
Our knowledge of the structure and com-
position of genomes has progressed in pace 
with their sequencing. As was expected 
early on1, TEs have been found in virtually 
all eukaryotic species investigated so far2–4. 
The only known exceptions are Plasmodium 
falciparum and probably several closely 
related species. The TEs affect the genome 
by their ability to move and replicate, 
thereby generating plasticity. Although 
the main TE groups are ancient and are 
present in all kingdoms, TEs display extreme 
diversity: there are thousands or even tens 
of thousands of different TE families in 
plants5–8, constituting 80% or more of the 
total genomic DNA. Although they are less 
abundant than those in plants, TEs in fungi 
and metazoans also represent a substantial 
part of their genomes (3–20% in fungi and 
3–45% in metazoans), and include members 
of most superfamilies9,10.

More and more large and complex 
eukaryotic genomes are being selected for 
sequencing, and they too are expected to 
be rich in TEs. Given the abundance and 
diversity of TEs, these genomes will present 
an enormous TE identification and annota-
tion problem. Hence, there is an increasing 

demand for tools to handle these rapidly 
emerging sequences effectively. This requires 
straightforward and efficient nomenclature 
keys and classification strategies that can 
help non-specialists to easily annotate TEs.

The sequencing of the genomes of 
multiple related species will facilitate com-
parative studies and provide insights into 
genome evolution. However, comparisons 
will be compromised unless TE annotation 
is consistent. Until now, TE analysis and 
classification have generally been carried 
out on a species-by-species basis, and com-
parative studies of TEs between taxa have 
been rare. Thus, no unified system has been 
applied across species and, therefore, across 
kingdoms. Accordingly, TE databases are 
generally restricted to individual or closely 
related species and tend to lack systematic 
structure.

Here we propose a common TE classifica-
tion system that can be easily handled by 
non-specialists during annotation. It provides 
a consensus between the various conflicting 
classification and naming systems that are 
currently in use. A key component of this 
system is a naming convention: a three-letter 
code with each letter respectively denoting 

class, order and superfamily; the family (or 
subfamily) name; the sequence (database 
accession) on which the element was found; 
and the ‘running number’, which defines the 
individual insertion in the accession. The 
unified system is also intended to facilitate 
comparative and evolutionary studies on TEs 
from different species.

Outline of the classification system
In 1989, Finnegan proposed the first TE clas-
sification system, which distinguished two 
classes by their transposition intermediate: 
RNA (class I or retrotransposons) or DNA 
(class II or DNA transposons). The trans-
position mechanism of class I is commonly 
called ‘copy-and-paste’, and that of class II, 
‘cut-and-paste’11. The discovery of bacterial12 
and eukaryotic13,14 TEs that copy and paste 
but without RNA intermediates, and of 
highly reduced non-autonomous TEs called 
miniature inverted repeat transposable ele-
ments (MITEs), has challenged the two-class 
system. These findings led to schemes that 
either invoke a third class or jettison the 
two-class system in favour of enzymological 
categories15.

Our hierarchical TE classification system 
(FIG. 1) reconciles both approaches, maintain-
ing two classes while applying mechanistic 
and enzymatic criteria. It includes (in hier-
archical order) the levels of class, subclass, 
order, superfamily, family and subfamily. 
These terms were chosen to mirror those 
used in organismal phylogenetics and to 
recognize the fact that some terms (such 
as superfamily) are already in widespread 
use for TE groups. The highest level (class) 
divides TEs by the presence or absence of an 
RNA transposition intermediate, as before11. 
Subclass, previously used to separate long 
terminal repeat (LTR) from non-LTR (long 
and short interspersed nuclear element 
(LINE and SINE)) class I TEs, here is used 
to distinguish elements that copy themselves 
for insertion from those that leave the donor 
site to reintegrate elsewhere. It concomi-
tantly reflects the number of DNA strands 
that are cut at the TE donor site. A new 
taxon — order — marks major differences in 
the insertion mechanism and, consequently, 
overall organization and enzymology, 
thereby replacing subclass for type I TEs.
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C-INT, C-integrase CYP, Cysteine protease EN, EndonucleaseAP, Aspartic proteinase APE, Apurinic endonuclease ATP, Packaging ATPase

RT, Reverse transcriptasePOL B, DNA polymerase B RH, RNase H RPA, Replication protein A (found only in plants)
Tase, Transposase (* with DDE motif) YR, Tyrosine recombinase Y2, YR with YY motif

INT, Integrase ORF, Open reading frame of unknown functionENV, Envelope protein GAG, Capsid protein HEL, Helicase

Classification Structure TSD Code Occurrence

Order Superfamily

Class I (retrotransposons)

LTR Copia 4–6 RLC P, M, F, O

Gypsy 4–6 RLG P, M, F, O

Bel–Pao 4–6 RLB M

Retrovirus 4–6 RLR M

ERV 4–6 RLE M

DIRS DIRS 0 RYD P, M, F, O

Ngaro 0 RYN M, F

VIPER 0 RYV O

PLE Penelope Variable RPP P, M, F, O

LINE R2 Variable RIR M

RTE Variable RIT M

Jockey Variable RIJ M

L1 Variable RIL P, M, F, O

I Variable RII P, M, F

SINE tRNA Variable RST P, M, F

7SL Variable RSL P, M, F

5S Variable RSS M, O

Class II (DNA transposons) - Subclass 1

TIR Tc1–Mariner TA DTT P, M, F, O

hAT 8 DTA P, M, F, O

Mutator 9–11 DTM P, M, F, O

Merlin 8–9 DTE M, O

Transib 5 DTR M, F

P 8 DTP P, M

PiggyBac TTAA DTB M, O

PIF– Harbinger 3 DTH P, M, F, O

CACTA 2–3 DTC P, M, F

Crypton Crypton 0 DYC F

Class II (DNA transposons) - Subclass 2

Helitron Helitron 0 DHH P, M, F

Maverick Maverick 6 DMM M, F, O
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Figure 1 | Proposed classification system for transposable elements 
(TEs). The classification is hierarchical and divides TEs into two main 
classes on the basis of the presence or absence of RNA as a transposition 
intermediate. They are further subdivided into subclasses, orders and 
superfamilies. The size of the target site duplication (TSD), which is 
characteristic for most superfamilies, can be used as a diagnostic  

