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Capitol 1: Retrotransposons non-LTR a Ciona intestinalis

Article 1: The non-LTR retrotransposons in Ciona intestinalis: new
insights into the evolution of chordate genomes. Genome Biol.
2003;4(11):R73

Els urochordats son avui un bon model per entendre ’evolucié dels
organismes complexes ja que a nivell filogenetic s’els considera el
grup germa dels vertebrats. La seqlienciacio del genoma de lascidi
Ciona intestinalis, un cordat no vertebrat, ha representat una fita
en el emergent mon de la genomica comparada ja que ha posat a
’abast dels investigadors una informacié basica per conéixer els
elements (tool kit) dels genomes complexes i entendre un dels
punts claus de ’evolucio, l’origen dels vertebrats. Partint doncs de
la base de dades d’aquest genoma ens varem proposar identificar la
fraccio corresponent als retrotransposons non-LTR i fer una analisi
comparativa amb els elements descrits en d’altres espéecies animals
per establir-ne la participacié en el llinatge dels cordats. Amb
aquest objectiu shan realitzat aproximacions in silico i
experimentals que han permes llur caracteritzacio. En el genoma de
l'ascidi s’han descrit 5 sequiencies consens que presenten homologia
a elements corresponents als clades I, L1, L2, LOA i R2. Els elements
de l'ascidi conserven tant la pauta de lectura oberta corresponent a
la transcriptasa inversa com lestructura general corresponent a
cada clade. A més a més se n'ha pogut determinar el nUmero de
copies i l'estat de metilacié de l'entorn genomic d'aquests elements.
La disponibilitat del genoma engalzat en contigs ha facilitat l’estudi
de les seqiiéncies flanquejants als elements descrits. Els resultats
recollits en aquest treball evidencien una situaciéo diferent a la
observada als cordats vertebrats, clarament més propera a la
daltres protostoms, ja que els retrotransposons non-LTR de l'ascidi
son poc freqiients pero molt variats i es troben en regions pobres en
gens i preferentment localitzats en la fracci6 no metilada del
genoma.
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Abstract

Background: Non-long terminal repeat (non-LTR) retrotransposons have contributed to shaping
the structure and function of genomes. In silico and experimental approaches have been used to
identify the non-LTR elements of the urochordate Ciona intestinalis. Knowledge of the types and
abundance of non-LTR elements in urochordates is a key step in understanding their contribution
to the structure and function of vertebrate genomes.

Results: Consensus elements phylogenetically related to the I, LINEI, LINE2, LOA and R2
elements of the |4 eukaryotic non-LTR clades are described from C. intestinalis. The ascidian
elements showed conservation of both the reverse transcriptase coding sequence and the overall
structural organization seen in each clade. The apurinic/apyrimidinic endonuclease and nucleic-acid-
binding domains encoded upstream of the reverse transcriptase, and the RNase H and the
restriction enzyme-like endonuclease motifs encoded downstream of the reverse transcriptase
were identified in the corresponding Ciona families.
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Conclusions: The genome of C. intestinalis harbors representatives of at least five clades of non-
LTR retrotransposons. The copy number per haploid genome of each element is low, less than 100,
far below the values reported for vertebrate counterparts but within the range for protostomes.
Genomic and sequence analysis shows that the ascidian non-LTR elements are unmethylated and
flanked by genomic segments with a gene density lower than average for the genome. The analysis
provides valuable data for understanding the evolution of early chordate genomes and enlarges the
view on the distribution of the non-LTR retrotransposons in eukaryotes.

Background

The ascidian Ciona intestinalis has joined the select group of
fully sequenced genomes [1]. The draft sequence shows inter-
esting features of an invertebrate chordate: a genome size of
153-159 megabases (Mb); base composition of 65% AT;
15,852 predicted transcripts; and a gene density of one per 7.5
kilobases (kb). Ciona genome organization lies between that
of protostomes (most animals other than echinoderms and

chordates) and vertebrates. The released sequence allows
new approaches to study the structure of the still poorly char-
acterized repetitive DNA fraction, which accounts for 30-35%
of the urochordate genome [2]. Although rRNA and tRNA
families have been described, the different classes of trans-
posable elements were not surveyed. Indeed, current infor-
mation about ascidian transposable elements is limited to
only 1 Mb of genomic sequences [3]. These elements are,
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however, invariably found in eukaryotes and most probably
have contributed greatly to shaping the structure and func-
tion of vertebrate genomes [4].

