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ABSTRACT
The maize transposon Activator (Ac) was the first mobile DNA element to be discovered. Since then,

other elements were found that share similarity to Ac, suggesting that it belongs to a transposon superfamily
named hAT after hobo from Drosophila, Ac from maize, and Tam3 from snapdragon. We addressed the
structure and evolution of hAT elements by developing new tools for transposon mining and searching
the public sequence databases for the hallmarks of hAT elements, namely the transposase and short
terminal inverted repeats (TIRs) flanked by 8-bp host duplications. We found 147 hAT-related sequences
in plants, animals, and fungi. Six conserved blocks could be identified in the transposase of most hAT
elements. A total of 41 hAT sequences were flanked by TIRs and 8-bp host duplications and, out of these,
34 sequences had TIRs similar to the consensus determined in this work, suggesting that they are active
or recently active transposons. Phylogenetic analysis and clustering of hAT sequences suggest that the
hAT superfamily is very ancient, probably predating the plant-fungi-animal separation, and that, unlike
previously proposed, there is no evidence that horizontal gene transfer was involved in the evolution of
hAT elements.

TRANSPOSABLE elements (TEs) can be divided elements were found to be structurally related to the
maize En/Spm TE (Nacken et al. 1991) on the basis ofinto two major groups according to their transposi-

tion mechanism (Finnegan 1990): (1) retroelements, similarity of their transposase as well as their TIRs, which
contain the so-called CACTA motif. TIRs and subtermi-which transpose via reverse transcription of an RNA

intermediate (Xiong and Eickbush 1990), and (2) nal regions are not strongly conserved among elements
of the same superfamily.“DNA-DNA” TEs, which transpose directly via DNA, are

flanked by terminal inverted repeats (TIRs), and encode The maize element Activator (Ac), the Drosophila mela-
nogaster element hobo, and the A. majus Tam3 elementsone or several proteins including the transposase that

is required for transposition (for reviews, see Saedler also form a superfamily of eukaryotic TEs (Calvi et al.
1991; Feldmar and Kunze 1991) referred to as the1996). DNA-DNA elements are ubiquitous in the ge-

nomes of prokaryotes and eukaryotes. Nevertheless, hAT (hobo-Ac -Tam3) superfamily. Additional elements,
such as Hermes from Drosophila (Warren et al. 1994)their origin remains unknown. All DNA-DNA transpo-

sons and some retroelements mediate the formation of and Hector (Warren et al. 1995), were also shown to
belong to the hAT superfamily. The most conservedshort host duplications upon insertion.

Most DNA transposons are organized in families of feature of the transposase of hAT elements is a domain
of �50 amino acids located at the C terminus. Thisautonomous and nonautonomous elements, character-

ized by their ability to respond to the same transposase. domain was shown recently to be involved in dimeriza-
tion as well as in additional interaction functionsTransposons of the same family usually share extensive

nucleotide similarity at their termini. Superfamilies can (Essers et al. 2000). The TIRs of hAT elements are
usually short and their sequence is ill defined. Anotheralso be identified by analysis of the amino acid sequence

of the transposase genes, both in eukaryote and prokary- conserved feature of active hAT elements (both autono-
mous and nonautonomous) is that they mediate theote transposons (e.g., the Tn3 superfamily; Sherratt

1989). The Tc1/Mariner-like superfamily has members formation of 8-bp host duplication (HD) upon inser-
tion. It was proposed that horizontal gene transferin several phyla, including bacteria, vertebrates, inverte-

brates, and plants (Henikoff 1992). Another example (HGT) could explain the presence of hAT members in
such distantly related species as plants and flies (Calviof a superfamily includes elements Tam1 from Antirrhi-

num majus (snapdragon) and Tgm from soybean. These et al. 1991). This proposal, however, should be reexam-
ined given the discovery of hAT elements also in fungi
(Kempken et al. 1998).
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genome.washington.edu/cgi-bin/RepeatMasker). SearchinghAT sequences were identified, some being candidates
iterations were continued until no new hits were found. Pro-for active TEs and most being probably fossil TEs. We
tein segments created by homology-based translation (see be-

found that hAT elements are characterized by six con- low) were run once against the nr protein database using a
served blocks of amino acids and by a weak consensus cutoff of 1e -4. The results were examined but were not used

for another round of searching because of the inaccuracy offor TIRs. Our results suggest that the hAT superfamily
the translations. As an exception, the Morning Glory Tip100is very widespread and is probably very ancient, pre-
protein sequence (accession no. BAA36225), which was founddating the separation of plants, animals, and fungi.
only by a translated DNA segment, had its DNA sequence

Sequence analysis, through clustering and tree-based (accession no. AB004906) added manually. Expressed se-
phylogenetic analysis, showed no evidence for trans- quence tag (EST) hits were not used for additional searches.

