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Abstract piggyBac is a short inverted-repeat-type DNA
transposable element originally isolated from the gen-
ome of the moth Trichoplusia ni. It is currently the gene
vector of choice for the transformation of various insect
species. A few sequences with similarity to piggyBac
have previously been identified from organisms such as
humans (Looper), the pufferfish Takifugu rubripes
(Pigibaku), Xenopus (Tx), Daphnia (Pokey), and the
Oriental fruit fly Bactrocera dorsalis. We have now
identified 50 piggyBac-like sequences from publicly
available genome sequences and expressed sequence tags
(ESTs). This survey allows the first comparative exami-
nation of the distinctive piggyBac transposase, suggest-
ing that it might contain a highly divergent DDD
domain, comparable to the widespread DDE domain
found in many DNA transposases and retroviral integ-
rases which consists of two absolutely conserved aspartic
acids separated by about 70 amino acids with a highly
conserved glutamic acid about 35 amino acids further
away. Many piggyBac-like sequences were found in the
genomes of a phylogenetically diverse range of organ-
isms including fungi, plants, insects, crustaceans,
urochordates, amphibians, fishes and mammals. Also,
several instances of ‘“‘domestication” of the piggyBac
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transposase sequence by the host genome for cellular
functions were identified. Novel members of the
piggyBac family may be useful in genetic engineering of
many organisms.
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Introduction

Transposable elements constitute an important part of
most eukaryotic genomes (Craig et al. 2002). One
apparent exception is the genome of the malaria parasite
Plasmodium falciparum (Gardner et al. 2002). Class II
transposable elements move via a DNA intermediate
and have been extensively adapted for use as gene vec-
tors (Horn and Wimmer 2000).

The piggyBac transposon from the cabbage looper
moth Trichoplusia ni is a 2472-bp Class II transposon
with 13-bp inverted terminal repeats (ITRs) (Cary et al.
1989; Fraser et al. 1996). It contains a single ORF in a
2.1-kb transcript , which encodes a 594-amino acid
transposase that mediates cut-and-paste excision and
reinsertion of the element into a TTAA target site in the
genome, causing a target-site duplication that flanks the
element (Fraser et al. 1995, 1996). The sequence origi-
nally published contained several errors that led to a
frameshift in this long ORF, and the corrected version is
available from GenBank as Accession No. J04364.2. A
sequence related to the 7. ni piggyBac element has since
been identified in the genome of the tephritid fruit fly
Bactrocera dorsalis by PCR (Handler and McCombs
2000). Neither the transposase nor the TTAA target site
of these elements show any obvious similarity to those of
other, better known Class II transposon families; thus
piggyBac has been interpreted as the type member of a
new Class II transposon family, the piggyBac family
(Robertson 2002).

The T. ni piggyBac element is particularly interesting
because it is mobile in the genomes of a wide range of
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insect species tested. It has been used as a transforma-
tion vector in insects belonging to the orders Diptera,
such as Drosophila melanogaster (Handler and Harrell
1999), Bactrocera dorsalis (Handler and McCombs
2000), Aedes aegypti (Lobo et al. 2002), Anopheles
stephensi (Nolan et al. 2002) and A4n. gambiae (Gross-
man et al. 2001); Lepidoptera, including Pectinophora
gossypiella (Peloquin et al. 2000) and Bombyx mori
(Tamura et al. 2000), and Coleoptera (Tribolium casta-
neum; Horn and Wimmer 2000). Indeed piggyBac is
currently the most widely used gene vector for insects of
medical and economic importance (Fraser 2000;
Handler 2002). Recently, piggyBac has been further
developed as a gene tagging and enhancer trapping
system for Drosophila and other arthropods (Horn et al.
2003).

