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ABSTRACT Transposable elements (TEs) are structural variants considered an important source 

of genetic diversity, which may arise in the transcriptome when TEs are transcribed in the same RNA 

molecule as genes, producing what we hereafter call chimeric transcripts. The presence of chimeric 

transcripts has been associated with adaptive traits in several species, but their identification remains 

hindered due to the lack of tools to detect them on a transcriptome-wide scale. Previous bioinformatics 

tools were developed to identify chimeric transcripts derived from TEs present in a reference genome. 

Nevertheless, different individuals/cells/strains might harbor different TE insertions generating such 

chimeric transcripts. Therefore, we have developed ChimeraTE, a pipeline that uses paired-end RNA-

seq reads to identify chimeric transcripts with or without a reference genome, in a transcriptome-wide 

manner. ChimeraTE has two Modes: Mode 1 is a genome-guided approach that employs the canonical 

method of genome alignment, whereas Mode 2 identifies chimeric transcripts without a reference 

genome, being able to predict chimeras derived from fixed or polymorphic TEs. We have used both 

Modes with Illumina RNA-seq reads from ovarian tissues of Drosophila melanogaster wild-type strains, 

and found that ~3% of all genes generate chimeric transcripts. Approximately ~9% of all detected 

chimeras were absent from the D. melanogaster9s reference genome, corresponding to polymorphic 

insertions in the wild-type strains. ChimeraTE is the first pipeline with the ability to automatically uncover 

chimeric transcripts without a reference genome. 
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INTRODUCTION 

Transposable elements (TEs) are mobile DNA sequences that comprise a large fraction of eukaryotic 

genomes, from 15% in Drosophila melanogaster (1), 45% in humans (2), and 85% in maize (3). Many 

TE copies have lost their ability to transpose as a result of accumulated mutations and recombination 

throughout evolution (4). Despite their lack of mobility, such ancient TE insertions may still harbor 

functional protein domains, alternative splice sites, and cis-acting regulatory sequences, as 

transcription factor binding sites (TFBSs) and polyadenylation (PolyA) sites. Therefore, TEs are a major 

source of genetic diversity, not only due to their mobilization, but also because they donate protein 

domains to gene functions (538) and regulatory sequences that modify the expression of nearby genes 

(9313). When one of these processes is integrated into the biology of the host, this evolutionary process 

is called exaptation (14). 

Chimeric transcripts are RNAs stemming from two sequences from different origins (15). Hereafter 

we assume chimeric transcripts as mature transcripts that have both gene and TE-derived sequences. 

These transcripts can be divided into three types: (1) TE-initiated transcripts: chimeric transcripts with 

a TE transcription start site (TSS) (16, 17); (2) TE-exonized transcripts: TE sequences are incorporated 

into the transcript either partially or as full-length exons (18320); and (3) TE-terminated transcripts: 

chimeric transcript with a TE transcription termination site (21, 22). TE-initiated and TE-terminated 

transcripts might modulate gene expression levels either by the presence of TFBSs, PolyA sites, or 

chromatin changes; while TE-exonized transcripts may alter the protein sequence of coding genes and 

have a direct effect on the protein function. Regardless of the TE position, such events of TE exaptation 

and domestication have been associated with many biological roles and are widespread among 

eukaryotic species (23). In D. melanogaster, the CHKov1 gene generates a chimeric transcript with a 

truncated mRNA resulting in resistance to insecticide and viral infection (24). In humans, the SETMAR 

gene produces a chimeric transcript containing a Hsmar1 copy, involved in non-homologous end-joining 

DNA repair (25). In cancer, TEs become active due to a global hypomethylation state (26) and such 

activation may generate new chimeric transcripts with detrimental outcomes (27), a process called 

onco-exaptation (9). For example, in large B-cell lymphoma, the FABP7 gene has an endogenous 

retrovirus LTR co-opted as a promoter, generating a novel protein involved in abnormal cell proliferation 

(28). Therefore, chimeric transcripts have a large impact on host biology, but their study remains 

hindered by the ubiquitous repetitive nature of TE copies. 

Previous studies with Cap Analysis Gene Expression (CAGE) revealed a significant percentage of 

genes producing TE-initiated transcripts, ranging from 3-14% in humans and mice, depending upon the 

tissue (29). More specifically, in human pluripotent stem cells, chimeric transcripts comprise 26% of 

coding and 65% of noncoding transcripts (30). In D. melanogaster, a study with expressed sequence 

tags (ESTs) has shown that the proportion of genes with chimeric transcripts is reduced to ~1%, slowing 

down chimeric transcript searches in the Drosophila species (31). More recently, a tissue-specific study 

has shown that 264 genes produce chimeric transcripts in the midbrain transcriptome of D. 

melanogaster, corresponding to ~1.5% of all genes (32). Several bioinformatics methods have been 

developed to take advantage of RNA sequencing (RNA-seq) to identify chimeric transcripts, as 

CLIFinder (33) and LIONS (34). The former is designed to identify chimeric transcripts derived from 
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LINE in the human genome, whereas the latter is able to identify only TE-initiated transcripts. Both 

methods need a reference genome and they only detect chimeric transcripts derived from TE insertions 

present in the reference. Therefore, it is not possible to identify chimeric transcripts derived from 

polymorphic TE insertions that may exist in other populations, strains, or individuals. Finally, the latest 

addition to chimeric transcript detection, TEchim (32), is able to detect chimeric transcripts without a 

genome annotation in D. melanogaster, but it is not a pipeline designed to run automatically with any 

other genome. 

In this study, we have developed ChimeraTE, a pipeline that uses paired-end RNA-seq reads to 

identify chimeric transcripts. The pipeline has two Modes: Mode 1 can predict chimeric transcripts 

through genome alignment, whereas Mode 2 performs chimeric transcript searches without a reference 

genome, being able to identify chimeras derived from fixed or polymorphic TE insertions. In order to 

benchmark the pipeline, we have used RNA-seq from ovaries of four D. melanogaster wild-type strains, 

for which we have assembled and annotated genomes. We found that ~3% of genes have chimeric 

transcripts in the ovarian transcriptome, of which 56.23% are TE-exonized transcripts. Our results also 

reveal that roo is the most frequent exonized TE family. In addition, with Mode 2, we found 11 

polymorphic chimeric transcripts deriving from TE insertions that are absent from the D. melanogaster 

reference genome. Therefore, this work provides a new strategy to identify chimeric transcripts with or 

without the reference genome, in a transcriptome-wide manner. 

MATERIAL AND METHODS 

ChimeraTE: the pipeline 

ChimeraTE was developed to detect chimeric transcripts with paired-end RNA-seq reads. It is 

developed in BASH scripting that is able to fully automate the process in only one command-line. The 

pipeline has two detection Modes: (1) genome-guided, the reference genome is provided and chimeric 

transcripts are detected aligning reads against it; and (2) genome-blind, the reference genome is not 

provided and chimeric transcripts are predicted for fixed or polymorphic TEs. These Modes have 

different approaches that may be used for different purposes. In Mode 1, chimeric transcripts will be 

detected considering the genomic location of TE insertions and exons. Chimeras from this Mode can 

be classified as TE-initiated upstream, TE-initiated 59UTR, TE-exonized, TE-terminated 3'UTR, and TE-

terminated downstream. In addition, results from Mode 1 can be visualized in genome browsers, which 

allows a manual curation of chimeric transcripts in the reference genome. Mode 1 does not detect 

chimeric transcripts derived from TE insertions absent from the provided reference genome. Mode 2 

predicts chimeric transcripts considering singletons and concordant read mappings against transcripts 

and TE insertions, in addition to a transcriptome assembly (user optional). Hence, Mode 2 detects 

chimeric transcripts from de novo TE insertions and an assembled genome is not necessary. In this 

Mode, two alignments are performed: (1) transcript alignment and (2) TE alignment. Then, based on 

both alignments, the pipeline identifies chimeric reads that support chimeric transcripts, regardless of 

the TE genomic location. In Mode 2, since there is no alignment against an annotated genome, it is not 

possible to classify chimeric transcripts considering the TE position, as in Mode 1.  
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Both ChimeraTE Modes use chimeric read pairs as evidence of chimeric transcripts. This method 

has been widely demonstrated by other authors as a potential source of artifactual reads, mainly due 

to the occurrence of mixed clusters on the Illumina9s flow cell that may be too close to each other, 

generating read pairs that are connecting two cDNA portions that are not actually joined in the sample 

(35338). Indeed, it has been shown that up to 1.56% of all reads produced by Illumina multiplexed 

approaches may generate chimeric reads (39), including cases that may support chimeric transcripts 

derived from different genes. These artifactual reads originate more likely from highly expressed genes 

since there are more molecules on the Illumina9s flow cell. Conversely, because TE-derived sequences 

might comprise a low proportion of the transcriptome, artifactual reads from TEs should be produced at 

a low frequency. Furthermore, it is unlikely to produce artefactual reads from the same gene and TE 

family among RNA-seq replicates. Therefore, in order to avoid including false chimeric reads, both 

Modes of ChimeraTE only call chimeric transcripts that are detected in at least two RNA-seq replicates. 

