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Abstract. BfCR1 is the first non-long terminal repeat
retrotransposon to be characterised in the amphio-
xus genome. Sequence alignment of the predicted trans-
lation product reveals that BfCR1 belongs to the CR1-
like retroposon class, a family widely distributed in ver-
tebrate and invertebrate lineages. Structural analysis
shows conservation of the specific motifs of the ORF2-
CR1 elements: the N-terminal endonuclease, the reverse
transcriptase and the C-terminal domains. The BfCR1 el-
ement possesses an atypical 3’ terminus consisting of the
tandem repeat (AAG),. We gathered evidence supporting

the mobility of this element and report an estimated 15
copies of BfCR1, mostly truncated, per haploid genome,
a remarkably low number when compared to that of ver-
tebrates. Phylogenetic analysis, including the amphioxus
element, seems to indicate that (i) CR1-like retroposons
cluster in a monophyletic group and (ii) the CR1-like
family was already present in the chordate ancestor. Our
data provide further support for the horizontal transmis-
sion of CR1-like elements during early vertebrate evolu-
tion.
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Introduction

The genome organisation of the cephalochordate am-
phioxus remains largely uncharacterised. Little is, there-
fore, known of the type and abundance of transposable el-
ements, gene density and architecture [1-3] and base
composition [1], all of which are key features in under-
standing the evolution of chordates and explaining the
transition to vertebrate genomes.

* Corresponding author.

One of the most abundant classes of transposable ele-
ments are the non-long terminal repeat (non-LTR) retro-
transposons (also termed LINE-like elements or retro-
posons). They are widely distributed in eukaryotes, al-
though the current collection of non-LTR elements is
clearly biased towards insects [4]. Evolutionary relation-
ships based on the alignment of the reverse transcriptase
domain, and the study of sequence organisation and the
transposition mechanism have suggested that these non-
LTR retroposons are closely related to bacterial and or-
ganellar group II introns [5]. Eleven clades of non-LTR
retrotransposons have been described, all of which ap-
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peared before the divergence of the major animal phyla.
Of these, L1, CR1, and RTE retrotransposons constitute
the three major lineages present in vertebrates [4]. Full-
length CR1-type elements contain two protein-coding re-
gions, ORF1 and ORF2, which encode a nucleic acid-
binding protein and an endonuclease and reverse tran-
scriptase (RT), respectively [6—8]. Members of the CR1-
like family have been identified in the vertebrates chicken
(CR1) [6, 7], turtle (PsCR1) [8], fugu (Maui) [9], and
shark (HER1) [10], and in the invertebrates Anopheles
(T1 and Q) [11, 12], Caenorhabditis (Sam6 and Sam3)
[13, 14] and Schistosoma (SR1) [15]. The copy number of
CR1-type elements per genome varies greatly depending
on the species, and on the segment used for estimation,
since only a very small percentage are full length. Most
elements are truncated in their 5’ regions, as the level of
processivity of the RT determines the proportion copied
from the RNA template at the target integration site.
Very little is known about repetitive DNA sequences in
the amphioxus genome [16]. Indeed, not a single member
of a transposon family has been described in cephalo-
chordates, the sister group of vertebrates. This contrasts
with the extensive knowledge that has been built up of
many individual amphioxus genes, each of which is
known to correspond to several vertebrate counterparts in
a number of gene families, and upon which the idea that
vertebrate genomes evolved through two rounds of
genome duplication is based [17]. The lack of informa-
tion on transposable elements in these animals has re-
strained the reconstruction of the invertebrate/vertebrate
genome transition. Hence, the fact that a 3.2-kb DNA se-
quence with high homology to the CR1-type elements
was found in the Branchiostoma floridae presenilin gene
[1] became an issue of interest. We characterised this se-
quence, which we have named BfCRI1, estimated the
copy number per haploid genome, performed a multiple
sequence alignment of the deduced translated ORF, and
carried out a phylogenetic analysis with its vertebrate and
invertebrate counterparts.

