confirmed that the proportion 
of DNA transposons in these genes is significantly higher than expected based on 
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their overall genome proportion (P < 0.01). This significant enrichment of DNA trans-
posons in genes expressed only in some cotton species implies that they play a cru-
cial role in regulating whether genes are transcribed. For example, in the gene family 
G0020242 encoding a peroxidase-like protein that influences plant development and 

Fig. 2  The regulatory effects of different TE families on gene transcription. a The expression patterns 
of single-copy orthologous genes in eight cotton species. The central bar plot shows the number of 
orthologous genes that are not expressed in any of the eight cotton species (white), expressed in some 
cotton species (yellow), and expressed in all eight cotton species (red). The volcano plot on the left 
illustrates the expression differences among the orthologous genes expressed in all eight cotton species, 
comparing A2 and K2 as an example The X-axis represents the log2-fold change in expression levels (FPKM) 
between A2 and K2. Red points represent genes upregulated in A2, while blue points indicate genes 
downregulated in A2. The Upset plot on the right summarizes the types and numbers of expressed genes 
in some cotton species. b The percentage of TE families in single-copy orthologous genes expressed in 
some cotton species (left) and in orthologous genes with differential expression levels (right). The number 
of TE families is indicated in parentheses. c Genome browser view displaying the expression levels of the 
Garb_10G013290 (A2) and Grai_10G1013610 (D5) genes and TE insertion events in the promoter regions. The 
values in square brackets represent the peak of RNA-seq expression signals (gray peak), with higher peaks 
indicating higher transcription levels. The yellow peaks represent the signals of ATAC-seq, with lower peaks 
indicating more closed and silent regions. DNA transposon TE0019589 insertion in the upstream 2 kb region 
of Grai_10G1013610. d The heatmap illustrates the enrichment of TF motifs in LTR transposons and other 
TE families across eight cotton species. The top clustered heatmaps provide a more intuitive comparison 
of TF motifs enrichment between LTR transposons and other TE families. e The expression levels of gene 
Garb_09G019690 (A2) and Grai_01G025490 (D5) are visualized along with TE insertions in their promoter 
regions. The values in square brackets represent the peak of RNA-seq expression signals (gray peak), with 
higher peaks indicating higher transcription levels. The yellow peaks represent the signals of ATAC-seq, with 
higher peaks indicating more open and active regions. f The box plot above shows the comparison of gene 
expression levels in the promoter regions of orthologous genes in cotton branches with and without specific 
LTR transposon insertions (Wilcoxon rank sum test, “ns” indicates not significant, ***P < 2.2 × 10−16). Dashed 
boxes represent no specific LTR transposon insertions, while solid boxes represent genes with specific LTR 
transposon insertions. The bar chart below shows the number of TE clusters in different categories. Cotton 
branches with TE-specific amplification are indicated at the bottom
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stress resistance, no expression signal was detected in Grai_10G013610 (D5) with 
DNA transposon insertion within 2 kb upstream. In contrast, the orthologous gene 
Garb_10G013290 in A2 exhibited a high expression level (Fig. 2c). This result has been 
validated through qRT-PCR (Additional file  2: Fig. S5a, Additional file  1: Table  S7). 
Additionally, the ATAC-seq analysis revealed that the data peak at the upstream posi-
tion of Grai_10G013610 (D5) where the DNA transposon TE0019589 was identified 
was remarkably low (Fig. 2c), suggesting that this region might be in a state of tight 
chromatin closure and silence. We may speculate that the DNA transposon insertion 
in the upstream 2 kb region potentially disrupted the promoter of Grai_10G013610 
(D5) or possibly replaced its transcription start site (TSS), thereby impeding proper 
recognition and binding by RNA polymerase. This observation suggests a potential 
impact of the DNA transposon insertion on the expression of orthologous genes.

Moreover, the main type of TE with differential insertions in the differentially 
expressed orthologous genes is LTR retrotransposons, constituting 69.5% (Fig. 2b right). 
This indicates that LTR retrotransposons may play a role in regulating differences in 
gene transcription levels. It appears that different types of TE insertions have varying 
impacts on the expression of orthologous genes. Promoter regions are known to contain 
numerous regulatory elements, and TE insertions into these regions can influence gene 
expression. To further explore the impact of TE insertions on promoters, we identified 
TE-associated transcription factor-binding sites (TFBSs) in cotton. The heatmap illus-
trates the Z-scores of TFBS enrichments across various TE families, with LTR retrotrans-
posons exhibiting significantly higher enrichment scores compared to other TE clusters 
(Fig.  2d). The LTR subfamily Gypsy exhibits the highest proportion of TFBSs among 
the LTR families, followed by Copia (Additional file 2: Fig. S6). The clustering analysis 
clearly differentiates between LTR retrotransposons and other TEs based on their TFBS 
enrichment profiles, highlighting the greater impact of LTR retrotransposons on gene 
regulation. The results indicate that LTR retrotransposons exhibit a higher enrichment 
of TFBSs compared to other types of TEs. Specifically, well-known regulators of gene 
expression such as MYB and WRKY are associated with LTR retrotransposons (Fig. 2d). 
Within the gene family OG0000794, which is involved in plant cell wall growth, the LTR 
retrotransposon TE1502079 inserted upstream of the Garb_09G019690 (A2) contains a 
MYB TFBS. The expression of Garb_09G019690 was significantly upregulated compared 
to that of the orthologous gene in D5 (Fig. 2e). The same results were obtained after qRT-
PCR validation (Additional file 2: Fig. S5b, Additional file 1: Table S7). Additionally, the 
ATAC-seq peak at the upstream position of Garb_09G019690 (A2) where the LTR trans-
poson TE1502079 is located exhibits a very high intensity (Fig. 2e), suggesting that this 
region may be in an open and accessible state. Therefore, LTR retrotransposons may reg-
ulate gene expression by influencing the binding of transcription factors.

Subsequently, we investigated the specific LTR retrotransposon insertions of ortholo-
gous genes on four major cotton branches (D5, E1, clade 1, and clade 2). When there 
were no specific LTR insertions on genes in each branch, their expression did not sig-
nificantly differ; however, branches with specific LTR insertions exhibited significantly 
greater expression levels than did the other branches (Fig. 2f ). Interestingly, in branches 
with specific LTR insertions, their genes contain more TEs that have undergone specific 
expansion in that branch. For instance, in clade 1 with specific LTR insertions, the most 
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abundant TE type in their genes is cluster 2 TE, which was also the TE family that has 
undergone specific expansion in clade 1 (Figs. 2f and 1b). This result suggests that specif-
ically expanded TEs can regulate lineage divergence at the transcriptional level of orthol-
ogous genes by introducing specific LTR insertions, thereby affecting the evolution of 
cotton species. Similarly, comparing the expression levels of orthologous genes with and 
without specific DNA TE insertions on the four branches revealed that branches with 
specific DNA TE insertions had significantly lower expression levels (Additional file 2: 
Fig. S7). In conclusion, these results reveal the regulatory role of differential TE expan-
sion at the transcriptional level in gene function and the divergence of cotton species, 
providing new evidence for our understanding of species evolution.