feature. To facilitate identification, we propose a three-letter code that 
describes all major groups and that is added to the family name of each 
TE. DIRS, Dictyostelium intermediate repeat sequence; LINE, long inter-
spersed nuclear element; LTR, long terminal repeat; PLE, Penelope-like 
elements; SINE, short interspersed nuclear element; TIR, terminal 
inverted repeat.
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Superfamilies within an order share a 
replication strategy, but are distinguished 
by uniform and widespread large-scale 
features, such as the structure of protein 
or non‑coding domains. Furthermore, 
superfamilies differ in the presence and size 
of the target site duplication (TSD), a short 
direct repeat that is generated on both flanks 
of a TE upon insertion. There is virtually no 
sequence conservation at the DNA level and 
only limited similarities at the protein level 
between superfamilies.

Superfamilies are subdivided into fami-
lies, which are defined by DNA sequence 
conservation. Similarity at the protein level 
is generally high between different families 
that belong to the same superfamily; DNA 
sequence conservation, however, is minimal 
and restricted to highly conserved parts 
of coding regions. Although TEs can be 
classified into relatively few orders and 
superfamilies, a single large genome can 
contain hundreds or thousands of diverse TE 
families. Subfamilies are defined on the basis 
of phylogenetic data, and might in specific 
cases serve to distinguish internally homo-
geneous autonomous and non-autonomous 
populations (see below).

The lowest taxon, insertion, describes one 
particular individual copy, corresponding to 
a specific transposition and insertion event, 
and is of particular relevance to genome 
annotation. At all levels above insertion, an 
element can be temporarily assigned the 
appellation ‘unknown’ as its classification. 
For example, a novel TE could be identified 
as an LTR retrotransposon on the basis of 
the presence of characteristic LTRs, but the 
classification into one of the superfamilies 
(for example, Gypsy or Copia) may not 
be possible owing to the lack of a coding 
sequence. In this way, the complex task of 
classification is left to specialists, and is not 
required of annotators. For consistency of 
style, we propose that designations at all 
taxonomic levels below order should be 
written in italics.

Class I elements
Class I TEs all transpose via an RNA 
intermediate. This class needs no subclasses 
— no members cleave or transfer DNA 
strands at the donor site. Instead, the RNA 
intermediate is transcribed from a genomic 
copy, then reverse-transcribed into DNA by 
a TE‑encoded reverse transcriptase (RT). 
Each complete replication cycle produces 
one new copy. Consequently, retrotrans-
posons are often the major contributors to 
the repetitive fraction in large genomes16–19. 
Retrotransposons can be divided into five 

orders (FIG. 1) on the basis of their mechanis-
tic features, organization and reverse tran-
scriptase phylogeny: LTR retrotransposons, 
DIRS-like elements, Penelope-like elements 
(PLEs), LINEs and SINEs.

The LTR retrotransposons are less abun-
dant in animals, but are the predominant 
order in plants. They range from a few 
hundred base pairs up to, exceptionally, 
25 kb (Ogre20). LTRs flanking the elements 
range from a few hundred base pairs to 
more than 5 kb, and start with 5′-TG‑3′ and 
end with 5′-CA‑3′. Upon integration, LTR 
retrotransposons produce a TSD of 4–6 bp. 
They typically contain ORFs for GAG, a 
structural protein for virus-like particles, 
and for POL. Pol encodes an aspartic 
proteinase (AP), reverse transcriptase, 
RNase H (RH), and DDE integrase (INT). 
Occasionally, there is an additional ORF of 
unknown function20. LTR retrotransposons 
also contain specific signals for packaging, 
dimerization, reverse transcription and 
integration (see below). The two main 
superfamilies outside metazoans, Gypsy 
and Copia, differ in the order of RT and 
INT in the POL (FIG. 1). All superfamilies in 
the order LTR use a similar transposition 
mechanism.

Many LTR retrotransposon families 
are not restricted to any one species, at 
least in grasses. Those with large genomes, 
such as maize, wheat or barley can contain 
thousands of families. However, despite 
their enormous diversity, relatively few 
families comprise the bulk of the repetitive 
fraction in those large genomes. Examples of 
such families are Angela in wheat21, BARE1 
in barley22, Opie in maize23 and Retrosor6 in 
sorghum24. Numerous families of LTR retro-
elements are present in humans, but most of 
them are no longer active25 and are present 
in only moderate numbers.

Evolutionarily, retroviruses and LTR 
retrotransposons are closely related. 
Retroviruses might have evolved from 
Gypsy LTR retrotransposons that adopted 
a viral lifestyle through acquisition of an 
envelope protein (ENV) and a set of addi-
tional proteins and regulatory sequences26,27. 
Retroviruses are largely restricted to 
vertebrates, although some members of 
the Drosophila melanogaster Gypsy family 
are able to infect new individuals28. The 
retroviruses can therefore be placed within 
our classification scheme, although they 
have long been classified as viruses29 and 
differ in key aspects from retroelements. 
For example, their evolution is influenced 
by epidemiology rather than organismal 
phylogeny.