Data storage and retrieval: Sequence information as well askingdom horizontal gene transfer.
search statistics and all subsequently gathered information
were stored in the Sybase database. Interfacing with the data-
base was done with the Perl DBI module (http://www.perl.MATERIALS AND METHODS com/CPAN-local/modules/by-module/DBI). Some of the
frequently used queries were stored (available upon request),A semiautomated system for TE identification and annota-
while others were written on a single usage basis.tion: A system integrating various programs and computer-

Sequence aliasing: To reduce redundancy within the data-assisted user annotation was developed for homology-based
base, sequences with a high degree of similarity to anotherTE identification and annotation (Figure 1). Information
sequence were aliased so that only one sequence was regardedneeded by various programs (e.g., BLAST), as well as the
in further analyses. To this end, DNA segments were created,parsed results from the programs, was stored within a single
using HSP segments found by a protein-to-DNA comparisonSybase database. Decisions and annotations made by the user
with an e -value �0.01. These segments were then extendedwere also stored. Iterative searching of various databases (see
by 5000 bp in each direction. For htg sequences, segmentsbelow) was performed using BLAST (Altschul et al. 1997).
were not extended. All DNA segments were compared usingEach new sequence was reviewed manually and was either
blastn. Pairs of sequences with a score �90% (100% for htgaccepted or rejected (the rejection criteria are explained be-
segments) of the score obtained by self alignment were consid-low). For a complete list of the rejected sequences, see http://
ered identical, and one was aliased to the other. In the samebioinfo.weizmann.ac.il/�lithwick/hAT/Rejected.html. Ac-
method, protein sequences for which the normalized scorecepted sequences were then subjected to further searching
against each other was 100% of their normalized self-scoreuntil no new hits were obtained. After searching was com-
were aliased. DNA, RNA, and protein triplets or pairs werepleted, each sequence was subjected to further analysis. A set
united on the basis of a high degree of similarity as detected byof tools was used to reduce redundancy by aliasing identical
the appropriate blast algorithm or on the basis of annotation.and nearly identical entries (see below). For functional anno-
Some sequences were aliased manually.tation, HD-TIR searching was performed using the Transpola-

Homology-based translation: Standard gene prediction pro-tor (see below), and profile searching was performed using
grams were not suitable for our analysis, since they are opti-the BLOCKS package (see below). Programs clustering the
mized to find complete genes, and our results involve genesequences coupled with queries into the annotation of the
fragments. Furthermore, few programs analyze plant se-entries were used to search for phylogenetic inconsistency
quences successfully. Homology-based translation was there-(see below). In addition, programs that build various tables
fore used. For each DNA sequence, segments that were foundfor the presentation of the results were used.
by protein sequences with an e -value �0.01 were extended inSemiautomated iterative database searching: Iterative data-
both directions to the flanking stop codons. Open readingbase searching was performed on the National Center for
frames (ORFs) occurring within the same frame were mergedBiotechnology Information databases nt, nr, htg, est_human,
into a single sequence, allowing skipping of unconserved orand est_others (from Oct 9, 1999; est_others from Oct 3,
untranslated regions (e.g., introns). This method of translation1999), beginning with several known members of the hAT
is biased toward sensitivity and with a high degree of confi-superfamily. The blastall program (version 2.0.9) was run
dence includes all of the translated regions at the expense of(http://genome.nhgri.nih.gov/blastall) using all five available
the inclusion of untranslated regions.algorithms. A borderline significance threshold of 0.003 was