Transposable elements are grouped into two major classes -
class I and class II - depending on the mechanism of transpo-
sition [5,6]. Class I elements can be further classified into
three categories: short interspersed nucleotide elements
(SINESs); long terminal repeat (LTR) retrotransposons; and
non-LTR retrotransposons (also termed LINE-like elements
or retroposons). Although elements in the last category are
among the most abundant, frequency estimates vary greatly
depending on the species and the DNA segment considered,
as most copies are 5'-truncated. Full-length non-LTR ele-
ments contain either one or two open reading frames (ORFs),
all of them encode a reverse transcriptase, and some have
additional motifs [7-10]. On the basis of the reverse tran-
scriptase, non-LTR retrotransposons have been clustered
into 14 different clades, the L1, L2, CR1, Rex1, RTE and R4
clades being the six major lineages present in vertebrates [11-
15]. In contrast to vertebrates, our knowledge of LINE-like
elements in other chordates is scanty: Cili-1 and Cili-2 [3] and
BfCR1 [16] are the only non-LTR elements reported in non-
vertebrate chordates. If, however, non-LTR clades originated
before the divergence of the major animal phyla [11], urochor-
date and cephalochordate genomes should harbor represent-
atives of these clades.

We have conducted an exhaustive search for non-LTR ele-
ments, initially on raw data and more recently on the draft
genome, of the urochordate C. intestinalis. Phylogenetic anal-
ysis based on the reverse transcriptase domain showed that
the ascidian elements grouped within five non-LTR clades.
The structural features of the non-LTR elements, copy
number, genome distribution and methylation status have
been analyzed and inferences on the evolution of chordate
genomes are presented.

Results

Non-LTR elements in the ascidian genome

Five consensus non-LTR retrotransposons, termed Cil, CiL1,
CiL2, CiLOA and CiR2, were derived from five, five, six, five
and five C. intestinalis scaffolds, respectively (Figures 1, 2 and
see Additional data file 1). TBLASTX comparisons showed
that the ascidian elements belonged to the I, LINE1, LINE2,
LOA and R2 clades (E-values: 4e%9 with Biomphalaria gla-
brata (snail) BGR, 2e-89 with Nycticebus coucang (slow loris)
L1, 2e-50 with Danio rerio CR1Dr2, e-146 with Aedes aegypti
Lian, and e106 with Drosophila melanogaster R2, respec-
tively). CiL1.2 (Figure 2b), derived from five scaffolds, was
another ascidian LINE1 element. It showed homology with
the Xenopus laevis Tx1 retroelement (E-value: 2e-4°) but was
not further analyzed because it was significantly shorter than
CiL1 (CiL1.2 only encompassed the reverse transcriptase
region).

Permanyer et al.

http://genomebiology.com/2003/4/1 1/R73

All the Ciona elements encoded the conserved reverse tran-
scriptase with the distinctive structural hallmarks defined as
block o, 1, 2, 2a, 3, 4, 5, 6 and 7 [11] (Figure 2b). Although con-
servation of the thumb region (block 8 and 9) was weak, pres-
ervation of the ascidian sequences defining the CRE/R2/R4/
L1/RTE subgroup was still found. The apurinic/apyrimidic
endonuclease (APE) region was clearly identified in Cil, CiL1,
CiL2 and CiLOA (Figure 2a) on the basis of the reported
domains I to VII [17]. Cil and CiLOA also contained the
RNaseH (RNH) domain at the carboxylic end (Figures 1, 2d).
Concerning ORF1, partial sequences were assembled for Cil
and CiLOA, but a CCHC motif (single-letter amino-acid code)
in this region was only identified in the Cil element (Figure
2e). Finally, for CiR2, a restriction enzyme-like endonuclease
(REL-endo) containing the CCHC and KPDI motifs [18] was
found in the carboxy-terminal region, and a CCHH domain
and a putative c-Myb DNA-binding motif were identified at
the amino terminus (Figure 2¢). Overall, the structure and
organization of the ascidian non-LTR retrotransposons is
consistent with those reported for each non-LTR clade.

Phylogenetic relationships of Ciona retrotransposons

The reverse transcriptase domain of non-LTR elements was
used to establish the phylogenetic relationships of the ascid-
ian elements and the 14 reported non-LTR clades. In the
neighbor-joining tree (Figure 3), all clades were supported
with significant bootstrap values (¢ 70%), except clade I, with
the lowest bootstrap value (67%) in agreement with previous
analyses [11,12,14]. Therefore, ascidian sequences clustered
within five distinct clades: I, L1, L2, LOA and R2 (bootstraps:
67%, 70%, 97%, 100% and 100%, respectively), as a result of
which they were recorded as new members of such groups.

Copy number and genomic features

Fragments of about 300 nucleotides of the reverse tran-
scriptase domain of each ascidian element were PCR ampli-
fied, cloned, sequenced and wused for copy-number
estimations and methylation analyses. To quantify the copy
number for each element, two independent experimental
approaches - slot blot analysis and genomic library screenings
(Figure 4a,b) - were combined with in silico scores on the
number of Ciona scaffold-containing elements (Table 1).
When the reverse transcriptase was considered, the data from
the different approaches were consistent and mean values for
each element were in the range 3-7, far below the copy num-
bers of the vertebrate counterparts (Table 2). CiR2 slot-blot
analysis did not give a signal, in agreement with the low esti-
mates obtained after in silico searches and library screenings.
Indeed, full-length copies could not be assembled for any of
the families after database searches. In silico estimates with
sequences that also encompassed the 5' and 3' sequences of
reverse transcriptase increased the numbers slightly: 9, 22,
24, 69 and 13 for Cil, CiL1, CiL2, CiLOA and CiR2, respec-
tively (Table 1).