TEs regulate transcript isoforms of orthologous genes by affecting AS

Following the analysis of transcriptional level differences among genes in various cot-
ton species, Nanopore direct RNA sequencing (DRS) was utilized to investigate the 
variations in the transcript structures of the aforementioned transcribed orthologous 
genes (Additional file 1: Table S8). DRS does not require reverse transcription and PCR 
amplification, and directly sequencing RNA strands, enabling the acquisition of more 
comprehensive and precise transcriptomic information, thereby unveiling the intri-
cate structures and splicing patterns within transcripts. We generated full-length DRS 
data and identified transcript isoforms in eight species. A total of 45,075 (F1)–57,274 
(D5) isoforms were transcribed from 22,538 (D5) to 23,950 (F1) genes across the species 
analyzed (Additional file 2: Fig. S8a). Unexpectedly, D5 showed slightly more isoforms, 
but additional evidence should be provided to demonstrate whether this is related to 
the relatively high content of TEs in the gene regulatory regions (upstream and down-
stream 2  Kb) and gene body regions (Additional file  2: Fig. S9). Among these genes, 
11,640 (K2)–12,574 (G1) orthologous genes were transcribed, with almost half of them 
transcribing multiple (≥ 2) isoforms in each species (Fig. 3a, Additional file 1: Table S9). 
Furthermore, there is a significant disparity in the number of isoforms among ortholo-
gous genes. Approximately 76% of these genes exhibit a coefficient of variation (CV) in 
isoform number exceeding 0.3 (Additional file 2: Fig. S8b). This indicates that there are 
differences in splicing patterns among orthologous genes, leading to the generation of 
diverse mRNA isoforms.

We next explored the putative role of TEs in regulating gene splicing. We con-
ducted a correlation analysis between isoform number and TE enrichment score 
for 7196 orthologous genes with differential isoform number across 8 cotton spe-
cies. We identified 291 genes with significant correlation (FDR < 0.05), including 183 
positively correlated genes (Fig. 3b) and 108 negatively correlated genes (Fig. 3d). For 
instance, the gene family OG0015491, which regulates rRNA generation, transcribed 
5 isoforms in Garb_07G013780 (A2) with a TE enrichment score of 0.93 and 3 iso-
forms in Glon_07G013840 (F1) with a score of 0.70 (Fig. 3c). Compared with F1, the 
TE1548733 introduced a splicing site C in A2, resulting in the splicing of a new iso-
form T64325, while the introduction of splicing sites C and G generated a new iso-
form T64323 (Fig. 3c). This demonstrates that certain TEs can introduce new splicing 
sites, leading to the production of a greater number of transcripts through AS. How-
ever, the gene family OG0014419, which regulates fatty acid synthesis, transcribed 4 
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isoforms in Gsto_06G009650 (E1) without TE insertions, while its orthologous gene 
Garb_06G018610 in A2 has a TE enrichment score of 0.52 but only transcribed a 
single short isoform (Fig. 3e). This is probably due to the TE insertion introducing a 
premature transcription termination site, resulting in the premature termination of 
transcription and the production of only one isoform. These results collectively illus-
trate the regulatory role of TEs on the number of transcripts isoforms.

Apart from affecting the number of transcripts, how do TEs influence the structure 
of transcripts? The AS events within transcripts are directly linked to the diversity 

Fig. 3  TE mediates transcript isoform variation in cotton species. a Bar graph displaying the number of 
transcribed genes and the number of genes transcribing different numbers of isoforms across eight cotton 
species. Darker colors indicate a greater number of isoforms. b The Sankey diagram illustrates a positive 
correlation between the number of transcript isoforms and the TE enrichment scores of orthologous genes 
across eight cotton species. Arrange the values of the number of transcript isoforms and the TE enrichment 
scores of orthologous genes in ascending order (1–8) within the eight cotton species. Parallel lines in the 
Sankey diagram indicate that orthologous genes with higher numbers of transcript isoforms across the 
eight cotton species also exhibit higher TE enrichment scores. This suggests a significant positive correlation 
between the number of transcript isoforms and the TE enrichment scores of genes. The line graphs on 
the right display the correlation coefficients (cor_r > 0) and q value (FDR correction, Benjamini-Hochberg, 
q < 0.05), respectively. c The network diagram on the left displays all transcript isoforms transcribed from 
the gene family OG0015491 across 8 cotton species, including the number and names of the isoforms. The 
size of the isoform circles corresponds to the percent spliced in (PSI). The largest circle represents the major 
isoform, with the name highlighted in blue. The red numbers in the middle indicate the TE enrichment 
scores of this gene family in each cotton species. The higher the TE enrichment scores of orthologous genes, 
the greater the number of transcript isoforms transcribed. On the right illustrate the transcript isoforms of 
Garb_07G013780 (A2) and Glon_07G013840 (F1) two orthologous genes, along with the TE insertion sites. 
The major isoforms are shown in blue. The red dashed lines indicate the positions where TEs introduce new 
splicing sites. Circle the two transcripts that A2 transcribed more than F1 with a box. d The Sankey diagram 
illustrates genes that exhibit a negative correlation between the number of transcript isoforms and the TE 
enrichment scores. By sorting the values of the number of transcript isoforms and the TE enrichment scores 
of orthologous genes across the eight cotton species in ascending order (1–8), the intersecting lines in the 
Sankey diagram indicate that for orthologous genes with larger numbers of transcript isoforms across the 
eight cotton species, their TE enrichment scores are lower. This implies a significant negative correlation 
between the number of transcript isoforms and the TE enrichment scores of genes. The line graphs on 
the right display the correlation coefficients (cor_r < 0) and q value (FDR correction, Benjamini-Hochberg, 
q < 0.05), respectively. e The transcript isoforms of the orthologous genes Garb_06G018610 (A2) and 
Gsto_06G009650 (E1) were visualized using IGV (Integrative Genomics Viewer), along with the TE positions 
(red line segment) in Garb_06G018610 (A2). There is no TE inserted in Gsto_06G009650 (E1). f The types and 
numbers of alternative splicing (AS) events present in eight cotton species. The size of the circles represents 
the number of AS events, with larger circles representing a greater quantity. The schematic diagram in the 
center shows 7 types of splicing events: ES (exon skipping), A3 (alternative 3′ splice site), A5 (alternative 5′ 
splice site), IR (intron retention), ME (mutually exclusive exons), AP (alternate promoter), and AT (alternate 
terminator). g Violin plot comparing the distribution of AS event counts with and without TE insertions within 
each cotton species. Without TE (blue), TE insertion (red) (intraspecific comparison, Wilcoxon rank-sum test, 
with the P values annotated on the plot). h Distribution of AS event counts with and without TE insertions 
in orthologous single-copy genes among cotton species (interspecific comparison, Kruskal–Wallis rank sum 
test, with the P values annotated on the plot). i Identification of 32,752 sets of conserved isoforms across all 
genes in cotton species. The proportion of conserved isoforms from different numbers of cotton species are 
represented by different colored blocks. j Distribution of AS in the major isoforms of 8620 orthologous genes 
transcribed in all cotton species and their conservation levels across cotton species. The bottom bars 1–8 
represent the numbers of conserved genes in 1–8 cotton species for the major isoforms. “AS” indicates the 
presence of alternative splicing events in the isoforms. The length of the bars is proportional to the number 
of genes. The boxplot on the right compares the TE enrichment scores between isoforms with and without 
alternative splicing events (paired t-test, P = 2.1 × 10−6). k The number of non-conserved major isoforms of 
orthologous genes with specific TE insertions in branches D5, E1, clade 1, and clade 2 compared to those in 
other cotton species. The solid line represents cotton species with specific TE insertions, while the dashed 
line represents cotton species without specific TE insertions. The number of non-conserved major isoforms is 
indicated within the corresponding figure

