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Abstract 

Background: Mobilization of transposable elements (TEs) can generate large effect 
mutations. However, due to the difficulty of detecting new TE insertions in genomes 
and the typically rare occurrence of transposition, the actual rate, distribution, and pop-
ulation dynamics of new insertions remain largely unexplored.

Results: We present a TE display sequencing approach that leverages target ampli-
fication of TE extremities to detect non-reference TE insertions with high specific-
ity and sensitivity, enabling the detection of insertions at frequencies as low as 1 
in 250,000 within a DNA sample. Moreover, this method allows the simultaneous 
detection of insertions for distinct TE families, including both retrotransposons 
and DNA transposons, enhancing its versatility and cost-effectiveness for investigating 
complex “mobilomes.” When combined with nanopore sequencing, this approach ena-
bles the identification of insertions using long-read information and achieves a turna-
round time from DNA extraction to insertion identification of less than 24 h, signifi-
cantly reducing the time-to-answer. By analyzing a population of Arabidopsis thaliana 
plants undergoing a transposition burst, we demonstrate the power of the multiplex 
TE display sequencing to analyze “evolve and resequence” experiments. Notably, we 
find that 3–4% of de novo TE insertions exhibit recurrent allele frequency changes 
indicative of either positive or negative selection.

Conclusions: TE display sequencing is an ultra-sensitive, specific, simple, and cost-
effective approach for investigating the rate and landscape of new TE insertions 
across multiple families in large-scale population experiments. We provide a step-by-
step experimental protocol and ready-to-use bioinformatic pipelines to facilitate its 
straightforward implementation.
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Background
Transposable elements (TEs) are sequences that can move and replicate around the 
genome. TEs are categorized in two broad classes based on their mobilization mecha-
nisms. Class I retrotransposons move via an RNA intermediate, while class II DNA 
transposons use a “cut and paste” mechanism instead. TEs are further divided into 
superfamilies and families based on distinctive sequence features, such as the pres-
ence of specific terminal repeats or conserved protein domains [1].

Although TEs have long been regarded as mere genomic parasites [2], this view 
has dramatically shifted and it is now widely appreciated that TEs are key players in 
the functional as well as the structural evolution of genomes. Notwithstanding, the 
extent to which TE insertions contribute to heritable phenotypic variation remains 
unknown in most eukaryotes. This lack of knowledge is largely due to their repeti-
tive nature, which makes TEs less amenable than single copy DNA to genome-wide 
analyses, particularly using short-read sequencing technologies. Moreover, TE mobi-
lization is typically rare and therefore new TE insertions tend to be missed in small-
scale population studies. Hence, being capable of detecting new TE insertions in large 
populations of individuals is essential to study transposition activity and its impact on 
genome function and evolution.

Several methods have been developed to detect new TE insertions using short-read 
[3–12] or long-read [13, 14] whole genome resequencing data. Due to the difficulties 
to detect non-reference TE insertions, the sensitivity and specificity of these meth-
ods are strongly penalized by limited sequencing depth [15], rendering the detection 
of low-frequency TE insertions virtually impossible. Alternatively, several methods 
relying on the selective throughput sequencing of TE extremities, either using cap-
ture approaches [16–18], Cas9-mediated target DNA cleavage followed by nanopore 
sequencing [19–21], or specific amplification [22–25], have been developed. Capture 
approaches rely on the use of biotinylated oligos to selectively pull-down DNA frag-
ments with complementary sequences [16–18]. Although these methods provide 
good sensitivity, designing specific oligos is challenging and their production costly, 
limiting their wide implementation. Approaches combining Cas9-mediated cleavage 
and adapter ligation followed by long-read sequencing have been recently proposed 
as an interesting alternative, as it allows to sequence native DNA without additional 
steps [19, 20]. However, the enrichment efficiency of such methods is limited, pre-
cluding its use for population level studies. On the other hand, approaches based 
on target amplification of specific sequences theoretically offer the highest sensitiv-
ity. These methods have primarily been used to detect somatic insertions [22–25], 
and their applicability in investigating germline insertions remains underexplored. 
Importantly, because PCR amplification is prone to the generation of chimeric or 
non-specific products, these methods typically require case-by-case modifications 
of experimental and bioinformatic steps to limit the number of false positives. As 
a result, methods based on target amplification have been tailored to study specific 
TEs, mostly mammalian L1s or ERVs, which raises questions about their versatility 
and applicability to analyze diverse types of TEs, including both retrotransposons 
and DNA transposons. In addition, amplification approaches often target single TEs, 
which brings into question their ability to assess transposition of multiple TE families 
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simultaneously, a crucial factor for investigating transposition activity in species with 
a large number of distinct mobile TE families.