Genome Biology 2003, 4:R73
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Schematic representation of the ascidian non-LTR retrotransposons. The conserved domains are depicted on the sequence derived from the Ciona
scaffolds (thick line). Thin lines correspond to the physical segments covered by the scaffolds, which are numbered on the left. For clarity, indels are not
shown. APE, apurinic/apyrimidinic endonuclease; REL-endo, restricted enzyme-like endonuclease; RNH, RNase H domain; RT, reverse transcriptase.
Vertical bars indicate the location of cysteine-histidine motifs typical of nucleic acid-binding domains.

Gene density and GC content in the surrounding retrotrans-
poson sequences was estimated from 26 10-kb regions flank-
ing Cil, CiL1, CiL2 and CiLOA elements of 17 scaffolds.
Overall, 16.5 genes were found in the 260 kb analyzed. There-
fore, the average gene density (1 gene per 15.8 kb) was lower
than that of the whole genome (1 gene per 7.5 kb) [1]. How-
ever, no differences were observed when the GC content of
those segments (35.7%) was compared with the overall
genomic value (35%). Concerning CiR2, our data confirmed
the target specificity for rRNA genes associated with the REL-
endo domain: 9 out of 13 CiR2s were indeed linked to rRNA
sequences.

Finally, the methylation status of the genomic regions con-
taining the elements was investigated by comparing the
hybridization patterns of genomic DNA restricted with the
methylation-sensitive enzyme Hpall, and the methylation-
insensitive isoschizomer Mspl. The identical Hpall and Mspl
patterns obtained for all the elements (except for CiR2, which

gave no signal) supported the location of the ascidian ele-
ments in unmethylated genomic segments (Figure 4c).

Discussion

Ciona non-LTR retrotransposons

The analysis of non-LTR elements in the urochordate Ciona
provides valuable data for understanding the evolution of
early chordate genomes and enlarges the view of the distribu-
tion of the non-LTR clades in eukaryotes. The Ciona genome
harbors: I, LOA and R2 elements, hitherto restricted to pro-
tostomes; L1 elements, formerly uncharacterized in inverte-
brates; and L2 elements, previously described in protostomes
and vertebrates.

Clade I was the least supported branch of our analysis (boot-
strap value, 67%). However, ascription of Cil to this clade was
unambiguous as it shares with the other I elements the CCHC
motif and the APE, reverse transcriptase and RNH domains

Genome Biology 2003, 4:R73
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Figure 2

Multiple-sequence alignments of the Ciona non-LTR retrotransposons. (a) The APE region. Only blocks of highly similar residues are shown. The Roman
numerals above the alignments correspond to those defined by Tu et al. [17]. Highly conserved residues, as convenient landmarks, are shaded. (b) Reverse
transcriptase sequences. Numbers above the sequences and the black-shaded residues refer to the conserved peaks described by Malik et al. [11]. Gray-
shaded residues correspond to the CRE/R2/R4/LI/RTE and Tad/R1/LOA/Jockey/CR1/I subgroups described in [I1]. (c¢) CiR2 domains. The CCHH and c-
Myb DNA-binding motifs are shown in the amino-terminal domain and the REL-endo domain with the CCHC and KPDI motifs in the carboxy-terminal
domain [18]. (d) CiLOA and Cil RNH domains. Only the highly conserved regions of the RNase H domain of the blocks defined by Tu et al. [17] are
depicted. The three amino-acid residues identified in the active site of E. coli RNase H are shaded. (€) CCHC motif of the putative Cil-ORFI as defined by

Fawcett et al. [32].

(Figure 1), and also because it clearly clustered with the I non-
LTR retrotransposon BGR of the snail Biomphalaria gla-
brata (bootstrap 93%). In regard to the LOA clade, represent-
atives in urochordates had previously been identified after

BLASTN and BLASTX comparisons. The ascidian Cili-2 ret-
rotransposon gives the closest match with the RNH domain of
the mosquito Lian element [3]. We have now derived CiLOA,
an element that encodes APE, reverse transcriptase and
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Figure 3

Phylogenetic tree of non-LTR elements based on the reverse transcriptase sequence. The elements identified in C. intestinalis are indicated with an asterisk.
The number next to each node of the 14 clades indicates the bootstrap value as the percentage out of 1,000 replicates. The name of each non-LTR
element and the species harboring it is listed to the right of the figure, shaded in light gray (protostomes) or dark gray (deuterostomes).
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Figure 4

