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As the sister group to vertebrates, amphioxus is consistently used as a model of genome evolution for
understanding the invertebrate/vertebrate transition. The amphioxus genome has not undergone massive
duplications like those in the vertebrates or disruptive rearrangements like in the genome of Ciona, a
urochordate, making it an ideal evolutionary model. Transposable elements have been linked to many genomic
evolutionary changes including increased genome size, modified gene expression, massive gene
rearrangements, and possibly intron evolution. Despite their importance in genome evolution, few previous
examples of transposable elements have been identified in amphioxus. We report five novel Miniature Invertedrepeat Transposable Elements (MITEs) identified by an analysis of amphioxus DNA sequence, which we have
named LanceleTn-1, LanceleTn-2, LanceleTn-3a, LanceleTn-3b and LanceleTn-4. Several of the LanceleTn elements
were identified in the amphioxus ParaHox cluster, and we suggest these have had important implications for the
evolution of this highly conserved gene cluster. The estimated high copy numbers of these elements implies that
MITEs are probably the most abundant type of mobile element in amphioxus, and are thus likely to have been of
fundamental importance in shaping the evolution of the amphioxus genome.
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1. Introduction
Genome sequencing projects have revealed that
transposable elements (TEs) account for a startlingly
large proportion of genetic material in eukaryotes.
TEs for example encode up to 45% of the human
genome [1] and even more in some plants (for
example [2]). There are two classes of transposable
elements which are grouped on the basis of their
transposition mechanism. Class I elements move via
an RNA intermediate, whereby the entire element is
transcribed into RNA and subsequently reverse
transcribed back into the genome at another location.
In contrast, class II elements ‘cut and paste’
themselves around the genome using a protein called
Transposase. Each class has both autonomous and
non-autonomous elements.
An element which
encodes proteins for its own transposition is termed
autonomous, whereas non-autonomous elements are
thought to transpose by ‘hijacking’ the proteins coded
by related autonomous elements.
One group of non-autonomous elements are
called
miniature
inverted-repeat
transposable
elements (MITEs). These were originally believed to
be part of the class I non-autonomous group of
elements called SINEs (for example [3]).
This
classification is now thought to be erroneous and
MITEs have been moved into class II. Some MITEs
have even been classified into specific class II

