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Cut-and-paste DNA transposable elements are major components
of eukaryotic genomes and are grouped into superfamilies (e.g.,
hAT, P) based on sequence similarity of the element-encoded
transposase. The transposases from several superfamilies possess
a protein domain containing an acidic amino acid triad (DDE or
DDD) that catalyzes the “cut and paste” transposition reaction.
However, it was unclear whether this domain was shared by the
transposases from all superfamilies. Through multiple-alignment
of transposase sequences from a diverse collection of previously
identified and recently annotated elements from a wide range of
organisms, we identified the putative DDE/D triad for all super-
families. Furthermore, we identified additional highly conserved
amino acid residues or motifs within the DDE/D domain that
together form a “signature string” that is specific to each super-
family. These conserved residues or motifs were exploited as phy-
logenetic characters to infer evolutionary relationships among all
superfamilies. The phylogenetic analysis revealed three major
groups that were not previously discerned and led us to revise
the classification of several currently recognized superfamilies.
Taking the data together, this study suggests that all eukaryotic
cut-and-paste transposable element superfamilies have a common
evolutionary origin and establishes a phylogenetic framework for
all future cut-and-paste transposase comparisons.

ransposable elements (TEs) are fragments of DNA that can

move to new genomic locations. The element originally dis-
covered by Barbara McClintock over 60 y ago are referred to as
“cut-and-paste” TEs that transpose via a double-strand DNA
intermediate (1, 2). Cut-and-paste TEs are now recognized as
a major component of most eukaryotic genomes. For example,
they comprise ~25% of the genomic DNA of Xenopus tropicalis
(western clawed frog), ~20% of Hydra magnipapillata (hydra),
>19% of Aedes aegypti (yellow-fever mosquito), >13% of Oryza
sativa ssp. japonica (rice), and >6% of Phytophthora infestans
(potato late blight) (3-7). Even in the human genome, where
they account for only 3% of genomic DNA, there are almost
400,000 individual elements (8).

Cut-and-paste TEs are characterized by a transposase gene
that is flanked by a terminal inverted repeat (TIR) of variable
length. The transposase catalyzes DNA cleavage during the “cut
and paste” process, whereby the element is excised from the
donor site (causing a double-strand break) and inserted else-
where in the genome. The TE sequence could be restored to the
empty donor site via host repair of the double-strand break,
leading to an increase in copy number. Integration of the ele-
ments into a new genomic location usually generates a short
target-site duplication (TSD) from host sequences (2-10 bp).

Eukaryotic cut-and-paste TEs are grouped into superfamilies
(e.g., Tcl/mariner, hAT, P) primarily on the basis of sequence
similarity of the transposase. As a rule of thumb, transposase
sequences with an E-value less than 0.01 in BLASTP or PSI-
BLAST searches are assigned to the same superfamily (9). In
addition, the length of the TSD and often the terminal nucleotides
of the TIR are also diagnostic of each superfamily (e.g., 2AT TSD:
8-bp; Tcl/mariner TSD: “TA”). All superfamilies contain auton-
omous and nonautonomous members with autonomous elements
encoding the protein products required for transposition; non-
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autonomous elements use transposase encoded by autonomous
elements located elsewhere in the genome. Prior studies have
classified eukaryotic cut-and-paste transposases into 19 super-
families, including hAT, Tcl/mariner, CACTA (En/Spm), Mutator
(MuDR), P, PiggyBac, PIF/Harbinger, Mirage, Merlin, Transib,
Novosib, Rehavkus, ISL2EU, Kolobok, Chapaev, Sola, Zator, Ginger,
and Academ [see Repbase (10); http://www.girinst.org/repbase/
index.html]. Six of these 19 superfamilies (Mirage, Novosib,
Rehavkus, ISL2EU, Kolobok, Academ) have been described only
in Repbase and, as such, their validity and relationship to other
superfamilies remains to be evaluated (11).

A catalytic domain signified by an acidic amino acid triad,
known as the “DDE/D” motif, has been unambiguously identi-
fied in the transposases from 11 of the 19 currently recognized
superfamilies [hAT (12, 13), Tcl/mariner (14), Mutator (15), PIF/
Harbinger (16), Merlin (17), Transib (18), Chapaev (19), PiggyBac
(20), Sola (21), Zator (21), Ginger (22)]. The DDE/D motif
consists of two aspartic acid (D) residues and a glutamic acid (E)
residue or a third D, located in a conserved core that forms
a characteristic RNase H-like fold of mixed o-helices and
B-strands (B1-B2-p3-al-p4-02/3-p5-a4-a5/6) (reviewed in ref. 11).
The first D is located on p1, the second D is on or just after 4,
and the third D/E appears on or just before o4 (11). For mem-
bers of two superfamilies (Hermes: hAT; Mosl1: Tcl/mariner) the
3D structure of the DDE/D triad forms a catalytic pocket con-
taining two divalent metal ions that assist in the various nucle-
ophilic reactions during DNA cleavage (13, 23). For the other
eight superfamilies, including the extensively studied P and
CACTA, the catalytic domain remains either undetermined or
ambiguous. Characterization of the catalytic domain in these
superfamilies is a necessary prerequisite to understanding both
their transposition mechanism and evolutionary origin. For ex-
ample, absence of a DDE/D domain could indicate that a super-
family uses a distinct protein domain to catalyze DNA cleavage
that may have evolved independently from those with the DDE/
D domain.