Slot-blot analysis, library screening and Southern blot of ascidian non-LTR elements. (a) On the left is shown a representative experiment of slot-blot
analysis of CiLOA elements in three specimens with (from left to right) 500 ng, 250 ng, 50 ng and 25 ng of EcoRI-digested C. intestinalis genomic DNA. On
the right is shown slot-blot analysis of serial dilutions of plasmid containing CiLOA which has been EcoRlI-restricted and mixed with | pug mouse DNA. (b)
Hybridization of a C. intestinalis genomic library screened with CiLOA. Positive signals have been depicted (from a to v) in the original (left) and its duplicate
(right). (c) The first four panels show Southern analyses of 10 pg C. intestinalis genomic DNA digested with Hpall (H) or Mspl (M) and probed with the
non-LTR element indicated under each panel; the fifth panel shows 10 ng Branchiostoma floridae (amphioxus) genomic DNA digested with Hpall (H), Mbol

(Mb), Mspl (M) or Sau3A (S) and probed with BfCRI.

RNH. The phylogenetic analysis of the reverse transcriptase
domain together with the other structural hallmarks
improved the assignment of the Ciona sequence to the LOA
clade (bootstrap 100%). Finally, the phylogenetic analysis
and structural features clearly placed CiR2 within the R2
clade (Figures 1-3). As well as the reverse transcriptase, the
preservation in the deuterostome lineage of the distinctive R2
structural hallmarks, such as the REL-endo domain and the 5'
CCHH and c-Myb DNA-binding motifs, indicate the ancient
structural organization of this clade. Additionally, insertions
of the element near the Ciona rRNA genes suggest that target
specificity through the REL-endo mechanism has been pre-
served. Overall, not only does the analysis of Cil, CiLOA and
CiR2 agree with the origin of these retrotransposons in the
Precambrian era [11], but the fact that the urochordate ele-
ments resemble the protostome counterparts points to their
ancient structural organization.

We derived CiL1 and CiL1.2, whose structural organization
and phylogenetic relationship made them cluster within the
L1 clade (bootstrap 70%) and supported a previous BLAST

analysis of two short Ciona sequences [3]. Our data allowed
the first structural characterization of the L1 clade in inverte-
brates. CiL2 clustered within the L2 clade (bootstrap 97%), a
novel group of non-LTR retrotransposons closely related to
the CR1 and Rex1 clades [14], which includes members previ-
ously described in the protostome and deuterostome lineages
(Table 2). Interestingly, the CR1 and RTE clades, which are
also shared by protostomes and deuterostomes, have not
been identified in Ciona. Whether these clades were lost in
the whole urochordate subphylum needs further
investigation.

Retrotransposon frequency, genomic features and
genome evolution

Sequence analysis of the scaffolds harboring the non-LTR ele-
ments revealed that ascidian transposable elements are
flanked by regions of low gene density. However, no differ-
ences in GC content with respect to the average genome value
were found when comparing these genomic segments. More-
over, Southern analysis showed that ascidian non-LTR retro-
transposons are unmethylated. Overall, these data suggest
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Table |
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Copy number of the Ciona non-LTR elements

Total number*

Number based on reverse transcriptase

Screening Slot-blot Databank Average
Cil 9 7.5 5 6 6
CiLI 22 3 3 6 4
CiL2 24 3 5 4 4
CiLOA 69 6 5 9 7
CiR2 13 3 - 3 3

*In silico estimates based on all the sequence available.

that mobile elements, gene density and methylation status
have not influenced the nucleotide composition in
urochordates.

Copy-number estimates of the non-LTR elements in the
Ciona genome suffer from slight inaccuracies due to the
hybridization reaction, which disregards highly divergent ele-
ments, and to the fact that computational estimates only refer
to the available 90% of the genome. However, the agreement
between the in silico and experimental estimations indicates
that, in this case, the biases have been minimized. The data
show a low copy number per haploid genome of the different
ascidian elements: from 9 to 69 copies, which decreased to
three to seven copies when estimates were based on the
reverse transcriptase domain only. These values are far below
the vertebrate counterparts, but similar to numbers reported
for protostome genomes. This also seems to apply to another
lower chordate genome. In amphioxus (subphylum Cephalo-
chordata) a low copy number has been reported for a non-
LTR retrotransposon, BfCR1, [16] and for ATE1, a class II
transposable element [19].

The factors involved in retrotransposon control are still an
open question. The view that methylation evolved to suppress
the activity of transposable elements in vertebrates [20]
pointed to DNA methylation as a good candidate for transpo-
sition control in lower chordates. However, ascidian trans-
posable elements are clearly unmethylated ([21] and this
study) and, hence, the genome-defense model cannot be
extended to urochordates, and perhaps not to cephalochor-
dates, as the amphioxus BfCR1 element also belongs to the
unmethylated genomic fraction (Figure 4c). Among other
mechanisms, if required at all for retrotransposon control in
lower chordates, co-suppression, which operates on I ele-
ments in Drosophila [22,23] and in transposable element
silencing in plant genomes [24], is a possibility.