Material and methods

Sequence analysis and construction of phylogenetic
trees

For sequence comparisons against public databases, WU-
BLAST-X 2.0+BEAUTY, TBLASTN 2.1.2 and
BLOCKS search software were used. Sequence data were
obtained from GenBank. The accession numbers of the
sequences used in the present analysis were as follows:
Anopheles gambiae T1 (M93689), A. gambiae Q
(U03849), B. floridae BfCR1 (AF369890), Caenorhab-
ditis elegans Sam3 (U46668), C. elegans Samb6
(Z82275), Drosophila melanogaster Doc (X17551),
Fugu rubripes Maui (AF086712), Gallus gallus CRI1
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(U88211), Platemys spixii PsCR1 (AB005891), Schisto-
soma mansoni SR1 (U66331), Scyliorhinus torazame
HER1(AB027737).

Multiple sequence alignment and neighbour-joining (NJ)
tree construction were performed with Clustal X [18] and
drawn with the TreeViewPPC program [19]. Confidence
in each node was assessed by 1000 bootstrap replicates.
Maximum likelihood (ML) analysis was performed using
the quartet sampling and the NJ parameter estimation
procedure of Tree Puzzle, with the JTT model of amino
acid substitution [20], estimating the amino acid frequen-
cies from the data set, and taking into account the among-
site rate heterogeneity with eight gamma-distributed cat-
egories.

Genomic library screening, Southern and slot blot
analyses

A B. floridae FIX II genomic library [21] was screened
with a 1445-bp DNA fragment of BfCR1 (from Leu539
to Glul020 of the deduced protein). The probe was la-
belled with [a-?P]dCTP by random-hexamer priming
and hybridised to phage DNA transferred on Amersham
nylon (Hybon-N) filters in duplicate. Approximately
210,000 phage clones were screened. Hybridisations
were carried out in phosphate-SDS solution [22] at 60°C
overnight. 4 x 15 min washes were performed at 60°C in
2x SSC, 0.1% SDS. Hybridisation signals were detected
by autoradiography. Only the signals present in the origi-
nal and duplicated filters were considered.

Total genomic DNA from single B. floridae animals was
isolated using the guanidine isothiocyanate method
[23] with minor modifications [24]. For Southern studies,
10 pg of genomic DNA was digested with Pst, resolved
in 0.8% agarose gels, transferred to an Amersham nylon
(Hybon-N) filter, and UV fixed. Membranes were hy-
bridised with the same DNA probe as that used for library
screening. Labelling, hybridisation and washing condi-
tions were the same as those described for genomic li-
brary screening. The Southern blot was rehybridised with
a 5" cDNA fragment (exons 1 and 2) of BfPS as described
elsewhere [1].

For slot blot analysis, 5 pg, 500 ng, 50 ng and 5 ng of to-
tal genomic B. floridae DNA (= 8x10°, §x 103, 8§ x10*
and 8x 103 haploid genomes, respectively) Xbal re-
stricted, and 100 ng, 10 ng, 1 ng, 100 pg, 10 pg and 1 pg
of phage DNA containing the BfCR1 element (from
2x10°to 2 x 10* copies of BfCR1, respectively) were de-
natured with 0.4 M NaOH and 25 mM EDTA in a final
volume of 200 pl. The samples were applied to an Amer-
sham nylon (Hybon-N) membrane using a slot blot de-
vice. Prior to sample loading, the membrane was soaked
in H,O, and after loading, neutralized with 2 M sodium
acetate, pH 5.4 and fixed with UV light. Membranes were
hybridised with the same 1445-bp DNA fragment as used
for library screening. Additionally, a second probe of
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461 bp encompassing Pro43 to Leul45 of the amphioxus
ORF2 predicted protein was used. Labelling, hybridisa-
tion and washing conditions were also the same. Quan-
tification of the slot blot signal was performed with the
GS525 Molecular Imager System from Bio-Rad.