(See figure on next page.)
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of transcript structure. We proceeded to identify AS events across 8 species, total-
ing 22,568 (F1)–36,716 (A2) AS events (Additional file  1: Table  S10). Among these 
events, intron retention (IR) is the most abundant, accounting for 63.1% (A2) to 71.5% 
(G1) of all events (Fig. 3f, Additional file 1: Table S10), consistent with other species 
such as maize [43]. A comparative analysis of genes with and without TE insertions in 
each species revealed that genes with TE insertions had significantly more AS events 
(P < 0.0016) (Fig.  3g). Furthermore, among orthologous genes across cotton species, 
genes with TE insertions had significantly more AS events (P = 6.9 × 10−41) compared 
to those without TE insertions (Fig. 3h). Interestingly, by subdividing genes with TE 
insertions based on insertion positions, we found that genes with TE insertions in 
introns contained more AS events than those with insertions in upstream/down-
stream regions and exons (Fig. 3h).

We analyzed the level of transcript conservation among cotton species. Based on iso-
form sequence similarity, a total of 32,752 sets of conserved isoforms were identified 
across all genes. Among these, 4323 sets of isoforms were conserved in all eight spe-
cies, accounting for only 13.2% (Fig.  3i). This indicates significant differences in the 
splicing patterns of genes. The conservation level of major isoforms among ortholo-
gous genes was slightly greater. Among the 8620 orthologous gene families transcribed 

Fig. 3  (See legend on previous page.)
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in all cotton species, 3881 (45%) had major isoforms conserved in all eight species, and 
these major isoforms mostly did not involve splicing events. However, the major iso-
forms with AS are conserved only in some (2–7) cotton species (Fig. 3j). This indicates 
that splicing events contribute to structural differences in major isoforms. Importantly, 
isoforms containing splicing events exhibited significantly greater TE enrichment scores 
(P = 2.1 × 10−6) compared to the major isoforms without splicing events (Fig. 3j). This 
further demonstrates that TE can mediate change of alternative splicing event, leading 
to structural differences in major isoforms of orthologous genes. Additionally, we iden-
tified the potential non-conserved major isoforms caused by TE difference expansion 
on four branches to investigate the impact of TE-mediated alternative splicing on the 
lineage differentiation of genes. In branches with specific TE insertions (D5, E1, clade 1, 
and clade 2), there were 278 (F1)–322 (K2), 116 (F1)–199 (D5), 147 (C1)–311 (D5), and 
229 (F1)–448 (D5) genes with different major isoform structures (Fig. 3k). In summary, 
these results suggest that TEs can alter splice sites or splicing regulatory sequences, 
leading to changes in gene splicing patterns and subsequently influencing the transcript 
structural differentiation of orthologous genes. These observations contribute to further 
elucidating the posttranscriptional regulatory mechanisms underlying cotton species 
divergence.

TE‑mediated uORF regulates translational differences of orthologous genes

Given that transcriptional differences do not fully elucidate the diversity and differentia-
tion mechanisms among cotton species, the gene translation levels are more indicative 
of the actual protein levels. Therefore, we focused on differences at the translation level 
among orthologous genes. We constructed polysome profiling libraries for eight cotton 
species and quantified their translation levels (Additional file 1: Table S11). The corre-
lation between the transcriptome and translatome data in each cotton species ranged 
from 0.73 to 0.90 (Fig. 4a, Additional file 2: Fig. S10), indicating a certain discrepancy 
between the transcriptional and translational levels. The coefficient of variation (CV) for 
transcriptional and translational levels within each cotton species (intraspecific com-
parison) showed that the CV for translational levels (CV2) was greater than that for 
transcriptional levels (CV1) (Fig. 4b). To ensure comparability between the two layers, 
we used FPKM-based expression values normalized across samples and species. Only 
coding regions were included in the analysis to avoid annotation bias [44]. This indi-
cates that while the transcriptome and translatome show a global good correlation, there 
are some discrepancies between the transcriptional and translational levels within cot-
ton species. We compared the differences (Δ) in transcriptional and translational level 
changes among orthologous genes across cotton species (interspecific comparison) and 
found that the translational level changes were greater (Δ > 0) (Fig. 4c). A Δ value of 0 
indicates equal evolutionary rates at both expression layers; Δ greater than 0 indicates 
a higher evolutionary rate at the translatome layer; and Δ less than 0 indicates a lower 
evolutionary rate at the translatome layer [44]. This finding also indicates that greater 
differences exist at the translational level between orthologous genes.

To investigate the post-transcriptional changes of orthologous gene regulation, we 
simultaneously compared the transcriptional and translational levels among ortholo-
gous genes. For example, compared to E1, there were 1804 genes in D5 with no difference 
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in transcription but upregulated translation (class 2) and 1930 genes with no differ-
ence in transcription but downregulated translation (class 8), which were the two most 
abundant types of differentially expressed genes (DEGs) (Fig. 4d). Similarly, in compari-
son with those in other species, class 2 and class 8 genes were also the most abundant 
(Additional file  2: Fig. S11, Additional file  1: Tables S12, S13). The presence of large 