ChimeraTE Mode 1: genome-guided approach 

In ChimeraTE Mode 1, paired-end RNA-seq reads, genome, and its respective gene/TE annotation are 

used to predict chimeric transcripts (Figure 1A). The genome alignment is performed with bowtie2 (40) 

(Figure 1B) and transcript expression is assessed with cufflinks (41). We consider FPKM >= 1 as an 

expressed gene by default, but it can be changed by the user with the --fpkm parameter. The alignment 

is converted to BED format with samtools (42) and bedtools (43) and reads aligned into the forward and 

reverse strands are separated with samtools. The IDs from reads that have aligned against genes are 

identified with bedtools (Figure 1B) and separated according to the gene region. The 59 UTR and 39 

UTR are selected from the GFF/GTF file. Exon regions are extracted from GFF/GTF file corresponding 

to <CDS= for protein-coding genes and <exon= for non-coding genes. This is an important step to predict 

TE-exonized transcripts without counting TEs incorporated in the UTRs since <exon= into GTF/GFF files 

corresponds to both CDSs and UTRs. Next, reads with at least 50% of their length (--overlap parameter) 

aligned against TE copies have their IDs selected, and TE copies without aligned reads are removed 

from the downstream analysis. Then, expressed genes that harbor TE copies or have TE copies in their 

vicinity (3 Kb default but adjustable with --window parameter) are identified with bedtools (43). In order 

to identify reads where one mate has aligned against the TE copy and the other aligned into the gene 

regions (CDSs/UTRs), chim_search.sh performs several rounds of matching tests between the lists of 

read IDs from transcripts and TEs, generating a raw list of chimeric transcripts (Figure 1C). Then, 

chimeric transcript classification is performed based upon the gene feature with chimeric reads: 5' UTR: 

TE-initiated; exon: TE-exonized, and 3' UTR: TE-terminated. TEs located in introns are also considered 

in these classifications, depending on which gene feature the chimeric reads have aligned (Figure 1D). 

TE-initiated upstream and TE-terminated downstream are assigned depending upon the TE location 

regarding gene compartments. These steps are repeated for all RNA-seq replicates provided in the 

input. Next, the raw results from replicates are compared, and all chimeric transcripts that have been 

identified with at least >= 2 chimeric reads and were found in >= 2 replicates, are considered as true 

chimeric transcripts (Figure 1C). These thresholds may be changed by the user with --cutoff and --

replicate parameters. Mode 1 output is a table with a list of predicted chimeric transcripts categorized 
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by TE position, with gene ID, TE family, chimeric read coverage, TE location, gene location, and gene 

expression (Figure 1D). 

 
Figure 1: ChimeraTE Mode 1 (genome-guided) workflow. Round white boxes: input data; square boxes: pipeline 

step; round gray boxes: thresholds that can be modified. A) Input data: fasta file with the genome assembly, gtf 

files with gene and TE annotations, as well as stranded paired-end reads from RNA-seq (fastq). B) Alignment: The 

genome alignment is used to calculate gene expression levels. Genes with FPKM =< 1 are removed from 

downstream analyses. A subsequent list of reads that have aligned against genes or TE insertions is created. C) 

Chimeric reads detection & filtering: Both read lists are then compared and read pairs that have common reads 

between the two lists are named chimeric reads, i. e., paired-end reads mapping to a gene and a TE copy. The 

sum of these reads is used as chimeric reads coverage for each putative chimeric transcript. All putative chimeras 

are then processed with three ChimeraTE scripts to categorize them into TE-initiated, TE-exonized, and TE-

terminated transcripts. These steps are run for all RNA-seq replicates. Finally, all chimeric transcripts present in at 

least 2 replicates and with at least 2 chimeric reads as support are maintained. D) Chimeric transcripts: Five 

predictions obtained from Mode 1. <Exon= blue boxes are representing CDS regions and exon regions from ncRNA 

genes. Head arrow in between TE, UTR, and exon boxes: transcription sense; gray boxes linked by a line: non-

chimeric paired-end reads; blue and red boxes linked by a line: chimeric paired-end reads. The ChimeraTE mode 

1 output is divided into five predictions: (1) TE-initiated upstream: the TE insertion is located upstream of the gene 

region; (2) TE-initiated 5' UTR: the TE insertion may be located either inside the 5' UTR, or in an intron, but chimeric 
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paired-end reads involving the 5' UTR are present; (3) TE-exonized: the TE insertion is present within exons, or 

introns, while chimeric paired-end reads involving the exon are present; (4) TE-terminated downstream: the TE 

insertion is located downstream of the gene; (5) TE-terminated 39 UTR: the TE insertion is either located inside the 

39 UTR, or at intron while chimeric paired-end reads involving the 39 UTR are present. 

ChimeraTE Mode 2: a genome-blind approach to uncover chimeric transcripts  

ChimeraTE Mode 2 is the genome-blind approach of the pipeline. The input data are stranded RNA-

seq reads, reference TE insertions, and gene transcripts (Figure 2A). The data will be used to perform 

two alignments with bowtie2 (44), one against all transcripts and another against all TE sequences, 

both with parameters: -D 20 -R 3 -N 1 -L 20 -i S,1,0.50 (Figure 2A). In order to avoid very low-expressed 

transcripts predicted as chimeras, as well as decrease processing time, the SAM alignment is converted 

to BAM with samtools (42), and FPKMs are computed for the reference transcripts provided in the input 

using eXpress (45). Then, all genes with average FPKM < 1 are removed from the downstream analysis 

(Figure 2B). In order to identify chimeric reads between TEs and gene transcripts, both alignments are 

converted to BED with bedtools (43). Among all aligned paired-end reads, the pipeline considers as 

chimeric transcripts the ones that have at least one read aligned to the TE sequence (singleton mapping) 

and its mate to the gene transcript, or when both reads have aligned (concordant mapping) to the TE 

and gene transcript. In order to identify these reads, the TE alignment output is used to create a list with 

all read 1 IDs that have aligned against TEs, and another list with all read 2 IDs, regardless if their 

mates have also aligned (concordant mappings or singleton mappings). The same lists are created by 

using the transcript bed file: (1) read 1 IDs of transcript mapping reads and (2) mate 2 IDs of all mate 2 

reads, regardless of mate mapping. All mate 2 IDs that have a TE-aligned read 1 are searched in the 

list of transcript-aligned mate 2. The same is performed in the opposite direction (TE-aligned read 2, 

transcript-aligned mate 1). These read pairs will therefore be comprised of two mates from the same 

pair that were singletons in the alignments, i.e., pairs comprised of one read that has aligned against a 

TE, and its mate against a gene transcript. The cases in which the chimeric transcript does not have 

the TE insertion in the reference transcript, it will be supported only by these singleton chimeric reads. 