superfamilies [4]. MITEs are diverse elements which
tend to be defined on a similar structural basis rather
than sequence similarity. The common structural
requirements include a small size (usually less than
600 bp), generally AT rich sequence, terminal inverted
repeats (TIRs), target site duplications (TSDs) and
non-coding internal sequence.
MITEs have been identified in many animal
species including Caenorhabditis elegans, mosquitoes,
Xenopus, fish, humans (reviewed in [4]), Drosophila [5],
Ciona intestinalis [6] and beetles [7]. Many of the
identified MITEs appear to be related to one of several
DNA
transposon
superfamilies (Tc1/mariner,
PIF/Harbinger, piggyBac or hAT) [4].
A few
individual C. elegans MITEs are also classified into
superfamilies such as Mutator, Mirage or Merlin on
the basis of TSDs and TIRs. The remainder are simply
unclassified.
TEs are a major force of genomic change and
evolution. In the Diptera, for example, TEs have been
linked to hybrid dysgenesis, horizontal transfer,
rearrangements, alternative gene splicing, modified
gene expression, creation of heterochromatin and
even construction of a new form of telomere
(reviewed in [8]). When a TE transposes into a novel
genomic location, there is a good chance it will land in
or near the coding sequence of a gene. Indeed, there
appears to be a high correlation between MITEs and
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their proximity to genes; they are often found in either
introns or sequences flanking the coding sequence [6,
9, 10]. The most likely outcome of landing in coding
sequence would be a disruption of the gene’s
function, either through a frame-shift or the addition
of premature stop codons. TEs landing in genes have
also been observed to create novel introns [11] and
even exons [12], providing clear examples of
functional evolution. A TE does not need to land in a
coding sequence to affect the gene’s function.
Modified gene expression can also occur if TEs are
incorporated into a cis-regulatory region; for example,
Yang et al. [13] demonstrated that a MITE (Kiddo) was
responsible for modifying rice rubq2 gene expression.
As TEs increase in copy number, further biological
effects can be observed. The most obvious is an
increase in genome size, leading to a greater metabolic
load on the organism.
Recombination between
repeats is also a result of genomes containing multiple
TE copies.
This can cause significant genome
rearrangements such as deletions, duplications,
inversions and translocations all of which can lead to
developmental defects or cancers.
In contrast to these widespread effects around
the rest of the genome, some Hox gene clusters
appear to avoid the effects of TEs. Vertebrate Hox
clusters for instance, seem to exclude, or be
inaccessible to, TEs [14]. Such an absence of TEs may
contribute to the maintenance of Hox cluster integrity
by reducing the opportunity for disruptive
recombinative events. Indeed, there may even be a
causal link between TE invasion and disruption of the
C. intestinalis Hox cluster [15].
However, the
exclusion of TEs from Hox clusters does not extend to
the mammalian ParaHox cluster, the evolutionary
sister of the Hox cluster [16]. Despite the invasion of
TEs into ParaHox clusters of mammals, one full gene
cluster has still been conserved in humans for
example, from the ancestral vertebrate condition of
four ParaHox clusters.
Given this potential link between TEs and the
organisation of homeobox gene clusters and the link
of homeobox gene function with their organisation in
a cluster (for example, [17]), we have performed an
analysis of the repetitive transposable elements of
amphioxus (Branchiostoma floridae) around the
ParaHox cluster and NK homeobox genes. The
amphioxus Hox cluster has recently been sequenced
and this will be analysed elsewhere (Chris Amemiya,
pers. communication.).
Only two reports of
amphioxus transposable elements have been
published.
The first is a class I non-LTR
retrotransposon [18], while the second is an unusual
class II element called ATE-1 [19]. Although the ATE1 element had some characteristics of a MITE, no
definitive amphioxus MITE sequences have been
published.
Here we present five novel MITE sequences from
B. floridae. We provide a consensus sequence for each
element and tentatively classify three of the five
elements into transposon superfamilies. This adds to
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our knowledge of amphioxus transposable elements
and will form a starting point for a more thorough
investigation of all TEs once the recently sequenced B.
floridae genome is assembled (forecast for 2006). Some
of the MITEs are present in the amphioxus ParaHox
cluster, indicating that like vertebrates TEs are not
excluded from this region of the genome. This
analysis suggests MITEs are a common TE in the
amphioxus genome and will be one of the major
agents of genomic evolution in this animal.