Prediction of functionality. BLOCK analysis and Transpola-used. Parsing was performed using the bioperl (http://www.
tor: Identification of conserved blocks: Blocks were determinedbioperl.org) BLAST parser. Since only sequences similar to
on the basis of three programs. Members from each of thethe transposase were desired, sequences found by similarity
six clusters (see below) were chosen. Active members wereto a DNA sequence and not to a protein sequence were re-
taken when possible. These were aligned using DIALIGN2jected. The results were examined manually after each itera-
(Morgenstern et al. 1998) and BLOCKMAKER (Henikofftion. Clustering of the search results facilitated the decision-
et al. 1995). In addition, all translated DNA sequences (seemaking process; sequences similar to the same region of a
above) with an ORF �400 amino acids were used for blocksequence were clustered together, allowing the manual accep-

tance or rejection of a group of hits with one decision. Conse- searching using MEME (http://meme.sdsc.edu/meme/
website/meme.html). Blocks were chosen where at least two ofquently, sequences found by similarity to areas flanking the

transposase-like region were clustered together and then re- these programs gave the same results and then were adjusted
manually. BLIMPS (Wallace and Henikoff 1992) was usedjected together. For each search, the clustering was done tran-

sitively on the basis of the coordinates of the query HSP (high- to calibrate and run the blocks against the entire sequence
collection as defined by the iterative search scheme describedscoring segment pairs, the areas of local alignment produced

by BLAST), requiring an overlap of at least 60%. above.
Identification of DNA features: In active elements, the transpo-For the next round of database searching, the sequences

used were new protein sequences and DNA sequences of sase must be flanked by TIRs and HDs. To detect such HD-TIR-
transposase-TIR-HD structures, DNA segments were createdlength �10,000 bp. DNA sequences were masked for low com-

plexity regions using RepeatMasker (see http://repeatmasker. from segments found by proteins with an e -value �0.01 and
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extended by 5000 bp in each direction. Within these segments,
flanking the putative transposase area, TIRs of minimum
length 8 bp flanked by 8-bp HDs were searched for. For this
purpose, the Transpolator computer program was developed
(available upon request). TIRs were permitted to have a single
imperfect nucleotide at the first base. To avoid simple repeats,
TIRs composed of only two nucleotides were rejected. Since
some known TEs are present in the database only from the
first TIR to the second TIR (i.e., without HD), sequences
annotated as having an 8-bp HD were added manually, where
a single imperfect nucleotide was permitted in any position.

Tree-based phylogenetic analysis: The core region of the
conserved domains described above (Essers et al. 2000) was
chosen for phylogenetic tree inference. A maximum-likeli-
hood phylogenetic inference package, PROTML (the package

Figure 1.—Scheme used for identification of hAT elements.and its documentation are available at ftp://sunmh.ism.ac.jp/
Information needed for various programs, the parsed programpub/molphy), was used with the star decomposition heuris-
output, and user decisions and annotations were stored intotics. For visualization, the program TreeView was used, and
a single database (Data Storage). Iterative searches for se-the results were hand edited to improve readability without
quences similar to the hAT transposase were performed usingchanging the tree topology or branch length.
BLAST, results were reviewed, and sequences were acceptedClustering of protein sequences: We used a technique very
or rejected manually. Each sequence was then functionallysimilar to the one used by Lander et al. (2001) to search
annotated by searching for features of active transposons usingthe human genome for evidence of trans-kingdom horizontal
BLOCKS and Transpolator. Accepted sequences were sub-gene transfer events. In our approach, sequences, including
jected to further analysis and tables were created.DNA translations (see above), were transitively clustered, on

the basis of e -values from the protein-to-DNA BLAST search,
using a cutoff of 1e -20. This e -value cutoff was chosen since
higher (i.e., more permissive) cutoffs caused the collapse of nonredundant databases (see materials and methodsthe clusters into one, moderately lower cutoffs did not change

for more details). At the time of the analysis, therethe results of the clustering, and much higher cutoffs were
were 487,986 nucleotide sequences and 416,691 proteintoo strict, giving rise to no clusters. Hence, a sequence was

put into a cluster if and only if it found, or was found by, sequences (not including ESTs) in the public databases
another sequence within the cluster, at a significance of at we searched, totaling �2 � 109 bp and 1.3 � 108 amino
least 1e -20 as reported by the BLAST program. Clusters com- acids, respectively. The search gave 4111 hits, out ofposed of only a single sequence were disregarded.