Fig. 4  TE regulates translation differences of orthologous genes in cotton. a Pairwise correlation (Spearman’s 
ρ) between the transcriptional and translational levels of 18,676 orthologous genes in A2. b Comparison of 
gene transcriptional level changes (coefficient of variation, CV1) and translational level changes (CV2) within 
each cotton species. c Differential changes in transcriptional and translational levels among orthologous 
genes across eight cotton species. The x-axis represents the expression levels (fragments per kilobase of 
transcript per million mapped reads, FPKM) of orthologous genes at the transcription and translation, which 
have been log2-transformed. Density distribution, median Δ, IQR (interquartile range) of Δ, and density of 
Δ significantly higher or lower than zero are shown on the right. Δ = 0: equal evolutionary rates at both the 
transcription and translation layers; Δ > 0: higher evolutionary rate at the translation (translatome) layer; Δ < 0: 
lower evolutionary rate at the translation layer. d A quadrant plot displays the differences in transcription 
and translation between D5 and E1. The dashed lines correspond to the classification of genes into nine 
responsive groups based on both fold change (|log2(fold change)|≥ 1) and q value ≤ 0.01. Class 1 (orange) 
represents genes in D5 with both transcription and translation upregulation. Class 2 (red) represents genes 
in D5 with no transcription difference but translation upregulation. Class 8 (dark blue) represents genes in 
D5 with no transcription difference but translation downregulation. Class 9 (purple) represents genes in 
D5 with both transcription and translation downregulation. e A bar graph shows the proportion of genes 
with specific uORFs in each gene category (classes 1–9). Classes 2 and 8 have the highest numerical values 
(Wilcoxon rank sum test, **P < 0.01). f The translation efficiency based on the presence or absence of uORFs 
in four gene families among eight cotton species. Each color represents a different gene family, with larger 
circles indicating higher translation efficiency. g The box plot shows the comparison of the translation 
efficiency of orthologous genes with and without uORFs at different evolutionary nodes (Wilcoxon rank sum 
test, *P < 0.05, **P < 0.01, ***P < 0.001). h Comparison of TE coverage between orthologous genes containing 
conserved uORFs and species-specific uORFs among cotton species (Wilcoxon rank sum test, *P < 0.05, 
**P < 0.01, ***P < 0.001). i The clustered heatmap shows that genes with specific uORFs in the D5, E1, clade 
1, and clade 2 branches exhibit lower translation efficiency. Cluster 6 represents genes that do not contain 
specific uORFs in any of the four branches. Clusters 2–5 correspond to genes with specific uORFs in D5, E1, 
clade 1, and clade 2, respectively
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numbers of class 2 and class 8 genes suggests significant variability in gene expression 
levels after transcription, with some post-transcriptional regulatory factors playing cru-
cial roles. Further analysis revealed that genes with differential translation but no dif-
ference in transcription levels contained more specific uORFs (upstream open reading 
frames) at the 5′ end (Fig. 4e, Additional file 1: Table S14). The conservation of uORFs 
among orthologous genes is very low, with only 7611 sets (28.5%) of uORF clusters 
being conserved across all 8 cotton species, while the remaining 19,090 sets (71.5%) of 
uORFs are not conserved with at least one species (Additional file 2: Fig. S12). During 
translation, uORFs may compete with mORFs (major open reading frame) for ribo-
some binding, thereby reducing the translation efficiency of mORFs [45, 46]. Therefore, 
we speculate that these specific uORFs regulate the differences in translation levels of 
orthologous genes after transcription. Investigations into four genes neighboring the 
orthologous gene family OG0010564, which encodes a WRKY transcription factor, dem-
onstrated that genes containing specific uORFs exhibited lower gene translation efficien-
cies (Fig. 4f ). For instance, OG0010573 in G1, OG0010570 in F1, OG0010564 in G1, and 
OG0010562 in A2, B1, G1, and K2 contained specific uORFs, and their translation effi-
ciencies were significantly lower than those without uORFs (Fig. 4f ). Additionally, the 
translation efficiencies of orthologous genes with and without uORFs at different evo-
lutionary nodes (N1–N6) were compared and found that genes with uORFs had signifi-
cantly lower translation efficiencies (Fig. 4g). These results demonstrate that uORFs may 
regulate the translation efficiency differences of orthologous genes, thereby impacting 
cotton species evolution.

To explore whether differential TE expansion leads to uORF variations, the TE cov-
erage in the 5′ regions of transcripts containing uORFs was calculated. The results 
revealed that genes with specific uORFs have greater TE coverage in their 5′ regions 
than conserved uORFs present in all cotton species (Fig. 4h). We found that TIR trans-
posons contributed significantly more to uORF coverage compared to the Gypsy and 
Copia families (Additional file 2: Fig. S13). We hypothesized that differential TE expan-
sion may regulate the translation efficiency of orthologous genes by introducing specific 
uORFs, thereby mediating species divergence. For example, the gene Garb_03G025400 
(A2) that responds to light stimulation contains a specific uORF introduced by a TE at 
the 5′ end, leading to significantly reduced translation levels compared those of to the 
orthologous gene Grai_03G004290 in D5 (Additional file 2: Fig. S14). Subsequently, we 
compared the translational efficiencies of genes with and without specific uORFs intro-
duced by differential TE expansion across the four branches (D5, E1, clade 1, clade 2). 
The clustered heatmap revealed that orthologous genes with uORFs in all four branches 
(cluster 1) showed lower translation efficiencies. The translation efficiencies of genes 
containing specific uORFs in D5 (cluster 2), E1 (cluster 3), clade 1 (cluster 4), and clade 
2 (cluster 5) were significantly lower than in the other three branches. Conversely, genes 
in all four branches lacking uORFs (cluster 6) exhibited higher translation efficiencies. 
In summary, genes in branches with specific uORFs had significantly lower translation 
efficiencies than those in other branches (Fig. 4i). This result indicates that differential 
TE expansion introduced specific uORFs and contributed to differences in gene trans-
lation levels and lineage divergence in cotton. GO enrichment analysis of genes with 
differential translation in the four branches showed that the genes in D5 were mainly 
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enriched in pathways such as cellular response to stimulus and cellular nitrogen com-
pound metabolic processes. The genes in clade 1 were enriched in macromolecule cata-
bolic processes and protein transport pathways, and genes in clade 2 were enriched in 
intracellular signal transduction and cytoskeletal protein binding (Additional file 2: Fig. 
S15) [41]. These findings provide insights into understanding the posttranscriptional 
regulation evolution of gene expression among cotton species.

TE‑derived miRNA regulates translation differences in transcripts

Structural variations in transcript isoforms may affect the effective binding of regula-
tory factors, thereby influencing translation efficiency [47–49]. Analysis of translational 
efficiency differences at the transcript isoforms level can provide deeper insights into 
the detailed mechanisms of posttranscriptional regulation. The actions of small RNAs 
on mRNA degradation and translation inhibition are well-known posttranscriptional 
regulatory mechanisms [50, 51]. To investigate the regulatory roles of small RNAs in 
transcript translation, we performed small RNA sequencing for each cotton species 
(Additional file 1: Table S15). A total of 315,936–947,549 small RNA loci were identified 
(Additional file 2: Fig. S16). It is found that some miRNAs and siRNAs are shared among 
different cotton species (Additional file 2: Fig. S17). Given the large number of siRNAs 
making analysis cumbersome, we focused on miRNAs, which have 193 (K2)–249 (G1) 
loci (Additional file 1: Table S16). We predicted their targets and constructed a network 
of miRNA-regulated target genes (Additional file 2: Fig. S18a). We observed that miRNA 
targets were not conserved in some orthologous genes, with some cotton species show-
ing an absence of miRNA target sites. For example, the target of MIR477 is present only 
in the Australian cotton but is absent in other cotton species (Additional file  2: Fig. 
S18b). This implies that miRNAs may contribute to the expression differences among 
orthologous genes in cotton species. Subsequently, we counted the numbers of con-
served and non-conserved targets at each evolutionary node (Fig. 5a). The translation 
efficiencies of miRNA target and nontarget genes were compared, revealing significantly 
lower translation efficiency of miRNA target genes within each species and between 
orthologous genes of different species (Fig. 5b, Additional file 2: Fig. S19). These results 
indicate that miRNAs indeed exert translational inhibition on cotton target isoforms. As 
expected, the conservation level of these miRNA target sites among orthologous genes 
was relatively low. For example, the ancient superfamily miR482 and miR2118 exhibit 
target site specificity of 63.8% and 53.4% in the orthologous genes, respectively (Fig. 5c, 
Additional file 1: Tables S17, S18). This finding suggests that miRNAs can mediate the 
expression differences by regulating the translation efficiency of genes.

To investigate the role of TEs in this context, we quantified the contributions of differ-
ent TE families to the evolution of miRNA target sites. We found a significant enrich-
ment of miRNA target sites within LTR retrotransposons, particularly at the insertion 
sites of Gypsy transposons (Fig.  5d, Additional file  1: Table  S19). This observation 
indicates that TE expansion could be one of the factors contributing to the increase 
in miRNA target sites, thereby influencing the regulation of gene translation. Interest-
ingly, the translation efficiencies of genes with miRNA target sites decreased, especially 
as TE enrichment increased, in comparison to those of nontarget genes (Fig. 5e). This 
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further demonstrates that TEs can regulate gene translation through miRNA-mediated 
mechanisms.

