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Abstract

Background: Sequencing technology and assembly algorithms have matured to the point that high-quality de novo
assembly is possible for large, repetitive genomes. Current assemblies traverse transposable elements (TEs) and provide
an opportunity for comprehensive annotation of TEs. Numerous methods exist for annotation of each class of TEs, but
their relative performances have not been systematically compared. Moreover, a comprehensive pipeline is needed to
produce a non-redundant library of TEs for species lacking this resource to generate whole-genome TE annotations.

Results: We benchmark existing programs based on a carefully curated library of rice TEs. We evaluate the performance
of methods annotating long terminal repeat (LTR) retrotransposons, terminal inverted repeat (TIR) transposons, short TIR
transposons known as miniature inverted transposable elements (MITEs), and Helitrons. Performance metrics include
sensitivity, specificity, accuracy, precision, FDR, and F1. Using the most robust programs, we create a comprehensive
pipeline called Extensive de-novo TE Annotator (EDTA) that produces a filtered non-redundant TE library for annotation of
structurally intact and fragmented elements. EDTA also deconvolutes nested TE insertions frequently found in highly
repetitive genomic regions. Using other model species with curated TE libraries (maize and Drosophila), EDTA is shown to
be robust across both plant and animal species.

Conclusions: The benchmarking results and pipeline developed here will greatly facilitate TE annotation in eukaryotic
genomes. These annotations will promote a much more in-depth understanding of the diversity and evolution of TEs at
both intra- and inter-species levels. EDTA is open-source and freely available: https://github.com/oushujun/EDTA.

Keywords: Transposable element, Annotation, Genome, Benchmarking, Pipeline

Background
Transposable elements (TEs) are repetitive, mobile
sequences found in most eukaryotic genomes analyzed
to date. Originally discovered by Barbara McClintock in
maize (Zea mays) [1], TEs are now known to comprise
the majority of genetic material in many eukaryotic
genomes. For example, TEs make up nearly half of the

human (Homo sapiens) genome [2] and approximately
85% of the genomes of wheat (Triticum aestivum) and
maize [3, 4]. The functional and evolutionary signifi-
cance of TEs has also become increasingly clear. Stow-
away and PIF/Harbinger transposons in rice (Oryza
sativa), for instance, are associated with subspecies-
specific hotspots of recombination [5], and specific TE
insertions have been associated with plant architecture
[6] and flowering time [7] in maize, generating pheno-
typic variation important during domestication and tem-
perate adaptation.
Despite their prevalence and significance, TEs have

remained poorly annotated and studied in all but a few
model systems. Transposable elements create a
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particularly challenging genome assembly problem due
to both their high copy number and the complex nesting
structures produced by new TE insertions into existing
TE sequences. While the low-copy, genic fraction of ge-
nomes has assembled well, even with short-read sequen-
cing technology, assemblies of TEs and other repeats
have remained incomplete and highly fragmented until
quite recently.
Long-read sequencing (e.g., PacBio and Oxford Nano-

pore) and assembly scaffolding (e.g., Hi-C and BioNano)
techniques have progressed rapidly within the last few
years. These innovations have been critical for high-
quality assembly of the repetitive fraction of genomes. In
fact, Ou et al. [8] demonstrated that the assembly contigu-
ity of repetitive sequences in recent long-read assemblies
is even better than traditional BAC-based reference
genomes. With these developments, inexpensive and
high-quality assembly of an entire genome is now possible.
Knowing where features (i.e., genes and TEs) exist in a
genome assembly is important information for using these
assemblies for biological findings. However, unlike the
relatively straightforward and comprehensive pipelines
established for gene annotation [9–11], current methods
for TE annotation can be piecemeal, can be inaccurate,
and are highly specific to classes of transposable elements.
Transposable elements fall into two major classes. Class