A retrovirus can also be transformed 
into an LTR retrotransposon through 
inactivation or deletion of the domains that 
enable extracellular mobility30. No longer 
infectious, they rely on vertical transmission 
through the germ line for propagation. Thus, 
we have placed these so-called endogenous 
retroviruses (ERVs)31 into our system as 
a superfamily within the LTR subclass. 
Although their pol ORF is similar to that of 
Gypsy TEs, their gag ORF encodes both cap-
sid and matrix functions (Gypsy gag encodes 
only the matrix). Moreover, they still possess 
an ENV that harbours both surface and 
transmembrane units, which is characteristic 
of retroviruses.

Elements from the fifth superfamily, 
BEL–Pao32 are structurally similar to Gypsy 
or Copia elements. They contain bona fide 
LTRs, encode GAG and POL proteins, 
and create a 4–6 bp TSD upon insertion. 
However, they form a distinct clade based 
on RT phylogenies33. So far, they have been 
detected only in metazoans.

In addition to the classical class I 
TEs, two new groups have recently been 
described: the DIRS-like and the Penelope-
like (PLE) elements (FIG. 1). Members of the 
DIRS34 order contain a tyrosine recombinase 
gene instead of an INT, and therefore do 
not form TSDs. Their termini are unusual, 
resembling either split direct repeats (SDR) 
or inverted repeats. These features indicate 
a mechanism of integration that is different 
from the LTR and LINE TEs. Nevertheless, 
their RT places them in class I. Members 
of this order have been detected in diverse 
species, ranging from green algae to animals 
and fungi35.

The PLE order was first found in 
Drosophila virilis36. Its absence in other 
sequenced genomes reflects its patchy 
distribution, although it has been detected in 
more than 50 species, including unicellular 
animals, fungi and plants37. PLE encodes an 
RT that is more closely related to telomerase 
than to the RT from LTR retrotransposons 
or LINEs, and an endonuclease that is rela-
ted both to intron-encoded endonuclease 
and to the bacterial DNA repair protein 
UvrC. Some members contain a functional 
intron. Members also have LTR-like  
sequences that can be in a direct or an 
inverse orientation.

The LINEs lack LTRs, can reach several 
kilobases in length and are found in all 
eukaryotic kingdoms. They have been sepa-
rated in five major superfamilies38: R2, L1, 
RTE, I and Jockey (FIG. 1). Each superfamily 
is then subdivided into many families. 
Historically, the LINE superfamilies have 
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been subdivided into 17 ‘clades’ and only 
then into families38,39. Although a clade taxon 
is not included in our system, it is widely 
used among LINE researchers.

Autonomous LINEs encode at least 
an RT and a nuclease in their pol ORF 
for transposition38,40; superfamily RTE 
members, with only this ORF, resemble 
archaic LINEs. The nuclease can be either 
an endonuclease (C‑terminal in RT for the 
superfamily R2) or an apuric or apyrimidic 
endonuclease (N‑terminal in the RT for 
the superfamilies L1, RTE, I and Jockey). A 
gag-like ORF is sometimes found 5′ to pol, 
but its role remains unclear. Only members 
of superfamily I contain RNaseH. Although 
LINEs generally form TSDs upon insertion, 
truncated 5′ ends make them difficult to 
find38. The truncations probably result from 
premature termination of reverse transcrip-
tion38,41. At their 3′ end, they can display 
either a poly(A) tail, a tandem repeat or 
merely an A‑rich region.

LINEs vary in prevalence and diversity in 
eukaryotes, but predominate over the LTR 
retrotransposons in many animals. The L1 
family numbers about 105 copies in mam-
mals, or about 20% of the human genome. 
By contrast, in the malaria mosquito 
Anopheles gambiae, around 100 divergent 
families compose only 3% of the genome39. 
In plants, LINEs (for example, Cin4 in maize 
and Ta11 in Arabidopsis thaliana) seem 
rare compared with LTR retrotransposons, 
with notable exceptions (for example, Del2 
in Lilium spp.42). Most known plant LINEs 
are from the L1 and RTE superfamilies38,43. 
However, given the lack of systematic 
investigation in plants, a far larger diversity 
is likely to exist.

The SINE order lies in class I, but is dis-
tinct in origin. Although non-autonomous 
(see below), they are not deletion derivatives 
of autonomous class I elements; instead, 
they originate from accidental retrotrans-
position of various polymerase III (Pol III) 
transcripts44. Unlike retroprocessed pseudo-
genes, they possess an internal Pol III pro-
moter, allowing them to be expressed. They 
rely on LINEs for trans-acting transposition 
functions such as RT44–46. Some ‘stringent’ 
SINEs have a unique, obligatory partner45 
whereas others are generalists46.

SINEs are small (80–500 bp) and generate 
TSDs (5–15 bp). The ‘head’, which harbours 
the Pol III promoter, defines SINE super-
families and reveals their origin: tRNA, 7SL 
RNA and 5S RNA. SINE internal regions 
(50–200 bp) are family-specific and of vari-
able origin, sometimes deriving from SINE 
dimerization or trimerization. The origin of 

the 3′ region, although it can sometimes be 
a LINE, is generally obscure. It can be either 
A‑ or AT‑rich, harbour 3–5-bp tandem 
repeats, or contain a poly(T) tail, the Pol III 
termination signal44. The best known SINE 
is the Alu element, which is present in at 
least 500,000 copies in the human genome47.

Class II elements
Class II TEs, like class I, are ancient and 
found in almost all eukaryotes (FIG. 1). Usually 
present in low to moderate numbers, some, 
such as Pogo–Fot1 in the fungi9 or CACTA 
in wheat and its relatives48, have nevertheless 
been successful colonizers. Class II elements 
are also found in prokaryotes in simple 
forms called insertion sequences (IS) or as 
part of more complex structures49. Class II 
contains two subclasses, which are distin-
guished by the number of DNA strands that 
are cut during transposition, but neither 
moves via an RNA intermediate.