Conclusions
In summary, ascidian and amphioxus genomes do not harbor
high copy numbers of retrotransposons. If this reflects the

condition of the pre-duplicative genome of the ancestor of the
vertebrates, substantial increases in the number of trans-
posons in vertebrates could only have been attained after the
large-scale duplications that provided the raw material to
buffer the transposable element-induced genome rearrange-
ments, and after the recruitment of methylation to control
transposable element mobility. Therefore, beyond the exten-
sive duplications occurring at the origin of the vertebrates,
expansion of mobile elements linked to new roles for DNA
methylation would have to be considered as significant fac-
tors in the modeling of the highly complex genomes.

Materials and methods

Non-LTR retrotransposons in the Ciona database

The C. intestinalis non-LTRs were identified through a
TBLASTX [25] search on the Ciona genome draft deposited in
the JGI database [26]. The following non-LTR retrotrans-
posons were used as queries: CRE1 from Crithidia fasciculata
(accession number M33009), CZAR from Trypanosoma
cruzi (M62862), Dong from Bombyx mori (Lo8889), L1 from
Rattus norvegicus (U83119), RTE1 from Caenorhabditis ele-
gans (AF025462), Tad1 from Neurospora (L25662), R1 from
D. melanogaster (X51968), Jockey from D. melanogaster
(M22874), L1Tc from T. cruzi (X83098), R2 from Porcellio
scaber (AF015818), LOA from Drosophila silvestris
(X60177), Rex3 from Tetraodon nigroviridis (AJ312226),
NeSL-1 from C. elegans (Z82058), CR1 from Gallus gallus
(AAC60281) and Maui from Takifugu rubripes (AF086712).
The retrieved Ciona sequences were aligned by eye on the
basis of the DotPlot comparisons of the MegAlign program
from the DNASTAR package, and a consensus composite was
assembled. Sequence differences between scaffolds due to
nucleotide substitutions or indels were analyzed and the
sequence maximizing the similarity to reported elements was
selected. The non-LTR nature of each composite sequence
was further verified through a TBLASTX search against the
GenBank database. The consensus sequence was named after
the defined non-LTR clade to which it belonged. The Cil con-
sensus sequence was derived from scaffolds 120, 148, 599,
1398 and 2116; CiL1 from 951, 1407, 1810, 3249 and 7743;
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Non-LTR retrotransposons in Ciona

Deuterostomes

Protostomes Other organisms*

Non-LTR clade Ciona copy number*

Vertebrates (copy number

Copy number in D. melanogaster [30] and

in Fugu [15]) A. gambiae [317t

CRI + (NF$) + (NF, 152)
CRE + (NF, NF)
I +(6-9) + (67, 19)
Jockey + (392, 28)
LI +(4-22) +(500) +1 +
L2 + (4-24) + (6,500) + (NF, NF)
LOA +(7-69) + (18, 19)
NeSLI + (NF, NF)
R1 + (130, 3%
R2 +(3-13) + (0, NF)
R4 + (1,000) +(NF, 2)
Rex| +(2,000) +
RTE +(2,300) + (NF, 167)
Tadl +
Total copy number 24-137 12,300 607, 390
Clade complexity™* Five in Ciona Five in Fugu Five in D. melanogaster and seven in A.

gambiae

*Detailed in Table |. tThe first number in parentheses refers to D. melanogaster, the second to Aedes aegypti. See Figure 3. SNF, not found. TProbably
present in A. gambiae [31]. ¥Underestimated in Holt et al. [31]. **Number of different clades.

CiL1.2 from 388, 890, 1138, 2278 and 2648; CiL2 from 231,
604, 1005, 1177, 1644 and 3322; CiLOA from 398, 925, 1078,
1854 and 4983; CiR2 from 345, 1777, 2388, 2455 and 3439.

The in silico copy number of each repetitive DNA element was
estimated from the Ciona database. Two types of search were
performed. First, all the derived sequences were used to
retrieve scaffold-containing elements that matched with a
BLAST expect value of <103 [15]. To discard wrongly
assigned elements, a threshold was defined at the score value
of the first match of an element that belonged to another
clade. Second, for the sake of comparison with experimental
data, only the consensus reverse transcriptase region was
used for the search and the scaffolds showing a minimum
match of 300 nucleotides with the same BLAST expect value
were considered.