The initial objective of this study was to identify the putative
catalytic domains of all currently recognized superfamilies. This
objective was accomplished by collecting diverse TEs of each
superfamily from a wide range of organisms and performing
multiple alignments of the transposase amino acid sequences. In
the course of the analysis, we found that all superfamilies not
only have a DDE/D domain, but also a superfamily-specific
“signature string” consisting of multiple highly conserved amino
acid residues and motifs within the DDE/D domain. When these
residues were used as phylogenetic characters, we could infer the
evolutionary relationships among superfamilies and revise the
classification of several currently recognized superfamilies. Fi-
nally, we surveyed the taxonomic distribution of each super-
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family in the revised classification along 50 major branches of the
eukaryotic tree of life.

Results

Identification of the DDE/D Domain in All Superfamilies. A major
impediment to identifying the DDE/D domain in 8 of the 19
transposase superfamilies has been the lack of TE sequence from
a wide range of organisms. To remedy this situation, we collected
sequences for each superfamily from selected genomes that rep-
resent the diversity of eukaryotes and performed multiple align-
ments of the deduced protein sequences. To this end, we first
analyzed autonomous TEs previously deposited in Repbase (see
Methods) and assessed which superfamilies were inadequately
represented and which were not. For example, no additional
collections of Tcl/mariner and hAT superfamily members were
needed, as each was represented by over 450 Repbase entries
from a wide range of organisms. For all other superfamilies, we
first identified the most conserved region from Repbase entries
and used these regions as queries to annotate homologous TEs
from genomes not currently represented in Repbase (see details
in Methods). For these new collections, it was not necessary nor
feasible to annotate all related TEs in the ~160 genomes that were
selected to represent the major lineages of the eukaryotic tree of
life. Instead, we took a taxon sampling approach. For example, if
there are >10 species in the fungal clade “Sordariomycetes” that
have Mutator elements, we selected only one species to annotate,
with the assumption that the Mutator elements in one species are
likely to represent the diversity of the whole clade.
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The newly annotated TE sequences were appended to the
original Repbase entries and multiple-alignment was performed.
We then trimmed the regions that were not conserved at the
ends of the alignment and eliminated redundant elements by
retaining only one member from a group of elements with >40%
identity over the conserved transposase region (Methods). In this
way we produced an alignment profile (Dataset S1) representing
the diversity of each superfamily with a minimum number of se-
quences.