Subclass 1 comprises classical ‘cut-and-
paste’ TEs of the order TIR, characterized by 
their terminal inverted repeats (TIRs) of var-
iable length. The nine known superfamilies 
are distinguished by the TIR sequences and 
the TSD size (FIG. 1). These TEs can increase 
their numbers by transposing during  
chromosome replication from a position  
that has already been replicated to  
another that the replication fork has not yet 
passed50. Alternatively, they can exploit gap 
repair following excision to create an extra  
copy at the donor site51,52. Transposition is 
mediated by a transposase enzyme that rec-
ognizes the TIRs and cuts both strands  
at each end. Previous classifications were 
based on the presence of a DDE catalytic 
core in the transposase51; however, we do not 
use this criterion because it is currently in 
flux: DDE and DDE-like motifs have been 
found in previously non-DDE groups53.  
For the remaining non-DDE superfamilies 
(P, piggyBac and CACTA) the catalytic 
domains have yet to be well established. 
They might contain catalytic aspartate or 
glutamate residues, but it is difficult to 
identify these residues in the absence of 
structure-based alignments.

The Tc1–Mariner superfamily, which is 
ubiquitous in eukaryotes, possesses a simple 
structure of two TIRs and a transposase 
ORF54. Its numerous families all strongly 
prefer to insert adjacent to TA, generating  
TA TSDs. Members of the hAT superfamily 
have TSDs of 8 bp, relatively short TIRs of  
5–27 bp55 and overall lengths of less than 4 kb. 
The name derives from three well-described 
TE families: hobo from Drosophila56, Ac-Ds 
from maize57 and Tam3 from snapdragons58.

The diverse Mutator superfamily 
also occurs in all eukaryotic kingdoms59. 
Although its TIRs can extend to several 
hundred base pairs, they are sometimes 
either very short or undetectable. Mutator 
TEs produce 9‑11 bp TSDs. The TIRs of 
the superfamily Merlin likewise range from 
a few dozen to several hundred base pairs; 
these TEs are flanked by 8‑9 bp TSDs. 
Although fully functional Merlin elements 
encoding a DDE transposase are larger than 
10 kb, deletion derivatives may be only few 
hundred base pairs. Members of this super-
family have been described only in animals 
and eubacteria60.

The transposase of the superfamily 
Transib contains the DDE motif as described 
above; moreover, it is related to the RAG1 
protein involved in V(D)J recombination61. 
Transib TEs were found so far in  
D. melanogaster and mosquitoes62. The 
P superfamily, initially found in insect 
genomes, is now known to be present also in 
metazoans63 and the alga Chlamydomonas 
reinhardtii64. P elements generate 8-bp TSDs. 
The superfamily piggyBac, which is prima-
rily65 but not exclusively66 found in animals, 
favours insertion adjacent to TTAA. 

The superfamily PIF–Harbinger likewise 
displays a target-site preference, but for 
TAA67. These TEs contain two ORFs,  
one encoding a DNA binding protein,  
the other encoding a DDE transposase. The 
TEs of the superfamily CACTA carry both 
a transposase and a second ORF of unclear 
function48. In plants the short TIRs termi-
nate in highly conserved CACTA (some-
times CACTG) motifs and flank 3-bp TSDs, 
whereas in animals and fungi CCC replaces 
the CACTA motif and 2-bp TSDs are gener-
ated68. The TIRs often flank complex arrays 
of subterminal repeats.

We include the poorly known Crypton69 
TEs, which have so far been found only in 
fungi, as a second order in subclass 1. They 
contain a tyrosine recombinase, as do some 
phages, IS and DIRS-like retrotransposons, 
but lack an RT domain, which suggests that 
they transpose via a DNA intermediate. 
Their transposition, which is demonstrated 
by the appearance of empty sites, might 
involve recombination between a circular 
molecule and the DNA target35,69, requiring 
cleavage of both DNA strands (hence their 
inclusion in subclass 1). Accordingly, they 
lack TIRs, but seem to generate TSDs as a 
result of recombination and integration.

Subclass 2 holds DNA TEs that undergo 
a transposition process that entails replica-
tion without double-stranded cleavage, 
sharply different from that of subclass 1. 
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These copy-and-paste TEs transpose by  
replication involving the displacement of 
only one strand. Their placement within 
class II reflects the common lack of an  
RNA intermediate, but not necessarily  
common ancestry.

Elements in the order Helitron appear 
to replicate via a rolling-circle mechanism, 
with only one strand cut70, and do not  
generate TSDs. Helitron ends are defined 
only by TC or CTRR motifs (where R is a 
purine) and a short hairpin structure lying  
a few nucleotides before the 3′ end, although 
this does not seem to be a true diagnostic 
feature. Autonomous Helitrons encode a 
Y2-type tyrosine recombinase such as that 
found in the bacterial IS91 rolling-circle 
transposons, with a helicase domain and 
replication initiator activity. They can also 
encode a single-strand binding protein or 
other proteins. Helitrons have been best 
characterized in maize, in which most are 
non-autonomous derivatives70. Curiously, 
many maize Helitrons carry gene fragments 
that have been captured from the host 
genome13. Although Helitrons have been 
described mainly in plants, they also exist  
in animals and fungi71,72, constituting 2% 
of the Caenorhabditis elegans genome70 and 
at least 3% of the genome of the bat species 
Myotis lucifugus73.

TEs of the order Maverick (also known 
as Polintons) are large, reaching 10–20 kb74, 
and are bordered by long TIRs. They encode 
up to 11 proteins, but these vary in number 
and order. Some show limited homology to 
proteins of various DNA viruses. Mavericks 
encode DNA polymerase B and an INT 
(c-int type) that is related to those found in 
some class I TEs, but they do not contain 
RT, suggesting that they undergo replicative 
transposition without RNA intermediates. 
This is proposed to proceed via excision of 
a single strand followed by extrachromo-
somal replication, then integration to a new 
site75. So far, Mavericks have been found 
sporadically in diverse eukaryotes, but not 
in plants76.