Here, we describe a cost-effective (less than 12 EUR per sample’s library), simple, and 
ultra-sensitive assay to detect non-reference TE insertions in genomes. The method 
is based on classical low-throughput transposon display assays [22, 26], but includes 
critical modifications that make it readily compatible with high-throughput short- and 
long-read sequencing techniques. We demonstrate its utility to investigate germline 
insertions using the model plant Arabidopsis thaliana, and we show that the method pro-
vides ~ 250,000-fold enrichment of target TEs, enabling the detection of low-frequency 
insertions in large populations. The obtained libraries can be analyzed using nanopore 
sequencing technologies, leading to longer reads and, importantly, a turnaround time 
from DNA extraction to insertion identification of less than 24 h, significantly reducing 
the time-to-answer. As a proof-of-concept, we investigated the short-term evolutionary 
dynamics of new TE insertions in an evolve and resequencing (E&R) experiment using 
large populations of A. thaliana plants experiencing ongoing TE invasions. Last, we pro-
vide a detailed hands-on protocol, including critical steps and quality controls, as well as 
off-the-shelf bioinformatic pipelines to analyze the obtained sequencing results.

Results
TE display sequencing

Classic transposon display assays rely on genomic DNA digestion using restriction 
enzymes followed by ligation of an end-compatible custom adapter, and PCR amplifi-
cation using a primer specific to the target TE sequence and another complementary 
to the adapter [22, 26]. To adapt this assay for high-throughput detection of TE inser-
tions using next generation sequencing (NGS), we replaced enzymatic digestion with 
random fragmentation by sonication, producing fragments of approximately 200–
500 bp (Fig. 1a). Similar to standard NGS library preparations, the fragmented DNA 
is end-repaired and A-tailed to enable the ligation of custom adapters, which are com-
patible with Illumina sequencing. We designed the adapters to avoid amplification by 
adapter primers only, which would otherwise lead to the generation of random whole 
genomic libraries. Specifically, the priming sites on the adapter are not present ab ini-
tio, but generated through a first round of extension from the TE primer, analogous 
to the strategy used in vectorette/splinkerette PCR strategies [27, 28]. Unlike these 
strategies, which utilize hairpins or partially mismatched “bubbled” adapters, the 
present method relies on asymmetric Illumina forked-adapters. These adapters are 
much shorter and readily compatible with NGS libraries, providing advantages com-
pared to vectorette/splinkerette PCR adapters. To block extension from the asymmet-
ric forked-adapter, its short arm includes a 3′ dideoxy nucleotide (Fig.  1b). Even in 
the unlikely situation where an adapter is extended first, producing templates with 
full adapter sequences at both ends, these fragment ends will preferentially anneal 
to form an intramolecular “panhandle” structure, which cannot be amplified further. 
The “suppression PCR” effect occurs because the complementarity of the adapter’s 
primer is shorter than that of the adapter itself, favoring intramolecular pairing. In 
combination, the universal adapter’s design and primer sequences ensure that only 
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bona fide PCR templates containing both the target TE site and adapter sequence are 
generated during the first rounds of extension.

To increase further the sensitivity and specificity of the assay, we included a nested 
PCR step using a TE-specific primer closer to the TE edge together with an adapter’s 
primer (Fig.  1b), respectively containing the P5 and P7 sequences required for clus-
ter recognition on Illumina sequencing machines. The adapter’s primers also include 
sequence barcodes, enabling the multiplexing of up to hundreds of samples in the same 
sequencing run. Critically, to improve sequencing quality due to the low diversity of the 
amplicon library, nested TE-specific primers contain different numbers of spacer nucle-
otides before the P5 adapter. Such straightforward modifications significantly improve 
library diversity and overall sequencing quality (Additional file 1: Fig. S1).

Fig. 1 Transposable display sequencing method. a Schematic representation of the initial steps to 
prepare adapter-containing whole genome libraries. b Schematic representation of specific amplification 
of TE-containing adapted fragments and incorporation of P5 and P7 adapters compatible with Illumina 
sequencing. c Examples of TE insertions detected at different dilution factors. d Sensitivity of TEd-seq to 
detect TE insertions at different dilution factors and in relation to sequencing variable depth. e Number of 
reads supporting each TE insertion present at different dilution factors in relation to variable sequencing 
depth
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To analyze the data generated by this assay, we developed a ready-to-use bioinfor-
matic tool that takes as input the sequenced reads, targeted TE extremity, and reference 
genome sequence to detect TE insertions. Specifically, following demultiplexing, reads 
are processed bioinformatically to eliminate PCR duplicates and select paired-reads con-
taining the target TE sequence end, which is trimmed to retrieved informative insertion 
sites sequences. Alignment of reads on the reference genome and their clustering allows 
the detection of reference and non-reference insertion sites (Fig. 1c).