For cases in which the TE insertion is present inside the reference transcript, chimeric reads supporting 

it may either be singleton or concordant reads. Therefore, chimeric reads can be concordant reads in 

both alignments (TEs and genes), or they may be concordant only in the gene transcript alignment and 

singleton in the TE alignment. Due to the repetitive nature of TEs, short-read alignment methods provide 

very few unique aligned reads against loci-specific TE copies as most reads align ambiguously between 

similar TE insertions. Therefore, when a chimeric transcript has been identified involving more than one 

TE family, the TE family with the highest coverage of chimeric reads is maintained. Subsequently, 

ChimeraTE uses two chimeric reads as a threshold for calling a chimeric transcript, that can be modified 

by the user with the --cutoff parameter. Such value does not represent transcript expression nor TE 

expression, but it represents the coverage supporting the junction between a gene transcript 

(CDSs/UTRs) and a TE sequence. Finally, the output tables show the list of genes and the respective 

TE families detected as chimeras, reference transcript ID, and the total coverage of chimeric reads 

supporting it. 
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The support of chimeric transcripts performed by ChimeraTE Mode 2 is from chimeric reads aligned 

by an end-to-end approach. Such alignment may reduce alignment sensitivity, since exon/TE junctions 

may be covered by split reads. In order to mitigate the loss of detection power due to the alignment 

method with Mode 2, alongside with chimeric read detection using alignments against transcripts and 

TEs, there is an option to run Mode 2 with a transcriptome assembly approach, which can be activated 

with --assembly parameter (Figure 2C). This approach will use RNA-seq reads to perform a de novo 

transcriptome assembly with Trinity v2.8.5 (46). In order to identify assembled transcripts that may have 

TE-derived sequences, masking is performed with RepeatMasker v4.1.2 (47), providing --ref_TEs, a 

custom TE library, or pre-defined TE consensuses from Dfam v3.3 (48), according to the taxonomy 

level, i.e: flies, mouse, humans. Then, RNA-seq reads are aligned with bowtie2 (44) against the 

assembled transcripts. Subsequently, the alignment is used to identify whether transcripts containing 

TE-derived sequences have chimeric reads, considering those from split reads. All assembled 

transcripts with chimeric transcripts are selected as candidate chimeric transcripts. Next, these 

candidates are submitted to a homology analysis with Blastn v2.11.0+ (49) with reference transcripts. 

Finally, all assembled transcripts with masked TEs that have at least 80% of similarity with reference 

transcripts across 80% of its length (can be modified with --min_length parameter) are considered as 

chimeric transcripts. All these steps are repeated for all RNA-seq replicates provided in the input. Finally, 

the list of chimeric transcripts obtained from all replicates with the transcriptome assembly approach is 

compared, and all chimeras that have been identified with at least >= 2 chimeric reads and were found 

in >= 2 replicates, are considered as true chimeric transcripts. By activating the --assembly option in 

Mode 2, the output table will provide chimeric transcripts that have been predicted based on different 

evidences (Figure 2D): (1) only based on chimeric reads; (2) only based on transcript assembly; (3) 

based on chimeric reads and transcript assembly. 
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Figure 2: ChimeraTE Mode 2 (genome-blinded) workflow. Round white boxes: input data; square boxes: pipeline 

step; round gray boxes: thresholds that can be modified. A) Input data: two fasta files containing reference 

transcripts and TE insertions, as well as stranded paired-end reads from RNA-seq (fastq). B) Alignment and 

chimeric reads: The alignment against transcripts is performed and their expression is calculated. Transcripts with 

FPKM =< 1 are removed from the downstream analysis. Next, a list of reads aligned against transcripts is created. 

Through the alignment of reads against TE insertions, a second list with reads stemming from TEs is also created. 

Then, mapped paired-end reads and singletons are identified, generating the list of chimeric reads, for all replicates. 

All chimeric transcripts that have an average of chimeric reads >= 2 and are present in >= 2 replicates are 

maintained as true chimeras. C) Transcriptome assembly and chimeric reads: The de novo transcriptome assembly 

is a non-default option of ChimeraTE Mode 2. It performs a transcriptome assembly and aligns reads against the 

assembled transcripts. Then, TE insertions in the assembled transcripts are identified with RepeatMasker and the 

TE reads are recovered. Using the two lists of reads (transcripts and TEs), the chimeric read list is generated and 

the putative assembled chimeric transcripts are predicted. Next, it is performed a blastn between these transcripts 

and the reference transcripts provided in the input. All transcripts with length >= 80% are selected. The process is 

repeated for all RNA-seq replicates and chimeric transcripts assembled >= 2 replicates are maintained as true 

chimeras. D) Chimeric transcripts If the assembly is activated, ChimeraTE mode 2 provides three outputs: (1) 

Chimeric reads: These chimeric transcripts were predicted only based on the method demonstrated in -B-; (2) 

Assembled transcripts: Chimeric transcripts predicted only based on the transcriptome assembly method 

demonstrated in 3C-; and (3) Double evidence: Chimeric transcripts predicted by both methods -B and C-. 
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D. melanogaster wild-type strains: genome assemblies and RNA-seq 

In order to assess ChimeraTE9s performance, as well as the efficiency in the identification of chimeric 

transcripts derived from polymorphic TE insertions, we have mined previously available RNA-seq data 

from four D. melanogaster wild-type strains (50). Two from France, Gotheron (44_5690=N 04_53930=E), 

named dmgoth101 and dmgoth63; and two from Brazil, São José do Rio Preto (20_41904.3=S 

49_21926.1=W), named dmsj23 and dmsj7. The RNA-seq from ovaries was sequenced on an Illumina 

Hiseq (125 bp reads), with two biological replicates. All RNA-seq libraries were trimmed by quality, and 

adapters were removed with Trimmomatic (51). Each strain had also its genome previously sequenced 

by Nanopore long reads and assembled (52). The high-quality assemblies allowed us to manually check 

whether chimeric transcripts predicted by both ChimeraTE Modes have the predicted TE insertions 

inside/near genes, as well as manually curate the presence of chimeric reads.  

Running ChimeraTE with D. melanogaster data 

To run ChimeraTE Mode 1 on the available RNA-seq data, we performed gene annotation in the four 

D. melanogaster genomes with Liftoff (53) using default parameters and the D. melanogaster genome 

(dm6 strain) available in Flybase r6.46  as reference (dmel-all-chromosome-r6.46.fasta.gz). TE 

annotation was performed with RepeatMasker v4.1.2 (47), with parameters: -nolow; -norna; -s; and -lib 

with the TE sequence library for D. melanogaster provided by Bergman's lab 

(https://github.com/bergmanlab/drosophila-

transposons/blob/master/current/D_mel_transposon_sequence_set.fa). The annotation from 

RepeatMasker was then parsed with One Code to Find Them All (54), in order to merge LTRs and 

Internal regions from the same TE family and also merge fragments of the same TE family that are up 

to 50 bp (--insert 50) close to each other. We used ChimeraTE Mode 1 with default parameters and the 

mode --utr activated, which enables the search for chimeric transcripts with 5' and 3' UTRs. For 

ChimeraTE Mode 2, we aimed to demonstrate its potential in detecting chimeric transcripts derived from 

TE insertions that are not present in a reference genome, even though the transcript sequences and 

TE copies provided as input were generated from the dm6 reference genome. Therefore, we have used 

ChimeraTE mode 2 with RNA-seq from the four wild-type strains with reference transcripts from D. 

melanogaster (dm6 strain) available in Flybase r6.43 

(http://ftp.flybase.net/genomes/Drosophila_melanogaster/current/fasta/dmel-all-transcript-

r6.46.fasta.gz) (55).  The TE annotation for the dm6 genome was assessed with the same protocol 

used on the four wild-type strains, through RepeatMasker (47) and One Code to Find Them All (54). 