Definition of family and subfamily
The precise definition of a family is prob-
lematic because groups of TEs with similar 
features sometimes form a continuum 
of sequence homology; elements from 
one end of the spectrum have little DNA 
sequence identity with those at the other 
end. Nevertheless, it seems that evolutionary 
lineages are sufficiently distinct to allow the 
borders of such a continuum to distinguish a 
family. Furthermore, the differential success 
in the replication of some groups in various 

genomes has led to relatively large numbers of 
highly similar copies, simplifying the task  
of identifying them as members of a family.

With the aim of creating a classification 
that is not only relevant to TE specialists 
but also to genome annotators, we define 
family as a group of TEs that have high DNA 
sequence similarity in their coding region (if 
present) or internal domain, or in their ter-
minal repeat region. For practical reasons, we 
specify strong sequence similarity as 80% or 
more in at least 80% of the aligned sequence, 
because this level of homology produces 
strong BLASTN hits at default settings (as are 
commonly used to identify and classify TEs; 
see below). Thus, two elements belong to 
the same family if they share 80% (or more) 
sequence identity in at least 80% of their 
coding or internal domain, or within their 
terminal repeat regions, or in both (FIG. 2).

To avoid misclassification of short and 
possibly random stretches of homology, 
we recommend analysing only segments 
of longer than 80 bp. TEs that are smaller 
than 80 bp require specialized analyses, and 
are beyond the scope of the basic classifica-
tion and nomenclature proposed here. For 
abundant elements, consensus sequences 
should be constructed, deposited in public 
databases and used to test family member-
ship. In genomes for which only limited 
sequence data are available, all individual TE 
sequences must serve for comparison.

The terminal repeat regions and other 
non-coding regions are the fastest evolving 
parts of TEs. Therefore, they offer the most 
specificity in defining families. Allowing the 
80–80–80 rule for DNA sequence identity in 
either the internal domain or in the terminal 
regions, or both, also addresses the problem 
caused by frequent TE truncations. In some 
cases only terminal repeats and non-coding 
regions may be present, whereas in other 
cases only parts of the coding region but 
no terminal repeats may be available for 
analysis (FIG. 2a).

In some cases, it may be necessary to add 
the subfamily taxon, depending on the pop-
ulation structure of a TE family. Subfamilies 
can be populations of non-autonomous 
deletion derivatives (see below) or distinct 
subpopulations in large families that can be 
clearly segregated. The similarity threshold 
can differ between subfamilies, depending 
on the number and homogeneity of elements 
described. However, such distinctions are 
matters for TE specialists and should not be 
a burden for annotators (see the WikiPoson 
web site for further discussion). Importantly, 
the term should not be used for groupings 
above the family level.

Autonomous and non-autonomous TEs
Our definition of family also addresses 
another problem: many autonomous TEs 
give rise to non-autonomous deletion deriv-
atives (FIG. 2). Here we define an element as 
autonomous simply if it appears to encode 
all the domains that are typically necessary 
for its transposition, without implying that 
the element is either functional or active. 
A family can contain various elements that 
have been rendered defective from point 
mutations or small insertions or deletions 
(indels), but that nevertheless retain not 
only all the coding regions of an active TE, 
but also sufficiently high DNA identity for 
family membership. Such elements that are 
defective owing to their limited mutations 
were probably functional in the recent past18.

Autonomous but defective elements stand 
in contrast to non-autonomous TEs, which 
we define as any group of elements that lacks 
some (or all) of the domains found in auton-
omous elements18. Usually, non-autonomous 
elements have a highly degenerate coding 
region, or even completely lack coding 
capacity. Occasionally, non-autonomous TEs 
lack some genes but still contain others. For 
example, members of the Caspar family48 

(superfamily CACTA) often lack the trans-
posase gene but still contain the second ORF 
(FIG. 2b), whereas the BARE2 elements in the 
Triticeae have a conserved deletion that inac-
tivates gag77. Nevertheless, non-autonomous 

Figure 2 | Examples of transposable elements 
(TEs) that are classified as members of one 
family on the basis of their sequence homol-
ogy. Green areas indicate regions of 80% or more 
DNA sequence identity. a | A full-length autono-
mous Fatima element is used to define fragments 
in long terminal repeat (LTR) and coding regions 
(top) or a non-autonomous derivative (bottom).  
b | CACTA elements of the Caspar family are 
found in various autonomous (top) and non-
autonomous deletion derivatives (middle and 
bottom). GAG, a structural protein for virus-like 
particles; INT, integrase; ORF, open reading frame; 
RT, reverse transcriptase; Tase, transposase. 
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and autonomous elements usually still share 
strong sequence conservation and specific 
characteristics within their termini and in 
the 5′ UTR (LTR retrotransposons), because 
these are required for transposition.

A group of non-autonomous elements 
may be abundant and contain sufficient 
sequence homology between them to qual-
ify as a subfamily. Autonomous and non-
autonomous partners18 of the same family 
are therefore classified as different sub-
families in the proposed system. However, 
some non-autonomous elements might be 
cross-activated by autonomous partners 
from different families. This is suspected for 
many MITEs, as few show sequence similar-
ity to known PIF–Harbinger or Tc1–Mariner 
families78. SINEs, an extreme case, are 
non-autonomous but are not derived from 
TEs. Therefore, cross-activation must be 
addressed on a case-by-case basis. 