Highly specific and ultra‑sensitive detection of new TE insertions

To assess the sensitivity and specificity of the transposable element display sequencing 
(TEd-seq) approach to detect non-reference TE insertions, we took advantage of a pop-
ulation of TE accumulation (TEA) lines in A. thaliana that have underwent extensive 
transposition following the epigenetic activation of TEs [12]. The identity and genomic 
location of heritable TE insertions in each of these lines were previously characterized 
using Illumina mate-pair libraries [18, 29] and TE sequence capture [18], providing a 
gold standard data set to test the sensitivity and specificity of TEd-seq. We selected eight 
lines carrying distinct repertoires of non-reference TE insertions of the LTR retrotrans-
poson ATCOPIA93 (also known as Évadé). We extracted genomic DNA (gDNA) from 
each of these TEA lines and serially diluted them in DNA extracted from the reference 
wild-type Col-0 plants, leading to different concentrations of TEA line’s DNAs (from 
1/2 to 1/6400). Pooling together these differentially diluted gDNA thus leads to a mixed 
gDNA with 212 non-reference TE insertions present at different dilutions (Additional 
file 1: Table S1).

The resulting pooled DNA was subjected to TEd-seq using primers specific to the 
mobile ATCOPIA93 copy (AT5TE20395), sequenced to a depth of 400 M pair-end reads, 
and analyzed bioinformatically to detect non-reference TE insertion sites. Compari-
son between the set of non-reference ATCOPIA93 insertions detected by TEd-seq to 
the gold standard set of previously identified insertions [29] showed that 87–100% of 
TE insertions were detected for all the dilutions (Fig.  1c, d). Importantly, the number 
of reads supporting each ATCOPIA93 insertion correlated well with the dilution factor 
(Fig. 1c, e), indicating that the number of supporting reads is a reliable estimator of the 
TE insertion representation.

To evaluate the influence of sequencing depth on the sensitivity of TEd-seq, we sub-
sampled decreasing numbers of row paired-end reads obtained in the TEd-seq experi-
ment and detected non-reference TE insertions. As expected, sensitivity decreased in 
relation to sequencing depth (Fig. 1d). Specifically, 80% of the TE insertions present in 
the 1/6400 dilution were detected with as little as 6 M pair-end reads. On the basis of the 
empirical sensitivity obtained from the serially diluted DNA, we applied a subsampling 
approach to estimate the theoretical limit of detection for TEd-seq (Additional file 1: Fig. 
S2). This analysis indicated that 400 M reads are sufficient to detect TE insertions pre-
sent at dilutions as low as 1/250,000.

Sensitive detection of TE insertions using ONT sequencing

Recent developments in sequencing technologies based on Oxford Nanopore Technolo-
gies (ONT) are revolutionizing the output and speed of genomic analysis. We reasoned 
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that in addition to allowing the sequencing of long DNA fragments, which can facilitate 
the identification of insertion sites within highly repetitive or low complexity regions, 
its portability and real-time generation of sequencing data can significantly reduce the 
time-to-answer. We thus tested the possibility of sequencing a TEd-seq library using 
ONT (Fig. 2b). We optimized the fragmentation and size-selection steps to obtain longer 
DNA fragments, which are more suitable for ONT sequencing.

We performed a TEd-seq library of the retrotransposon ATCOPIA93 using gDNA 
extracted from a single TEA line (TEA500) diluted 1/200 in Col-0 gDNA. As expected, 
the average size of ONT reads is longer than the fragments obtained by short-read 
sequencing (814.27 vs 350 nt, respectively), with some reads reaching more than 3000 
nt (Fig. 2b and c). We next detected non-reference TE insertions using a modified bioin-
formatic pipeline compatible with ONT reads (see Methods). Comparison between the 
set of non-reference ATCOPIA93 insertions detected by TEd-seq to the gold standard 
set of previously identified insertions [29] in this TEA line showed 100% correspond-
ence, demonstrating that combination of TEd-seq with long-read ONT sequencing is 
highly specific. To test the sensitivity of ONT sequencing to detect non-reference TE 
insertions, we generated and sequenced the TEd-seq library containing the mixed pool 
of serially diluted gDNA from the different TEA lines. With as little as 1 M ONT reads, 
we identified more than 70% of insertions present in 1/400 dilution (Fig. 2d). This sensi-
tivity is close to the one obtained by ~ 1 M short-reads, indicating that the major factor 

Fig. 2 Transposable elements display long-read sequencing. a Schematic representation of TEd-seq 
sequencing using ONT. b Fragment size distribution of short-read and ONT-based TEd-seq. c Example of a 
TE insertion detected by short-read and ONT-based TEd-seq. d Sensitivity of ONT-based TEd-seq to detect TE 
insertions at different dilution factors. e Number of reads supporting each TE insertion present at different 
dilution factors for both short-read and ONT-based TEd-seq
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influencing the sensitivity of TEd-seq is the depth of coverage. In combination, these 
results establish that TEd-seq libraries are compatible with ONT sequencing, and that 
the results are comparable to the ones obtained with short-read sequencing. Notably, the 
portability and short hand-off time of ONT sequencing offer a turnaround time of less 
than 24 h from DNA extraction to insertion identification, significantly expediting the 
investigation of TE mobilization in routine experiments.