Benchmarking polymorphic chimeric transcripts with Nanopore genomes 

Once chimeric transcripts were identified, we used the high-quality Nanopore assemblies for 

dmgoth101, dmgoth63, dmsj23, and dmsj7 previously published (52) to confirm whether genes 

predicted by Mode 1 as chimeric transcripts have indeed the respective TE insertion located near or 

within them. To do so, we have used an ad-hoc bash script (create-up-down-BED.sh) to create three 

bed files from genes: 3 Kb upstream; 3 Kb downstream, and gene region. Then, we used bedtools 

intersect (43) to identify genes with TEs located in the three regions. For Mode 1 we have randomly 

sampled 100 chimeric transcripts of each wild-type strain to visualize the alignments performed by Mode 
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1 on the IGV genome browser (56). For Mode 2, all genes not found by bedtools intersect with the 

predicted TE insertion were visualized in IGV. In both manual curations, we considered as false 

positives those cases in which we did not find the TE insertion, or we found the TE insertion, but without 

chimeric reads.  

In order to assess the number of chimeric transcripts found by Mode 2 in wild-type strains derived 

from TE insertions absent in the dm6 genome, we also used the ad-hoc bash script (create-up-down-

BED.sh) to create the bed files with 3 Kb +/- and the gene regions for dm6. Then, we used bedtools 

intersect (43) with TE annotation and the gene regions. By using this method, we generated a list of 

genes with TEs located 3 Kb upstream, inside genes (introns/exons), and 3 Kb downstream for the dm6 

genome. Then, the polymorphic chimeric transcripts were identified with the comparison of genes with 

TEs inside/nearby in dm6 and the list of chimeric transcripts in the wild-type strains. In addition, all 

chimeric transcripts derived from TEs that were not found in dm6 were manually curated with the IGV 

genome browser (56). 

Functional enrichment analysis for genes generating chimeric transcripts 

The genes generating chimeric transcripts in the four wild-type strains were submitted to functional 

enrichment analysis with DAVID (57), selecting for biological processes. Only gene ontology terms with 

p-value (Bonferroni correction) < 0.05 were selected. Redundant terms were removed with REVIGO, 

with 0.5 of reduction size. 

Sequence and protein analysis of TE-exonized roo elements 

The sequences of TE-exonized roo elements were extracted from wild-type genomes with bedtools 

getfasta (43), parameter -s,  using BED files created by ChimeraTE Mode 1. In order to evaluate that 

these insertions are not repetitive DNA widespread across the genomes, we used Blastn v2.11.0+ to 

search them, with the following parameters: -dust no; -soft_masking false; -qcov_hsp_perc 90; -

perc_identity 90. Then, because the TE reading frame incorporated into the gene transcript is unknown, 

all insertions were translated with EMBOSS v6.6.0 transeq in the three coding frames. Next, the protein 

domains in these sequences were assessed with Batch CD-Search (58), with default parameters. The 

conservation of TE-exonized roo copies was assessed with multiple sequence alignment, performed 

separately for each strain, with MUSCLE (59), implemented by MEGA X (60), with default parameters. 

High extension gaps caused by less than ~5% of TE insertions were removed manually with Aliview 

v1.28 (61). The alignments were plotted with MIToS (62), using the Plots package.  

RESULTS AND DISCUSSION 

ChimeraTE predicts chimeric transcripts derived from genes and TEs using two different strategies. 

Mode 1 is a genome-guided approach that will predict chimeric transcripts from paired-end RNA-seq 

through chimeric read pair detection. The main advantages of Mode 1 in comparison to Mode 2 is that 

the first one is able to detect split reads between gene regions (CDSs/UTRs) and TEs, capture chimeric 

transcripts with low coverage/expression and classify chimeric transcripts according to the TE position: 

TE-initiated upstream, TE-initiated 59 UTR, TE-exonized, TE-terminated 3'UTR, and TE-terminated 

downstream transcripts. However, Mode 1 misses chimeric transcripts derived from TE insertions that 
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are absent from a reference genome. Mode 2, which is a genome-blind approach, performs two 

alignments against reference transcripts and TE copies and then, similar to Mode 1, predicts chimeric 

read pairs between these two alignments. In addition, Mode 2 can optionally perform a de novo 

transcriptome assembly able to detect chimeric transcripts and chimeric read pairs through split read 

alignment, improving the sensitivity. 

Setting up the datasets for ChimeraTE 

Each ChimeraTE Mode requires different input datasets. To run Mode 1 (genome-guided), gene and 

TE annotations, along with a genome fasta file are necessary. We took advantage of available paired-

end RNA-seq datasets from ovaries of four wild-type strains of D. melanogaster, for which high-quality 

genome assemblies were also available (52). We performed gene and TE annotation in the new 

assemblies using D. melanogaster9s genome (dm6) from Flybase r6.46 as a reference, and obtained 

~17,357 genes, of which only ~64 were partially annotated (Sup. Table 1). Regarding TE annotation, 

we found ~10.29% of TE content in the four wild-type strains, similar to our previous estimations for 

these strains (52). In total, 128 TE families in the four genomes were uncovered, comprising the mean 

of ~20,754 TE insertions (standard deviation = 892). In all genomes the TE content in bp is higher for 

LTR, then LINE elements, followed by DNA and Helitron families (Sup. Table 1). In order to run Mode 

2 (genome-blind), we used reference transcripts from Flybase r6.46 and performed TE annotation on 

the reference dm6 genome. We have obtained 27,131 TE insertions, representing 16.14% of the 

genome content, following the same proportions as seen for the four wild-type genomes (Sup. Table 1). 

ChimeraTE Mode 1 reveals that ~3% of genes produce chimeric transcripts in D. melanogaster 

wild-type strains 

ChimeraTE mode 1 was run on the four wild-type strain genomes and their respective ovarian RNA-

seq data (63). Across all strains, we found 506 genes producing chimeric transcripts, representing 2.83% 

of the total genes in D. melanogaster and 6.15% of the expressed genes (FPKM >1). In order to verify 

whether ChimeraTE identified the correct TE family for each chimera, we have compared the genomic 

coordinates of TEs and genes (3 Kb upstream/downstream and inside genes) with bedtools intersect 

(43) and predicted genes with TE copies in these regions. All chimeric transcripts in the four wild-type 

strains had at least one TE insertion in the expected position from the predicted TE family (Sup. Table 

2-5). In addition, we randomly selected 100 chimeric transcripts in each wild-type strain to visualize in 

IGV (56) and confirm the presence of chimeric reads as expected (Fig. 3A). All the 400 manually 

inspected chimeras were correctly found in the genome browser. Among all chimeric transcripts, 56.23% 

correspond to TE-exonized, 21.78% to TE-3' UTR, 12.53% to TE-5' UTR, 8.06% to TE-downstream 

and 1.38% to TE-upstream transcripts (Fig. 3B). TE-exonized transcripts are derived from TE insertions 

that may be inside exons or introns. However, the high prevalence of these chimeras might be 

associated with potential cases of TE copies inside genes generating chimeras where the TE provides 

TSSs (TE-initiated transcripts) or the PolyA sites (TE-terminated transcript), but due to the evidence of 

chimeric reads from TEs and exons, ChimeraTE classify them as TE-exonized.  
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Figure 3: General results from Chimera Mode 1. A) Five examples of chimeric transcripts manually curated with 

IGV genome browser. Pink boxes: TE insertion; blue boxes: exons and UTRs; black density graphs: coverage of 

RNA-seq reads; head arrows: transcription sense. B) Total chimeric transcripts: Number of chimeric transcripts 

following the TE position classification in the four wild-type strains. 

Among all chimeric transcripts predicted by ChimeraTE Mode 1, 16 chimeras have been previously 

described in D. melanogaster as TE-initiated transcripts, with CAGE data (31). From these, three 

chimeras were found in all strains: Ssdp (gene) - HMS-Beagle (TE family); Agpat1-1360; anne-1360. 