Examination of the conserved blocks in the alignment profiles
revealed conserved DDE/D triads in the transposases of all eight
superfamilies where the DDE/D domain was undetermined (i.e.,
Mirage, ISL2EU, Rehavkus, Novosib, Kolobok, and Academ) or
where identification was inconclusive (i.e., CACTA, P) (Fig. 1
and Figs. S1-S6). As an example, Fig. 14 shows the alignhment of
the DDE domains of transposases from superfamilies CACTA,
Mirage, Chapaev, and Transib, which are considered together
because the conserved blocks that encompass the DDE triad
could be aligned across all four groups. The DDE triad identified
here (Fig. 14, noted above the alignment) corresponds to D84,
D164, and E406 of the SmTRCI transposase (24) (GenBank:
AM268206). A previous study based on SmTRCI also identified
D84 and D164 as part of the putative DDE triad, but the E
residue proposed in that study (E136) is located between the two
Ds and is not conserved (not shown in Fig. 14, as it is located in
a variable region). A more recent report in Repbase suggests
D164, D241, and E406 as the DDE triad (25) (marked by black
dots in Fig. 14). Again, this is unlikely, as the second D is not as
highly conserved in our alignment (Fig. 14). The DDE triad
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EnSpm-7_HM NINIBGVPIHRS (55) DGRIYEIKLNAFICBAPARAFVKCVSGHTSK---QGEERET (50) FPLESMHLLFLEVCRRYL (119) TRLTYNVENL-LEIVDDVEYFRS-LSYLSSFPFENFLQ
EnSpm-2_NVi VENTBGAPVFES (63) QHRKIKLFTLLACVDTVARAPMNGTTLFNGK--~YGEDWEL (61) FTPDYMHCFLASVASQFT (111) rAMTYNVHOL-LELVKSVHNWEP - LWAHSTFPFEAANH
EnSpm-3_DR AFYVDEFEICNP (70) LGHYIKPTVECVCABNLGAHGLAG FQENFNVE--KFERFEL (58) FPPDIESDFFEEVIPVEL (121) yATKPKHHFI-ERY PELTKCFEP-LVTLWTMRFESKHS
| EnSpm-16_HM smd;nmmup (74) GCVKLFLKFVIYLGBTLASNHIC FKTSFAPM/ERCL‘RTQ; (65) APHDPMHILLEGLVPHEL (119) NNLIPKHHFL-LEFVGOMHRFEP - LKNQFCMTFEAKHN
S CACTA-3_AA SLYQBDVELGNP (71) EEYTIRAVVTIFCGETLAVHEIFGLLGPMAN---YFERIET (59) FALDAMEDIAE@LVPLTT (125) KRRINKNHHL-DHEYVLCIKKS@N-MKQFNCLVFEQKNK
| cacTa-2_aa WLYSBEFEINDS (72) KSVNVRIILCLLOGBNLGLETMLOFSSCENAT--FYERFER (54) RSVDAMHDLFSEGICKYG (128) RDLKPKHHFV-VHY PSLIRSSEP- IEKMMCFRNEAMEK
Q| EnSpm-5_DR QIYYPDFETANP (70) SEEPTFGTIAQITGPNLGLNGILGYVESFSAK--HYBRLEL (61) FVLDIMHDILEGVAQYEV (119) RNLIFKHHLM-IHYPECIRQIEP-LIEVWTMRYEAKHR
CACTA-1 Dpulex ppEORSFHQANA (63) PGFRLRGAVVNVCADSKGAHQLFGFAGTSSA---KFERLEL (57) IVLDCMEDFLEQIVRPFII (127) TRPINKFHHM-AHYPAATRTY@P-AVCYWCMRYEAYEN
CACTA-1_Ccinerea ;psTPGFCPFRR (67) SNFKLRGFPVDGFGDIPAISMVLCLKGHNGK---CPERDEK (83) FPFDFMHLIWENLIKNLY (132) PACPTTIHSL-LHTIADGIKANBP -VWAYWAFAMERYC
EnSpm-1_BF MLNCBWYQPYRH (68) EAQLYRAALICLSSPIPAARKCGGFVGHGAL---RGESKEL (71) ywVDPMENLLLETSKHVE (113) ovcTPNMELE-LELKECIEDY@P-VYAFWCFSFERYY
CACTA-1_Roryzae pNyBWFQSSKR (71) VEVPVRAALFLIACDIPASRKVSGFTSFNAT---VPENKES (74) TATDPMHGLFLETAKKMY (120) EMVTPNMHLE-LHLKDSIQDFEP - I YAFWLYGFERLN
CACTA-1 Mlaricis a1NVBWFNANGN (75) HGRVIRAMLGPIICBLPAIRKVLGMAGHSSNR-~-HVESLEL (63) TIVEPMENIFLEIIKNDS (113) LEVLEPNHHMA-LHLPECIQORFEP-APFWSAWLFERLNG
CACTA-2 Mlaricis p1pyBaINPFCN (75) DERLIRAALLVEVABIPSLRRCLGFESATAT---FFESFEL (63) HVVDSMENLLLELSSWHYV (206) CRLAPNHAIS-VELADCLEKFEP -VRAWWS FRYERLMC
@ ATENSPM10 LSTRGMNPFSI (71) ESFTLRAMLIWSISPYPALGTLAGCKVKGK----QABNVEG (83) GIRSNLHTOLREKRTYLP (114) SLFDIMFHLP-IBLAREARLGEP-VHFRWMYPFERYMK
%I MIRAGEL CB VISIBCIQISCN (62) - TYDCRITTCCABQPAKRSFFCMKGHSSS---MSEFYEL (48) rpIpIBENTGEELFDRIR (132) EYITMKTHELLYRLADVNKLFEN- TGLLSTFSFESFYQ
&S| MIraGEL ESSFBGIKVHKN (61) EGVAWKADLTCANHPDPARRIVYNOCGLRSS - --GSENFEL (41) KHVLYMHLCPVTSNARML (114) MLy IKVEQVLYRLARMTELY@S-LFPLSTQWFEYFYH
S| chapaev-1_cE TccPScCCTTE (54) GRVVTRGVVQKVVGBFKETCDLLSHKKQCAT -~ ~YEEPEQF (55) yLeAMERLIV-BLETKYI (175) ESTTORIBVLVARVVEVAKTER- - - SWHECFRSKESNRE
N Chapaev3-5_PM R.LFIDSSTRSLR (32) EKINYDS YKWDVCGBFKMLAFLLGLOGGYTK- -~ ¥SEFLEL (38) TLLPPRHTKL-BLIKQFV (90) CRMSIELBYLHSB:L ~-EFFRPNL---GDVSEEHGERFHQ
@ | Chapaev-1 AA KI-AD SFK (45) TLLOLDNLEAVVAGDLKIINLLLGIMGHSSS---YPEPYEI (59) cpppTRHITL-BILNATF (90) LpNssKFHILRFEVPEFCSSTQSCLCKYCEQACETVHE
8| chapaev-1_aca  KEccBHCKNSFR (49) HTWRGCKRLRIFVNGBYDFMCKMYGLSGPQGT- - -HPELWEL (57) yTppYRHTLL-BIVLKaH (203) RRTIPRONILEQHCIPFITOHGFGLGLLGEQGTESCH
&| crapaev-2 er KEGGBHGGESFE (52) SDGKEYKLKILATGRYAFLCTWYGLSGACGE -~ -HPELWEY (61) yMVPGEHICL-BLYKKLE (260) GTvpIRMEMLEDEVVDCVRSWGEGLGFLGEQGIEHLEA
G| chapaev-6_mM  KEGGBYGGDSFK (48) MINKERQIRVEVECDYEFLCAIYGITGANGR---HSELEEN (57) IGVPARBTSL-BTYLKrF (227) ASTTPRUBMLEYHALPF IRKWGVGLGTYGEQGCESIEA
Chapaev-9_HM RISID QNFLK (46) EPLKLEEVDFSLAFBLRCANSVFGLSSHSCK- - ~YABLYEE (58) ypepERHTMM-EVVDKLC (107) 1KvSWRIHILVCHILPFIEENNISLGNYAEQCCEAVEH
Chapaev-1_HM KIGIBGGGGFLE (49) SSLOLHKLSYIISCOMKVANLVCGLOSHASA---HPESWED (58) 1PPMERHLLL-GVVNHLY (98) TsvToRAHAVFFHELKDFILRHNSSLCIFSEQATESLEH
Q| Transib-1_HM KeByBBsceHKI (69) NDYHVEVNIVAHSLBRRASNIYQCLGG-—————— SYEDLED (28) FLDLVEBBGLLRSFDHFMK (129) vSITPTLEKIBAHSHELIENDSTCLKSWSEECMEANNE
g Transib-10_HM Kv‘g DEOSDOSE (86) VYRSSLSTIYTTMNBGRTLNAVVSNMLKKRI SS-QSEHVEL (24) LGICSLELWMRCMEWIFN (119) IpMSQSVERVIVE TSFIRYFKYPIGSLSESAIEARNK
©| Transibl_AA KWECBBSSNHSR (92) VAVDVSAKLILSMVDTRVVNDLAGT-ST- - - -~ QOEFIEL (22) cVFSPEBAQIRTMELLLN (115) YVLSPTVHKLELHCSDIVRHA------------8---8
I Transib-11 HM  y1@rP@assost (91) LTFNISYRIDLTMFBNKVVSALTETKST-————— OSENVEN (23) LGISABBCWIKCLEFILH (115) YVMPPTVEKLELESSSISKKLPLPIGVYSEDALESLNE
— — —
C(2)C [M/L]H H(3-4)H