The large retrotransposon derivatives 
(LARDs), terminal repeat retrotransposons 
in miniature (TRIMs), MITEs and SINEs 
(discussed above) are groups of TEs that are 
clearly non-autonomous (TABLE 1). LARDs79 
and TRIMs80 describe large (>4 kb) and small 
(<4 kb) non-autonomous LTR retrotranspo-
son derivatives, respectively, that harbour an 
internal domain with no coding capacity or 
any sequence that is reminiscent of the gag, 
rt or int genes of autonomous elements. An 
autonomous counterpart for most of them  
is currently unknown, preventing their 
precise classification. For example, until their 
autonomous partner is discovered, Sukkula 
elements79 will be classified as class I,  
order LTR, superfamily unknown, family 
unknown, subfamily Sukkula. However, 
Dasheng81 from rice — non-autonomous  
elements of the RIRE2 family — can be  
classified as a subfamily of RIRE2.

MITEs82 are a heterogeneous group of 
small non-autonomous elements of a few 
dozen to a few hundred base pairs in size, 
which are flanked by TIRs and are frequently 
found in or close to genes. In several species, 
a few autonomous Tc1–Mariner TEs are 
responsible for the origin and activation 
of large populations of non-autonomous 
elements, such as of tens of thousands of 

Stowaway MITEs in rice83 or more than a 
thousand non-autonomous Galluhop  
elements in chicken84. Likewise, 
PIF–Harbinger TEs control the activation of 
non-autonomous Tourist MITEs in plants, 
nematodes, insects and fish78.

Designations such as LARD, TRIM 
and MITE have no descriptive power in 
a taxonomic sense, because we cannot 
attribute shared structural features to a com-
mon origin at a particular taxonomic level. 
Therefore, they are not used in our proposed 
system. However, they do have practical 
value in describing a ‘way of life’ that is com-
mon to many elements from different fami-
lies. Furthermore, the similarities between 
members of these groups might reflect 
shared adaptations or functions. Therefore, 
we do not discourage their continued use. 
A conceptually similar term is that of ‘grain’, 
which refers to morphology, structure or 
use, rather than comprising a taxon (for 
example, Poaceae). The term is nevertheless 
useful, and used, to describe cases such as 
‘grain legumes’ that are not taxonomically 
close to grains of the grasses.

Naming system and name format
Currently, there are no clear rules for choos-
ing names for new families — the discoverer 
of a new TE family should have the  
privilege of naming it — but we propose a 
few guidelines. A name can include letters 
(for example, Angela) and numbers (for 
example, TOS17), but should not contain 
hyphens or underscores so as not to interfere 
with the name format described below. 
Family names should be no longer than five 
or six syllables and should be easily pro-
nounceable, at least in English (facilitating 
use in symposia). If an element is isolated 
from a different species than that in which 
it was first described, but nevertheless fulfils 
the criteria of the original family, the estab-
lished name is used. This practice will help 
clarify TE and genome evolution across taxa. 
Therefore, reference to species in which the 
TE was initially discovered should be avoided 
in the family name. This recommendation 
represents a change from past practice (for 
example, BARE1 for ‘barley retrotransposon’).

Genome projects, particularly in plants, 
require an automated approach to identify 
each of the potentially hundreds of thou-
sands of TEs in any genome. To facilitate 
a fast and accurate assessment of the main 
classification of a particular insertion, we 
propose a name format that contains: a 
three-letter code with each letter respectively 
denoting class, order and superfamily; the 
family (or subfamily) name; the ID (data-
base accession) of the sequence on which 
the element was found; and the running 
number of that element on the sequence. 
Ignoring subclass in the code gives brevity 
without a loss of specificity. Thus, the first 
element of the Angela family (class I, order 
LTR, superfamily Copia) to be described 
on sequence AA123456 will be annotated 
as RLC_Angela_AA123456‑1. Similarly, 
the third identified copy of Caspar (class II, 
subclass 1, order TIR, superfamily CACTA) 
in the same sequence will be designated as 
DTC_Caspar_AA123456‑3. The running 
numbers need not be in linear order (that 
is, parallel to the nucleotide numbering in a 
database accession) but can reflect the anno-
tation order. Thus, if a deposited sequence or 
its annotation is updated (for example, after 
a new BAC is added to a contiguous set), 
the previously identified TEs will conserve 
their numbering and the new ones will be 
assigned subsequent consecutive numbers. 
This convention is already used for gene 
annotation in many species85.

In genomes that can be described as 
highly advanced drafts (pseudomolecules 
representing entire chromosomes),  
the chromosome number could replace the 
BAC address or accession number. For 
example, the 314th RIRE2 element (Gypsy 
LTR retrotransposon) on rice (O. sativa ssp. 
japonica) chromosome 5 would be named 
RLG_RIRE2_Osjn5‑314. Traceability to the 
original BAC or database address could be 
maintained as part of the genome database. 
The three-letter codes are summarized 
in FIG. 1. If classification at any level is 
uncertain, an X must be used. Four examples  
of classifications including structural  
descriptions are given in TABLE 2.

Protocol for TE classification
In this hierarchical system, a TE can be 
classified in a few steps (FIG. 3). The first 
step involves a BLASTN (DNA versus 
DNA) search of the element against a TE 
database (such as TREP). If this search 
produces strong hits to a known family of 
elements (that is, meets the 80–80–80 rule), 
the new element is classified as belonging 
to that family. If no strong DNA similarity 

Table 1 | Structural descriptions of non-autonomous transposable elements

Abbreviation Description Refs

LARD Large retrotransposon derivative 71

MITE Miniature inverted-repeat transposable element 7

SNAC Small non-autonomous CACTA transposon 46

TRIM Terminal repeat retrotransposon in miniature 72
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TE to be analysed

Unclassified element

Known family TE is classified

• Known superfamily

• Novel family

TE is classified

New family name 
is assigned

• Known superfamily

• Novel family

TE is classified

New family name 
is assigned

Strong hit

Strong hit

Motifs found

BLASTN against
TE database

BLASTX against
TE protein database

Search for structural
motifs (LTR, TIR, 
PBS, TSD, etc.) and 
specific termini

No strong hit

No motifs found

No strong hit

can be detected, the TE might represent 
a new family, and should be given a new 
name only if the sequence has sufficient 
size to avoid ambiguity, for example, 1.5 kb 
for classical LTR retrotransposons (a Perl 
script for naming new TEs can be found at 
the web site for the Element Namer86).