There are additional five chimeric transcripts also found in all strains, but with other TE families than 

the previously published: PlexA-INE-1; Atf6-INE-1; CG2162-roo; CR43361-1360, and Hcf-INE-1, 

whereas the previously observed TE families generating these chimeras were Tc1, 1360, S, invader4 

and 1360, respectively. We manually checked these chimeric transcripts in the IGV genome browser 

and we confirmed the presence of the TE families predicted by ChimeraTE instead of the TEs described 

previously (Sup. Table 6). Finally, the other eight chimeric transcripts harbor the TE family described in 

previous studies (31), but are not present in all strains: ctp-HMSBeagle; CG6191-jockey; udd-297; 

Bmcp-Doc; Rnf11-Stalker2; CHKov1-Doc; Sumo-mdg1 and Svil-roo (Sup. Table 6). In addition, we 

have also found the Kmn1-pogo TE-terminated 3'UTR transcript in dmgoth63 and dmsj23, which has 

been previously described as an adaptive copy in D. melanogaster, increasing the resistance to 

insecticides (12). In D. melanogaster midbrain, a study has shown by single-cell RNA-seq that 264 

genes produce chimeric transcripts (38). Despite the differences between tissues and methods, we 

have found 19 chimeric transcripts identified by this study (Sup. Table 7), of which four were previously 

found by CAGE (31). From these 19, six chimeric transcripts are derived from roo elements, which has 

been characterized as a TE family providing splice donor and acceptor sites, creating new isoforms 

during alternative splicing (32). Taken together, the genome-wide analysis performed by ChimeraTE 

Mode 1 has uncovered 483 genes with chimeric transcripts in the D. melanogaster ovarian tissue for 

the first time. 

ChimeraTE Mode 2: a method to uncover chimeric transcripts without genome alignment  

D. melanogaster has a high rate of TE insertion polymorphism across worldwide populations (64367). 

In order to test the ability of ChimeraTE Mode 2 in detecting chimeric transcripts derived from TE 
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insertions absent from a reference genome, we used RNA-seq from the four wild-type strains with 

transcript and TE insertion annotations from the D. melanogaster reference genome (dm6). ChimeraTE 

Mode 2 may predict chimeric transcripts based on two evidences: either using chimeric reads only, or 

by taking advantage of de novo transcriptome assembly. Chimeric transcripts with both evidences are 

named as <double-evidence= (chimeric reads and transcript assembly - Figure 2B and C). Among the 

four wild-type strains, ChimeraTE Mode 2 has identified 378 genes (Sup. Table 8-11) producing 

chimeric transcripts (Figure 4A), representing 2.11% of the total D. melanogaster genes available in our 

analysis. Comparing the <chimeric read= approach with the <transcript assembly= one, the latter method 

has found twice as many chimeric transcripts than the detection by chimeric reads (Figure 4A). This is 

probably due to the possibility of aligning chimeric reads in the junctions of TEs and exons, which is not 

possible in the chimeric read approach (Figure 2B) because the alignment of TEs and transcripts are 

performed separately. Indeed, we found that chimeric transcripts detected only by the transcriptome 

approach had more chimeric read coverage than those detected only by alignments with reference 

transcripts and TEs (Figure 4B). Furthermore, transcripts with low expression (FPKM < 5) were also 

more efficiently detected by the transcriptome approach. Conversely, chimeric transcripts with high 

expression were mostly detected by chimeric reads evidence. In total, ~30.04% of all chimeric 

transcripts were found using both methods. 

 

Figure 4: A) Total number of chimeric transcripts found by ChimeraTE mode 2. <Assembled transcripts=: chimeric 

transcripts detected only by the method of transcriptome assembly (Figure 2C). <Chimeric reads=: chimeric 

transcripts detected only by the method of chimeric read pairs (Figure 2B). <Double evidence=: chimeric transcripts 

detected by both methods. B) Comparison between chimeric transcripts found only by "transcriptome assembly" 

and "chimeric reads". In all strains, chimeric transcripts with the highest coverage of chimeric reads were detected 

by transcriptome, and chimeras found only by chimeric reads are those with high expression. 

As each chimeric transcript was detected based on reference transcripts and TE insertions, we have 

used the Nanopore assemblies to manually inspect the presence of the predicted TE family inside and 

near (+/- 3 Kb) genes, with the intersection of genomic coordinates from genes and TEs with bedtools 

intersect (43). We considered as true chimeric transcripts the cases in which we found the presence of 
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the predicted TE insertion inside/near the gene. The alignment of RNA-seq libraries against the genome 

sequence was also used to confirm the presence of the TE insertion, as well as the presence of chimeric 

read pairs, with the IGV genome browser (56). The manual curation was performed with the three 

groups of results from Mode 2 (<chimeric reads=, <transcriptome assembly= and <double-evidence=). We 

found that 96.30% of all chimeric transcripts predicted by double evidence were true, whereas we 

observed 90.59% from transcriptome assembly and 73.13% from chimeric reads. Therefore, taken 

together, ChimeraTE Mode 2 has provided a reliable inference with 86.68% of sensitivity, based upon 

genomic manual curation. 

The main difference of ChimeraTE Mode 2 from the previous pipelines is its ability in detecting 

chimeric transcripts derived from TEs that are absent in a reference genome, using RNA-seq from non-

reference individuals/cells/strains. We first identified in the dm6 reference genome the genes with TEs 

located upstream, inside, and downstream genes. We found that 2,239 genes in the dm6 genome have 

TEs located 3 Kb upstream, 1,863 inside (introns and exons), and 2,320 downstream. These genes 

were selected as potential chimeras in the dm6 genome and then compared with the list of chimeric 

transcripts generated by ChimeraTE Mode 2 in the four wild-type strains. In addition to the comparison 

with dm6 genes harboring TEs inside/near, we have manually curated the TE insertions and the 

presence of chimeric transcripts with the IGV genome browser (68). For instance, the Mps1-FB chimera 

is an interesting case, since it is the only chimeric transcript specific to French populations, as we found 

it in both dmgoth101 and dmgoth63. In the dm6 reference genome, Mps1 has an overlap between its 

39 UTR and the 39 UTR of the alt gene, located in the other strand (Figure 5A). The same distribution of 

both genes is found in the Brazilian strains, dmsj23, and dmsj7 (Figure 5B). Conversely, in dmgoth101 

and dmgoth63, there is a gap of ~9,500 bp between Mps1 and alt, with four small FB copies with ~412 

bp of length (Figure 5C), indicating that it is an old insertion. Furthermore, one of the FB copies is 

located downstream of the alt gene, which also has been identified as TE-terminated downstream in 

dmgoth63. This result shows that ChimeraTE is able to detect chimeric transcripts derived from TEs 

that are not present in the reference genome. 
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Figure 5: Mps1 gene and its downstream region in the four wild-type strains genome. A) Mps1 in the dm6 reference 

genome and the alt gene located downstream to it, in opposite strands and with overlapped 39 UTRs. B) In the 

dmsj23 and dmsj7, Mps1 and alt are distributed as found in the reference genome. C) In dmgoth101 and dmgoth63, 

there is a FB insertion located downstream to Mps1, which has chimeric read pairs supporting a TE-terminated 

downstream in both strains.  

Taking into account all chimeric transcripts detected by Mode 2, we found 11 genes generating 

chimeric transcripts derived from TEs that are absent in the dm6 genome (Table 1). There are specific 

chimeras from French strains: Mps1-FB, CG1358-S, and CG46280-POGON1 genes, but only Mps1 

had chimeric transcripts in both French dmgoth63 and dmgoth101 strains, whereas CG1358 was found 

as chimera only in the dmgoth101, and CG46280 only in dmgoth63. The Ythdc1-roo chimera was 

observed with a strain-specific polymorphic roo element inside an exon in the dmgoth63 strain. 

Regarding the Brazilian strains, we found two TE insertions present in both dmsj23 and dmsj7, from the 

genes cic and TrpRS-m, but they were found as chimeras only in the dmsj23 strain. We also found rb, 

r-1, and ArfGAP1 with dmsj23-specific TE insertions, whereas in the dmsj7 we found caps and Ubi-p5E 

with specific TE insertions giving rise to chimeric transcripts. 
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Table 1: 11 polymorphic chimeric transcripts from TE insertions that are not present in the dm6 reference genome. 