The activity of piggyBac in such a diverse group of
insects suggests that the piggyBac transposon family
might have a phylogenetic distribution that extends be-
yond the insect families Diptera and Lepidoptera (Fraser
2000). However, in a review of the molecular evolution of
DNA transposons, one of us (Robertson 2002) was un-
able to find relatives of piggy Bac in the genome sequences
of the nematode Caenorhabditis elegans or the fruit fly
D. melanogaster that became available in 2000. Never-
theless, several indications of such a broader distribution
have been published recently. First, the International
Human Genome Sequencing Consortium (2001) noted
that, in addition to Looper—a short consensus of multiple
diverged sequences in the human genome thought to
represent an ancient piggy Bac relative (see RepBase v7.7;
Jurka 2000), there are five putative genes in the human
genome that appear to code for proteins with significant
similarity to the piggy Bac transposase, which are thought
to have been derived from piggyBac relatives in ancient
mammalian genomes (International Human Genome
Sequencing Consortium 2001, Table 13). Second, the re-
cently published draft sequence of the Takifugu rubripes
(pufferfish) genome was reported to contain a piggyBac-
like transposon called Pigibaku (Aparicio et al. 2002).
Third, the recently completed draft sequence of the gen-
ome of the African malaria mosquito An. gambiae was
reported to contain five copies of piggy Bac relatives (Holt
et al. 2002). Fourth, a distant relative of piggyBac called
Pokey was recently described from two copies sequenced
from the crustacean Daphnia pulicaria (Penton et al.
2002). These authors also noted three of the human se-
quences putatively derived from piggyBac-like transpo-
sons.

We first sought to confirm and expand these obser-
vations on the published human, T. rubripes; Ciona
intestinalis and An. gambiae genomes, and then extended
them to the other publicly available completed, draft, or
incomplete genome sequences and expressed sequence
tags (ESTs). This approach led to the identification of
many piggyBac -related sequences in phylogenetically
diverse organisms, and also uncovered instances of
“domestication or co-option of the piggyBac transpos-
ase sequence by the host genome for cellular functions.

Materials and methods

Database searches and identification of piggyBac-like sequences

We searched all available sequence databases, and particularly
genome databases, using the TBLASTN algorithm, initially with
the canonical 7. ni piggyBac transposase as the query, using the
NCBI BLAST server (http://www.ncbi.nlm.nih.gov/BLAST). No-
vel piggyBac-like sequences identified in these searches were then
used to query the databases again to identify more piggyBac-like
sequences. Because only the original T. ni piggyBac, Pokey , two D.
melanogaster genes, and some of the human sequences are anno-
tated as encoding proteins, PSI-BLASTP searches for highly
divergent sequences (Altschul et al. 1997) were not particu-
larly informative. Thus it is possible that we have missed some
highly divergent sequences that might eventually be recognized
upon thorough annotation of the current and additional genome
sequences. Conserved domain searches were carried out using the
NCBI CDS server (http://www.ncbi.nlm.nih.gov/cdd/cdd.shtml).

Phylogenetic analyses

Transposase sequences were aligned using CLUSTALX 1.8
(Thompson et al. 1997), distances were corrected with the maxi-
mum-likelihood model in TREE-PUZZLE v5.0 (Schmidt et al.
2002) using the BLOSUM 62 amino acid substitution matrix, and
phylogenetic analyses were carried out using PAUP*4.0b10
(Swofford 2002) and TREE-PUZZLE.

Results and discussion
piggyBac- like sequences in the human genome

The consensus sequence deposited in RepBase for the
human Looper element is based on a few highly diver-
gent sequences available from a few early human BAC
clone sequences, and its potential protein product is
only 278 amino acids long with 25% similarity to the
N-terminal segment of the 7. ni piggyBac transposase.
Efforts to extend this consensus towards the C-terminus
using the currently available, essentially complete,
human genome sequence have not been successful. Be-
cause there is a high level of divergence between the
approximately 115 fragmented copies that are roughly
evenly distributed throughout the human genome
(NCBI Build 31), we were unable to recover the original
Looper consensus ORF. Looper therefore represents the
remains of a piggyBac-like transposon that was active
in mammalian genomes at least as long ago as the
mouse-human  divergence—variously dated from
70-100 Myr ago (Kumar and Hedges 1998; Mouse
Genome Sequncing Consortium 2002)—and probably
considerably longer; and perhaps most copies represent
internally deleted versions. Phylogenetic analyses of
only the N-terminal regions of the transposase do not
reliably ally Looper with any other particular member
of the family. Only four Looper copies are evident in
the mouse draft genome sequence at NCBI. Jerzy Jurka
has added consensus sequences for six such transposons
from the =zebrafish genome, called LOOPERN
(1-6) DR to RepBase, but these too are defective.



None of these sequences are included in our phyloge-
netic analyses.