Simultaneous detection of insertions from multiple TE families using multiplex TEd‑seq

Eukaryotic genomes typically contain several active TE families. To effectively investi-
gate transposition activity, it is desirable to simultaneously detect non-reference inser-
tions for multiple TE families. To explore this possibility, we designed TEd-seq primers 
specific for the CACTA  and MuDR DNA transposons ATENSPM3 and VANDAL21, 
which are highly mobile in the population of TEA lines [29]. Using gDNA from TEA 
line 454 (dilution 1/10) and 500 (dilution 1/200), we generated, for each TEA line, inde-
pendent TEd-seq libraries for ATCOPIA93, VANDAL21, and ATENSPM3, together with 
multiplexed TEd-seq libraries using an equimolar mix of the three TE-specific primers 
during the amplification steps (Fig. 3a). Based on 1 M ONT reads, we detected inser-
tions for the three TE families (Fig.  3b). Remarkably, between 97.77 and 100% of the 
homozygous non-reference insertions previously identified in the TEA lines [29] were 

Fig. 3 Simultaneous detection of insertions for different families by multiplexed transposable element 
display sequencing. a Schematic representation of specific multiplexed amplification of TE-containing 
adapted fragments and incorporation of P5 and P7 adapters compatible with Illumina sequencing. b 
Examples of TE insertions from different TE families detected by multiplex and simplex TEd-seq. c and d 
Precision and sensitivity of multiplex TEd-seq to detect TE insertions present in different TEA lines
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detected in our multiplexed TEd-seq experiments (Fig. 3c, d), providing a global sensi-
tivity of ~ 98% and enabling the possibility to study several TE families simultaneously. In 
addition, out of the 96 non-reference TE insertions detected in the multiplexed librar-
ies, only three appear to be false positives, leading to an overall precision rate of 96.8% 
(Fig. 3c, d). Altogether, these results established multiplex TEd-seq as a remarkably cost-
effective, highly sensitive, and specific method to simultaneously detect non-reference 
insertions of different TE families, enabling the investigation of rich mobilomes.

Multiplex TEd‑seq empowers evolve and resequencing experiments

Although most TE-induced mutations are likely deleterious, empirical and theoretical 
evidence suggest that a continuum of selective effects must exist [30]. However, direct 
estimations of the evolutionary dynamics of new TE insertions remain largely underex-
plored. Whole genome sequencing (WGS) of pools of individuals from experimentally 
evolved populations, such as in common garden competition experiments or experi-
mental evolution setups, has enabled the identification of genomic responses to selec-
tion. The so-called evolve and resequencing (E&R) approaches use short-read WGS to 
identify segregating polymorphisms and characterize their changes in allele frequency 
across generations [31, 32]. Detection of complex DNA sequence variations, such as 
TE insertion polymorphisms, as well as of rare variants remains very challenging using 
WGS, limiting the wide implementation of E&R approaches to investigate the evo-
lutionary dynamics of new TE insertions. The ultra-high sensitivity of TEd-seq com-
bined with its ability to simultaneously detect non-reference TE insertions for multiple 
TE families in a cost-effective manner may therefore empower E&R experiments. As a 
proof-of-concept for the utility of TEd-seq in quantifying the presence and frequency of 
non-reference TE insertions in these experimental experiments, we generated a largely 
isogenic wild-type population of Arabidopsis plants undergoing a burst of transposi-
tion for the endogenous TE families ATCOPIA93, VANDAL21, and ATENSPM3. Spe-
cifically, we crossed wild-type Col-0 plants with distinct TEA lines (TEA 523, 54, and 
393) containing active copies for these three TEs families. F1 plants were selfed to obtain 
thousands of F2 seeds. An equal number of F2 seeds (3500) from each cross, together 
with naïve Col-0 seeds (500), were mixed to obtain a so-called TE invaded population 
(G0) (Fig. 4a). We performed two parallel E&R experiments by growing 2500 plants from 
the TE invaded population in environmental chambers reproducing realistic climates, 
including temperature, humidity, and light intensity and quality (Additional file 1: Fig. 
S3) recorded at an experimental station near Paris (see Methods). All produced seeds 
at the end of the life cycle were collected from each population. This was repeated for 
another generation to obtain G2 offspring.

To assess the ability of TEd-seq to accurately estimate the allele frequency of non-
reference TE insertions, we performed multiplex TEd-seq (ATCOPIA93, VANDAL21, 
and ATENSPM3) on two random samples of 1000 G1 offsprings from population 1. 
In total, we identified 340 and 321 non-reference insertions in each sample, most of 
which belonged to the LTR retrotransposon ATCOPIA93 and were shared between 
samples (Fig. 4b and c). We next estimated the allele frequency of each TE insertion 
by comparing the numbers of reads supporting new (i.e., non-reference) TE insertions 
in relation to that for fixed (i.e., reference) insertions. This analysis revealed that allele 
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frequency estimations were highly consistent between samples (Fig. 4d), demonstrat-
ing that TEd-seq offers reliable quantification of the allele frequency of TE insertions.