which 258 were accepted as containing similarity to hATThe best-characterized TE of a cluster was chosen as the
transposases. In addition, 127 hAT-like ESTs were ac-cluster representative and was used for naming the cluster.To

visualize the clustering (Figure 2), sequences were plotted cepted but were not analyzed further. A total of 866
against each other in a graph, and points were marked where sequences were automatically rejected because they
the sequence on the x-axis found the sequence on the y-axis. were found only by DNA sequences, and 2749 wereFor the value of the point, the best e -value obtained between

automatically rejected because they were found onlythe two sequences in any of the BLAST programs was chosen.
by irrelevant sequences (e.g., the flanking sequences ofTo keep similar sequences adjacent to each other, ordering

within each cluster was achieved by aligning the sequences TEs). A total of 111 were rejected manually, mainly
with CLUSTALW and adopting the resulting order. The image because they were similar to repetitive areas or were
was created using the Perl (http://www.perl.org) version of

judged as irrelevant, e.g., homology to known genes suchthe GD module (http://stein.cshl.org/WWW/software/GD).
as Starch synthase. A list of the rejected entries is givenAvailability: All programs and the contents of the database

are available upon request. More information can also be in the following site: http://bioinfo.weizmann.ac.il/
found at http://bioinfo.weizmann.ac.il/�lithwick/hAT/. �lithwick/hAT/Rejected.html. Out of the 258 positive

hits, 147 were nonredundant and were used for further
analyses. One striking result from the search is the over-

RESULTS representation of hAT-related sequences in the Arabi-
dopsis thaliana genome. We identified hits in 29 species,Abundance of hAT-like sequences in sequence data-
including human, fish, nematodes, flies, fungi, andbases: We identified and analyzed 147 nonredundant
plants. Of these species, only 3 were model species, withhAT-related sequences in public databases using the
advanced genome projects, namely human, Caenorhab-integrative search scheme shown in Figure 1. The search
ditis elegans, and A. thaliana, with 10, �100, and �50%scheme (see details in materials and methods) was
of their genomes available at the time of the analysis.developed to allow iterative search with many search
In A. thaliana, 75 hits were found, suggesting that theretools and in many databases and to integrate all search
are �150 hAT-related sequences in the complete ge-results with maximal flexibility. Emphasis was put on
nome. In C. elegans, only 12 hits were found. In human,integrating human reasoning in the search scheme, pro-
7 hits were found, suggesting that the complete genomeviding machine support rather than automatic decisions
contains �70 hAT members. No hAT-related sequenceswherever possible. In this work, we used BLAST, BLIMPS,

and Transpolator for searching the protein and DNA were found in the fungus Saccharomyces cerevisiae, for
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Figure 2.—Tree-based
phylogeny and sequence
clustering of hAT elements.
(A) Tree-based phylogeny
of the hAT superfamily. The
most conserved block in the
assembly of sequence col-
lected through iterative da-
tabase searching (see block
E, Figure 4) was used to
infer a phylogenetic tree
using the maximum-like-
lihood approach (see ma-
terials and methods).
Branch lengths represent
the estimated number of
substitutions per 100 amino
acid sites along the branch
(note the scale at the top
right corner of A). For each
sequence, its identifier (ei-
ther a name or its global
identifier number as found
in GenBank) and an abbre-
viated species name are
given (Ant, Antirrhinum ma-
jus; Ara, A. thaliana; Bad,
Bactrocera dorsalis; Bat, B. try-
oni; Cae, C. elegans; Dro, D.
melanogaster; Fus, Fusarium
oxysporum; Hom, H. sapiens;
Luc, Lucilia cuprina; Mus,
Musca domestica; Nic, Nicoti-
ana tabacum; Ory, Oryzias
latipes; Pen, Pennisetum glau-
cum; Tol, Tolypocladium in-
flatum; Zea, Z. mays). Se-
quences that belong to
species from the same king-
dom are circled and la-
beled. For precise branch
length and error estimates see
http://bioinfo.weizmann.
ac.il/�lithwick/hAT/tree.
html. (B) Clustering of
BLAST results. The degree
of similarity of each se-
quence to all other se-
quences, as determined by
the e -value provided by
BLAST, is indicated by the
point intensity, ranging from
1e -10 (light gray) to �1e -50
(black). The species distri-
bution of the sequences in
each cluster is shown, within
brackets, next to the cluster
name. Members of each
cluster that were previous-
ly considered as transpo-
sons are mentioned within
brackets.