In the second step, a BLASTX (translated 
DNA versus protein) search against a data-
base containing predicted protein sequences 
should indicate to which class, order and 
superfamily the TE belongs. For example, a 
novel family of Gypsy retrotransposons will 
produce strong sequence alignments with 
virtually all other Gypsy families at the pro-
tein level. If the protein similarity search still 
yields no results, either the new TE repre-
sents a new (unknown) superfamily or class, 
or, alternatively, it might be a non-autono-
mous deletion derivative or recombinant 
with no coding capacity. The threshold for 
assigning new superfamily or class status 
must necessarily be high, and requires, at 
least, reference to a peer-reviewed, accepted 
publication that supports this decision.

In the third step, the element must be 
examined for the presence of terminal direct 
or inverted repeats, primer binding site 
(PBS) and polypurine tract (PPT) motifs, 
and TSDs (see below). This analysis may 
allow classification into one of the known 
groups. If all tests fail to identify  
known groups, or if in doubt, the family of 
the element should be assigned as unknown.

Classifying non-autonomous elements
Several features can be used to classify ele-
ments that lack clear internal similarity with 
known families. For LTR retrotransposons, 
they include the PBS, packaging signal 
(PSI), dimerization signal (DIS), PPT and 
INT signal. For class II elements, the TIR 
motifs are generally informative. These 

motifs and signals should be used for clas-
sification only if the analysed element does 
not have a high level of similarity to any 
previously identified element.

Non-autonomous class I elements. In all  
LTR retrotransposons, the PBS is a 20–25- 
nucleotide sequence (FIG. 4a) that is com-
plementary to a structural RNA (most 
commonly a mettRNA) and located adjacent 
to the 3′ end (or 2–3 bp downstream) of 
the 5′ LTR. It serves as the priming site for 
synthesis of minus-strand cDNA by RT. The 
second, plus strand is primed by the PPT. 
Composed mainly of purines, the PPT is  
20–25 nucleotides long and found just 
upstream of the 5′ end of the 3′ LTR. The 

PBS and PPT are conserved primarily within 
families, but can also be highly similar among 
closely related families87. The integrase signal, 
a ~25-nucleotide domain located at the 3′ end 
of the LTR (FIG. 4a), is specifically recognized 
by INT and required for the correct genomic 
integration of the new cDNA copy88. The sig-
nal is conserved within a family, but the level 
of conservation decreases rapidly between 
representatives of higher taxonomic levels, 
making it valuable for classifying a particular 
element into a specific family.

The PSI motif (studied mainly in retro
viral RNAs) forms an RNA secondary 
structure (FIG. 4b), allows a specific RNA rec-
ognition by the GAG protein of a particular 
family, and is located in the same region as 

Table 2 | Examples of the application of the proposed classification system

Barbara Sukkula Thalos Xithos

Class Retrotransposon Retrotransposon DNA transposons Unknown

Subclass N/A N/A 1 Unknown

Order LTR retrotransposon LTR retrotransposon TIR Unknown

Superfamily Copia Unknown Mariner Unknown

Family Barbara Unknown Stowaway Xithos

Subfamily Not defined Sukkula Thalos Not defined

Insertion RLC_Barbara_AF1234‑2 RLx_Sukkula_AF1234‑1 DTT_Thalos_AF1234‑8 xxx_Xithos_AF1234‑1

Structural description Autonomous 
retrotransposon

LARD MITE -

‘Unknown’ can be used at any taxonomic level other than subfamily. Unless detailed analyses are made, the subfamily level is not applied. Structural descriptions are 
independent of a taxonomic classification system. LARD, large retrotransposon derivative; LTR, long terminal repeat; TIR, terminal inverted repeat ; MITE, miniature  
inverted-repeat transposable element; N/A, not applicable. 

Figure 3 | Step by step transposable element (TE) classification. LTR, long terminal repeat;  
PBS, primer binding site; TIR, terminal inverted repeat; TSD, target site duplication.
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the PBS. In LTR retrotransposons, the PSI 
sequence has been clearly identified only in 
yeast Ty1 (Ref. 89). However, conserved and 
specific secondary structures in the 5′ UTR 
indicate that the PSI probably functions  
also in plants (F.S. & A.S., unpublished 
observations).

The DIS motif allows specific dimeriza-
tion of retroviral or retrotransposon RNA by 
the formation of particular RNA secondary 
structures90. This RNA motif lies in the same 
region as PBS and PSI in the 5′ UTR of LTR 
retrotransposons (FIG. 4b). The secondary 
structure can be predicted with software 
such as Mfold91; a high level of conservation 
in the secondary structure within a sub-
family or family indicates likely functionality 
(F.S. & A.S., unpublished observations).

For the LINEs, few markers can be used 
to classify non-autonomous elements. A link 
between the family and the type of 3′ tail 
(poly(A) signal, tandem repeat or A‑rich) 
has been proposed but is so far uncon-
firmed39. Moreover, the length of LINE TSDs 
is not regular or conserved.