*
MHLMTSTYLSIRDADRVLNEFRLIVPDLPTSIRSILRTCTSVQPKSISSGVYYHLGLKTNLLRYVELWLCTCDFDSLQLYINVDGLSMSRSSSQHLWPVLGRIVAPRLSDVFMIGIYGGN 120
— — —

B1

* (32 B
TKPAQFNEISADTISEIKEMTETGLLSVRFNKYIAIKLSAVICDAPARSDVRY TVNHNGKAGCDRCVVNGRRLDGKMTFPNGEYTLRTDDSFRNQTQYIHHKGHSLFESLSIDMILTFPL 240
—— ——

c(2)c

B4
DPMHMVYLGVTKKLVTLWIELGHKRLKNMNSCVIRTINKLISRCVESTPSDFPRKCRTLDYLSVWKASECRLFLLYLGPVILONILPESLYINFKCLALSMYLLAHPKFYNRVTESVRMD 360
MH

*
LRNFLREYEWCYGCENLVYNVHSLOHLLDDVLAHGPLDSFSAFPFESYMRQIKQSVRSGYSVAKQAAQRYAEQMSFCDRLQVDISTNDNPVIGMADSRKQVIMFRNSQIKSFHPDNVVVV 480
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Fig. 1.

DDE domains of CACTA, Mirage, Chapaev, and Transib elements. (A) Alignment shown is after redundancy elimination. Distances between the

conserved blocks are indicated in the number of amino acid residues. Conserved residues within each superfamily (and between superfamilies) are high-
lighted in gray. The DDE triad identified here is marked with letters above the alignment; the DDE triad for CACTA elements identified in ref. 25 is marked

with black dots. Three additional conserved motifs discussed in the text, C(2)C,

[M/L]H, and H(3-4)H, are also noted. (B) Predicted secondary structure of the

DDE domain of the SmTRCT transposase (GenBank: AM268206). Asterisks indicate the DDE triad. a-Helices and p-strands are highlighted with pink and blue
bars, respectively. Note that the position of “a2/3-B5" of the typical “f1-p2-B3-a1-p4-02/3-B5-04-a5/6" fold remains unclear. The inserted domain (highlighted

in gray) between the second D and the E residue is rich in a-helices.
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identified by our alignment is conserved across all four super-
families. Furthermore, the predicted secondary structure of the
SmTRCI DDE domain using PSIPRED (26) assumed a classic
RNase H-like fold, with the first D on p1, the second D right
after p4, and the E on o4 (Fig. 1B).