Shared insertions among offspring samples should correspond to segregating alleles 
in the G1, and as such they are expected to be present at higher allele frequencies 
than private insertions. To test this expectation, we compared the allele frequency 
of shared and private non-reference TE insertions. As predicted, shared insertions 
were covered by a much higher number of reads than private ones (Additional file 1: 
Fig. S4), and we estimated that segregate at frequencies higher than 0.025, compared 

Fig. 4 Investigation of the evolutionary dynamics of new TE insertions using TEd-seq. a Schematic 
representation of the evolve and resequencing (E&R) experiment developed to study the evolutionary 
dynamics of new TE insertions. Two independent populations (Pop. 1 and Pop. 2) were used to run two 
E&R replicated experiments. b Number of TE insertions identified by multiplex TEd-seq in two independent 
samples of 1000 offspring of G1 Pop. 1 for the three TE families (ATCOPIA93, VANDAL21, and ATENSPM3) 
transposing actively in the experimental population. c Number of private and shared insertions detected in 
the two samples. d Comparison of allele frequencies of all TE insertions estimated in the two populations. 
e Allele frequencies of shared and private TE insertions. Statistically significant differences are indicated 
(MWU test). f Meta-analysis of levels of H2A.Z levels around shared and private ATCOPIA93 insertion sites. 
g Estimated transposition rate across generations in both replicated populations. Three independent 
samples were analyzed in each case. h Allele frequencies change across generations in both populations. 
Insertions showing increase, decrease, or no change allele frequencies were selected by comparison with 
allele frequencies trajectories calculated under random genetic drift. i Comparison of TE insertions detected 
as increase, decrease, or no change among populations. j Fraction of TE insertions identified as recurrent 
increase, decrease, or no change within genic features and intergenic regions. k Circos representation of TE 
insertions identified as recurrent increase, decrease, or no change in chromosome 5 of Arabidopsis. Density of 
annotated genes and TEs are indicated as heatmaps
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to 0.004 for the latter (Fig. 4e). Thus, private insertions represent de novo heritable 
transposition events.

It was previously shown that ATCOPIA93 integrates preferentially within nucleoso-
mal DNA containing the histone variant H2A.Z [29]. Analysis of the integration sites 
of ATCOPIA93 in relation to the presence of H2A.Z confirmed this preference and 
revealed a higher occupancy of H2A.Z at de novo compared to shared TE insertion sites 
(Fig. 4f ). This result are consistent with counterselection of TE insertions within H2A.Z 
containing regions.

Next, we set out to investigate the transgenerational dynamics of active transposi-
tion on the E&R experiment. We performed multiplex TEd-seq on DNA extracted from 
independent samples of 1000 offspring of G0, G1, and G2 generations for both repli-
cated populations (Fig.  4a). In total, we identified 5799 insertions, 48% of which were 
private to individual samples. Using the number of private insertions as a proxy for de 
novo TE mobilization events, we estimated the transposition rate across replicates and 
generations. Estimated transposition rates were very similar between populations and 
generations (Fig. 4g), consistent with lineal, rather than exponential [29], accumulation 
of new TE copies across generations.

To characterize the evolutionary dynamics of segregating TE insertions, we estimated 
the allele frequency across generations of insertions shared among samples. To detect 
insertions potentially subjected to selection, we compared their allele frequencies with 
neutral expectations based on random genetic drift and considering less than 5% of 
outcrossing rate [33]. Segregation dynamics of most (~ 63%) TE insertions were indis-
tinguishable from the expected random genetic drift. Conversely, 19% and 14% of the 
TE insertions show a statistically significant increase or decrease in allele frequencies in 
at least one population, respectively. In addition, 26 (3%) and 33 (3.9%) of these inser-
tions show paralleled allele frequency changes in both populations (Fig. 4i). Such parallel 
changes are unlikely to be produced by chance (hypergeometric test p value < 6.3E − 6 
and 6.9E − 8 for increases and decreases, respectively), suggesting recurrent positive or 
negative selection of these TE insertions across replicated populations. In addition, 493 
TE insertions show no changes in allele frequency across populations, suggesting that 
they correspond to neutral, or nearly neutral, mutations (Fig.  4i). The distribution of 
TE insertions with reproducible increase, decrease, or no changes in allele frequencies 
shows no chromosome-wide bias (Fig. 4k), suggesting that the observed changes in allele 
frequencies are not due to selection on underlying haplotypes (i.e., background selec-
tion), but rather on individual TE insertions. Moreover, TE insertions with recurrent 
decrease in allele frequency show overrepresentation over exonic features compared to 
neutral TE insertion mutations (Fig.  4j), consistent with exonic insertions being more 
likely associated with deleterious effects.