Upon closer observation, it was found that TEs primarily affect the regulation of 
miRNA-mediated isoform translation differences through two mechanisms. First, 
TE-derived miRNAs can reduce the translation efficiencies of isoforms contain-
ing target sites, while nontarget isoforms undergo normal translation. For example, in 
Garb_08G006760 (A2), three nontarget isoforms exhibited greater translation efficien-
cies, whereas the isoform containing the TE-derived miR171 target site had a transla-
tion efficiency of only 0.265, resulting in a lower translation efficiency of the entire 
Garb_08G006760 gene compared to its orthologous gene in D5 (Fig.  5f ). The second 
mechanism involves TEs introducing new splicing sites in miRNA target genes, which 
leads to the emergence of isoforms that evade miRNA regulation due to the absence of 

Fig. 5  The mechanism of small RNA regulation on the translation differences of transcripts. a The figure 
shows the number of total and conserved miRNA target genes across seven evolutionary nodes. b 
Comparison of the translation efficiency of genes with and without miRNA targets is displayed. The boxplot 
on the left compares various genes within A2, while the bubble plot on the right compares orthologous 
genes across 4 branches of different cotton species. Statistical significance was determined using a two-sided 
Wilcoxon rank-sum test, with precise P values shown (***P < 2.2 × 10−16). c The heatmap illustrates the 
distribution of targets for the miR482 and miR2118 miRNA families in single-copy orthologous genes across 
8 cotton species, where red indicates the presence of targets and white indicates the absence of targets. 
d Enrichment scores (z-scores) of different TE families in miRNA target genes. The depth of color indicates 
the magnitude of the enrichment score, while the size of the squares represents the number of target 
genes for different miRNA families. e The relationship between the enrichment level of TE and translational 
abundance for non-target genes (left) and target genes (right) within the cotton lineage. f MiRNAs derived 
from TEs reduce the translation efficiency of transcripts containing target sites. In Garb_08G006760 (A2), 
the bottom three transcripts contain miR171 targets, and their translation efficiency is lower than that of 
non-target transcripts. The miR171 site is located on TE623829. g TEs lead to the production of transcript 
isoforms through alternative splicing that lack miRNA targets, resulting in increased translation efficiency. For 
instance, in Garb_01G001730 (A2), TE1229 leads to generate an isoform lacking miR166 targets, which exhibits 
significantly higher translation efficiency compared to other target isoforms. The yellow peaks represent the 
signals of ATAC-seq, with higher peaks indicating more open and active regions
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miRNA target sites. This leads to an increase in the translation efficiency of that iso-
form. For example, the splicing sites on Garb_01G001730 (A2) originating from TE1229 
demonstrate a higher level of chromatin accessibility (Fig.  5g, Additional file  2: Fig. 
S20a). Additionally, the consensus splice motifs of TE1229-derived splice sites align 
with the canonical splice site motifs (Additional file 2: Fig. S20b). Therefore, we specu-
late that TE1229 might introduce a new splicing site in Garb_01G001730 in A2, poten-
tially leading to the transcription of an isoform lacking the miR166 target site. This 
isoform exhibited significantly greater translation efficiency than other target isoforms 
(Fig. 5g). Notably, both of these mechanisms result in nontarget transcripts becoming 
new major transcripts, leading to possible structural and functional alterations in the 
proteins encoded by orthologous genes. We identified the number of genes regulated 
by these two mechanisms in each cotton species, ranging from 314 (D5) to 541 (F1) and 
326 (F1) to 400 (C1), respectively (Fig. 5f, g). We further investigated the impact of TE-
derived miRNAs on cotton lineage divergence. By comparing the translation efficiencies 
of genes with and without TE-derived miRNA targets across four branches, we found 
that branches with miRNA targets exhibited significantly lower translation efficiencies 
(Additional file 2: Fig. S21). These results indicate that TE-derived miRNAs mediate the 
lineage divergence of gene translation in cotton, and provide clues for exploring the role 
of TEs in driving the evolution.

Phylogenetic insight into posttranscriptional evolution in the Gossypium genus

To delve deeper into gene expression regulation during cotton species divergence, we 
generated expression profiles of orthologous genes from four lineages (D5, E1, clade 1, 
clade 2) at three levels (transcription, splicing, translation) and found numerous line-
age-specifically expressed genes through K-means clustering. It is noteworthy that there 
were variations in lineage-specific expression of orthologous genes across the levels of 
transcription, splicing, and translation (Fig. 6a). Specifically, there were distinct regula-
tory divergences of orthologous genes among different lineages. For instance, the orthol-
ogous gene OG0012439 exhibited clade 1 lineage specificity at the transcriptional level, 
while showing clade 2 lineage specificity at the translational level (Fig.  6b). A total of 
68 orthologous genes display this pattern. These findings indicate a dynamic trend in 
gene expression regulation during cotton divergence, involving a substantial number of 
genes. Among the genes exhibiting clade 1 lineage-specific expression at the transcrip-
tional level, 72.1% showed changes in lineage-specific expression at both the splicing 
and translation levels, while only 2.3% remained unchanged (Additional file 2: Fig. S22). 
These results reveal the high flexibility and plasticity of gene expression regulation dur-
ing evolution, providing a fundamental guarantee for organisms to adapt to diverse envi-
ronments and growth requirements.

To comprehensively explore the expression divergence of orthologous genes during 
the evolution of cotton species, we focused on key evolutionary time points in the cot-
ton evolutionary process. Based on phylogenetic analysis, the evolution of cotton species 
was divided into four stages: an undifferentiated ancestral stage of eight cotton spe-
cies (stage 1), the D5 differentiation stage (stage 2), the E1 differentiation stage (stage 3), 
and the clade 1 and clade 2 differentiation stage (stage 4) (Fig. 6c left). We meticulously 
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identified DEGs at the three levels present in these four evolutionary stages. Specifically, 
there were 877 conserved gene families across all eight cotton species (stage 1), 1799 
gene families with lineage-specific expression in the D5 (stage 2), 3617 gene families with 
lineage-specific expression in the E1 (stage 3), and 4455 gene families exhibiting signifi-
cant expression differences between clade 1 and clade 2 (stage 4) (Fig. 6c middle). These 
DEGs are key factors driving the divergence of cotton lineages. We further quantified 
the regulatory role of TEs on the DEGs and documented the potential number of genes 
with TE-mediated differential expression in the four evolutionary stages. The expression 
divergences of 1035 genes (stage 2), 2288 genes (stage 3), and 3931 genes (stage 4) were 

Fig. 6  Expression divergence of orthologous genes in cotton evolution. a Heatmap illustrates the expression 
levels of orthologous genes in different lineages (D5, E1, clade 1, clade 2) at three levels (transcription, splicing, 
and translation). The expression level is represented by color intensity. The lineage-specific expression 
dynamics of the example gene family OG0012439 across three levels are depicted with black lines. b The 
scatter plot illustrates the expression levels of the gene family OG0012439 across three levels in four lineages. 
Transcription and translation expression levels are quantified using FPKM values, while splicing levels are 
represented by the number of isoforms. Black lines are used to highlight the expression trends across three 
levels in clade 1 and clade 2. c Venn diagrams and GO enrichment analysis illustrating the conservation 
and divergence of orthologous genes across four key evolutionary stages within Gossypium. The diagrams 
categorize genes into universally conserved orthologs (stage 1) and those showing divergence specific to 
evolutionary stages post-D5 (stage 2) and post-E1 (stage 3) differentiation, as well as between clade 1 and 
clade 2 (stage 4). The right panel highlights significant GO terms associated with differentially expressed 
genes at each stage, suggesting adaptive functional shifts corresponding to the evolutionary history of the 
cotton genus
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found to be caused by differential TE insertions, accounting for 57.5%, 63.3%, and 76.1% 
of the DEGs, respectively (Fig. 6c middle).