The results for the other 11 superfamilies are consistent with
previous studies (e.g., Transib and Chapaev in Fig. 14; PIF/Har-
binger in Fig. S24; Mutator in Fig. S3; PiggyBac in Fig. S7). The
DDE/D alignment profiles generated for Tcl/mariner, Merlin,
hAT, Sola, Zator, and Ginger are available from Dataset S1.

“Signature String” for Each Superfamily. The multiple alignments

also revealed other highly conserved residues or motifs (i.e.,
occurring in >90% of the sequences in the alignment profile)

DE/q
Tcl/mariner i

If

100 Harbmger ﬁ _
[ sy ——

D Ag

‘E Rehavkus

96 D K D ii

K
Zator -

Fig. 2. An unrooted consensus tree of the transposase superfamilies inferred from the presence or absence of the highly conserved residues in the signature
strings. Bootstrap values are at the nodes. The arrows with labels indicate superfamily clusters merged in our revised classification. Shown on the right is
a schematic representation of the DDE/D domain and the signature string for each superfamily. Conserved blocks are highlighted in blue, variable regions are
in gray. White gaps are regions not drawn to scale. The DDE triads are highlighted in red. Alternative residues are marked by slashes; lowercase indicates that
a residue occurs in <10% of the sequences in the alignment profile. The [(/D](2)H motif is highlighted in orange; the C(2)C, [M/L]H, and H(3-4)H motifs are

highlighted in green.
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within the DDE/D domain. Using the CACTA superfamily again
as an example, there are three highly conserved motifs [C(2)C,
[M/LJH, and H(3-4)H] that are located at approximately the
same position between the second D and the E residues (Fig. 14,
labeled by black bars below the alignment). A glycine (G) 4 aa
downstream of the [M/L]H motif and another G 8 aa down-
stream of the H(3-4)H motif are also conserved. These con-
served residues and motifs, including the approximate spacing
between them, form a “signature string” that is specific to each
superfamily (illustrated in Fig. 2; also see Table S1).

Some components of the signature strings are shared by
multiple superfamilies. For example, the G residue 3 to 4 aa
downstream of the [M/L]H motif is shared by CACTA, Mirage,
Chapaev, but not by Transib (Fig. 14), but the C(2)C, [M/L]H,

— 10 amino acids
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and H(3-4)H motifs are shared by all four superfamilies (black
bars in Fig. 14; also see Fig. 2, highlighted in green). A C(2)H
motif was found in both 24T (12) and Mutator (27), and a slightly
different version of this motif, [C/D](2)H, was found in P,
Rehavkus, and Kolobok (Fig. 2, highlighted in orange).

Evolutionary Relationships Among Superfamilies and Their Revised
Classification. The notion that certain conserved residues or
motifs are shared by some superfamilies but not by others mo-
tivated us to systematically exploit these signature string com-
ponents as phylogenetic characters to infer relationships among
superfamilies. In brief, we coded the presence or absence state of
all highly conserved residues and motifs in the signature strings
as “1” or “0”, respectively, and then performed phylogenetic
analysis on this binary character matrix (available on request)
using the Parsimony criterion (see Methods). Our phylogenetic
analysis revealed several close relationships among different
superfamilies, which led us to revise the classification of some of
the currently recognized superfamilies.

Previously, cut-and-paste TE superfamilies were usually clas-
sified based on transposase sequence similarity, where E-values
less than 0.01 in BLASTP or PSI-BLAST searches identified
members of the same superfamily (9). Here we employ a phylo-
genetic approach to complement the BLAST-based method by
using shared derived characters to define monophyletic super-
families. Specifically, we use the signature strings of the DDE/D
domains as the primary feature and use the TSD and TIR as
additional characters.

Our analysis revealed three major groups that were not pre-
viously discerned. The first contains PIF/Harbinger and ISL2EU
(Fig. 2), two superfamilies that share multiple conserved residues
besides the DDE triad (highlighted in gray in Fig. S24). Their
similar TSDs are also consistent with this relationship. Although
the previously characterized PIF/Harbinger elements usually
generate “TWA” (W = A or T) duplications upon insertion (16),
we found PIF/Harbinger elements from fungi and Chromalveo-
lates protists that frequently generate “AWT” duplications (two
examples are shown in Fig. S2B). On the other hand, ISL2EU
elements usually generate “AT” TSDs (Fig. S2B). On the basis of
this close relationship, we lumped ISL2EU into the well-established
PIF/Harbinger superfamily.