which the complete genome was available at the time found on all five chromosomes, and the fraction found
on each chromosome was highly similar to that expectedof the analysis. The hits we found in A. thaliana did not

show preference to specific chromosomes. Hits were on the basis of chromosome length (data not shown).
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TABLE 1 largest group was the Ac-like cluster with 63 sequences.
This group contained only plant sequences. Similarly,Distribution of hAT-related sequences into clusters and
the Tag1 and Bg-like groups contained only plant se-Transpolator results
quences. The hobo-like cluster contained only insect se-
quences and the Tramp cluster contained only animalTIRs � 8-bp

Cluster a Totalb NRc HDd accessions with sequences from both vertebrates and
invertebrates. The restless cluster contained only fungalAc 98 63 17
sequences. These results show a strong correlation be-Bg 3 2 2
tween the phylogenetic origin of the sequences andhobo 41 14 5

restless 10 6 3 their similarity.
Tag1 15 10 1 Functional analysis of hAT sequences: The function
Tramp 28 14 5 of the hits we obtained was analyzed in three ways: (1)
Unclustered 47 26 6 Annotation was used when available to try to understand
Low similarity 16 12 2

the function of the protein hit; (2) the Transpolator
a Clusters are named after a representative transposon, ex- program was used to find the HD-TIR structure that is

cept for accessions that could not be associated with a particu- expected to flank active transposons; and (3) the pres-
lar cluster (unclustered) or that had BLAST e -values between ence of conserved domains was used to examine the0.003 and 1e -10 (low similarity).

conservation of the protein.b Total no. of accessions.
Of the 147 nonredundant hits we obtained, and ofc No. of nonredundant (NR) accessions out of total.

d No. of sequences flanked by TIRs � 8-bp HDs out of NR the redundant set of 258 hits found in the databases,
sequences and found by the Transpolator program. all 23 entries that have a known function are from trans-

posable elements. In some cases, the annotation sug-
gested a function unrelated to transposition for the

hAT-like sequences phylogeny and clustering into six sequence, but the hAT-related fragment was always
groups of homogenous phylogenetic origin: We used found to be positioned in an intron or outside the cod-
the PROTML program to determine the phylogenetic ing region.
relationships among the various hAT sequences (Figure A second functional analysis approach was to search
2A). A subset of entries that were found to contain a for a “HD-TIR-protein hit-TIR-HD” structure, which
conserved segment of 26 amino acids was selected for strongly suggests involvement in transposition. We used
the analysis (see BLOCKs analysis below). In total, 43 the Transpolator program for all hits where genomic
entries were used to deduce the tree shown in Figure DNA (and not mRNA) sequences were available. A
2A. In this tree, three major branches could be observed, segment of 10,000 bp flanking the protein similarity
each of which contains sequences from only one king- area was used to search for HD-TIR structures, limiting
dom, either from plants, animals, or fungi. Within each the length of the HD to 8 bp and rejecting all hits
kingdom, subgroups were sometimes observed. For ex- likely to have occurred by chance (see materials and
ample, there was a clear group of hobo-like sequences, methods).
all of which were derived from invertebrates. Other In 41 of the 147 hAT sequences, TIRs and 8-bp HD
branches from the animal kingdom contained a mixture were found. Alignment of the hAT-flanking TIRs is
of vertebrate and invertebrate sequences. Among plants, shown in Figure 3. The consensus (T/C)A(A/G)NG
there was a group of Tag2-like sequences that was exclu- was found at the extremity of the elements. In the Ac
sively from Arabidopsis. Other groups had a mixture of cluster, there was a preference for TA(A/G)NGNTG,
monocot and dicot sequences. We used clustering of although slight variations were observed. In the hobo
blast results to further study the relationship between group there was a preference for CAGAGA and in rest-
the whole set of the hAT sequences. This analysis en- less the consensus was CAGNG. A total of 12 accessions
ables us to analyze sequences that could not be included that were not previously described as transposons had
in the tree-based phylogeny due to the large number TIRs similar to those of well-characterized elements,
and diversity of the sequences and because the con- suggesting that they are active TEs or that they were
served region was not always large enough. With this recently active.
method, sequences were grouped on the basis of similar- The third functional analysis was to compare the
ity to each other using a greedy (i.e., transitive) cluster- transposase-like regions to identify conserved blocks.
ing of BLAST results (Lander et al. 2001) and with Six blocks were found (A–F in Figure 4) of length vary-
visualization tools using a method originally developed ing from 10 to 26 amino acids. The relative order of
for gene expression analysis (Ben-Dor et al. 1999). Clus- the blocks along the transposase is conserved in all hAT
tering of the nonredundant sequences resulted in six elements. Three blocks (D–F) are clustered in the C
groups (Figure 2B) that include 109 nonredundant se- terminus of the protein. These blocks contain the dimer-
quences out of the 147 sequences analyzed. The 38 ization domain of Ac-transposase (Essers et al. 2000).