Finally, we conducted GO enrichment analysis on these divergent genes and found that 
the functional enrichment patterns of DEGs affected by TE varied significantly across 
different evolutionary stages. In stage 2, genes with D5-specific divergence were predom-
inantly enriched in processes related to pigment metabolic process and sterol biosyn-
thetic process, reflecting the differentiation of secondary metabolic pathways. In stage 
3, the enrichment of E1 lineage-specific divergent genes in cellular response to abiotic 
stimulus and protein methyltransferase activity implies a differentiation towards stress 
resistance. Genes with divergence between clade 1 and clade 2 at stage 4 were enriched 
in seed trichome initiation, cell wall, and cell morphogenesis (Fig. 6c right). Importantly, 
A2 (G. arboreum) in clade 1 can produce spinnable cotton fibers. In contrast, K2 (G. 
rotundifolium) and C1 (G. sturtianum) in clade 2 lack fibers or have very short fibers 
[52], possibly implying differentiation in cotton fiber evolution. In conclusion, the results 
of this study provide valuable insights into deciphering posttranscriptional regulatory 
mechanisms in species evolution.

Discussion
With the advancement of functional studies on TEs, an increasing body of evidence 
has shown that TEs have profound impacts on the regulatory networks of both animals 
[53] and plants [54, 55]. Research on transposon polymorphisms in tomato domestica-
tion highlights that transposon insertion polymorphisms (TIPs) are significant sources 
of plant phenotypic variation. It reports that transposable elements inserted into gene 
regions have a substantial impact on gene transcription, leading to the production of 
multiple transcripts [56]. In wheat, it has been found that a significant number of dis-
tal regulatory elements derived from transposable elements influence the transcrip-
tional regulation of subgenomes, thereby leading to phenotypic diversity such as spike 
morphology [57]. In studies of mouse and Drosophila, it has also been reported that TE 
influences transcription by generating new promoters, enhancers, or alternative splicing 
sites, thereby promoting species evolution and diversity formation [53, 58, 59]. These are 
consistent with our study on TE-mediated transcriptional regulation promoting pheno-
typic diversity in cotton.

Previous studies have assembled eight high-quality reference genomes of the genus 
Gossypium, laying the foundation for an in-depth exploration of lineage-specific TE 
expansion and its differential regulatory effects on orthologous genes between cotton 
species, as well as its role in species divergence and adaptive evolution [39, 41]. Here, 
leveraging these high-quality genome assemblies, we integrated transcriptomic, trans-
latomic, and small RNA sequencing data from eight cotton species to systematically 
characterize the TE insertions and assess how their activity and regulation affect the 
evolution of the Gossypium genome. Phylogenetic approaches revealed that over 80% 
of TE families exhibited lineage and species-specific expansion. Concurrently, we dis-
covered that different transposon families exhibited diverse gene expression regulatory 
mechanisms. LTR transposons may facilitate gene expression by increasing transcrip-
tion factor-binding sites, while DNA transposon insertions may disrupt cis-regulatory 
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elements, affecting the normal expression of genes. Furthermore, the differential expan-
sion of TEs significantly impacts the translation of orthologous genes. Lineage-specific 
TE insertions can regulate the translation levels of orthologous genes by introducing 
new uORFs or affecting mRNA stability and translation efficiency. Despite the turnover 
of TEs among genes, the relative distance between certain TE families and genes sur-
prisingly remains constant, suggesting that some TE families may have insertion prefer-
ences relative to genes [60]. Lineage-specifically amplified TE insertions are significantly 
enriched near genes that are lineage-specifically expressed. The impact of TEs on gene-
level transcription and translation further emphasizes their role in gene expression regu-
lation, highlighting the key role of TEs in promoting species divergence and adaptive 
evolution in cotton.

Thanks to the continuous advancement of sequencing technologies, third-generation 
full-length transcriptome sequencing technology has provided us with the opportunity 
to better characterize the transcriptomes of cotton species, despite the inherent limi-
tations of long-read technologies. Transcript-level analyses have revealed how differ-
ential TE expansion affects the expression patterns and functions of orthologous genes 
between cotton species through various aspects, including mRNA processing, stability, 
and translation regulation. The location and type of TE insertions have significant effects 
on orthologous gene alternative splicing and mRNA stability, possibly leading to cot-
ton species-specific transcript expression patterns. Moreover, studies have shown that 
small RNA targeting is one of the important silencing mechanisms against TEs [61], and 
through affecting the targeting of miRNAs, TE expansion may intervene in posttran-
scriptional regulatory processes, further achieving fine control of gene expression. The 
combined effects of these mechanisms provide new molecular insights into cotton spe-
cies divergence. These findings deepen our understanding of the regulatory mechanisms 
of orthologous gene expression in Gossypium and offer an important molecular basis 
for future crop genetic improvement and conservation. By conducting a comprehen-
sive analysis of the regulatory mechanisms of orthologous gene expression, this study 
demonstrates the multidimensional role of TE expansion in plant adaptive evolution 
and interspecies differentiation, providing valuable insights for further studies on the 
dynamic changes and evolutionary processes of plant genomes.

Conclusions
Leveraging multi-omics data such as direct RNA sequencing, polysome profiling-seq, 
and small RNA-seq, the role of transposable element-mediated post-transcriptional 
regulation in driving the divergence of eight diploid cotton species was analyzed. It was 
found that transposable element amplification would lead to changes in splicing sites 
and regulatory sequences, thereby altering the alternative splicing patterns and expres-
sion levels of orthologous genes; Regulatory elements such as uORF and small RNA 
derived from transposable elements mediated the differences in the translation levels 
of orthologous genes. We identified genes exhibiting lineage-specific divergence at the 
levels of transcription, splicing, and translation, and further investigated the expression 
regulation divergence of orthologous genes during the evolution of cotton species. This 
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study provides insights into the evolutionary mechanisms of post-transcriptional regula-
tion and biodiversity formation of cotton species.

Methods
Plant materials

The eight diploid cotton species used in this study included G. arboreum (“A2,” acces-
sion Shixiya-1), G. anomalum (“B1,” accession GPB1lz), G. sturtianum (“C1,” accession 
GPC1lz), G. raimondii (“D5,” accession GPD5lz), G. stocksii (“E1,” accession GPE1lz), G. 
longicalyx (“F1,” accession GPF1lz), G. bickii (“G1,” accession GPG1lz), and G. rotundi-
folium (“K2,” accession GPK201). These germplasm resources were obtained from the 
National Wild Cotton Nursery in Hainan and were cultivated in the greenhouse of 
Huazhong Agricultural University in Wuhan, China. The young leaves were immediately 
placed in liquid nitrogen for rapid freezing and stored in an ultralow temperature freezer 
at − 80 °C for later use.