The second major group consists of Mutator, Rehavkus, P, hAT,
Kolobok, and Novosib. All but Novosib share a [C/D](2)H motif 15
to 45 aa downstream of the second D of the DDE triad. This motif
is always right after 5 in the predicted secondary structure (12,
14) (Figs. S1B and S4B). Novosib is included in this group because
it shares similarities in the conserved block containing the E res-
idue with the P and hAT superfamilies, including an “F” 2 aa
downstream of the E and a “D” 2 aa upstream of the E residue
(Figs. S14 and S6A4). The grouping of these six superfamilies is
also consistent with their unusually long TSDs. For example, the
predominant TSDs for hAT, P, and Novosib are 8 bp, and 9 to 10
bp for Mutator and Rehavkus. The only exception is Kolobok,
which usually produces a “TTAA” TSD (28), similar to PiggyBac
and Sola3 (21). The support for this major group is relatively weak
(Bootstrap value is 60%) (Fig. 2) because of the small number of
shared conserved residues. As such, we consider this grouping
tentative because the possibility remains that convergent evolution
may explain their shared features.

On the other hand, within the second major group a smaller
monophyletic group composed of Mutator and Rehavkus is
strongly supported (Fig. 2). In addition to the multiple shared
conserved residues in the signature string (Fig. S3, highlighted in
gray), both TSD and TIR features support this relationship.
Rehavkus produce 9-bp TSDs, similar to Mutator (9-10 bp), and
most importantly, both Rehavkus and Mutator tend to have longer
TIRs (hundreds of nucleotides) than other superfamilies. On the
basis of this evidence, we lumped Rehavkus into the well-established
Mutator superfamily and applied the previously used name MULE
(Mutator-like element) (29) for the united superfamily.
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The third major group comprises CACTA, Mirage, Chapaev,
and Transib, which all share three highly conserved motifs, C(2)C,
[M/LIH, and H(3-4)H (Fig. 2, highlighted in green). Evidence
from the terminal nucleotides of TIRs also supports this group-
ing: all four superfamilies have the conserved terminal nucleo-
tides “CMC” (M = A or C). Within this group, CACTA, Mirage,
and Chapaev are more closely related and form a subgroup that
can be readily distinguished from Transib (Fig. 2). CACTA,
Mirage, and Chapaev share an additional “G” 3 to 4 aa down-
stream of the [M/L|H motif (Fig. 14) that is not shared by
Transib. Likewise, there are multiple conserved residues unique
to Transib (e.g., a “K” residue 1 aa downstream of the second D)
(Fig. 14). Moreover, the TSD lengths of the CACTA-Mirage-
Chapaev subgroup overlap in a continuum (CACTA is 2-3 bp,
Mirage is 2 bp, and Chapaev is 3-4 bp), whereas Transib has
distinct 5-bp TSDs (18). Because of these differences, we com-
bined CACTA, Mirage, and Chapaev into a CMC (initials of the
three old names) superfamily but retained Transib as a distinct
superfamily.

Finally, our analysis led to modification in the classification of
some of the remaining superfamilies. When first described, the
superfamily complex Solal-Sola2-Sola3, was grouped into a sin-
gle superfamily, Sola (21). However, we found it necessary to
maintain the three lineages as separate superfamilies because,
aside from the DDD triad, there is not a single amino acid res-
idue that is conserved across all three groups. In contrast, after
splitting there are multiple conserved residues supporting the
monophyly of each group (Fig. 2). The potential affinity between
Tcl/mariner and Zator (21) is not strongly supported by our
analysis but is consistent with the tree topology (Fig. 2; note the
“hidden” relationship between Tcl/mariner and Zator because
of the unrooted nature of the tree). Because these two super-
families can be readily distinguished from their signature strings
and TSD features (Table S1), we have maintained them as
distinct superfamilies. The remaining superfamilies, PiggyBac,
Merlin, Ginger, and Academ, are not closely related to each other
or to any other superfamilies in our analysis.

Taking these data together, our revised classification system
contains 17 superfamilies. The signature string, TSD feature, and
TIR terminal motif for each of the 17 superfamilies are sum-
marized in Table S1.

Superfamily Distribution Across the Eukaryotic Tree of Life. The
distribution of the 17 superfamilies along 50 major eukaryotic
lineages (represented by ~160 selected genomes) is shown in
Fig. 3. The presence of a superfamily in a genome was determined
by TBLASTN searches using the DDE/D domain as query (see
Methods).

Our survey has significantly expanded the taxonomic distri-
bution of 7 of the 17 superfamilies (Table S2). For example, until
this study the well-established PIF/Harbinger superfamily was not
known to occur in Amoebozoa or Excavates. Similarly, P ele-
ments were recovered from fungi and Chromalveolates. The
distribution of Merlin was extended into both fungi and plants.
Kolobok, which had only been reported in animals (28), was
found in three additional eukaryotic supergroups (Plantae,
Excavates, and Chromalveolates).