The red triangle in a line represents the presence of a chimeric transcript; the white triangle in a line represents the 

presence of the TE insertion, but without a chimeric transcript; the line without triangles represents the absence of 

the TE insertion. 

Differences between Mode 1 and Mode 2 

ChimeraTE Mode 1 and Mode 2 use different alignment strategies and downstream approaches to 

detect chimeric transcripts (see Methods). In order to test whether these differences can lead to different 

outputs, we compared the chimeras from Mode 1 and Mode 2 by using the same RNA-seq libraries 

from four D. melanogaster wild-type strains. Taken all strains together, Mode 2 has uncovered 31.57% 

of all TE-initiated upstream cases detected by Mode 1; 57.69% of TE-initiated 59 UTR; 68.25% of TE-

exonized; 80% of TE-terminated 39 UTR, and 35.82% of TE-terminated downstream (Figure 6A). These 

results indicate that ChimeraTE Mode 2 had low efficiency (~33.69%) to detect chimeric transcripts 

from TE insertions near genes. In addition, for chimeras derived from TE inside genes, most of them 

were detected by the transcriptome assembly approach in Mode 2, showing the relevance of performing 

this optional analysis. However, it must be considered that –assembly performed by Mode 2 is time-

consuming, as well as hardware-consuming (Sup. Table 12). 

In both ChimeraTE Modes, the main evidence used to detect chimeric transcripts is the presence of 

chimeric reads, which are paired-end reads spanning between TE and gene sequences. In Mode 1, at 

least 50% of one read (default parameter) from the read pair must align against the TE insertion, 

whereas in Mode 2 the whole read must align against a TE copy. Therefore, the alignment method 

performed by Mode 2 does not allow the detection of chimeric transcripts derived from TE copies shorter 

than the read size. Hence, we investigated whether chimeric transcripts found with Mode 1, but not with 

Mode 2, are generated by TE insertions shorter than the sequenced reads. From 286 chimeric 

transcripts found only by Mode 1, we found that 136 (47.55%) are shorter than the reads, making it 

impossible to detect them with Mode 2 (Figure 6-B). In addition, it is important to highlight that TEs 

longer than reads may have splice sites, generating chimeric transcripts with a small TE-derived 

fragment, not being detected by Mode 2 as well. Furthermore, we observed that 93 (32.51%) chimeric 

transcripts from TEs longer than our reads have coverage lower than 10 chimeric reads. We 
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hypothesized that Mode 1 may have substantially more TE-aligned reads than Mode 2, due to the use 

of strain-specific TE insertions and by counting split read alignment. 

Figure 6: A) Total chimeric transcripts detected by ChimeraTE mode 1 and ChimeraTE mode 2. The three blue 

boxes mean the type of evidence used by Mode 2 to support the chimeric transcripts (see Methods). Mode 2 had 

more efficiency to detect chimeric transcripts derived from TEs inside genes (TE-59 UTR, TE-exonized, and TE-39 

UTR) than near genes. B) Chimeric transcripts found by mode 1, but not by mode 2. 47.55% of all chimeric 

transcripts detected only by Mode 1 have TEs shorter than the read length, and 32.51% of chimeras with TEs 

longer than reads have low chimeric reads coverage. These factors explain the differences between results found 

by both Modes. 

ChimeraTE Mode 1 is dependent on a reliable genome annotation for both genes and TEs, contrary 

to Mode 2. Indeed, we found in total seven chimeric transcripts detected only with Mode 2 (Sup. Table 

14), which are derived from genes that were not annotated in the wild-type genomes. We compared 

them with the dm6 genome and we found all seven have the predicted TE family inserted near/inside 

the gene, indicating that these predictions are probably true (Sup. Figure 1). For instance, the chimeric 

transcript CG3164-McClintock was detected by Mode 2 with double evidence in the four wild-type 

strains, and it is not annotated in any of the four genomes, perhaps due to its location in the telomeric 

region of the 2L chromosome (Sup. Figure 1G). 

ChimeraTE Mode 1 and Mode 2 detected 506 and 378 genes producing chimeric transcripts, of 

which 275 were found by both methods. In Mode 2, chimeras with TE-derived sequences smaller than 

the read length are not detected. However, Mode 2 is able to detect TEs that are absent from the 

reference genome, along with low-frequency TE insertions from individuals of the wild-type strains that 

are not present in the assembled Nanopore genome. Since low-frequency Nanopore reads are 

discarded during the genome assembly (52), Mode 1 is not able to detect them, whereas Mode 2 can. 

Furthermore, Mode 1 detects chimeric transcripts derived from TEs inside/near genes, but TEs 

generating chimeras might not be located inside/near genes. Such chimeras have been reported from 

TEs skipping one or more genes in D. melanogaster (31), as well as TEs acting as distal cis-regulatory 

elements (69, 70). Therefore, although we have considered as false positives all cases in which the TE 

was not found inside/near a gene in the manual curation, we speculate that part of these cases found 
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only by Mode 2 might be either from low-frequency TEs in the pool of individuals sequenced, or from 

TEs located far from genes.  

Replicability and coverage of chimeric transcripts in both ChimeraTE modes 

The ability to detect TE expression is an important factor to identify chimeric reads. The different 

strategies of alignment to identify chimeric reads in Mode 1 and Mode 2 cause differences in the 

sensitivity of chimeric transcript detection (Figure 6A). We investigated whether such differences might 

be associated with the detection of TE-derived reads. We found that Mode 1 is more efficient than Mode 

2 to detect reads aligned against TE insertions (Sup. Figure 2), as well as for chimeric read detection 

(Figure 7A). Indeed, the proportion of chimeric reads in Mode 1 and Mode 2 is ~0.39% and ~0.04% of 

the total library sizes, respectively. The power of chimeric read detection from the two Modes is different 

because of the alignment strategies used. Despite the differences, both modes show significant positive 

correlations between the library size and the number of chimeric reads, as well as the number of TE-

aligned reads and chimeric reads (Sup. Figure 3). 

 

Figure 7: A) Total chimeric reads found in each RNA-seq replicate. B) Chimeric transcripts detected by both modes 

of ChimeraTE. The bars represent chimeras found in both RNA-seq replicates in the four D. melanogaster wild-

type strains, applying two chimeric read cutoffs: 2 and 10. 

To quantify ChimeraTE replicability between RNA-seq samples in both modes, as well as the impact 

of changes in the coverage thresholds, we performed a comparative analysis of chimeric transcripts 

using two thresholds of chimeric reads, 2 and 10. Overall, Mode 1 finds ~396 and ~288 genes with 

chimeric transcripts in both replicates (Figure 7B), using thresholds 2 and 10 respectively, whereas 

Mode 2 obtains ~233 and ~155. These results show that by increasing the chimeric read thresholds 

from 2 to 10, there is a decrease of 27.27% and 33.48% in the number of detected chimeric transcripts 

in Mode 1 and Mode 2. Therefore, even when found in both replicates, a substantial amount of chimeric 

transcripts is detected with low coverage of chimeric reads by both modes.  

Artifactual chimeric reads 

In both Mode 1 and Mode 2, only chimeric transcripts found in both RNA-seq replicates were considered 

true chimeras. Chimeric transcripts found in only one replicate may exist due to the lack of read 

coverage in one of the replicates to predict it, or they could be artifacts of PCR amplification during 

paired-end Illumina sequencing (35, 37). To quantify cases that may be artifacts, we aligned the RNA-
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seq from the four wild-type strains against their genomes to identify paired-end reads where each mate 

maps to genes from different chromosomes, and therefore are artifacts. In replicate 1 and replicate 2, 

we found 55,152 and 38,484 cases representing fusions of genes that are in different chromosomes 

with at least one chimeric read. However, only 130 (0.27%) of these artifacts were found in both 

replicates with >= 2 chimeric reads (Sup. Table 14). In addition, 58.45% of these genes generating 

artifacts were highly expressed (FPKM > 100). Therefore, artifactual chimeric reads present in more 

than one replicate and derived from genes and TEs, might have a lower prevalence, since the proportion 

of RNA-seq reads derived from TEs is very low in comparison to genes. Thus, in order to reduce 

significantly false positive chimeric transcript calls, it is strongly recommended to use RNA-seq 

replicates, since artifactual chimeric reads exist in high frequency in highly expressed genes but only in 

one RNA-seq replicate. The proportion of the same chimeras found in more than one RNA-seq replicate, 

with >= 2 chimeric reads, is, on the contrary, very low. 