Three of the five sequences identified as potentially
“domesticated” piggyBac relatives in the human genome
by the International Human Genome Sequencing Con-
sortium (2001) are the same as the three identified by
Penton et al. (2002) (all are available as NCBI RefSeqs;
National Center for Biotechnology Information, http://
www.ncbi.nlm.nih.gov/LocusLink/refseq.html),  while
the other two correspond to related pseudogenes (see
Table 1). One of these three is referred to as cerebral
protein 4 (HUCEP-4) in GenBank (Accession No.
D88259), but we have formally named this gene PGBD1
for piggyBac - derived 1 (Table 1) (see the HUGO
Human Gene Nomenclature Database at http://
www.gene.ucl.ac.uk/nomenclature/). PGBDI | HUCEP-
4 appears to be a chimeric or fusion gene, with five
upstream exons encoding 290 amino acids that include a
LER or SCAN domain commonly found in the N-ter-
minal regions of zinc-finger transcription factors,
followed by a single large exon encoding the piggyBac -
derived portion of 519 amino acids, from which the
extreme C-terminal cysteine-rich region has been lost
(see below). We recognized two additional human genes
that are apparently derived from piggyBac-like trans-
poson sequences, giving a total of five. We reconstructed
them all using a combination of genomic, cDNA and
EST sequences, and have named these genes PGBDI1-5
(Table 1). PGBD2 consists largely of a single long cod-
ing exon, with one intron near the extreme N-terminus
and another in the 5* UTR, while PGBD3 has a single
ORF and a 5 UTR intron. PGBD?2 and 3 are related to
the piggyBac domain of PGBDI, and in addition there
are at least four apparent pseudogenes related to
PGBD3. PGBD4 and 5 are quite distinct (see Fig. 1).
PGBD4 appears to comprise a single ORF/exon without
introns, and appears to be derived from the MER7S5
transposon, which is now represented in the human
genome by many internally deleted copies (Smit 1999).
PGBDS is the most highly divergent of these human
piggyBac -derived genes, and, remarkably, has acquired
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eight introns, roughly evenly spaced along the length of
the gene, most of which are shared with both mouse and
pufferfish orthologs. The presence of a clear pufferfish
ortholog for PGBDS, but not PGBDI-4, indicates the
antiquity of this domesticated gene, which must have
gained these introns before the teleost/tetrapod split
~450 Myr ago (Kumar and Hedges 1998). Surprisingly,
the mouse genome contains only single pseudogene
versions of both PGBDI and 2, and there are no
orthologs of PGBD3 and 4, nor did we find any mouse-
specific PGBD genes (Mouse Genome Sequencing
Consortium 2002).

piggyBac- like sequences in pufferfish

A paracio et al. (2002) described a piggyBac-like trans-
poson sequence in the 7. rubripes genome (we will use
Takifugu rather than Fugu as the genus name), called
Pigibaku, which they reported to be present in approxi-
mately 200 copies in the genome (see their supplementary
online text). We obtained the sequence for Pigibaku
deposited in RepBase and found that it only corresponds
to three long sequences in the genome, each of them highly
defective in coding capacity. Searches with this and the
T. ni piggy Bac transposase indicated that in fact there are
multiple, quite divergent, piggy Bac transposon relatives in
this genome, each of which is represented by just one to
four relatively long sequences. We propose to name these
sequences Pigibakul-9, although the best “‘consensus”
sequences that can be generated for Pigibaku6—9 are too
short to be useful in phylogenetic analyses. They form two
clusters in our phylogenetic tree of piggyBac-like se-
quences (Fig. 1), and related sequences for each cluster are
present in the partial genome sequences of the freshwater
pufferfish Tetraodon nigriviridis and the zebrafish Danio
rerio, indicating that these transposons were either
inherited vertically amongst teleost fish or have been
horizontally transferred among teleosts. Nevertheless, all
of them in T. rubripes appear to be defective and are pre-
sumably now inactive. In addition, we identified five

Table 1 piggyBac-derived (PGBD) genes and pseudogenes in the human and mouse genomes

Gene name RefSeq” Number of amino acids THGSC No.* Penton et al. No.* Mouse
PGBDI NP_115896 809 ° EST 1963278 NP_115896 Pseudogene
PGBD2 NP_733843 592 - - Pseudogene
PGBD3 NP_736609 593 pID_6453533 T42689/XP_046148 Absent
PGBD3PI1 AC090017 — - —