Discussion

Our results indicate that all eukaryotic cut-and-paste transposase
superfamilies detected to date have the DDE/D domain, sug-
gesting a common evolutionary origin of the “cut-and-paste”
transposition mechanism. Two major factors enabled us to
identify the DDE/D domain in superfamilies where previously it
remained undetermined or inconclusive. The first factor is broad
sampling. To capture the diversity of transposases, new elements
from each superfamily (except Tcl/mariner and hAT, as men-
tioned in Results) were annotated along major lineages of the
eukaryotic tree of life, especially formerly underrepresented
protist lineages. Increasing transposase diversity has greatly
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Fig. 3. Taxonomic distribution of the 17 superfamilies across the eukaryotic
tree of life. Gray and white boxes indicate presence and absence, respec-
tively. The illustrated tree was drawn according to refs. 32 and 33 and
the Tree of Life webpage (http:/tolweb.org/tree/). The five represented
eukaryotic supergroups are highlighted in thickened lines. The asterisks
after each terminal branch indicates the number of genomes representing
that branch: *, 1 genome; **, 2 to 5 genomes; **, 6 to 10 genomes; ****,
over 10 genomes.
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assisted in manifesting the most conserved amino acid blocks and
highly conserved residues within these blocks. For example, our
identification of the PiggyBac DDD triad differs slightly from
a recent report (21) (marked by asterisks in Fig. S7 and corre-
sponding to D268, D346, and D450 of the Trichoplusia ni Pig-
gyBac transposase), where the third D (D450) is not universally
conserved after adding newly annotated TEs from Chro-
malveolates protists. Instead, D447 is universally conserved in
our alignment (Fig. S7). Our results are consistent with a pre-
vious experimental study (20), where mutations of D268, D346,
and D447 completely abolished the catalytic activity of the
transposase and mutation of D450 had no detectable effect on
transposition in vitro.

The second factor contributing to the success of finding pre-
viously unidentified DDE/D domains is the comparison of the
signature strings between related superfamilies. It is only after
finding that signature strings of some superfamilies share simi-
larities that we could use this strategy. For example, a recent
attempt to identify the DDE domain of P elements revealed four
highly conserved acidic residues (30), which is consistent with
our results (Fig. S14, three labeled by letters and one with an
arrow). However, multiple-alignment of diverse sequences alone
is not sufficient to distinguish which three of the four residues
comprise the catalytic triad. In comparison with the related hAT
and Mutator elements, we deduced that one of the “D” residues
is part of the [C/D](2)H motif (Fig. 2, highlighted in orange)
rather than the DDE motif, and the other three conserved res-
idues, corresponding to D230, D303, and E531 of the P trans-
posase from D. melanogaster (UniProt: Q7M3K2), form the
putative DDE triad (Fig. 2 and Fig. S14). This inference is
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strongly supported by the predicted secondary structure: the
DDE domain has the classical “p1-p2-f3-al-p4-02/3-5-04-a5/6”
fold, with an inserted domain between p5 and o4 (Fig. S1B). The
critical GTP-binding motif of the Drosophila P element, NKSD
(Fig. S1B, residue 376-379) (31), is located within this inserted
domain. The fact that this motif is not conserved in P elements
from non-Drosophila species suggests that the GTP-binding ac-
tivity might be a cryptic feature that has evolved only in Dro-
sophila P elements.

It should be noted that our assignment of the DDE triad for
the Novosib superfamily is tentative, because thus far only seven
Novosib elements from two genomes have been detected (Fig.
S6). In contrast, all other superfamilies were represented in our
analyses by diverse sequences from numerous genomes repre-
senting multiple domains of eukaryotic life, and therefore, the
identified DDE/D domains are robust.

Evolutionary Relationships Among Superfamilies and Revised
Superfamily Classification. This study is unique in analyzing evo-
lutionary relationships among all eukaryotic cut-and-paste
transposase superfamilies. This analysis is important for two
major reasons. First, we have evaluated the six superfamilies
(Mirage, Novosib, Rehavkus, ISL2EU, Kolobok, Academ) that
have been previously described only in Repbase and, as such, they
have not been adequately vetted nor has their relationships to
well-established superfamilies been determined. Our analysis
revealed close affinities between Mirage and CACTA, between
ISL2EU and PIF/Harbinger, and between Rehavkus and Mutator,
which suggest that Mirage, ISL2EU, or Rehavkus may not be dis-
tinct superfamilies. On the other hand, Novosib, Kolobok, and
Academ were sufficiently distinct from all other superfamilies.
Second, our analysis established a phylogenetic framework of all
known eukaryotic cut-and-paste transposase superfamilies. All
future candidate novel transposase superfamilies can be com-
pared with this framework to evaluate their distinctness. Although
our analyses focused on eukaryotic elements, the same strategy of
identifying signature strings and constructing phylogenetic rela-
tionships based on conserved residues could be readily applied to
prokaryotic elements, of which the majority are cut-and-paste TEs
and possess a DDE domain in their transposases (11).

We took a two-step procedure to revise the superfamily clas-
sification. The first step was to recognize monophyletic groups
based on phylogenetic relationships inferred from the trans-
posase signature strings. The second step was to compare the
TSD and TIR features to determine which superfamilies should
be combined and which should not. For example, we have in-
cluded CACTA, Mirage, and Chapaev in the CMC superfamily
but have retained Transib as its own superfamily because the
CMC group has TSDs that overlap in a continuum (2-4 bp),
whereas Transib has distinct 5-bp TSDs (Table S1). There is
a practical reason why this second step is necessary to revise
superfamily classifications. Most cut-and-paste TEs in eukaryotic
genomes are nonautonomous elements without coding capacity.
For these elements, distinctive TSD and TIR features are the
only characters available to make superfamily assignments.