Among the 18 genes with insertions in their gene body or promoter that are increasing 
in population frequency, we identified 14 GO terms. These terms are primarily associ-
ated with transmembrane transporters, suggesting a role for these TE insertions in cell-
environment interaction and transport processes. We identified 56 GO terms associated 
with the 28 genes carrying counterselected TE insertions. These terms are involved in 
various binding activities (e.g., nucleotides and nucleosides), cell wall structure and 
organization, which are essential for maintaining cell integrity and ensuring proper 
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cellular interactions, as well as responses to environmental changes. For instance, we 
found an ATENSPM3 insertion with consistent decrease in allele frequency across popu-
lations within the gene encoding KNUCKLES (KNU), which is involved in an essential 
regulation of flower determinacy [34] (Additional file 1: Fig. S5). In combination, these 
results indicate that the vast majority of new TE insertions are neutral or nearly neutral 
and that as much as 4% of new TE insertions are affected by positive or negative selec-
tion in our E&R experiment.

Discussion
Here, we adapted the classical transposable element display assay to be readily compat-
ible with modern sequencing technologies [26]. Several methods have been developed to 
enrich libraries for TE insertion sequences, employing different adapter ligation strate-
gies. These include tagmentation-based approaches [9, 10], as well as protocols involving 
sonication followed by end-repair, A-tailing, and ligation of modified adapters [8, 11, 22, 
23, 25]. Additionally, some of these methods have been adapted to the use of long-read 
technologies to improve the sensitivity over repetitive regions [14, 35] or to analyze the 
methylation status of non-reference TE copies [36]. When compared to these methods 
(Additional file  2), TEd-seq demonstrates several advantages, including higher sensi-
tivity, compatibility with both short- and long-read sequencing platforms, and precise 
estimation of TE insertion allele frequencies in large-scale populations. Furthermore, we 
have optimized TEd-seq to be able to detect insertions for several TE families simultane-
ously, including the LTR-retrotransposon ATCOPIA93 and the DNA transposons VAN-
DAL21 and ATENSPM3. Such a multiplex TEd-seq approach offers a powerful approach 
to study complex mobilomes, such as the one of the model plant Arabidopsis [37] or 
Drosophila melanogaster [38] with a much lower cost per sample compared to probe-
based TE enrichment methods [18]. Indeed, the estimated per-sample cost is about 12 
EUR, offering a cost-effective approach. Its simplicity and versatility significantly facili-
tate its implementation to study diverse TE families, in Arabidopsis as well as in other 
species [39]. Furthermore, its remarkable sensitivity makes it an ideal approach for map-
ping high-resolution TE insertion landscapes, as recently demonstrated by the investi-
gation of somatic integration preferences for chimeric LTR retrotransposons between 
ATCOPIA93 and Tal1 (transposon of Arabidopsis lyrata 1) [40].

Our results demonstrate that TEd-seq is compatible with both short- as well as long-
read sequencing technologies. Compared to the short-read sequencing, TEd-seq with 
ONT produces reads that range between 0.5 and 3 kbp, potentially unlocking the detec-
tion of non-reference TE insertions within highly repetitive sequences, such as satel-
lite repeats, telomeres, and centromeres. Furthermore, we show that the sensitivity and 
specificity of TE insertion identification is comparable between both sequencing tech-
nologies. Importantly, the portability and little hand-off time of ONT sequencing offers 
a turnaround time from DNA extraction to insertion identification of less than 24  h, 
expediting the investigation of TE mobilization for routine experiments. Its simplicity 
and low upfront cost, combined with the steady deline in ONT sequencing prices, will 
greatly facilitate the study of transposition across genomes.

The combination of ultra-high sensitivity, accuracy, and cost-effectiveness are par-
ticularly suitable for large-scale experiments. As a proof-of-concept, we implemented 
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multiplex TEd-seq to quantify transposition dynamics across generations in populations 
of Arabidopsis plants undergoing a transposition burst. Our results show that the global 
transposition rate is relatively constant across generations. This observation is at odds 
with the notion that once initiated, TE invasion follows a chain reaction as every new 
copy may serve as a source for new transposition events. Unlike previous experimental 
populations, which are akin to mutation accumulation lines, our E&R approach involved 
thousands of individuals growing in a realistic natural environment. Under such circum-
stances, moderately deleterious mutations could be purged by natural selection, poten-
tially limiting runaway accumulation of new TE insertions. Indeed, ~ 4% of segregating 
TE insertions show consistent decrease in allele frequency in replicated populations, 
pointing to significant counter selection. However, given that our proof-of-concept E&R 
has only two generations, estimation of counter selected TE insertions is likely under-
powered. Extending these experiments to additional generations, as well their replica-
tion across distinct environments, would offer more precise estimations of fitness effect 
for new TE insertion mutations.