PGBD3P2 ACO010374 - EST_3594004 - -
PGBD3P3 AC006065 - BAC_4309921 - -
PGBD3P4 AC114774 - - -

PGBD4 NP_689808 585 EST_4073914 BAB71379/XP_091120 Absent
PGBDS NP_078830 554 - - Ppebds

“NCBI RefSeqs are for the functional PGBD genes. The four
PGBD3P pseudogenes are identified by the GenBank accession
numbers of BAC clones that contain them. The numbers listed in
Columns 4 and 5 are those assigned to sequences recognized by the
International Human Genome Sequencing Consortium (2001) and

by Penton et al. (2002), respectively (see text for details)

"PGBDI | HUCEP-4 is a chimeric gene with five upstream exons
encoding 290 amino acids spliced to a single long exon encoding
thepiggyBac -derived portion of 519 amino acids, from which the
cysteine-rich C-terminus is missing



176

. HsaPGBD3P1
50% corrected divergence r| _:H pasarGBD3P
. . S8
100;100;69 R N apaBDIP3
:100; 100;100;100 Hsap<§§£1 o
upgbd1p
74;-54 239, Mmnupgbd2P
1(6')1._;@9'5_8' Pigibakud
TruPGBD1
CinPB2
DmelLOOPER1
PigibakuS
DpuPokegS
100;100;75 L TMPGEDS, pGEDS
| L MnupgbdS
AgaPBD3
DMeCG9839
TruPGBD3
: TruPGBD4
100;100;- cmpEs
! CinPBD1
NhaPB
— 0OsaPB
— JruPGBD2
98,96;56 AgaPB?
98;99;-
e AgaPB9 ¢
— AgaPB10
76;--| 100,68;82 BmoPB1
T — HsaPGEDA
83;55,76 L { CInPBS _ npBd
AgaPB3
10010075 { —— 4 AT
51,53;- | S Aga;.B% e
oa. igibaku
- 100;94;80 Pigibaku? it
96:-:- 100;100;66 — ThiPB s
| S—
| BdoPE 4 gapEDI
AgaPB1
DieCG13151

Fig. 1 Phylogenetic tree of piggyBac-like sequences. This minimum
evolution tree is based on amino acid distances corrected with the
maximume-likelihood model in TREE-PUZZLE v5.0 (Schmidt et al.
2002) using default settings, except that the BLOSUM 62 matrix
was employed. It was constructed using the Heuristic Search option
of PAUP*4.0b10 (Swofford 2002). Support for branches from three
additional analyses is shown; 1000 replications of uncorrected
distance and parsimony analyses, and maximum likelihood values
from 10,000 quartet-puzzling steps in TREE-PUZZLE. The tree is
rooted at the midpoint in the absence of a suitable outgroup.
Abbreviations: Aga, Anopheles gambiae; Bdo, Bactrocera dorsalis;

Bmo, Bombyx mori; Cin, Ciona intestinalis; Dme, Drosophila

melanogaster; Dpu, Daphnia pulicaria; Hsa, Homo sapiens; Mmu,
Mus musculus; Nha, Nectria haematococca; Osa, Oryza sativa; Tni,
Trichoplusia ni; Tru, Takifugu rubripes, PB, piggyBac-like trans-
posase (the pigibaku name for the Takifugu rubripes elements is
retained); PGBD, piggyBac -derived gene/protein (PBGD is used

for the human and other vertebrate genes because PBD was already

employed in the HUGO nomenclature database)

apparently functional genes in this genome that were
apparently derived from piggyBac-like transposons. All
of these are unique sequences in the Takifugu genome,
and so do not appear to be single potentially active
copies of piggyBac-like transposons. They are most
likely to be bona-fide domesticated genes. One of these,
TruPBD1, clusters with the Pigibaku4 sequence (Fig. 1),

but is so divergent that it must have been derived not

from a particular copy of Pigibaku4, but from a related
transposon whose other copies have long since been