Taxonomic Distribution of Superfamilies. The mapping of the su-
perfamily presence or absence along the eukaryotic tree of life (32,
33) revealed that 15 of the 17 superfamilies exist in at least two of
the five eukaryotic supergroups surveyed here (Fig. 3 and Table
S2). Because there is little evidence for the horizontal transfer of
TEs between eukaryotic supergroups, this distribution strongly
supports the view that the origin of most, if not all, superfamilies
predates the divergence of eukaryotic supergroups (34).

The superfamily distribution map also has an important use in
practice, as it provides an approximation of the cut-and-paste TE
landscape of newly sequenced genomes. For example, to identify
cut-and-paste TEs in a “Sordariomycetes” fungal genome, a prior
expectation would be to find Tcl/mariner, PIF/Harbinger, MULE,
hAT, and PiggyBac elements (Fig. 3). As such, this distribution
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map, together with the DDE/D domain alignment profiles
(Dataset S1, which represent the diversity of each superfamily and
can be directly used as query for blast searches), could serve as
a guide for the annotation of cut-and-paste TEs in all eukaryotic
genomes that remain to be sequenced.

Methods

Sequence Analyses. All autonomous cut-and-paste TE sequences deposited in
Repbase (10) (http:/www.girinst.org/repbase/index.html) were downloaded
in June 2010. Transposase coding sequences were predicted with GeneMark.
hmm (http://exon.biology.gatech.edu/eukhmm.cgi) or GENSCAN (http://genes.
mit.edu/GENSCAN.html). Multiple-alignments were performed using MUSCLE
(http://www.ebi.ac.uk/Tools/muscle/index.html) with default parameters.
Aligned sequences were manually inspected in Se-al v.2.0a11 (http://tree.bio.
ed.ac.uk/software/seal/) and variable regions at the ends of the alignments
were trimmed. A representative “alignment profile” was generated from
the remaining conserved part by eliminating redundant elements; that is,
only one element was selected to represent a group of elements that are
>40% identical. If the group contains an element with demonstrated
transposase activity (e.g., MuDR from maize), this element was selected. If an
active element was not available, elements with multiple highly similar
copies (e.g., >99% nucleotide identity) with intact predicted transposases
were chosen. Secondary structure of representative transposases were pre-
dicted using PSIPRED (26).

Transposon Annotation. The alignment profile of each superfamily (except
Tcl/mariner and hAT), generated by sequence analysis as described above,
was used as query to search the selected genomes by TBLASTN (35), as
implemented in the TARGeT pipeline (36), with an E-value cutoff of 0.01.
Genomes were selected using the National Center for Biotechnology In-
formation (NCBI) genome project database (http://www.ncbi.nlm.nih.gov/
genomes/leuks.cgi) and the Tree of Life webpage (http://tolweb.org/tree/) as
guides to represent as many major eukaryotic lineages as possible. Flanking
DNA sequences with 10 kb upstream and downstream of the matched re-
gion from TBLASTN searches were retrieved. The ends of a putative element
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were determined by aligning two closely related elements with their 20-kb
flanking sequences, using NCBI-BLAST 2 SEQUENCES (http://www.ncbi.nlm.
nih.gov/blast/bl2seq/wblast2.cgi) on the NCBI server. Usually, the breakpoint
of a pair-wise alignment is the boundary of a full-length element, which can
be subsequently refined by identifying the TIRs and TSDs around the
breakpoint. One full-length element was then used to retrieve other similar
copies through BLASTN search using TARGeT and a majority-rule consensus
sequence was constructed to represent this family. The newly annotated TE
consensus sequences were then subjected to the same sequence analyses as
described above and the final DDE/D alignment profile was generated.

Character Coding and Phylogenetic Analysis. The highly conserved residues
and motifs in the signature strings were coded as binary characters. The
presence or absence states were represented as “1” or “0", respectively.
Conserved motifs (e.g., [M/L]H) are weighted twice as much as a single
amino acid residue. Phylogenetic analysis was performed using the Parsi-
mony criterion as implemented in PAUP* v4.0b10 (37). Heuristic searches
were performed with 1,000 random stepwise addition replicates and TBR
branch swapping with the MULTREES on. Nodal support was determined by
bootstrap analyses of 500 replicates.

Superfamily Distribution. The final DDE/D alignment profile of each super-
family was used as query for TBLASTN searches using TARGeT. A match that
covers >50% of the query (i.e., the DDE/D domain) with an E-value <0.01
was considered as a candidate element. More than 10 copies of such ele-
ments in a genome were scored as presence without further annotation.
Elements with fewer than 10 copies were inspected to verify TE features,
including TSD, TIR, and the signature residues. Presence required verification
of two of the three features.
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