TE re‑annotation and analysis

Genomes used in this study were assembled in our previous work [41]. In prior 
research, preliminary annotation of the genomes was performed using RepeatMasker 
[62]. However, the complex TE activity in cotton species posed challenges for analyz-
ing transposable element activity across species. To address this issue, we first merged 
the species-specific TE libraries obtained. Since RepeatMasker can provide overlapping 
annotations, we used bedtools merge to combine overlapping annotations, generat-
ing chimeric sequences. To reduce redundancy in the merged TE library, we employed 
CD-HIT2 for two rounds of clustering. In the first round, CD-HIT2 was used to group 
redundant sequences, while in the second round, representative sequences were manu-
ally selected based on sequence length, self-identity, and the presence of full-length TE 
insertions. After two rounds of clustering following the above steps, we removed redun-
dant sequences using the “cleanup_nested.pl” script provided by Extensive de novo TE 
Annotator (EDTA v2.0.1) [63], resulting in a non-redundant TE library specific to cot-
ton species. Based on the generated TE library, structural and fragmented TEs in each 
genome were annotated using EDTA. By integrating homology-based annotations 
(RepeatMasker) and structure-based annotations (EDTA), a comprehensive TE annota-
tion for each genome was created. Family classification of TEs identified in structural 
annotations was based on the 80–80-80 rule, where TE sequences were considered to 
belong to the same family if they had at least 80% similarity over 80% of the sequence 
length, as first described by Wicker et al. [64].

Non‑reference genome alignment

The nonredundant TE library constructed in this study was input into RepeatMasker to 
soft-mask all the genomes, followed by non-reference genome alignment using cactus 
(v2.6.0) [65]. MAF alignment files were organized using hal2maf with specific param-
eters. Low-quality alignment regions were filtered using trimAl (v1.4. rev 22) (https://​
github.​com/​inab/​trimal).

https://github.com/inab/trimal
https://github.com/inab/trimal
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Phylogenetic analysis and gene family evolution

A phylogenetic tree comprising the 12 diploid Gossypium species and Gossypioides 
kirkii (outgroup) was constructed using RAxML with the maximum likelihood method 
[66]. The Ks values of orthologous gene pairs were calculated via MCScanX down-
stream analyses. Orthologous gene pairs between G. kirkii/Gossypium and Gossypium 
were inferred by one-to-one alignment with a BLASTP E value cutoff of 1 × 10−10. The 
whole-genome duplication and evolutionary time of species speciation were calculated 
using the formula T = Ks/2r, where r is the synonymous mutation rate for Gossypium 
species (3.48 × 10−9) as described previously [67]. To identify orthogroups among the 
eight diploid cotton species, we used OrthoFinder (v 2.3.8) [68]. Octad genes, represent-
ing one-to-one corresponding orthologs across the eight genomes, were classified into 
two categories: single-copy orthologous genes and orthologous genes with variable copy 
numbers in some genomes. For the latter, we selected the gene with the longest sequence 
on the same chromosome.

Cross‑species TEs and enrichment score calculation

To identify conserved transposable elements (TEs) among cotton species, we first uti-
lized previously annotated TEs and conducted a comparison with homologous blocks 
between cotton species. Using the software bedtools, we aligned the coordinates of 
the TEs to the homologous sequence blocks. If TEs from different cotton species were 
located within the same homologous block and belonged to the same TE family, we clas-
sified this as a conserved TE insertion event. Based on this method, we constructed a 
map of conserved TE insertions among cotton species. To evaluate the enrichment of 
TEs within specific genes, we calculated the TE enrichment score. This score is deter-
mined by normalizing the transposon density of a gene by the average transposon den-
sity across all genes. The transposon density of a gene is calculated as the number of 
transposon insertions divided by the length of the gene. The average transposon density 
is calculated by averaging the transposon densities of all genes. The TE enrichment score 
is then given by the following formula:

RNA‑seq and polysome profiling‑seq experimental processing

Around 0.1  g of leaves was rapidly ground into powder in liquid nitrogen. RNA was 
extracted using a rep Pure Plant Plus Kit (Polysaccharides & Polyphenolics-rich) (DP441, 
TIANGEN, Beijing, China), with two biological replicates per assay. Subsequently, 
libraries were constructed using an Illumina TruSeq Stranded RNA Kit (Illumina, San 
Diego, CA, USA), and sequencing was performed on the MGI2000 system.

Approximately 0.5–1  g of leaves was rapidly ground into powder in liquid nitrogen. 
Ribosome complexes were extracted using the method as previously described [15], with 
two biological replicates per assay. Sucrose solution containing ribosome-RNA com-
plexes (monosome and polysome) were collected. RNA was extracted from each sucrose 
solution. A Ribo-off rRNA depletion kit (N409, Vazyme, Nanjing, China) was used to 
remove rRNA (5S, 18S, and 25S rRNA) from the total RNA, preserving the mRNA and 

TE Enrichment Score =
transposon count/gene length

n

i=1 transposon density
i
/n
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other noncoding RNAs. Subsequently, libraries were constructed using the VAHTS Uni-
versal V8 RNA-seq Library Prep Kit for Illumina (NR605, Vazyme, Nanjing, China), and 
sequencing was performed on the MGI2000 system.

RNA‑seq and polysome profiling‑seq analysis

The Illumina RNA-seq and polysome profiling-seq data from eight cotton species 
were subjected to quality control to remove low-quality reads and adapters using 
Trimmomatic (v0.36) with the parameters set to ILLUMINACLIP:TruSeq3-SE:2:30:10 
to remove sequencing adapters and low-quality reads [69]. For all samples, reference 
genomes assembled from previous studies were used for the preliminary mapping of 
trimmed reads [41]. The filtered reads were then aligned separately to their respec-
tive genomes using HISAT2 (v2.2.1) with default parameters [70]. Gene transcrip-
tion and translation expression levels were quantified using StringTie (v2.1.4) based 
on uniquely mapped reads [71]. Transcript transcription and translation expression 
levels were estimated using Salmon (v1.5.2) with reference to previously assembled 
transcript annotation files [72]. To aggregate the expression levels from the transcript 
to the gene level, we used the R tximport package to process the TPM (fragments per 
kilobase of transcript per million mapped reads) values obtained from Salmon. Only 
genes with transcription and translation level TPM values ≥ 1 were considered for 
calculating pairwise Pearson correlation coefficients (R2) between replicates. Transla-
tion efficiency was determined by the ratio of TPM (translation level) to TPM (tran-
script level) for genes with TPM ≥ 1 at both levels. The log2-transformed translation 
efficiency values were used to visualize the distribution of the translation efficiency of 
the genes.

Direct RNA sequencing (DRS) experimental processing and data analysis

Approximately 0.1 g of leaves was rapidly ground into powder in liquid nitrogen, and 
an RNAprep Pure Plant Plus Kit (Polysaccharides & Polyphenolics-rich) (DP441, 
TIANGEN, Beijing, China) was used for RNA extraction. Libraries were constructed 
using a Direct RNA Sequencing Kit (SQK-RNA002, Oxford Nanopore Technologies, 
Oxford, UK), and sequencing was performed on the PromethION 48 (P48) system.