Genes generating chimeric transcripts 

Chimeric transcripts have been found in several species, being associated with genes holding different 

functions (12, 31, 32). In order to investigate whether genes generating chimeric transcripts in D. 

melanogaster have enriched biological processes, we have performed gene ontology enrichment 

analysis with a dataset of 566 genes, corresponding to all genes detected with Mode 1 (506 genes) and 

genes detected only with Mode 2, but confirmed with manual genomic curation (60 genes). We found 

16 enriched ontology terms corresponding to 287 (50.7%) genes, associated with different functions, 

mainly transcription regulation and organ/tissue development (Fig. 8). More specifically, there are genes 

associated with tissue development and differentiation, such as imaginal disc-derived wing and leg 

morphogenesis, compound eye development, R3/R4 cell fate and regulation of organ growth. There 

are also ovary-specific biological processes such as ovary follicle cell development and regulation of 

border follicle cell migration. Finally, we found enrichment with two biological processes related to the 

nervous system: axon guidance and long-term memory. Altogether, these results indicate that genes 

producing chimeric transcripts in ovarian transcriptomes of D. melanogaster are associated with 

different functions. We then investigated whether specific biological processes may have specific TE 

families generating chimeric transcripts. Interestingly, for all biological processes, we found at least 75% 

of the chimeras involved a roo copy. For instance, all genes associated with positive regulation of border 

follicle cell migration (9 genes), and R3/R4 cell fate commitment (6 genes) have chimeras involving roo. 

Despite the global functional results obtained with enrichment analysis comprising 50,7% of all genes 

with chimeric transcripts, the presence of only the roo family (out of 128 families) in more than 75% of 

all genes from 16 biological processes is an unprecedented result. 
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Figure 8: Gene ontology analysis with the enriched biological process with FDR < 0.05. The enrichment accounts 

with 16 biological processes from 287 genes, for which the most representative is <regulation of transcription from 

RNA pol. II promoter", with more than 60 genes. The other GO terms have several functions, for which "ovary 

follicle cell development" and "regulation of border follicle cell migration" are ovary-specific. 

Roo element is the main TE family associated with chimeric transcripts 

Several TE families have been associated with chimeric transcripts in D. melanogaster (31, 38). 

Here, we found 62 TE families producing at least one chimeric transcript in the four wild-type strains, 

representing 48.44% of all TE families annotated in the genomes. We then checked whether the 

frequency of TE families in chimeric transcripts is associated with their abundances in the D. 

melanogaster genomes. We found positive correlation between them (Pearson; r=0.39; p < 2.2-16). In 

the TE-initiated upstream chimeras, we found S2, accord2, and 412 with the highest frequencies (Fig. 

9). TE-initiated 59 UTR is dominated by roo elements, representing up to 64.10% of all cases, followed 

by HMS-Beagle with 6.41%. In TE-exonized transcripts, the prevalence of roo elements is more 

pronounced, comprising more than 80% of all chimeras, followed by INE-1 elements, with 1.90%. TE-

terminated 39 UTR transcripts also have more roo elements in comparison to other families, but in these 

chimeras, the frequency of roo is 33.33%, followed by INE-1 elements with 32.50% and 1360 with 

9.16%. Finally, in TE-terminated downstream chimeras, INE-1 is the most frequent TE, with 28.35% of 

all cases, followed by 1360 and roo, with 10.44% and 4.47%, respectively. These results show that roo 

elements are the most frequent TE family involved in chimeric transcripts in D. melanogaster, in 

agreement with results obtained in the enrichment analysis. Nevertheless, this high frequency is only 

observed in chimeric transcripts that have TE insertions inside genes, such as TE-initiated 5' UTR, TE-

exonized, and TE-terminated 3' UTR. We then investigated the correlation between the prevalence of 

TE insertions inside genes and the frequency of chimeric transcripts for each TE family, and we found 

a positive correlation (Pearson; r=0.65; p < 2.2-16). 
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Figure 9: The frequency of the 64 TE families generating chimeric transcripts in the four wild-type strains. In 

chimeric transcripts derived from TEs near genes, INE-1 was the most frequent (~30%) in TE-terminated 

downstream, whereas for TE-initiated upstream, S2, accord2, and 412 had the same frequency (~10%). Regarding 

TEs inside genes, the roo element has the highest frequency, with ~60%, ~80%, and ~30% to TE initiated 5' UTR, 

TE-exonized, and TE-terminated 3' UTR, respectively. 

TE insertions disrupting coding regions and promoters are more likely to be deleterious, being 

consequently eliminated by purifying selection (71), although several exaptation events have been 

documented (24, 72). The presence of roo elements in more than 80% of all TE-exonized transcripts 

suggests the neutral or adaptive role of this family when incorporated into gene transcripts. Roo is the 

most abundant euchromatic TE family of D. melanogaster (1, 73, 74). Roo insertions have been 

associated with modifications in the expression level of stress response genes due to the presence of 

TFBSs (75). They have also low enrichment of repressive histone marks (76, 77), potentially explaining 

their high transposition rates (78, 79). Roo is an  LTR retrotransposon, encoding three proteins: gag, 

pol, and env, that have been through domestication events from retroelements in many species, 

including Drosophila (8, 80, 81). We then investigated whether exonized roo insertions could contribute 

to protein domains. Through our search with CDD (58), we did not find any protein domain encoded by 

the chimeric roo elements. The length of these insertions is ~110 bp, indicating that they are old 

insertions since the full-length consensus sequence is 9,250 bp (Figure 10A). Subsequently, we 

analyzed whether these exonized roo insertions are donors of preferential motifs to the chimeric 

transcripts. All exonized roo sequences stem from a specific region, between the 5' UTR and the 

beginning of the roo open-reading frame (Figure 10B). Despite the low nucleotide diversity of roo 

insertions in the D. melanogaster genome, the 59 UTR region has a hypervariable region, including 

deletions and repeats, with several copies missing a tandem repeat of 99 bp (82, 83). It has been 

proposed that this region may have a role in roo transposition, by heterochromatinization, recruitment 

of RNA pol II, and interaction with other enzymes (83). Curiously, a study assessed the nucleotide 

diversity between roo insertions, and characterized the same region as a deletion hotspot (84). This is 

the first time that this region has been observed as part of TE-exonized transcripts in a transcriptome-

wide manner in D. melanogaster. In order to evaluate whether these sequences identified as roo 

insertions were not widespread repeats across the genomes, we performed a blastn search. We found 

that 97.45% of these exonized roo insertions have only one hit. Across the four wild-type genomes, only 

20 insertions had mappings at multiple loci, with an average of ~6 matches (Sup. Figure 4). Why this 
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region has been maintained through evolution, and whether it could be adaptive or neutral, remains 

unclear.  

Figure 10: A) Length of exonized roo elements in the four wild type-strains. B) Alignment depth of exonized roo 

insertions with roo consensus. At the top, the scheme of the roo element: brown boxes: LTRs; yellow box: first 

tandem repeats at 5' UTR; blue box: second tandem repeat at 5' UTR; red box: Open reading frame (ORF). The 

coverage depth of the multiple alignments between exonized roo insertions and the consensus is separated by 

strain.  