PCR amplification, cloning and sequence of non-LTR
elements

PCR amplifications with primers designed from the consen-
sus reverse transcriptase sequence of each identified ascidian
non-LTR elements were performed with 250 pg of genomic
DNA and 1 U Taq DNA polymerase (BioTherm) in 25 ul of
reaction volume containing 0.2 uM for each primer, 32 uM
each ANTP and 2 mM MgCl,. The sequences of the primers
were: CiL1-F (forward): 5-AACTAGTGATACCGCGCC-3,
CiL1-R (reverse): 5'-ACACCTCGTTTGATCGG-3', CiL2-F: 5'-

GTTGAGGTAAATGGCGC-3', CilL2-R: 5-CGTTCGTCAT-
TATCTGGG-3', CiR2-F: 5'-TTCCGCAAGGTCGATG-3', CiR2-
R: 5'-CAGATAGGGCCCAATCC-3', CiI-F: 5'-CGATCTACCAC-
CGACCAC-3/, Cil-R: 5'-GCTTGTCACAGGCAGTTG-3/,
CiLOA-F: 5'-AACTGCGGAGATCCATGG-3' and CiLOA-R: 5'-
GTCGCAGTCTTGATGCGG-3'. PCR conditions were as fol-
lows: the initial denaturation step at 94°C for 2 min was
followed by 40 cycles at 94°C for 45 sec, 53°C for 30 sec and
72°C for 30 sec and a final extension step at 72°C for 5 min. In
each PCR assay, a fragment of approximately 300 bp was
amplified and then cloned in a pUC18 plasmid and sequenced
using the Big Dye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA) in a 3730 DNA Ana-
lyzer (Applied Biosystems).

Genomic library screenings, slot and Southern blot
analyses

A C. intestinalis AZapll genomic library (kindly provided by
M. Levine) was screened with each of the fragments of the
identified Ciona non-LTR elements. The probes were labeled
with [a-32P]dCTP by random-hexamer priming and hybrid-
ized to phage DNA transferred on Hybond-N nylon filters
(Amersham Pharmacia Biotech, Uppsala, Sweden) in dupli-
cate. Approximately 70,000 phages were screened. Hybridi-
zations were performed in phosphate-SDS solution [27] at
65°C overnight. Two 15-min washes were performed at 65°C
in 2 x SSC, 0.1% SDS, 2 x 15 min at 65°Cin 1 x SSC, 0.1% SDS
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and 1 x 15 min at 65°C in 0.2 x SSC, 0.1% SDS. Hybridization
signals were detected by autoradiography. Only the signals
present in the original and duplicated filters were considered.

For quantitative slot-blot analysis, 500 ng, 250 ng, 50 ng and
25 ng of EcoRI-digested C. intestinalis genomic DNA and
serial dilutions of each plasmid-containing probe, EcoRI-
restricted and mixed with 1 pg mouse genomic DNA (as non-
specific DNA) were denatured with 0.4 M NaOH and 25 mM
EDTA in a final volume of 200 pul and blotted on Hybond-N
nylon filters (Amersham Pharmacia Biotech) with a slot-blot
device (Minifold II, Schleicher & Schuell, Dassel, Germany).
Three genomic DNA replicates of isolated animals were per-
formed. Before sample loading, the membrane was soaked in
water and then neutralized with 2 M sodium acetate, pH 5.4
and fixed with UV light. Membranes were hybridized with the
same probes used for library screening at the same hybridiza-
tion and washing conditions. The slot-blot signal was quanti-
fied with the GS525 Molecular Imager System (Bio-Rad,
Hercules, CA).

For Southern analyses 10 pg of C. intestinalis genomic DNA
digested with Hpall or Mspl was resolved on 0.8% agarose
gels and transferred to nylon membranes. Southern blots
were hybridized with the same non-LTR probes used for
library screening at identical hybridization and washing
conditions.

Sequence and phylogenetic analyses

Gene density and GC content of the retrotransposon insertion
sites was assessed. Only the scaffolds that expanded at least
10 kb upstream or downstream from an element were consid-
ered. Gene density in the 10-kb flanking regions was calcu-
lated by scoring the predicted genes according the Ciona gene
model vi.0. When the gene sequence was only partially con-
tained in the region analyzed, it was scored as 0.5.

For phylogenetic analysis the C. intestinalis sequences were
added to a previous alignment by Malik [11], updated by add-
ing the NeSL-1 (C. elegans, 7Z82058), LINE2 (Patella,
X77618; Danio rerio, AL591210; Oryzias, AB054295; Fugu,
AF086712) and Rex1 (Xiphophorus, AF155728; Batrachocot-
tus, AAA83744) clades. The new alignment was generated
using Clustal X [28], maintaining the same pairwise gap pen-
alties and multiple alignment parameters, and adjusted by
eye (see Additional data files 2 and 3). Phylogenetic analyses
were performed using the neighbor-joining method, rooted
with the reverse transcriptase sequence of Neurospora
organellar group II intron (accession number S07649) and
drawn with the TreeViewPPC program [29]. Confidence in
each node was assessed by 1,000 bootstrap replicates.