The FAST5 files of the raw reads were basecalled with ONT Guppy v3.1.5, and the 
basecalled reads were saved in FASTQ format. Postbasecalling quality control was 
performed with NanoFilt (v2.8.0) [73] to verify the consistency of the sequencing 
runs. Clean reads were aligned to the reference genomes of the corresponding species 
using minimap2 [74] in spliced alignment mode using a kmer size of 14 and a maxi-
mum intron size of 10,000 nt. Sequence Alignment/Map (SAM) and BAM file manip-
ulations were performed using samtools version 1.9 [75]. FLAIR correction (v1.7) was 
utilized to refine the splice site boundaries of the reads [76]. The validity of all splice 
sites was evaluated based on reference genome annotations and Illumina RNA-seq 
data support. Splice junctions were extracted from long-read alignment data using 
the junctions_from_sam script in FLAIR, and only those supported by at least three 
uniquely mapped reads were considered valid.
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Transcriptome assembly

Transcriptome assembly for each cotton species was conducted by integrating previ-
ously assembled genomes and short-read sequencing data with Nanopore direct RNA 
sequencing data. FLAIR was run with default settings to obtain transcript annotations. 
The identified transcripts were compared with reference genome-annotated transcripts 
using gffcompare (https://​github.​com/​gpert​ea/​gffco​mpare) to determine the relation-
ship between each FLAIR transcript and its most similar reference transcript. Only tran-
scripts supported by at least three reads were retained as final transcripts. Transcript 
sequences in FASTA format were extracted using Gffread (https://​github.​com/​gpert​ea/​
gffre​ad), and the FASTA files generated for each species, including novel and known 
transcripts, were used as transcript references for further quantification.

Alternative splicing (AS) event calling, filtering, and PSI calculation

AS event type analysis was performed using SUPPA2 [77] on the merged GTF anno-
tation files obtained. SUPPA2 can generate seven types of AS events: A5, A3, IR, ES, 
ME, AT, and AP. For each AS event within genes describing any event type, ioe format 
files were created. Specifically, ioe files provide the transcripts that contribute to the 
numerator (one form of the event) and the denominator (both forms of the event) 
for PSI calculation. The pool genes function of SUPPA2 was used to cluster overlap-
ping transcripts that share a substantial amount of sequence, thus considering relative 
splicing events. PSI calculation was performed based on TPM values and each event 
in the ioe files. Bar plots and circular stacked bar plots depicting the number of dif-
ferent event types were created using the R tidyverse and ggplot2 packages (https://​
www.​tidyv​erse.​org/).

Identification of conserved AS/isoform through chain file

To identify conserved AS events/Isoform among cotton species, we established pair-
wise chain files between each pair of cotton species to identify conserved exons. 
The chain files were generated by modifying the workflow from the UCSC Genome 
Browser (https://​github.​com/​ENCODE-​DCC/​kentU​tils/​blob/​master/​src/​hg/​utils/​
autom​ation/​doBla​stzCh​ainNet.​pl). The parameters used for lastz in this workflow 
were BLASTZ_H = 3000, BLASTZ_M = 254, BLASTZ_O = 400, BLASTZ_E = 30, 
BLASTZ_K = 3000, BLASTZ_Y = 3000, and BLASTZ_T = 1. The Lift-Over tool [78] 
was used to select conserved AS events/Isoform by identifying 1:1 overlaps between 
the pairwise chain files.

Lineage divergence of orthologous genes

The transcription, splicing, and translation specificity among orthologous genes in 
the lineages of the four cotton species were determined, considering all sample rep-
licates. K-means clustering was performed to group similar orthologous genes based 
on transcriptional expression levels, PSI values, and translational expression levels. 
Specific lineage orthologous gene clusters were identified through correlation analysis 
using the R cor function. The P values for the correlations were calculated using the 
R cor.test function. The R ComplexHeatmap package was used to cluster all specific 
orthologous gene clusters together to create a heatmap, with Z-score transformation 

https://github.com/gpertea/gffcompare
https://github.com/gpertea/gffread
https://github.com/gpertea/gffread
https://www.tidyverse.org/
https://www.tidyverse.org/
https://github.com/ENCODE-DCC/kentUtils/blob/master/src/hg/utils/automation/doBlastzChainNet.pl
https://github.com/ENCODE-DCC/kentUtils/blob/master/src/hg/utils/automation/doBlastzChainNet.pl
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performed prior to heatmap plotting. To determine the functions of these genes, we 
annotated and enriched the corresponding genes through Gene Ontology (GO) anno-
tation and enrichment analysis of transcripts. GO annotations were obtained from 
previous studies. The R clusterProfiler package was used for GO enrichment of each 
category of orthologous genes.

Promoter region motif analysis

In each genome, the region upstream of the transcription start site (TSS) within 2 
kilobases (2  kb) was used to predict motifs using the findMotifs.pl program from 
HOMER (v5.0) software, with the parameters “-len 8,10,12 -size 200.” The pre-
dicted motifs were filtered based on assumed cutoff values of known motif enrich-
ment (P ≤ 0.01) and de novo motif prediction (P ≤ 1 × 10−10) [79]. The motif file was 
obtained from ChIP-seq or DAP-seq experiments in Arabidopsis, rice, and other 
plants. Only TFBSs with motif scores above 10 were retained. A total of 506 plant TF 
motifs are contained in the HOMER database, and only 262 TF motifs were related to 
TFBS after removing unknown motifs.

Identification of putative canonical uORFs

Based on the GFF3 files and cDNA sequences of the eight cotton species, we identi-
fied potential uORFs within annotated 5′ untranslated regions (UTRs) of protein-cod-
ing genes using a custom Python script. These uORFs started with an AUG codon and 
ended with a stop codon (UAA/UAG/UGA). uORFs in which the start codon overlapped 
with the coding sequence (CDS) of other transcripts were excluded from the analysis. 
Only uORFs supported by polysome data were retained for subsequent analysis [83–88].

Small RNA‑seq and data analysis

Around 0.1  g of leaves was rapidly ground into powder in liquid nitrogen, and total 
RNA extraction was essentially carried out as described previously using the guanidin-
ium isothiocyanate method [80]. Libraries were constructed using an MGIEasy Small 
RNA Library Prep Kit (1000005269, MGI, Shenzhen, China), and sequencing was per-
formed on the BGISEQ-500 system. Quality-controlled small RNA sequencing data 
were subjected to the removal of rRNA, tRNA, and other noncoding RNA sequences. 
The remaining clean reads were analyzed using sRNAminer [81] to construct a compre-
hensive small RNA atlas. miRNAs were identified based on their size (21–22 nt), pre-
cursor structures (hairpin formation), and homology to known miRNA sequences, as 
determined through sRNAminer’s integrated filtering and annotation functions. In con-
trast, siRNAs, including heterochromatic siRNAs (hc-siRNAs), were identified based on 
their sequence length (21–24 nt) and repetitive, transposon-derived genomic loci. These 
siRNAs were distinguished from miRNAs through mapping to repetitive regions and 
using coverage analysis of the loci to determine their origins from double-stranded RNA 
precursors. MiRNA target genes were identified using psRobot and sRNAminer with a 
sequence matching threshold of 3.0 [82]. The miRNA-mRNA interaction network was 
visualized using Cytoscape software [83].
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