Polymorphic TE insertions in the wild-type strains generate 45 chimeric transcripts 

Polymorphic TE insertions are common across D. melanogaster strains (67, 85). In order to quantify 

how many chimeric transcripts in these strains are derived from polymorphic TE insertions, we used 

the list of genes with TEs located 3 Kb upstream, inside (introns and exons), and 3 Kb downstream 

generated previously. These genes were selected as potential sources of chimeras in the dm6 genome 

and then compared with the list of chimeric transcripts generated by ChimeraTE in the four wild-type 

strains. We found that 45 genes with chimeric transcripts in the wild-derived strains were generated by 

TE insertions that are absent in the reference genome (Sup. Table 15). There are 29 TE families 

generating polymorphic chimeric transcripts: roo (36.86%), P-element (7.89%), 412 (7.89%), HMS-

Beagle (5.26%), INE-1 (3.94%), among others. Except for INE-1, all these TE families are known to be 

active in D. melanogaster (82). INE-1 chimeras are unexpected since it is an old TE family in D. 

melanogaster (86), however, INE-1 polymorphism among D. melanogaster populations has previously 

been shown (87).  

The study of TEs in wild-type strains offers new insights into their ability to provide genetic variability. 

Depending upon the position where TEs are inserted regarding genes, they can contribute to gene 

expression or protein sequence variation. We then compared whether polymorphic TE insertions 

generating chimeric transcripts are more likely inserted near or inside genes. We found that 6.83% 

correspond to TEs located upstream, 69.23% inside (intron/exons), and 23.93% downstream (Figure 

11). In addition, we investigated whether the TE insertions absent from the reference genome could 

either be population-specific or strain-specific. For TEs located upstream, only the accord2 insertion 

upstream to the CG42694 gene has been found in both French strains, dmgoth101, and dmgoth63, 

suggesting that it might be a population-specific (Fig. 11A). All the other chimeric transcripts from TE-
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initiated cases are strain-specific. For TEs inserted inside genes (Fig. 11B), there are five chimeric 

transcripts common to all strains (CG7239-roo; CG46385-HMSBeagle; CG10077-roo; CG3164-

McClintock and Camta-roo). Then, five chimeric transcripts were found in dmgoth-specific strains simj; 

scb; CG9518; B4, and Cyp6a2. The latter is a gene from the P450 family, related to insecticide 

metabolism (88). Two chimeric transcripts were found only in dmsj23 and dmsj7 strains: VhaM9.7b-

G5A and Nelf-A-roo. Finally, for TEs located downstream genes (Fig. 11C), we found that Mps1-FB is 

the only chimera found in French strains, whereas dmsj23 and dmsj7 have seven chimeric transcripts, 

including one lncRNA gene (CR46064-Juan). Taken together, these results reinforce the potential of 

TEs in generating genetic novelty between D. melanogaster strains. 

Figure 11: The 45 chimeric transcripts derived from TE insertions that are absent in the dm6 reference genome. 

6.83% of them correspond to TEs located upstream, 69.23% to TEs located inside genes (introns and exons), and 

23.93% to TEs located downstream. A) TE upstream: Chimeric transcripts in which the TE is located up to 3kb 

upstream of the gene. Only the CG42694-accord2 was found in both strains of the French strains, all the other are 

strain-specific. B) TE inside: Chimeric transcripts with TE insertions located inside the gene region (exons and 

introns). There are five chimeric transcripts found in all strains; five specific for French strains; and two specific for 

Brazilian strains. C) TE downstream: Chimeric transcripts in which the TE is located up to 3kb downstream of the 

gene. Only Mps1-FB was specific for French strains, whereas Brazilian strains have seven population-specific 

chimeras. 

Chimeric transcripts do not change gene expression levels 

TEs are able to modify gene expression when inserted inside and in their close vicinity. We 

hypothesized that genes with strain-specific chimeric transcripts may have differences in their 
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expression levels between French and Brazilian strains. However, we found that most genes have a 

similar expression level regardless of the presence of chimeric transcripts (Figure 12). The comparison 

between dmgoth63 and dmgoth101 reveals that only four genes have FPKM > 1 in one strain and 

FPKM < 1 in the other. We checked if the TE insertions generating such chimeras are unique from 

dmgoth63 or whether they are present in dmgoth101, and we found all of them in the dmgoth101 

genome. All these cases were chimeric transcripts from old insertions located inside exons, except 

l(2)41Ab which harbors an exonized Max insertion located in the first intron. We performed the same 

analysis for CG12581, which has FPKM > 1 in dmgoth101 and FPKM < 1 in dmgoth63 and we found 

that it is also a common TE insertion, suggesting that when this gene is expressed, the chimeric isoform 

may also exist in dmgoth63. The results were very similar to Brazilian strains. From three genes that 

are expressed only in dmsj7 (Cyp6a14, fuss, and Zasp52), we found common TE insertions in 

comparison to dmsj23. Regarding genes expressed in dmsj23 and not in dmsj7, we found that Spt20, 

CG17816, Smr, l(2)41Ab, have common TEs, whereas nej and CG8665 are exclusive of dmsj23. 

Therefore, by comparing the expression level of genes with chimeric transcripts in French and Brazilian 

strains, we found that only 4.92% of strain-specific chimeric transcripts are due to low expression levels 

in one of the strains. 

Figure 12: Expression level (FPKM) of genes that have chimeric transcripts in the French (dmgoth101, dmgoth63) 

and Brazilian strains (dmsj23, dmsj7). <Both= represents genes that have chimeric transcripts in both strains. Genes 

with the name indicated in the graph are regarding cases in which it is expressed (FPKM > 1) in only one strain. 

CONCLUSION 

In the last decades, RNA-seq has provided the opportunity to understand transcriptome plasticity, which 

can lead to phenotypic divergence, from related species or individuals from a population (89). Among 

several sources of modification in gene expression and novel isoform transcripts, TEs have been 

considered as fundamental suppliers of transcriptome plasticity, participating in gene networks and 

incorporating either regulatory sequences or protein domains into gene transcripts. The identification of 

chimeric transcripts is an important step to understanding transcriptome plasticity, since they may be 

triggered by ectopic conditions, such as cancer, oxidative stress, and heat shock (27, 90, 91), which 

may lead to both detrimental and advantageous outcomes (92). Therefore, uncovering the extent of 
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chimeric transcripts between individual/cell/strain transcriptomes is a crucial first step to investigate 

potential exaptation/domestication events, or gene disruption and loss of function.  

Chimeric transcripts have been identified more recently by different methods exploiting RNA-seq 

data (32334), but none of them provided the possibility to predict chimeras from TEs that are absent 

from reference genomes. Here, we developed ChimeraTE, a pipeline able to identify chimeric 

transcripts from TEs that are absent from the reference genome. The Mode 1 is the genome-guided 

approach and may be used either when the user is not interested in chimeras derived from TEs absent 

from the reference genome, or when the user has a high-quality genome assembly for each 

individual/cell/strain; whereas Mode 2 is the genome-blind approach, with the ability to predict chimeric 

transcripts without the assembled genome, but missing chimeras where the TE is smaller than the 

length of the reads.  

We analyzed ovarian RNA-seq from four D. melanogaster wild-type strains, for which we have 

genome assemblies. Altogether, we found that ~3% of all genes are generating chimeric transcripts in 

ovaries, increasing the previously proposed abundance obtained with ESTs, and RNA-seq in midbrain 

tissue (31, 38). Furthermore, our results revealed that ~80% of all TE-exonized transcripts derive from 

roo elements, and most specifically, a small region between tandem repeats in the 59 UTR and the 

beginning of the roo ORF. These results suggest that these roo insertions have neutral or advantageous 

effects as they are maintained within these gene transcripts. However, we did not provide enough 

support to claim these roo-exonized transcripts as exaptation or domestication events, due to the lack 

of evidence regarding the functional role of these chimeras. Further studies must be performed to clarify 

this subject, mainly because chimeric transcripts detected by ChimeraTE can be degraded by 

surveillance pathways that degrade aberrant mRNA, such as non-sense-mediated mRNA decay (93), 

non-go decay (94), and non-stop decay (95).  

Altogether, this new approach allows studying the impact of new mobilization events between 

populations or between treatment conditions, providing insights into biological questions from a broad 

community of researchers, ranging from cancer research, population transcriptomics, and adaptation 

studies. ChimeraTE implementation will be useful in the next discoveries regarding the evolutionary role 

of TEs and their impact on the host transcriptome. 
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