2. Methods and Results
Five novel elements have been characterised
from the amphioxus sequences around NK homeobox
genes and the ParaHox cluster. Initial analyses of
cosmid sequences containing the NK genes were
performed on the NIX implementation of BLASTn at
[http://www.hgmp.mrc.ac.uk/nix/].
BLASTn
searches within NIX utilised the TREMBL nonredundant dataset (the NIX resource is now
unavailable).
Subsequent BLAST analyses were
carried out on a stand-alone database constructed
from 859 publicly available Branchiostoma spp
sequences (October 2002), to which 450 B. floridae
sequences were added, that had been generated in our
laboratories. The size of this stand-alone database
was approximately 2.76Mb. This analysis identified
three novel elements. BLAST searches [20] of the
Genbank nr database (Oct 2005) using PACs
containing the ParaHox cluster increased this to five
elements. The repeats that conform to the general
structure of MITES are described here. A search of
Censor using REPBASE UPDATE 10.11 [21] gave no
similarity to previously reported TEs. One of the
elements does however, have similarity to part of the
published ATE-1 sequence of Cañestro et al. [19] (see
discussion). All five elements have characteristics of
MITEs, including short size, TIRs and TSDs, although
the A+T content of each was slightly lower than
expected. We conclude all five elements are novel
MITEs which we name LanceleTn-1, LanceleTn-2,
LanceleTn-3a, LanceleTn-3b and LanceleTn-4, after
another common name for amphioxus – the Lancelet.
Characterisation of LanceleTn-1
An initial BLASTn analysis of the cosmid
sequence Acc. AL671994 (which is part of a contig
containing AmphiNK3 and AmphiNK4, [22]) revealed a
match to a reported intron in the genomic sequence of
AmphiHox-2 (Acc. AB028207.1). BLASTn analyses of
this intron on the stand alone database revealed 39
highly significant matches, 23 of which were EST
sequences. Alignments between the AmphiHox-2
intron and the 39 BLASTn matching sequences
allowed us to assemble a consensus sequence and
define its general characteristics.
The characteristics of LanceleTn-1 (Table 1 and
Fig. 1) fulfil the criteria for a MITE. These include a 21
bp terminal inverted repeat, and 8 bp target site
duplications. In addition, the internal sequence has
no coding ability or similarity to any known proteins.
MITEs are frequently located within or close to non-
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coding regions of genes [6, 9, 23-26]. Of the 18
LanceleTn-1 is the longest of the five amphioxus
genomic DNA copies of LanceleTn-1 found in this
MITEs at 433 bp (excluding the TSDs).
analysis, 10 were closely associated with genes.
Table 1. Characteristics of five novel miniature inverted-repeat transposable elements.
Name

TSD

TIR*

Total length+

Superfamily
classification
hAT

A+T content %

433 bp

Estimated
Copy No.†
2500

LanceleTn-1

8 bp§

LanceleTn-2

?

LanceleTn-3a

9 bp

LanceleTn-3b

9 bp

LanceleTn-4

?

21 bp
TAGGGCTGGGTATCGGTACAG
≤59 bp
TWAGGCTAAGGTCACATTTCCA
21 bp
TAATCTCCAAGCAGATCCTAC
19 bp
TACTCTCCAAGCAGAGGTT
≤53 bp
TNAAGGTGGTATCTCACTGCAC

207 bp

2200

?

55

173 bp

3600

Mutator

55

205 bp

2900

Mutator

63

253 bp

4800

?

56

56

? Not enough information is present to provide a definitive answer (see text for details)
*
For LanceleTn-2, 3a, 3b and 4 only the most highly conserved terminal sequence of the TIR is presented. In all four cases loose inverted repeats can be
extended further. In addition, the possible TSDs are also included in the TIR sequence for LanceleTn-2 and 4 as the first base of the TIR cannot be
assigned without knowing the TSD.
+
Total length is based on the length of the consensus sequence and includes the TIR. The TSDs of LanceleTn-2 and LanceleTn-4 (but not the other three)
are also included because it is not clear where the elements end. The putative TSDs in these sequences are underlined.
†
The copy number of each element is estimated based on the number of copies found in the known amount of sequence on the NCBI database (see text)
§ As deduced from multiple alignments and confirmed by the AmphiHox-2 sequence within Acc. AB028207.1.

Figure 1. Consensus sequences of the 5 LanceleTn MITEs from amphioxus. Putative TSD sequences are in bold and TIR
sequences (as in Table 1) are underlined. The numbers in brackets refer to the number of full length sequences used to
create the consensus sequence.