I elements, also known as retrotransposons, use RNA in-
termediates in their “copy and paste” mechanism of trans-
position [12]. Class I elements can be further divided into
long terminal repeat (LTR) retrotransposons, as well as
those that lack LTRs (non-LTRs), which include long in-
terspersed nuclear elements (LINEs) and short inter-
spersed nuclear elements (SINEs). Structural features of
these elements can facilitate automated de novo annota-
tion in a genome assembly. For example, LTR elements
have a 5-bp target site duplication (TSD), while non-LTRs
have either variable length TSDs or lack TSDs entirely, be-
ing instead associated with deletion of flanking sequences
upon insertion [13]. There are also standard terminal se-
quences associated with LTR elements (i.e., 5′-TG…C/G/
TA-3′ for LTR-Copia and 5′-TG…CA-3′ for LTR-Gypsy
elements), and non-LTRs often have a terminal poly-A tail
at the 3′ end of the element (see [14] for a complete de-
scription of structural features of each superfamily).
The second major class of TEs, Class II elements, also

known as DNA transposons, use DNA intermediates in
their “cut and paste” mechanism of transposition [15]. As
with Class I elements, DNA transposons have superfamily-
specific structural features that can be used to facilitate an
automated identification process [16]. For example, hAT el-
ements typically have an 8-bp TSD, 12–28-bp terminal
inverted repeat sequence (TIRs) and contain 5′-C/TA…
TA/G-3′ terminal sequences. Each Class II superfamily has
different structural features that need to be considered

when TE annotation programs are being developed and de-
ployed [16, 17]. Helitrons are a unique subclass of Class II
elements that replicate through a rolling-circle mechanism
and, as such, do not generate a TSD sequence and do not
have TIRs, but do have a signature 5′-TC…CTRR-3′ ter-
minal sequence and frequently a short GC-rich stem-loop
structure near the 3′ end of the element [16, 18, 19].
High-quality TE annotations have been generated for

several model species through extensive community efforts
and manual curation (e.g., human [2], Drosophila melano-
gaster [20], Arabidopsis thaliana [21], rice [22, 23], and
maize [4]). However, with numerous reference genome as-
semblies being generated both within and across species,
large-scale manual curation is no longer feasible, and auto-
mated annotation of TEs is required. Dozens of programs
have been developed for this purpose, and these generally
fall into one of three categories [24, 25]. First, general
repeat finders identify high copy number sequences in a
genome [26–28]. These programs can have high sensitivity
for identifying repetitive sequences, but have limited ability
to classify them into specific TE superfamilies and can mis-
identify non-TE features (e.g., high copy number genes).
Second, the sequence homology approach [29–32] is quick
and takes advantage of prior knowledge (i.e., databases),
but is limited by the depth and accuracy of this knowledge
and variability across TE sequences. The final approach
takes advantage of the structural makeup of classes and
superfamilies of TEs for de novo structural annotation [24,
25]. This approach is advantageous in that it is codable
and does not rely on repeat databases, therefore being ideal
for newly assembled species. However, the approach is lim-
ited by the knowledge of the sequence structure of TEs
and is often characterized by a high false discovery rate.
While numerous and, in some cases, redundant TE iden-

tification methods exist, their performance has not been
comprehensively benchmarked, despite recognition that
this would be an important exercise [33]. Here, we have
gathered a broad set of existing TE annotation software
and, using several metrics, have compared each program’s
performance to a highly curated TE reference library in rice
[34]. Based on our benchmarking results, we propose a
comprehensive pipeline for the generation of de novo TE li-
braries that can then be used for genome annotation. Exist-
ing curated TE libraries can also be integrated into this
pipeline to create an expanded library with new TE
exemplars.

Results
In eukaryotic genomes, transposable elements (TEs) are
present as both structurally intact and fragmented
sequences. Development of a species-specific TE library is
an essential step in the annotation process, which begins
with structural identification of major TE classes and can
be followed by manual curation. Representative sequences
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in the library are then used to detect fragmented and mu-
tated TE sequences that are not recognizable using struc-
tural features. Importantly, if there are errors in the
annotation library, these will be propagated during the
whole-genome annotation process. We have benchmarked
commonly used programs for metrics including sensitiv-
ity, specificity, accuracy, and precision (Fig. 1). To evaluate
each program, we used a high-quality, manually curated
library developed for the model species Oryza sativa
(rice), which has a long history of TE discovery and an-
notation [23, 35–43]. The optimal set of programs de-
termined by this benchmarking have been combined
into a comprehensive pipeline called the Extensive de-
novo TE Annotator (EDTA) [34]. Additionally, the ro-
bustness of this pipeline was validated across maize and
Drosophila for which high-quality, manually curated
TE libraries were available [34].