Conclusions
TEd-seq enables the simultaneous study of heritable transposition for several TEs and 
in a large number of individuals. Implementing TEd-seq on E&R experiments will 
empower the investigation of the evolutionary dynamics of new TE insertions in real 
time. In addition, the ultra-high sensitivity offered by this approach would be valuable to 
investigate somatic TE insertions, which are typically present in only one or few nuclei 
and therefore appear at very low frequencies in sequencing data. We provide a step-by-
step protocol and bioinformatic tool to readily implement TEd-seq for studying transpo-
sition activity across virtually any TE type in any organism.

Methods
Plant material

The A. thaliana reference accession Col-0 and the TEA lines (known as epiRILs) used 
in this work were described before [18, 29]. To test the method’s sensitivity, gDNA from 
different TEA lines were diluted into Col-0 gDNA before preparing the TEd-seq librar-
ies (Additional file 1: Table S1). To generate the TE invaded populations, three TEA lines 
(epiRIL54, epiRIL523, and epiRIL393, referred here as TEA54, TEA523, and TEA393) 
were crossed with Col-0 and an equal number of seeds from independent F2 segregating 
populations were collected and mixed together to generate a founder population. One 
thousand seeds of this mix were sowed and plants were grown for the whole life cycle in 
a growth chamber (Percival) under environmental conditions simulating the climate of 
February 2022 to June 2022 (30′ resolution) nearby Paris (48°16′55.1″N 2°40′25.3″E) 
(Additional file 1: Fig. S3). All seeds were collected and pooled. Samples of 1000 seeds 
were germinated on 1/2MS media and grown under standard conditions. Ten days old 
seedlings were collected in bulk, flash frozen in liquid nitrogen, and stored at − 80  °C 
until use. Plant material was grinded using pestle and mortar and used for DNA extrac-
tion with the CTAB method [41].
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TEd‑seq protocol for short‑reads

Fifty microliters of 20  ng/μl gDNA was sonicated in a Covaris M220 sonicator (peak 
incident power 75 W, duty factor (18.6%), 200 cycles per burst, for 175 s) to obtain frag-
ments of 200–600 bp. Fragmented DNA was subjected to end repair and A-tailing using 
the NEBNext Ultra II End Prep Enzyme Mix (NEB, Ref:E7645) in a total volume of 60 μl, 
followed by ligation using TEd-seq forked-adapters (final concentration of 0.8  μM), 
NEBNext Ultra II Ligation Master Mix, and NEBNext Ligation Enhancer. Adapter-
ligated DNA was size selected using AMPure XP Beads (Beckman Coulter, ref:A63880) 
and used as template for selective amplification of TE containing fragments with NEB-
Next Ultra II Q5 Master Mix PCR and primers TEDseq_outer_for and TE_outer_rev 
(Additional file  1: Table  S2). The following PCR conditions were used: 98  °C for 30  s, 
followed by 98 °C for 10 s, 61 °C for 75 s for 20 cycles with a last cycle of 5′ at 61 °C. 
PCR products were purified and size selected using AMPure XP Beads (0.9X). The DNA 
purified product was subjected to a second round of PCR with nested primers contain-
ing custom Illumina P5 and barcoded P7 adapters (P7_Primer_index#, P5_TE_primer, 
Additional file 1: Table S2). The PCR conditions were 98 °C for 30 s; 6 cycles of 98 °C for 
10 s and 61 °C for 75 s; 10 cycles of 98 °C for 10 s and 72 °C for 75 s; and a final step at 
72 °C for 5 min. Finally, the DNA library was purified and size selected using AMPure 
XP Beads (0.9X) and resuspended in 30  μl of TrisHcl 10  mM. Short-read sequencing 
was performed by BGI Tech Solutions (Hong Kong). Multiplexed TED-seq was con-
ducted using equimolar concentrations of TE_outer_rev specific to each TE family and 
P5_TE_primers (see Additional file 1: Table S2). The dataset of previously validated non-
reference TE in the TEA lines [18] can be found in Additional file 3.

TEd‑seq protocol for long‑reads

Fifty microliters of 20 ng/μl gDNA was sonicated using a Covaris sonicator (50 W, 2% 
duty factor, 200 cycles per burst, 3 min) to obtain 750–1500 bp fragments. Fragmented 
DNA was processed with the TEd-seq protocols described above, adjusting the AMPure 
XP Beads molarity rate (0.7X) to select fragments larger than 700 bp.