As introns are spliced out of mRNAs after
transcription, their splice sites can be identified
through a comparison of cDNA and genomic DNA.
After comparing a genomic phage clone of AmphiHox2 (Acc. AB028207.1) and a cDNA of AmphiHox-2,

Wada et al. [27] concluded there is an intron in the 3’
UTR of this gene. This putative intron is composed of
the LanceleTn-1 sequence described above. In contrast
however, the AmphiHox-2 gene in two different PAC
clones (Accs. AC124805 and AC129949) lacks

Int. J. Biol. Sci. 2006, 2
LanceleTn-1, indicating the presence or absence of this
MITE at this locus is an allelic condition. Indeed, a
PCR screen of genomic DNA from 49 further
individuals of B. floridae (using primers flanking
LanceleTn-1 in AmphiHox-2) failed to detect its
presence [28], indicating that the allelic variant of
AmphiHox-2 with LanceleTn-1 is present at low
frequency in the amphioxus population of Tampa
Bay, Florida. It has not yet proven possible to test if
the LanceleTn-1 sequence in the AmphiHox-2 phage
clone represents a true intron. It is interesting
however, that a GT/AG spliceosomal consensus
sequence exists in the 5’ TSD and at the border of the
3’ TIR/TSD of the element in this clone (Fig. 2),
suggesting splicing may be possible.
Figure 2. Conserved Terminal Inverted Repeat (RED =TIR)
and Target Site Duplication (BLUE =TSD) motifs in the
flanking regions of the AmphiHox2 LanceleTn-1 insertion.
The underlining represents conserved residues in the 21 bp
TIR. The arrows represent the suggested, intron/exon
boundary following the GT/AG major spliceosome rule as
deduced by Wada et al., [27] from cDNA/genomic DNA
sequence comparison