Setting up a reference annotation for benchmarking
The reference annotation library for rice was created
through substantial manual curation of repeat families ob-
tained from an all-versus-all BLAST search of the rice
genome (details in the “Methods” section). This curated li-
brary was then used to annotate the rice genome for both
structurally intact and fragmented TE sequences, which
comprised 23.98% and 22.66% of the rice genome, respect-
ively (46.64% in total; Table 1). Since half of all TEs in the
rice genome are fragmented, structural annotation alone
would miss a substantial portion of TE sequences. Thus, a

homology-based approach that uses a TE library is neces-
sary to obtain a complete annotation. In this study, the
whole-genome TE annotation based on the curated library
was used as the ground-truth annotation for benchmark-
ing of TE annotation programs.
TEs in this curated library are broken down into a num-

ber of non-overlapping categories, including LTR (referring
to LTR retrotransposons), non-LTR (including SINEs and
LINEs), TIR (referring to DNA transposons with TIRs, in-
cluding MITEs), Helitron, and non-TE repeat sequence.
LTR retrotransposons contribute the largest component,
23.54% of the total genomic DNA (Table 1). Non-LTR ret-
rotransposons including SINEs and LINEs contribute the
smallest proportion of total sequence (7.6Mb or ~ 2% of
the genome; Table 1). DNA transposons contribute ~ 21%
(17.49% TIR elements and 3.57% Helitrons; Table 1).
To test various programs, the genome was partitioned

into target and non-target sequences (Fig. 1a). For ex-
ample, when testing the performance of an LTR annota-
tion program, predicted LTR sequences matching our
curated library were labeled “target” and all other
sequences were labeled “non-target.” Each program’s
annotation was then compared to that from our curated
library, with sequences included in our target subset
counted as true positives (TP), sequences in our non-
target subset categorized as false positives (FP), missed
targets counted as false negatives (FN), and the remain-
der of the genome (not TP, FP, nor FN) labeled as true
negative (TN; Fig. 1a).

Fig. 1 Schematic representation of benchmarking metrics. a Definition of TP, true positive; FP, false positive; FN, false negative; and TN, true
negative. b Definition of sensitivity, specificity, accuracy, precision, F1 measure, and false discovery rate (FDR). Each metric is calculated based on
genomic sequence length in bp
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We then used six metrics (sensitivity, specificity, accur-
acy, precision, FDR, and F1) to characterize the annotation
performance of the test library created by various pro-
grams (Fig. 1b). These metrics were calculated based on
the total number of genomic DNA bases, because misan-
notations occurring in the test library will be amplified in
the whole-genome annotation process. Sensitivity denotes
how well the test library can correctly annotate target TE
sequences. Specificity describes how well the test library
can correctly exclude non-target sequences. Accuracy de-
notes the true rate in discriminating target and non-target
sequences. Precision is the true discovery rate, while FDR
is the false discovery rate. Finally, the F1 measure is the
harmonic mean of precision and sensitivity; F1 is similar
to accuracy, but is useful because it does not require an
estimate of TN, which can be difficult to quantify. While
we can estimate TNs with the use of the curated annota-
tion, we still include the F1 measure in our study to allow
for comparison to previous work.
We exhaustively searched the literature for open-source

programs and databases that have been developed for gen-
eral repeat annotations as well as structural annotation
programs for LTR elements, SINEs, LINEs, TIR elements,
and Helitrons. We applied educated parameters based on
knowledge of transposon structures to run these programs
(see the “Methods” section and Additional file 1). We also
applied filters on initial program predictions to remove
low-quality candidates and potentially false predictions
such as short sequences and tandem-repeat-containing se-
quences (Additional file 1). For each program, a non-
redundant test library was created from filtered TE candi-
dates, which was then used to annotate the rice genome.
The annotation from each program for each category of
TEs was compared with those from the curated library for
calculation of benchmarking metrics.