Additional data files
The consensus DNA sequences of each derived Ciona non-
LTR retrotransposon (Additional data file 1) and the reverse

Genome Biology 2003,  Volume 4, Issue | I, Article R73

transcriptase alignment used to reconstruct the phylogenetic
relationship with the non-LTR clades (Additional data file 2,
Additional data file 3) are available with the online version of
this article.
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Publicacions

Capitol 2: Retrotransposons non-LTR a Branchiostoma floridae

Article 2: The first non-LTR retrotransposon characterised in the
cephalochordate amphioxus, BfCR1, shows similarities to CR1-like
elements. Cell Mol Life Sci. 2003 Apr;60(4):803-9

Article 3: Getting closer to a pre-vertebrate genome: the non-LTR
retrotransposons of Branchiostoma floridae. Int J Biol Sci.
2006;2(2):48-53

Els retrotransposons non-LTR de diferents especies de cordats
presenten situacions diverses. Donat que l'amfiox shavia considerat
historicament com el cordat no vertebrat més proper als vertebrats
era especialment interessant estudiar aquests elements mobils en el
seu genoma. En el primer treball (article 2) es caracteritza el
primer retrotransposd6 non-LTR de Branchiostoma floridae,
anomenat BfCR1. Aquest element presenta unes caracteristiques
més similars a les descrites per als retrotransposons non-LTR de
l'ascidi Ciona intestinalis que les dels vertebrats. L'analisi de la
seqiiencia de BfCR1 mostra clarament que és un element de tipus
CR1 amb els dominis caracteristics d'aquest clade. Tal com succeeix
a lascidi, el niumero de copies de BfCR1 en el genoma és baix,
recolzant la idea que els cordats no vertebrats, organismes amb
genomes relativament “senzills i de mida reduida” contenen pocs
retroposons non-LTR en el seu genoma.

En el segon treball (article 3) i gracies a la base de dades de la
seqiiencia del genoma de l'amfiox, va ser posible realitzar una
analisi molt més general dels retrotransposons non-LTR en aquest
organisme. El crivellatge in silico que hem dut a terme de les
seqliencies geneomiques ens ha permes establir la preséncia de
retrotransposons non-LTR corresponents a almenys 6 clades
diferents. Tot i que no hem pogut caracteritzar l'entorn genomic
d'aquests elements l’estima del nombre de copies és clarament
baix. Aquest treball ha permes generalitzar les dades experimentals
de l'element BfCR1 a altres tipus de retrotransposons dins [’amfiox,
fer una analisi comparativa amb els elements descrits en d’altres
especies animals i, finalment, reafirmar i extendre les nostres
conclusions anteriors sobre les caracteristiques dels TEs als cordats
més primitius.
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Non-LTR retrotransposons are common in vertebrate genomes and although present in invertebrates they
appear at a much lower frequen((:if. The cephalochordate amphioxus is the closest living relative to vertebrates
and has been considered a good model for comparative analyses of genome expansions during vertebrate
evolution. With the aim to assess the involvement of transposaﬁle elements in these events, we have analysed
the non-LTR retrotransposons of Branchiostoma floridae. In silico searches have allowed to reconstruct non-LTR
elements of six different clades (CR1, I, L1, L2, NeSL and RTE) and assess their structural features. According to
the estimated copy number of these elements they account for less than 1% of the haploid genome, which
reminds of the low abundance also encountered in the urochordate Ciona intestinalis. Amphioxus (B. floridae) and
Ciona share a pre-vertebrate-like organization for the non-LTR retrotransposons (<150 copies, < 1% of the
genome) versus the complexity associated to higher vertebrates (Homo sapiens >1.3 106 copies, > 20% of the

genome).

Key words: transposable elements, non-LTR retrotransposons, cephalochordates, genome evolution.

1. Introduction

Transposable elements (TEs) are almost
invariably found in all species that have been studied.
TEs are classified according to their degree of self-
sufficiency and to their mechanism of transposition
[1]. Regarding the first, TEs are divided in
autonomous and nonautonomous elements. Based on
the mode of transposition, two classes of TEs are
defined: class 1 elements or retroelements (which
utilize reverse transcription to amplify) and class II or
DNA transposons (which transpose by the cut-and-
paste or the rolling circle mode). This work has
focussed on the autonomous class I elements non-LTR
retrotransposons (also called LINE-like elements,
polyA retrotransposons or retroposons) of the
cephalochordate Branchiostoma floridae.

Non-LTR retrotransposons are one of the most
abundant classes of transposable elements that make
up a substantial fraction of the vertebrate genome.
They comprise a variety of dispersed sequences that
cluster in at least 14 clades and are divided in two
groups, old-LINEs or site-specific endonuclease
retrotransposons encoded in a single open reading
frame (ORF), and young-LINEs or non-site-specific
endonuclease retrotransposons that encode two ORFs
(ORF1 and ORF2) [1, 2]. Both groups codify a

preserved reverse transcriptase (RT), the only
common domain, strictly required to achieve
transposition and frequently used to analyse
phylogenetic relationships. Additional structural

motives are, a restriction enzyme-like endonuclease

(REL-endo) or an apurinic/apyrimidinic
endonuclease (APE), of those, at least one is strictly
required and, optionally, several nucleic acid binding
domains (NABD) and an RNAse H signature.
Irrespective of the type of non-LTR retrotransposons,
overall copy number is high enough not to leave them
aside when dealing with genome evolution.
Regarding TEs in general, their contribution to
genome rearrangements has been deeply reported
(reviewed in [1]).