Non-autonomous class II elements. TIR 
motifs and the size of the TSD are the most 
reliable characteristics for classifying class 
II elements of subclass 1 that lack internal 
sequence similarities. For example, plant 
Mariner elements of the Stowaway fam-
ily are flanked by TIRs with the almost 
invariant 5′-CTCCTCCC…GGGAGGAG‑3′ 
motif and, like all Tc1–Mariner elements, 
always produce a TA TSD upon insertion. 
However, classification can be complicated 
by the diversity within some superfamilies. 
Elements from the superfamily CACTA  

terminate in the well conserved  
5′-CACTA…TAGTG‑3′ motif before a 3-bp 
TSD in plants, and in the 5′‑CCC…GGG‑3′ 
motif with a 2-bp TSD in animals. Mutator 
TIRs are usually long but are also highly 
divergent — sharing only terminal G…C 
nucleotides — or are absent. In this extreme 
case, the length of the TSD (usually 9 bp) 
remains probably the most useful criterion.

The most difficult to identify TEs in  
class II are hAT elements, which usually have 
very short TIRs that lack diagnostic sequence 
motifs. This superfamily is best identified 
by its 8-bp TSD, although other elements 
like P or Merlin also duplicate 8 nonspecific 
base pairs. Thus, for some non-autonomous 
elements, it might not be possible to clearly 
assign an element to a superfamily.

Identifying derivatives of subclass 2 is 
more complex because they are poorly char-
acterized. Mavericks are large and have long 
TIRS, which can a problem for recognition. 
The Helitrons also are highly heterogeneous, 
and the short termini and possibly the hair-
pin are the only structural features that can 
be applied in identification at present.

Classifying compound or hybrid elements
Complex or hybrid TEs are commonly 
seen in genomic sequences, and may cause 
confusion in annotation. Some arise from 
nested TE integration or by intrachromo-
somal recombination23,92; others result from 
variant replication77,93. Old insertions have 
often suffered mutations and subsequent 
insertions and rearrangements that both 
reduce their similarity to known families 
and interrupt their continuity. These must 
be annotated segmentally, using the rules 

of assignment described above over a 
minimum stretch of 80 nucleotides. New 
but highly disrupted elements are classi-
fied as unknown. Functional hybrid TEs 
(for example, BARE2 of barley77) that have 
emerged as a repetitious group with shared, 
conserved features can be assigned a name 
on a taxonomic level that is commensurate 
with their distinctiveness.

Concluding remarks
The proposed, deliberately simple system 
is intended as a general guideline for 
researchers who work on eukaryotic 
genomes, in particular for those faced with 
the task of annotation. TEs are extremely 
diverse because of their multiple means of 
replication, mutability and abundance. This 
diversity, combined with an earlier lack of 
consensus in the naming of TEs, presents 
a confusing landscape to newcomers. The 
complexity was not problematic when most 
of those analysing TE sequences were doing 
so because they were specifically interested 
in TEs themselves. The ever-increasing 
amount of long genomic sequences has 
changed that situation. The aim of this sys-
tem of TE nomenclature and classification 
is to both simplify annotation and clarify 
future detailed structural, functional and 
evolutionary analyses.

With these goals in mind, we have 
focused on TEs that have been described 
in eukaryotes. Bacterial elements comprise 
primarily IS TEs, all belonging to class II, 
divided into several families49. Most encode 
a DDE transposase, whereas others pos-
sess a serine recombinase (S), or tyrosine 
recombinase (Y and Y2). Bacterial IS 
transposition mechanisms are diverse and 
can be either conservative (IS50) or replica-
tive, the latter by either cointegrate (Tn3) or 
rolling-circle mechanisms (IS91)15. Although 
mainly focused on eukaryotes, our clas-
sification system can be extended to include 
prokaryotic families. For example, IS91 
would be grouped with DHH. Moreover, 
several IS families are related to eukaryotic 
counterparts: IS256 and Mutator; IS630 and 
Tc1–Mariner; IS5 and PIF–Harbinger.

A unified TE classification system would, 
additionally, be strengthened by two devel-
opments. First, a well curated and taxonomi-
cally organized TE database that spans all 
kingdoms is needed. This would allow the 
proposed classification system to be consist-
ently applied and could encourage compara-
tive, cross-species analyses. Such an effort 
will eventually improve our understanding 
of this abundant and ever-present but poorly 
characterized fraction of the eukaryotic 

Figure 4 | Motifs and signals that are present in long terminal repeat (LTR) retrotransposons. 
a | The positions of those signals (see text for further information) are indicated on the DNA sequence 
of the element. The primer binding site (PBS), polypurine tract (PPT), integrase signal and terminal 
inverted repeat (TIR) can be identified with standard sequence alignment programs. b | The packaging 
signal (PSI) and dimerization signal (DIS) motifs form secondary RNA structures that can be identified 
with secondary-structure prediction software, and thus may be analysed on the fold of the predicted 
RNA transcript of the element. TSD, target site duplication.
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genome. Second, a flexible forum devoted to 
TEs and their behaviour, origin and impact 
will allow the classification to be kept up to 
date. With this in mind, we have established 
WikiPoson as a resource and forum for  
non-specialists and specialists alike.

The development of TE nomenclature 
or taxonomy should go hand-in-hand with 
functional and evolutionary analyses. This 
is implicit in basing TE classification on the 
means of replication and transposition at 
the higher taxonomic levels, before moving 
to gene order and sequence similarity on 
the lower levels. It conceptually parallels 
organismal nomenclature because TEs 
are themselves conceptually parallel: 
self-replicating systems have derived 
from ancestral forms through descent 
with modification51. Likewise, the use of 
sequence similarity per se is open to the 
risk of confusing similarity or convergence 
with homology through common origin. A 
natural taxonomic system for TEs therefore 
requires their continuing evolutionary and 
functional analyses. At present, even if such 
analyses can be made within superfamilies, 
they remain difficult for the upper levels of 
the classification (classes and subclasses). 
In other words, the question of a common 
origin of all classes, subclasses and  
superfamilies remains open.
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