Comparison of general repeat annotators
We benchmarked five general repeat annotators, including
RECON [44], RepeatScout [26], RepeatModeler [28], Red
[27], and Generic Repeat Finder (GRF) [45], as well as a
repeat database Repbase [30], which is widely used as the
default library in RepeatMasker [29]. For these TE annota-
tion approaches, only RepeatModeler and Repbase provide

classification of TE annotations. Among these methods,
we found that Repbase employing the rice TE database
had very high performance in both TE identification and
classification (Fig. 2), which is a product of continuous im-
provement and curation of rice TEs by the community.
However, if we exclude rice-related TEs in Repbase and
treat rice as a newly sequenced species (Repbase_norice in
Fig. 2), the annotation (Fig. 2a) and classification (Fig. 2b)
sensitivity both drop from ~ 94 to ~ 29%, despite ex-
tremely high specificity (~ 99%) and low FDR (~ 5%; Add-
itional file 2: Table S1A). This result was consistent for
each of the TE classes (Fig. 3a—LTR elements; Fig. 3c—
non-LTR elements; Fig. 4a—TIR elements; Fig. 4d—Heli-
tron), though the drop in sensitivity was substantially
greater for Helitrons (dropped from 78 to 3%) than for
other elements. For TE classifications, RepeatModeler per-
formed similarly to Repbase without rice sequences
(Fig. 2b), and both can, therefore, be used as high-quality
supplements to other specialized TE annotators. GRF is
the most recently developed general repeat finder. It had
the lowest sensitivity (75%; Fig. 2a; Additional file 2: Table
S1A), which is likely due to its inability to introduce gaps
during the multiple sequence alignment process [45].
Overall, the general repeat finders we tested have consist-

ently high performance in identifying repetitive sequences
in the rice genome, with the exception of Repbase without
rice sequences (Fig. 2a). What really differentiates these
programs is their ease in processing raw results. All are
open source and easy to install except Repbase (Add-
itional file 2: Table S2), which requires an institutional sub-
scription for access. Red runs on a single CPU and took the
shortest time for execution (~ 33min); however, Red pro-
duced the largest raw result file, which is highly redundant
(35Mb after clustering; Additional file 2: Table S2). Repeat-
Modeler and RepeatScout produced very compact outputs
(< 4Mb). The RepeatScout program runs more efficiently
but provides no classification of repeat sequences (Add-
itional file 2: Table S2). The RECON and RepeatScout
packages are not actively maintained, but have been incor-
porated into the RepeatModeler package. In summary,
RepeatModeler has the highest performance among the
general repeat annotators based on our evaluation metrics
(Fig. 2) and is open source, able to produce a compact

Table 1 TE content in the rice (Oryza sativa ssp. japonica cv. “Nipponbare” v. MSU7) genome

Class Std6.9.5* Complete** (%) Fragmented** (%) Total** (%)

LTR Class I 88.1 Mb 14.44 9.11 23.54

Non-LTR Class I 7.6 Mb 0.51 1.52 2.03

TIR Class II 65.5 Mb 7.93 9.56 17.49

Helitron Class II 13.4 Mb 1.10 2.47 3.57

Total – 174.6 Mb 23.98 22.66 46.64

*Annotation based on the curated library (v6.9.5)
**Percent of genome estimated based on a genome size of 374.3 Mb
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output, and able to classify TE families to some degree. Still,
further classification or use of more specialized software
based on the specific structures of each superfamily of TEs
is necessary to achieve more accurate annotations.

Comparison of LTR annotators
LTR retrotransposons have received the most attention in
TE annotation software development due to their abun-
dance in eukaryotic genomes. In addition to the two gen-
eral repeat identification methods with classification
(RepeatModeler and Repbase), we found seven structure-
based methods that are specifically designed for de novo
LTR identification. Chronologically in order of develop-
ment, they are LTR_STRUC [46], LTR_FINDER [47],
LTRharvest [48], MGEScan3 [49], LTR_retriever [40],
LtrDetector [50], and GRF [45]. In a previous study [40],
we developed LTR_retriever and compared its perform-
ance to LTR_STRUC, LTR_FINDER, LTRharvest, and
MGEScan_LTR [51]. Here, we update the comparison
with the recently developed MGEScan3, LtrDetector, and
GRF. Meanwhile, the LTR_retriever package has been up-
dated from v1.6 to v2.7 since its initial publication.
The six structure-based methods that we tested all had