deleted from this compact genome. TruPGBD2—4 are
independent lineages within the family, while, as noted
above, TruPGBDS is the ortholog of the mouse and
human genes of the same name (based on the long,
unique, and strongly supported branch leading to the
three PGBDS5 proteins in Fig. 1, and on microsynteny
of the divergently transcribed COG2 gene which is
250 kb upstream in the human genome but just 3 kb
away in Takifugu). This encodes a highly divergent
protein in which only the N-terminal half aligns well
with the other piggyBac-like sequences, and as in the
case of HsaPGBDI, the C-terminal region has been
lost. This pattern of sequence evolution resembles that
of the gene for the mammalian centromere binding
protein CENPB, which is one of ten Tigger -transpos-
ase-derived genes in the human genome (Kipling and
Warburton 1997; International Human Genome
Sequencing Consortium 2001), but has retained
sequence conservation of only the N-terminal DNA-
binding domain. TruPGBDI-3 have single long ORFs
encoding proteins of 593, 653, and 680 amino acids,
respectively, while TruPGBD4 appears to have an
intron inserted near the N-terminus and an appropriate
upstream exon has not been identified. No mammalian
orthologs are apparent for TruPGBDI-4, so either
these transposases were only domesticated in teleost
fish, or they were lost from the mammalian lineage.



piggyBac- like sequences in the An. gambiae genome

A preliminary analysis of the An. gambiae mosquito
genome (Holt et al. 2002) listed six copies of a piggy Bac-
like transposon. We have identified ten distinct piggy-
Bac-like transposon families in the An. gambiae genome
(AgaPBI-10). Furthermore, we identified three potential
domesticated genes (4gaPBD1-3), each encoded by a
single long ORF. The piggyBac-like transposons are
present in multiple copies in the genome. AgaPBI rep-
resents a potentially mobile transposon with identifiable
inverted repeat termini (Genbank TPA Accession No.
BK 001270). Four of the transposon sequences
(AgaPB2-5) belong to a well defined clade, while five of
the transposon sequences (AgaPB6—10), together with
the potential domesticated gene AgaPBD2, belong to a
separate, distinct clade (Fig. 1). The individual copies of
the transposons AgaPB6—10 appear to be defective in
their coding regions.

There is a 5 EST for AgaPBDI in GenBank
(BM642323), and it reveals a short intron with well-
predicted splice sites in the 5° UTR. AgaPBD2 has a
similar well-predicted short intron in its 5 UTR,
although such an intron is not easily identified for Aga-
PBD3. The presence of such 5 UTR introns might be
important for the expression of these domesticated genes
(Zieler and Huynh 2002). Such an intron also appears in
the potential 5" UTR region immediately upstream of the
coding region of the canonical 7. ni piggyBac (donor
splice sites at positions 145 or 179 and acceptor at 305
in GenBank J04364.2), although it appears not to be
spliced out in piggyBac transcripts (Cary et al. 1989), so
these 5" UTR introns might have come from the original
piggyBac-like transposon rather than being secondarily
inserted.

piggyBac- like sequences in other eukaryotic genomes

In light of the relatively large numbers of piggyBac-like
transposons and derived genes found in these three
genomes, we examined all other publicly available se-
quences. No piggy Bac-like sequences were identified from
the genomes of any prokaryotic organisms, nor were any
found in the apicomplexans and kinetoplastids. Se-
quences similar to piggyBac were, however, identified
from the ascomycete fungus Nectria haematococca and in
the oomycete fungi Phytophthora sojae and Phytophthora
infestans, but not in Saccharomyces cerevisiae or Schizo-
saccharomyces pombe. Among plant genomes, piggyBac-
like sequences were not found in the dicot Arabidopsis
thaliana, but at least one piggy Bac-like sequence is present
in the monocot Oryza sativa (rice). Neither the Nectria nor
the Oryza sequences have full-length ORFs, yet they are
effectively unique in these genomes, so it is unclear what
they represent. We were also unable to identify piggyBac-
like sequences in the completely sequenced genomes of the
microsporidian Encephalitozoon cuniculi and the nema-
tode Caenorhabditis elegans (there are internally deleted
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MITESs with apparent TTAA-specific insertion deposited
in RepBase v7.7 as being piggyBac-like in C. elegans, so
there might once have been piggyBac transposons in this
genome too).