Characterisation of LanceleTn-2
LanceleTn-2 was first identified from BLASTn
analysis of the cosmid sequence Acc. AL671994 as a
significant match within an intron of one of the B.
floridae EF1-alpha genes (Acc. AB070234). BLASTn
analysis of this intron on the stand-alone database
provided 45 sequences (10 of which were ESTs) from
which an initial consensus was obtained. This was
subsequently refined by the addition of nine further
sequences. LanceleTn-2 (Table 1 and Fig. 1) has a
probable target site duplication of the dinucleotide TA
(although it may actually be TWA, where W
represents T or A) and has TIRs of up to 59 bp. The
total length of the element is 207 bp. One unusual
copy
of
LanceleTn-2
was
identified
in
AmphiPRHOXNB, a gene flanking the ParaHox
cluster. This gene is conserved in vertebrates and
Strongylocentrotus purpuratus having only one intron
(data not shown). In amphioxus, however a novel
intron has been created, breaking the second exon.
This intron is made of a LanceleTn-2 element and some
unrelated flanking sequence. It is probable that a
LanceleTn-2 element jumped into this new intron, in
contrast to the other possibility of a LanceleTn-2
element with flanking sequences creating the intron.
Subsequently, the 5’ end of this novel intron (which
includes half of the LanceleTn-2 element) has
undergone multiple tandem duplications to result in a
larger intron.
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Characterisation of LanceleTn-3a and LanceleTn-3b
LanceleTn-3a was initially characterised from 65
BLASTn matches in the stand-alone database to a
region of the third intron of an NK-like gene
AmphiLcx [22, 28]. Twenty-eight of these matches
were to ESTs. Subsequent analysis of the amphioxus
ParaHox cluster revealed an additional closely related
MITE, LanceleTn-3b. These two elements have been
grouped together because 14 of their terminal 15 bp
are identical (see Table 1 and Fig. 1). This 15 bp is
possibly the size of the functional TIR but the most
conserved sequence of each element’s TIR extends to
21 bp in LanceleTn-3a and 19 bp in LanceleTn-3b (and
in both cases a loose inverted repeat is extended even
further). In addition, both LanceleTn-3 elements share
a 9 bp TSD (although in some of the LanceleTn-3a
copies only 8 bp TSDs can be confidently assigned).
The length of LanceleTn-3a is 175 bp which is 30 bp
shorter than LanceleTn-3b (205 bp). The internal
sequence has no similarity between the elements or to
any proteins but is conserved within each element.
Characterisation of LanceleTn-4
LanceleTn-4 (Table 1 and Fig. 1) was also
identified from BLAST analyses of the ParaHox
cluster. It is 253 bp long with up to 53 bp TIRs.
Unlike LanceleTn-1, 3a and 3b, identifying the exact
sequence of the TSD was difficult. The second and
second to last nucleotides varied mostly between T
and A, but there were also several G nucleotides. The
most likely TSD sequence is TA but other TSDs such
as TTAA, TTA or TAA cannot be excluded. Again the
internal sequence does not match any other known
sequences.
Estimation of the number of LanceleTn elements
The LanceleTn consensus sequences were used as
a BLASTn query without low-complexity filtering and
limiting the search to Branchiostoma sequences on the
Genbank nr database. The number of hits to the
CHORI-302 B. floridae BAC contigs on the Genbank nr
database (as of Jan 2006) was then counted. As of 5th
January 2006 there were 31 sequenced B. floridae BAC
contigs with an average length of 170 kb on the NCBI
database, making a total of 5.3 Mb of amphioxus
DNA sequence. The full genome size of B. floridae is
500-600 Mb [29, 30] which is approximately 100 times
greater than this figure. Using this multiplier, we
estimated the copy number of each LanceleTn MITE
element to range from 2,200 (LanceleTn-2) to 4,800
(LanceleTn-5) (Table 1).
Classification of LanceleTn elements
MITE classification is often not possible due to
the lack of sequence similarity between the central
regions of MITEs and known transposons. It is
therefore usually necessary to base classifications on
the size/sequence of the TSD and the sequence of the
TIR. The most systematic classification of MITEs is
based on a four level designation [4], where levels 1
and 2 have strong evidence for a MITE originating
from a larger element. Level 3 provides strong
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evidence that a MITE is transposed by a particular
autonomous element but supplies no information as
to the MITE’s origin. A level 4 classification suggests
only tentative evidence is available for a relationship
between a MITE and a larger element.
As the MITE sequences presented here have no
sequence similarity to known transposases from other
animals and no amphioxus autonomous DNA
transposons are known, the only classification we can
use is at level 4. LanceleTn-1 is proposed to fall into
the hAT (hobo, Ac, Tam3) superfamily.
hAT
transposons often have 8 bp TSDs [4] but more
conclusively, transposons of the Ac group have a
conserved sequence (TAGGGATG) at the ends of the
TIR [3].
These are the same characteristics of
LanceleTn-1 having only 1 bp different in the
conserved sequence (Table 1). LanceleTn-3a and
LanceleTn-3b should be classified into the same
superfamily as they share the same TSD size and the
beginning of their TIR. The sequence of the TIR is not
similar to any other elements, but the only group of
transposons to have a 9 bp TSD is the Mutator-like
superfamily [4].
Thus we group LanceleTn-1,
LanceleTn-3a and 3b into the two different
superfamilies. LanceleTn-2 and LanceleTn-4 however,
do not have TIR sequence similarity to any
transposons and their TSDs are less informative than
the other MITEs and will therefore have to remain
unclassified.

3. Discussion
Transposons are major factors in the evolution of
animal genomes and amphioxus is a key organism for
understanding this evolution. This is due to its
proposed sister group relationship to the vertebrates,
its derivation from the unduplicated genome state
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prior to vertebrate origins and the trend for
amphioxus to have retained prototypical gene cluster
organisation; lost in other invertebrate deuterostome
models. Prior to the present report of five amphioxus
MITE elements, only two transposable elements have
been previously reported in this animal. These are a
class I element named BfCR1 [18] and an unusual
class II element called ATE-1 [19]. Although all five
MITE elements reported here are novel, there is a
relationship between LanceleTn-2 and ATE-1.
Comparison of their DNA sequences revealed that
LanceleTn-2 is almost identical to the central part of
ATE-1. In addition to the usual TSD and TIRs, ATE-1
also contained sub-terminal direct repeats and a
central region. Cañestro et al. [19] were not able to
classify this element, although they did suggest the
direct repeats could have originally been two smaller
MITEs. It is now clear however, that the central
region of this ATE-1 element is actually LanceleTn-2.
As there are multiple copies of LanceleTn-2 on its own,
the two repetitive elements should be considered
separately, and it is valid to assign them different
names. Indeed, a BLASTn search of the ATE-1
element identified only the one published copy,
which is located in the EF1-alpha gene. There are also
up to 10 loosely related copies of a miniature ATE-1
element (without LanceleTn-2) in the CH302 BAC
sequences (corresponding to approximately 1000
copies in the genome). This indicates that a ‘mini’ or
precursor ATE-1 is an independent mobile DNA
element, and distinct from LanceleTn-2 (Fig. 3). It
therefore seems likely that a LanceleTn-2 element
inserted into a ‘mini’ ATE-1 element which was
subsequently identified as the composite ATE-1
element found by Cañestro et al. [19].