Results and discussion

Similarities between BfCR1 and CR1-like elements

A large fraction of repetitive sequences are associated
with mobile or transposable elements, which due to their
ability to move within genomes can generate mutations
and influence genomic organisation and gene expression.
Here, we describe the first non-LTR retrotransposon,
BfCR1, in the cephalochordate subphylum. The 3275-bp
sequence covered almost the full-length ORF2 of non-
LTR retrotransposons (fig. 1) and encoded an EN/RT pro-
tein (BLOCK search program gave an E value: 4.9¢!® for
RT domains). Comparison of the predicted amino acid se-
quence of ORF2-BfCR1 with the translated nucleotide
databases showed that the greatest similarity was to be
found with the retrotransposon family CR1 (E value: e 12!
for P spixii and e ! for G. gallus CR1 elements). Further
analysis was performed on the specific motifs of the
ORF2-CR1 elements, the N-terminal endonuclease do-
main (amino acids 106—313 of BfCR1), the RT domain
(amino acids 584—850) and the C-terminal domain
(amino acids 895—1037) of unknown function. The en-
donuclease is thought to be responsible for nicking the tar-
get DNA for retrotransposition. Alignment of the BfCR1
N-terminal endonuclease revealed homology to the re-
ported L, IL, IT1, V, VI, VIII and IX conserved domains [25],
which suggested conservation of the endonucleolytic ac-
tivity. In the RT-BfCR1 domain, the seven conserved
blocks reported by Xiong and Eickbush [26] were clearly
identified. This region was further used for drawing the
phylogenetic relationships among CRI1-like elements.
Concerning the A and B segments of the C-terminal do-
main, BfCR1 showed conservation of region A (40%
identity over 67 amino acids when compared with chicken
CR1) but a weak degree of preservation of region B (26 %
identity over 49 amino acids). These figures were within
the range for non-vertebrate versus vertebrate compar-
isons, but differed from the high sequence similarity that
both segments show in vertebrate versus S. mansoni CR1
comparisons [15]. Finally, another feature of CR1-like
members is an §-bp tandem direct repeat in the 3" un-
translated region (UTR). Instead, in our case, the 3 UTR
of BfCR1 showed an AAG triplet repeated six times.
Therefore, the 3" end of BfCR1 differed in sequence and
in length from other members of the CR1 clade.
Evidence supporting the mobility of BfCR1 can be de-
rived from the fact that this element was not always pre-
sent in the presenilin gene. First, some of the BfPS bands
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clearly did not match with any of the BfCR1 bands after
the Southern analysis (compare the high-molecular-
weight bands in lanes 1, 3 and 6 in the right panel with
those in the left panel of fig. 2C). Second, PCR amplifi-
cation of genomic DNA produced a fragment containing
BfPS intron 1 without the BfCR1 element (data not
shown). Sequence comparison of the PCR product with
the previously characterized BfPS intron 1 [1] enabled us
to ascertain the limits of the characterised element.

Copy number of BfCR1 in the amphioxus genome
The BfCR1 copy number per haploid genome was esti-
mated using three independent approaches. First, quanti-
tative slot blot analysis was used to compare the intensity
of slot blot hybridisation for BfCR1 in genomic DNA
samples with those of serial dilutions of a single-copy
BfCR1-containing phage. This indicated that there were
approximately 11 copies of BfCR1 per haploid genome
(fig. 2A). To verify BfCR1 representation further, we
performed a library screening on seven 30,000-phage
plates and obtained an average of 15 positives per plate
(fig. 2B). Considering an average insert size of 15 kb,
and an amphioxus genome length of 5.8 x 108 bp, the fig-
ure obtained was 20 BfCR1 elements. Finally, the discrete
banding pattern (less than 20 bands) revealed by South-
ern analysis with DNA samples from single animals
agreed with the above frequencies (fig. 2 C). Considering
the three approaches together, an average estimate of par-
tial plus full-length BfCR1 elements is 15 copies per hap-
loid genome. However, when a probe corresponding to a
5" segment of the ORF2-CR1 was used, the number of el-
ements containing this region decreased to three to four
per haploid genome. Thus, the genome of amphioxus has
15 copies of the BfCR1 element which extend 1.5 kb
from the 3" terminus but only 3—4 copies which extend as
far as 3.1 kb.