Many novel piggyBac-like sequences were identified
in other metazoans (Table 2). piggyBac-like sequences
were also identified in the D. melanogaster genome. The
annotated genes CG9839 and CG13151 (Berkeley Dro-
sophila Genome Project) encode highly divergent
members of the family that we interpret as piggyBac -
derived genes. In addition, Jerzy Jurka has deposited a
consensus sequence for LOOPER1_DM in RepBase,
which we corrected and extended to the C-terminus of a
piggyBac family transposase, based on overlaps with
three additional genome scaffolds. Two piggyBac-like
sequences were identified in ESTs from the silkmoth
B. mori (one nearly complete transposase gene based on
overlap of three ESTs is included in our analyses), while
another was recognized in a BAC end sequence from
the sea urchin Stongylocentrotus purpuratus. Five long
sequences of defective transposons present in a few
copies each were assembled from the C. intestinalis draft
genome sequence (Dehal et al. 2002), together with an
apparently domesticated sequence (CinPBDI). In addi-
tion to the human, mouse, and pufferfish genomes, all
vertebrates for which significant amounts of genomic
DNA sequence are available appear to contain piggy-
Bac-like sequences, including the zebrafish Danio rerio
(both Jurka’s Repbase annotations and Genbank se-
quences), the amphibian Xenopus laevis, and various
mammals (Rattus rattus, Bos taurus, and Canis famili-
aris). Sequencing of all of these genomes should be
completed within the next few years, and each will
probably be found to contain multiple piggyBac-like

Table 2 Putative novel piggyBac-like sequences in the genomes of
various other organisms

Elementa Organism Genbank gi Number®
BmoPB 1  Bombyx mori 4159281 +4159430
BmoPB 2 Bombyx mori 4160760

TnvPB Tetraodon nigriviridis 8024937

XlaPB1  Xenopus laevis 17503319

XlaPB 2  Xenopus laevis 17503624

DrePB 1 Danio rerio 20192993

DrePB 2  Danio rerio 16097302

DrePB 3  Danio rerio 20193075

DrePB 4  Danio rerio 16099643

DrePB 5  Danio rerio 17034088

BtaPB 1 Bos taurus 10759709

BtaPB 2  Bos taurus 7035014

CfaPB 1  Canis familiaris 18823727

CfaPB 2  Canis familiaris 18817197

RatPB Rattus spp. 8081135

PsoPB Phytophthora sojae 9836175

PinPB Phytophthora infestans 10230913

SpuPB Strongylocentrotus purpuratus 8373111

“With the exception of BmoPBI, these sequences were not included
in phylogenetic analyses, exceptBmoPBI.

"The Genbank gi number refers to the unique Gene Identifier
number of the Genbank entry
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sequences, both transposons or their remnants and
domesticated genes.

The piggyBac-like transposase protein family

Alignment of fifty full-length or nearly full-length
piggyBac -transposase-like amino acid sequences (see
Electronic Supplementary Material for FASTA, CLU-
STALX, and NEXUS/PAUP files), allows recognition
of distinctive features of this novel protein family. The
N-terminal regions (positions 1-129 of T. ni piggyBac
transposase) are not highly conserved and, by analogy
with other transposases, might be involved in binding
of the inverted terminal repeats (ITRs). The ITRs are
known only from 7. ni piggyBac, Daphnia Pokey,
Takifugu Pigibakul, Ciona CinPB3 and Anopheles
AgaPBIl, and several MITEs; they are short (13—16 bp)
and highly divergent in sequence.

The conserved core region of the transposase align-
ment, from positions 130-522 in the T. ni piggyBac
transposase, contains several highly conserved blocks of
amino acids. We presume that this is the catalytic domain
of these transposases and derived proteins. Like many
other transposases it contains about twelve highly con-
served aspartic acid (D) and glutamic acid (E) residues.
The spacing of these, and the conserved residues between
them, do not readily correspond to known transposase
catalytic motifs such as the widespread DDE domain, and
extended iterations of PSI-BLASTP searches did not yield
any similarities outside of the superfamily. Nevertheless,
we note that two of these fifty proteins, TrubPBD1 and 2,
which are not particularly closely related to each other
(Fig. 1), yield weak matches (P=0.001 and 0.002,
respectively) in NCBI Conserved Domain Searches to the
Pfam domain pfam01609, Transposase_11, Transposase
DDE domain, which is for the bacterial 1S 4/5 transposase
family. Matches are only found in the DD portion of the
domain, and, if correct, suggest that the corresponding
aspartic acids in the 7. ni piggy Bac transposase are D268
and D346. These are two of the most highly conserved
aspartic acids in the entire alignment, they are in a roughly
appropriate location in the middle of the conserved core
region, and, intriguingly, they are followed by a glutamic
acid and an asparagine, respectively. This is reminiscent of
the situation in several other DDE transposase domains,
for example in the Tcl/mariner superfamily (Doak et al.
1994; Robertson and Lampe 1995). There is no highly
conserved aspartic or glutamic acid residue that is readily
recognizable as the third residue in this triad; however,
most of these proteins do have such a residue within 100
amino acids of the second D, and D447 in the T. ni pig-
gyBac transposase is our best candidate for this third
residue. Whether piggyBac transposases do indeed con-
tain a DDE-like motif is a question that will probably
require 3-D structures to resolve. If the piggyBac trans-
posase family indeed shares 3-D structure with the DDE
megafamily of transposases and integrases, for example
by comparison to the 7n 5 transposase (Davies et al. 1999),
this would indicate both that this protein structure is even