Figure 3. Comparison between Cañestro et al.’s [19] composite ATE-1, the ‘Mini’ ATE-1 and LanceleTn-2. The ATE1
element was published as having terminal inverted repeats (grey arrow heads), sub-terminal direct repeats made up of
smaller repeated modules (DRa & DRb) and a Central Region. Sequence comparison to the LanceleTn-2 element presented
here demonstrates the central region of ATE-1 is actually an independent MITE (LanceleTn-2) and a few copies of a ‘Mini’
ATE-1 without the LanceleTn-2 element were also found in the Branchiostoma sequences on Genbank. This demonstrates
the ability for new TEs to form through a fusion of two independent TEs.
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One aspect of the MITE analysis reported here
that proved difficult was the classification into larger
superfamilies. This was because none of the MITEs
had significant sequence similarity to other TEs. It
will become important in subsequent studies,
therefore, to identify autonomous transposons from
amphioxus that may be involved in mobilising the
MITE elements. If MITEs are simply derivatives of
larger elements, a comparison of DNA sequences
from autonomous elements would hopefully provide
clearer evidence for the evolutionary origin of these
LanceleTn elements. However, it has been suggested
by Feschotte et al. that “new MITEs may arise de novo
from the fortuitous association of TIRs flanking
unrelated segments of DNA” [4]. In cases where this
has occurred (such as the composite ATE-1), MITEs
could only be classified on the basis of which
transposon mobilises them rather than where they
originated from.
There has been considerable interest in the
relationship between transposable elements and
conserved gene clusters; for example, it has been
noted that vertebrate Hox gene clusters are relatively
devoid of TEs [14]. While a detailed analysis of the
amphioxus Hox cluster is still underway, the presence
of five MITEs lying between the three ParaHox genes
(and another four immediately outside) suggests the
amphioxus ParaHox gene cluster has not excluded
TEs. This is similar to the situation in vertebrates, and
marks a significant difference between Hox and
ParaHox gene clusters [16].
In all tetrapods
examined, there is one intact copy of the ParaHox
cluster in addition to three degenerate clusters.
Despite the presence of TEs in the intact ParaHox
clusters, and the consequent scope for rearrangement
they have remained whole, presumably due to a
counteracting selective pressure.
This selective
pressure, for example through shared regulatory
elements, may explain why the amphioxus ParaHox
cluster has not been broken despite containing TEs.
MITEs or other TEs in the ParaHox cluster could
provide a basis for the degeneration of three out of
four of the tetrapod ParaHox clusters.
In both previous studies of amphioxus
transposable elements (BfCR1 and ATE-1; [18, 19]),
the copy number of the element was estimated to be
less than 20. In contrast, the estimated number for
each the five LanceleTn MITEs reported here is over
2000 (Table 1), in the same order of magnitude as
some human and Xenopus MITEs [4]. It will be
interesting to see if this large copy number holds true
once the entire genome is analysed for other elements;
we do not anticipate that the five elements described
here represent all amphioxus MITE elements. The
current evidence suggests MITEs are the predominant
form of transposable element in the amphioxus
genome and are likely to have been important during
the evolution of the amphioxus genome.
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