They are the most abundant of the six blocks (Tableadditional sequences were unclustered (Table 1). The
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Figure 3.—Alignment of
terminal inverted repeats
(TIRs) flanking hAT-rela-
ted sequences. TIR sequen-
ces identified by Transpola-
tor are shown and are
indicated by their GenBank
identifier number (GI). A
TIR consensus was built on
the basis of TIRs of known
transposons whose names
are indicated. TIRs sharing
at least three nucleotides
with the consensus were in-
cluded. Sequences that
were not previously anno-
tated in the public data-
bases as similar to hAT ele-
ments are marked (*). Bases
conserved among all the
clusters are highlighted in
dark gray, and those that are
specific to clusters are high-
lighted in light gray. The
BAC 3449333 has two con-
secutive hAT-like elements,
each flanked by TIRs and
8-bp HDs; both pairs of TIRs
are shown. The BAC 2088-
712 has two nested sets of
TIRs and 8-bp HDs; both
pairs of TIRs are shown.

2): Block E is present in all the clusters, block D is introns of known genes, and most were found in geno-
present in all clusters except Bg, and block F is present mic fragments from genome projects, mainly bacterial
in all clusters except Bg and Tag1-like elements. The artificial chromosomes (BACs; data not shown). Some
region spanned by these blocks was predicted to contain of the sequence hits found by our search protocol were
helical structures, which is well in agreement with the previously reported as TE sequences (Calvi et al. 1991;
suggested role for this region in protein dimerization Bigot et al. 1996; Coates et al. 1996; Frank et al. 1997;
(Kunze et al. 1993). The other blocks (A–C) are smaller Colot et al. 1998; Okuda et al. 1998). For some genomic
and more dispersed throughout the transposase than sequences, automatic annotations were available, sug-
the D–F blocks (Figure 4). Blocks A and B are present gesting that they are hAT related, e.g., “similar to puta-
in all the clusters, and block C is present in all the tive Ac -like transposable elements.” For the majority of
clusters except in Bg and Tag1-like elements. The func- genomic sequences found here (known transposons not
tion of these blocks is not known. included), no annotation was available for the hAT-

related regions (see examples in Figure 3). All the se-
quences with known function corresponded to TEs.

DISCUSSION The hAT superfamily was shown to be widely distrib-
uted in all eukaryotic kingdoms. hAT sequences couldhAT is a diverse and ancient transposon superfamily:
be clustered into subgroups (Figure 2), each of whichWe carried out an exhaustive survey of hAT-related se-
contained sequences from only one kingdom. This re-quences in the public sequence databases to estimate
sult was obtained using two independent groupingthe diversity, abundance, and evolution of the hAT su-
methods: a tree-based phylogeny (Figure 2A) and clus-perfamily. We found 147 nonredundant sequences (as
tering of BLAST results. Both methods led to the sameof October 1999). Some sequences were found up-

stream or downstream of known genes, others in the conclusion, namely that there is no evidence for trans-
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Figure 4.—Conserved hAT
protein blocks. The six con-
served blocks (A–F) are located
at the C terminus of the pro-
tein. Their linear order and the
distances between them are
schematically represented by
boxes (not to scale) at the top.
The blocks are represented be-
low as sequence logos (Schnei-
der and Stephens 1990). A
detailed description of the
multiple sequence alignment
visualization method is given in
Henikoff et al. (1995). Briefly,
the multiple sequence align-
ment is represented by ordered
stacks of letters, with the height
of each letter in a stack de-
pending on its frequency and
the total height of a stack de-
pending on the overall conser-
vation of a specific position.
Amino acid coloring is based
on physiochemical properties:
red for acidic (D and E); blue
for basic (H, K, and R); light
gray for polar (C, S, and T);
green for amide (N and Q);
yellow for methionine (M);
black for hydrophobic (A, I, L,
and V); orange for aromatic (F,
W, and Y); purple for proline
(P); and gray for glycine (G).
Please note that for some of the
sequences used in the align-

ments, there is no experimental proof that they encode for a functional transposase; therefore, additional analysis should be
done before using this figure for making functional predictions.