more widespread than already appreciated, and that it can
diverge even more radically in primary amino acid se-
quence. If not, then the similarity of the conserved aspartic
acids might be a convergent feature of D/E-rich DNA-
manipulating protein folds.

The C-terminal region (7. ni piggyBac transposase
positions 523-594) is again highly variable; however, it
contains several cysteines (seven in 7. ni piggyBac) with
somewhat-conserved spacing, but without matches to
any of the many known C-rich domains. The PSORT
webserver (http://psort.nibb.ac.jp/) predicts a bipartite
nuclear localization signal in this region for several of
these proteins (KKRTYCTYCPSKIRRKAN for 7. ni
piggyBac), although others seem to have nuclear locali-
zation signals elsewhere in the protein; this type of
variation that is not uncommon in transposases. Re-
cently, Beall et al. (2002) showed that the P element
transposase in Drosophila is in part regulated via phos-
phorylation at several sites recognized by serine/threo-
nine-kinases of the ATM family: (S/T)Q or Q(S/T). The
piggyBac-like transposase sequences contain many such
sites—although they are seldom highly conserved
throughout the family; thus, it is not clear how impor-
tant they might be.

Phylogenetic analyses of the piggyBac-like sequences

Phylogenetic analyses of these proteins reveal three ma-
jor clades of transposons and domesticated genes with
some bootstrap support, albeit only from distance-based
analyses (Fig. 1). Each of these three clades comprises a
mixture of insect and vertebrate sequences, and overall
the piggyBac phylogeny appears to deviate from the
phylogeny of the species. The current limited data do not
allow us to differentiate between lineage sorting, sam-
pling bias, and horizontal transfer, except in the clearcut
case of horizontal transfer implied by the high degree of
similarity between the original moth T. ni piggyBac and
the sequences from the Oriental fruit fly Bactrocera
(Handler and McCombs 2000), although the well sup-
ported grouping of a sequence from the silkmoth B. mori
with HsaPGBD4 is also intriguing. Most of the remain-
ing sequences are apparent domesticated genes, which
are commonly highly divergent—for example, the
apparent DDD residues are often altered. That so many
independent domestications of piggyBac transposases
have occurred in essentially all genome lineages exam-
ined suggests that their DNA-binding and/or manipu-
lating capabilities have repeatedly been turned to
advantage by the host, a phenomenon that is also shown
by the diversity of transposons that have been domesti-
cated in the human genome alone (International Human
Genome Sequencing Consortium 2001, Table 13).

piggyBac-like sequences are widespread
and potentially useful

This study looked at the distribution of piggyBac-like
sequences in the currently available published genomes



and other sequence information in public databases. The
distribution of piggyBac-like sequences in various
organisms reveals that they are widespread and ancient
transposons, copies of which have commonly been
domesticated in various genomes. Other TTAA-specific
transposons that may belong to the piggyBac family
include: the tagalong element from 7. ni, which also
inserts within a TTAA target site, but all examined
copies appear to have a large internal deletion in the
region that could potentially encode a transposase
(Wang and Fraser 1993); the Tx elements that have
internal deletions with similar termini, from the genome
of Xenopus frogs (Carroll et al. 1989); and SINES with
TTAA insertion site specificity (Unsal and Morgan
1995). However, due to the lack of information regard-
ing the transposases of these elements, these elements
can not be definitely classified as belonging to the pig-
gyBac family of transposable elements. The mobility of
the original 7. ni piggyBac element in various insects
suggests that piggyBac family transposons might prove
to be useful genetic tools in organisms other than insects.
We are currently isolating an intact piggyBac element
from An. gambiae (AgaPBI) to test its mobility in var-
ious organisms.
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