very high sensitivity (> 96%) but also high FDR (28–55%);
specificity, accuracy, and F1 measures were also somewhat
suboptimal (Fig. 3a). Among these six methods, LTR_
FINDER demonstrated the best balance of performance
across metrics followed by MGEScan3 (Fig. 3a). However,
it runs slowly partly because it is single-threaded. For fas-
ter execution of LTR_FINDER, we developed LTR_
FINDER_parallel that splits chromosome sequences into

shorter segments and executes LTR_FINDER in parallel
[52]. We used LTR_FINDER_parallel for all related ana-
lyses in this study.
LTR_retriever does not have its own search engine;

rather, it was designed as a stringent filtering method for
raw results of other LTR programs. LTR_retriever can
process results of all six aforementioned LTR methods or
any combination of them. We used LTR_retriever in
conjunction with each of the six programs and with all six
programs together to benchmark its performance. Our re-
sults show that LTR_retriever has consistently high speci-
ficity (94.8% ± 3%), accuracy (92.2% ± 3%), precision
(84.9% ± 7%), and F1 measure (82.4% ± 10%) and relatively
low FDR (15.1% ± 7%) (Fig. 3b; Additional file 2: Table
S1B). The sensitivity of LTR_retriever is also high (� 93%),
except when used in combination with LTR_STRUC and
LtrDetector (Fig. 3b; Additional file 2: Table S1B). This is
due to the imprecisely defined sequence boundaries of
LTR candidates of these two methods, preventing LTR_
retriever from finding microstructures like TSD and
terminal motifs [40], yielding a high false negative rate.
Overall, LTR_retriever represents the best compromise

between sensitivity and specificity. LTR_retriever also
generated the most compact LTR library in comparison
to the other programs (Additional file 2: Table S2),
allowing efficient and precise whole-genome LTR anno-
tations. It is not necessary to run all six structure-based
programs along with LTR_retriever. Instead, the com-
bination of LTR_FINDER and LTRharvest with LTR_re-
triever achieved the best performance and the shortest
processing time as previously demonstrated [40].

Fig. 2 Annotation performance of general repeat annotators compared to the rice curated annotation. a Annotation and b classification
performance of various methods. Sens, sensitivity; Spec, specificity; Accu, accuracy; Prec, precision; FDR, false discovery rate; F1, F1 measure
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Comparison of non-LTR annotators
Non-LTR retrotransposons include LINEs and SINEs that
propagate via reverse transcription of RNA intermediates
[16]. Identification of non-LTR retrotransposons is very
challenging due to the lack of a terminal repeat structure
and also their sequences often degenerate quickly [32]. In
addition to the general repeat annotators described above,
we also benchmarked a dedicated database for SINEs
(SINEBase) and three structure-based methods.
SINEBase [32] is a species-agnostic database that per-

formed poorly in terms of sensitivity, similar to the non-rice
Repbase library (Fig. 3d). The specialized structure-based
annotation methods, including MGEScan3, SINE-Finder,

and SINE_Scan also exhibited suboptimal sensitivity (< 60%)
and very high FDRs (51–95%) (Fig. 3; Additional file 2:
Table S1C). SINE_Scan is a successor of SINE-Finder, which
aims to detect all known types of SINEs with higher accur-
acy [53]. Based on our results, SINE_Scan did have a much
lower FDR compared to SINE-Finder; however, its sensitiv-
ity was also much lower (Fig. 3d).
The possibility remains that SINEs are under-annotated

in the curated library, which may contribute to the high
FDR values that were observed across programs. To test
the validity of these SINE candidates, we followed the
instructions in the SINE_Scan package and manually
inspected terminal alignments of all candidate SINE

Fig. 3 Annotation performance of retrotransposon-related programs as compared to the rice curated annotation. a Various methods to identify
LTR retrotransposons. GRF-LTR_FINDER combines the terminal direct repeat search engine in GRF and the filtering engine in a modified version
of LTR_FINDER for detection of LTR retrotransposons. The LTR_FINDER result was generated by the parallel version. b LTR_retriever-specific results,
which were generated using LTR_retriever to process results from other programs specified in each of the names in the figure. c Non-LTR
retrotransposon annotation methods. d Short interspersed nuclear element (SINE) annotation methods. Sens, sensitivity; Spec, specificity; Accu,
accuracy; Prec, precision; FDR, false discovery rate; F1, F1 measure
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