One microgram of pooled TEd-seq libraries was subjected to end repair and A-tailing 
using the NEBNext® FFPE DNA Library Prep Kit (NEB:E6650S). Nanopore adapter liga-
tion and library construction was conducted using the Nanopore Ligation Sequencing 
Kit (ONT, SQK-LSK110) following manufacturer’s instructions. Libraries were loaded 
on a R9.4.1 flow cell (ONT) according to the manufacturer’s instructions. A standard 
72-h sequencing was performed on a PromethION 2 Solo (ONT). TEd-seq ONT library 
was also conducted using the Nanopore Ligation Sequencing Kit (ONT, SQK-LSK114) 
and sequenced on a R10.4.1 flow cell (ONT). MinKNOW software (version 23.11.7) was 
used for sequence calling.

TEd‑seq short‑reads bioinformatic pipeline

Short-read libraries were demultiplexed by TE family, and TE sequences were trimmed 
from both ends using cutadapt (V2.6) [42] with options: -e 0.1, -O 25. PCR dupli-
cates were removed using bbmap clumpify (V38.18) with options: -subs = 2, dedupe, 
-Xmx32g. Reads were mapped to the reference genome using bowtie2 (V2.3.5.1) [43] 
with parameters: –local, –very-sensitive. TE insertions were called using a custom 
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pipeline accessible in GitHub. Briefly, read coverage was estimated at each genome posi-
tion; positions with more than 30 reads for ATCOPIA93, 10 reads for ATENSPM3, or 3 
reads for VANDAL21 were considered as possible new insertions. Insertions overlap-
ping reference TEs of the same family and in plastid genomes were excluded from the 
analysis. TE insertions detected in different samples and located less than 500 bp were 
considered to be shared.

TEd‑seq long‑reads bioinformatic pipeline

Raw reads were basecalled using guppy basecaller (V6.4.6 + ae70e8f ) for R9 libraries 
and Dorado (V0.6.0) for R10 libraries. Reads were then trimmed and demultiplexed with 
cutadapt (V2.6) [42] using the barcoded custom P7 sequence and the P5 TE sequence 
with options: -e 0.2, -O 25. Reads containing multiple adapters were discarded. Trimmed 
and demultiplexed reads were mapped to the reference genome using minimap2 (V2.17-
r941) [44]. TE insertions were called using a custom pipeline accessible in GitHub.

Allele frequency and transposition rate estimations

Three independent samples of 1000 seeds from each population and from generations 
1 and 2 were grown for 10  days in 1/2MS medium. DNA was then extracted in bulk 
from all the seedlings of each sample. These three independent samples served as bio-
logical replicates to estimate allele frequency. For generation 0, due to a limited number 
of seeds, only 1000 seeds were sown. Multiplexed short-read TEd-seq was performed 
on each individual sample as described above. For generation 0, we created two inde-
pendent short-read TEd-seq libraries from the same DNA extraction and treated them 
as technical replicates.

To estimate allele frequencies for shared and non-shared TE insertions, the number 
of reads whose pairs (second-in-pair) map at each insertion site were counted per sam-
ple and normalized by the average number of second-in-pair reads across reference TE 
insertions. For ATCOPIA93, we included four reference copies (genomic coordinates: 
Chr1:12,755,096–12760399, Chr3:8,674,540–8675098, Chr3:10,181,732–10182633, and 
Chr5:5,629,978–5,635,310). In the case of ATENSPM3 and VANDAL21, we used three 
and one reference TE copies, respectively (genomic coordinates: Chr1:12,942,825–
12,947,010, Chr2:4,385,856–4,394,311, and Chr2:4,900,803–4909281 for ATENSPM3 
and Chr2:10,001,255–10001765 for VANDAL21). All putative insertions detected in a 
5-kbp window from the reference insertion sides and insertions with average allele fre-
quencies lower than 2‰ in G0 and G1 were discarded. Using the observed allele fre-
quencies from generation 0 (p), the expected frequencies were estimated assuming a 
mixing mating system with a selfing rate (s) of 0.95. Changes in allele frequency due to 
genetic drift were identified by comparing predicted to observed frequencies in each 
generation using a Z-test. Insertions with an adjusted p value lower than 0.05, following 
the same trend across generations (increasing from G0 to G1 and G1 to G2, or decreas-
ing in the same manner), were categorized as changing in frequency. All shared trans-
posable element insertions identified in the E&R experiment, along with their allele 
frequency estimates for each sample, are provided in Additional file 4.

To estimate the transposition rate, the reads for each TE family from the E&R were 
demultiplexed and downsampled to the same number of reads using Seqtk subseq 
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(V1.3-r106). TED-seq germline short-reads pipeline was then run. Windows of 1000 bp 
were opened from each TE insertion position, and each insertion was categorized as 
private or shared based on whether it was detected in a single sample or across mul-
tiple samples, respectively. Private insertions from each sample were considered for 
estimating the transposition rate. The pipeline used to estimate allele frequencies and 
to estimate transposition rates is accessible in GitHub https:// github. com/ LeanQ/ TEd- 
seq- EandR- analy ses.
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