kingdom horizontal gene transfer as was previously pro- transposons is involved in the evolution of these ele-
posed (Calvi et al. 1991). Another interesting question ments as previously suggested for some hAT members
is whether intrakingdom horizontal transfer of hAT (Simmons 1992; Koga et al. 2000). The methodology

used here did not enable us to confirm or challenge
this possibility because of the small data set that was used

TABLE 2 and the relatively high error values. Such a question
Percentage of sequences containing each requires more refined tools. Our results also do not

hAT-transposase block completely rule out models for hAT evolution that in-
volve trans-kingdom horizontal gene transfer, such as

hAT-transposase blocks (%) promiscuity between kingdoms during early eukaryotic
evolution. However, these alternative models requireCluster A B C D E F
additional assumptions, making the “early origin” model

Ac 56 44 57 70 75 76 the most favorable. In summary, these data suggest thatBg 100 50 0 0 100 0
the hAT elements are from an ancient and diverse familyhobo 57 36 43 57 57 14
that radiated into modern species, mostly via verticalrestless 67 100 67 33 50 17

Tag1 30 70 0 20 50 0 inheritance as was reported for the evolution of the Tc1/
Tramp 29 36 36 7 71 14 mariner (Kidwell 1993). Interestingly, while Mariner is
Unclustered 12 4 19 12 50 19 particularly abundant in animals and particularly rare in
Low similarity 0 0 17 8 42 8

plants, the opposite is observed here for hAT elements.
The blocks (A–F) are as described in Figure 4. The number Structure of the hAT elements: We analyzed the struc-

of nonredundant accessions per cluster is shown in Table 1. ture of hAT sequences with respect to both the transpo-
Block A is contained within Calvi’s region 1 (Calvi et al. 1991). sase and inverted repeats. Clustering of the transposaseBlocks B and C correspond to the edges of Calvi’s region 2.

sequences revealed six conserved domains (Figure 4)Blocks D–F are the highly conserved C-terminal region in-
volved in dimerization (Essers et al. 2000). that were slightly different from those previously re-
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ported for Ac, hobo, and Tam3 (Calvi et al. 1991). The quences may play the important role of repressing trans-
position through transposase dilution or through a neg-current blocks were obtained using a broad range of

sequences from all the hAT clusters and using three ative dominant repression by truncated transposases, as
suggested for Mariner elements (Hartl et al. 1997).different programs (see materials and methods).

This makes the new blocks smaller, which may better In summary, the hAT superfamily contains diverse
members in all the eukaryotic kingdoms. There is norepresent the core of the conserved amino acids. For

example, previous works have considered blocks D–F evidence that trans-kingdom horizontal gene transfer
was involved in hAT element evolution. hAT elementsas one block, namely the dimerization domain (Essers

et al. 2000). The three new conserved domains that were are characterized by a transposase containing six con-
served blocks and short TIRs with a weak consensus.obtained by the block program reflect well the fact that

domains D–F are not always present as one unit in all The lack of evidence for trans-kingdom transfer, the
conservation at the amino acid level, and the conserva-the entries (Figure 4 and Table 2); but different ele-

ments can share only two of the three blocks or only tion at the DNA level suggest that hAT was a family of
mobile elements prior to or at the early stages of theone block as with the Bg element. This may suggest that

more than one function is encoded in this region, with plant-animal-fungi separation. A large number of fossil
hAT sequences (that do not contain TIRs) were identi-each block participating in another function. Since this

region is involved in dimerization (Essers et al. 2000), fied, representing either relics of the past with no func-
tion or active transposition repressors.some of the conserved regions may play a role in regula-

tion of transposition. This is in agreement with the find- We thank J. Prilusky and Irit Orr from the bioinformatics unit of
ing that transposase aggregation is involved in regula- the Weizmann Institute of Science for computational help. We also
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