This value is quite low if compared with other CR1-like el-
ements: for example, 30,000 truncated and 30 full-length
in chicken [6], 10,000 and 400 in turtle [8], 3000 and 240
in fugu [9], and 200 and 50 in S. mansoni [15], but within
the range of other non-LTR retrotransposons described in
the tunicate Ciona intestinalis (50 Cili-1 and Cili-2) [27].
The low abundance of retroposons in tunicates and
cephalochordates could arguably be related to their rela-
tively small genome, and the vertebrate ancestor may also
have shared this trait. However, vertebrate genomes not
only differ in size, they also show other specific features:
large heterogeneity in base composition, great variations in
gene density, higher gene number, and complex exon-in-
tron architecture. And among these features, they might
harbour the defence mechanisms (i.e. methylation) to con-
trol the damaging effects associated with these elements.
However, the analysis of a large segment of the C. intesti-
nalis genome showed that methylation is not necessarily
targeted to transposable elements [28].
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Figure 2. (A4) Slot blot analysis of BfCR1 number in the amphioxus
genome. Slots 1-6: decreasing quantities of a single phage con-
taining the BfCR1 element. Slots 7—10: 5 pg, 500 ng, 50 ng and
5 ng of total genomic B. floridae DNA digested with Xbal. (B) Two
representative examples (left and right panels) of the hybridisation
of'a B. floridae FIX 11 genomic library screened with the BfCR1 el-
ement. Positive signals have been numbered in the two original
filters (top) and their duplicates (bottom). (C) Southern analysis of
genomic DNA from single B. floridae animals, Pstl restricted
and probed with BfCR1 (left) and BfPS (right).
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Figure 3. Neighbour-joining and maximum-likelihood phylogenetic trees from the alignment of the RT and C-terminal domains of de-
duced proteins of the CR1-like retroposon family. Figures at nodes are scores from 1000 bootstrap resamplings of the data (NJ) or quartet
puzzling support values (ML). Both methods produced the same overall tree topology.
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Figure 1. Alignment of deduced protein sequences of members of the CR1-like retroposon family. N-terminal endonuclease domains I,
1L, 111, V, VI, VIII and IX (boxed in red), 17 conserved blocks found in all RTs (boxed in blue) and A and B segments in the C-terminal
region (boxed in green) are indicated. Amino acid conservation and similarity are shown in black and grey backgrounds, respectively. Sam3
(Caenorhabditis), GgCR1 (Gallus), SR1 (schistosoma), BfFCR1 (amphioxus, Q (Anopheles)
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Phylogenetic relationships
Sequence analysis of the 3275-bp of BfCR1 revealed that
the closest match was to be found with the CR1 family,
showing 43 % similarity to and 31% identity with the
ORF2 deduced amino acid sequence of chicken CRI.
These values increased when the segment being compared
was restricted to the RT or the C-terminal conserved do-
mains. Phylogenetic analyses based on the predicted pro-
tein of the RT-encoding domain and the C-terminal region
of ORF2 were performed using the NJ and ML methods
(fig. 3). The trees were rooted using D. melanogaster Doc
as the outgroup, since the insect element belongs to the
Jockey family, which is considered the sister group of
CRI. The fact that BfCR1 did not cluster within the verte-
brate CR1-like clade, as revealed by high bootstrap values
(100 and 98 NJ and ML, respectively), suggests that the
CR1-like elements were already present in the genome of
the ancestral chordate, and strengthens the hypothesis that
non-LTR elements originated in the Precambrian era [4,
27]. Unexpectedly, our analysis indicated that the Maui
retrotransposon from the fugu fish failed to cluster with
either the vertebrate or with the invertebrate CR1-like el-
ements. Recently, the Maui element, initially described as
a member of the CRI family [9], was included in the
newly defined LINE2 clade [29].

The phylogenetic position of the non-LTR retroelement
of S. mansoni (SR1) within the deuterostome CR1 cluster
(bootstrap values of 99 and 73 for NJ and ML, respec-
tively) was surprising. Furthermore, SR1 appeared to be
more closely related to vertebrate CR 1-like elements than
was BfCR1 (bootstrap values of 83 and 63 for NJ and
ML, respectively). This close phylogenetic relationship
was further supported by the high degree of conservation
of the A and B domains of the SR1 C-terminal region, de-
fined as highly preserved segments in vertebrate (but not
in invertebrate) CR 1-like retroposons. Although horizon-
tal transfer has been considered for the SR1 mobile ele-
ment [15], no reliable evidence was obtained after a com-
prehensive phylogenetic analysis of non-LTR retrotrans-
posons [4]. However, when BfCR1 was incorporated into
this analysis, the SR1 position with respect to the verte-
brate elements supported the proposed horizontal trans-
mission, facilitated by the fact that schistosomes are ver-
tebrate blood vessel parasites. The SR1 branch at the base
of the vertebrate cluster, the variability reported among
SR1 elements [15] and our phylogenetic analysis suggest
that the transfer was an early event which probably oc-
curred after the cephalochordate-vertebrate split.
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