Amphioxus (B. floridae) is a key organism to
understand the invertebrate to vertebrate transition
because it possesses a prototypical chordate body
plan and is considered the closest living relative to
vertebrates. The genome of this animal is small and
relatively unduplicated, as shown by the single cluster
of 14 Hox genes vs the four, or even more, clusters
described in vertebrates [reviewed in 3]. Moreover,
the recent availability of the genome draft of the
amphioxus B. floridae has facilitated the analysis and
comparison of non-LTR retrotransposons with those
of the wurochordate Ciona intestinalis and other
vertebrate species.

2. Materials and methods
In silico search of non-LTR retrotransposons

The Branchiostoma floridae non-LTR elements
were identified through a local TBLASTN [4] search of
the first 4,772,554 B. floridae whole genome shotgun
sequences (8xcoverage) generated at the JGI
(www jgi.doe.gov) and deposited in the Ensemble
traces database (ftp.ensembl.org/pub/traces/
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branchiostoma_floridae). The following sequences
were used as queries: CRE1 and CRE2 from Crithidia
fasciculata (accession numbers M33009 and U19151),
CZAR from Trypanosoma cruzi (M62862), Slacs from
Trypanosoma brucei (X17078), Dong from Bombyx mori
(L08889), R4Pe from Parascaris equorum (U31672), L1
from Rattus norvegicus (U83119), Zepp from Chlorella
vulgaris  (AB008896), Tx1L from Xenopus Iaevis
(M26915), RTE1 from  Caenorhabditis  elegans
(AF025462), Bov-B from Vipera ammodytes (AF332697),
Rex3 from Tetraodon nigroviridis (AJ312226), Tadl
from Neurospora (L25662), Mgr583 from Magnaporthe
grisea (AF018033), R1 from Drosophila melanogaster
(X51968), RT1 from Anopheles gambise (M93690),
Jockey from D. melanogaster (M22874), Helena from D.
mercatorum (AF015277), JuanC from Culex pipiens
(M91082), L1Tc from T. cruzi (X83098), Idt from D.
teisseri (M28878), R2 from Porcellio scaber (AF015818),
R2 from Forficula auricularia (AF015819), LOA from D.
silvestris (X60177), Trim from D. miranda (X59239),
Bilbo-1 from D. subobscura (U73800), NeSL-1 from C.
elegans (282058 and NM_075007), Rexl from
Batrachocottus baicalensis (AAA83744), CR1 from Gallus
gallus (AAC60281), BfCR1 from B. floridae (AF369890),
T1 from A. gambiae (M93689), Sam6 from C. elegans
(U46668) and Maui from Takifugu rubripes (AF086712).
Overlapping clones, identified through local BLASTN
searches, were used to walk in silico upstream and
downstream of each sequence. For every element
identified, consensus nucleotide sequence were
assembled from all the overlapping clones with an
expected value of <1020 with the Seqman II software
[5], wich usually generates only one composite with
some ambiguities and TGI Clustering Tools software
(www.tigr.org) with an strict algorithm which
generates more than one composite with no
ambiguities. Only the assemblies composed from
more than 10 sequences were considered. The non-
LTR nature of each composite sequence was further
verified by reciprocal best BLAST search against the
GenBank database. The consensus sequence was
named after the defined non-LTR clade to which it
belonged.

Copy number

The copy number for each non-LTR
retrotransposon per haploid genome was determined
as described [6], by multiplying the number of
matching shotgun clones with an expected value of
<1020 by 5.8 108bp the size of the B. floridae haploid
genome and divided by the length of the composite
and the number of shotgun sequences in the local
database (4,772,554).

Phylogenetic analysis

The RT deduced sequences of B. floridae were
added to a previous alignment [7] and a new one was
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generated with Clustal X [8], maintaining the same
pairwise gap penalties and multiple alignment
parameters (Fig 1). Phylogenetic analyses were
performed using the neighbor-joining method, rooted
with the Neurospora organellar group II intron
(accession number S07649) and drawn with the
TreeViewPPC program [9]. Confidence in each node
was assessed by 1,000 bootstrap replicates.

3. Results

We have screened the non-LTR retrotransposons
in the shotgun genome project of B. floridae in order to
characterise the type and number of elements and
draw a comparison with other known genomes.

Searches identified members of six out of
fourteen previously reported clades. According to the
phylogeny established and the Genbank comparisons,
they will be termed BfCR1, Bfl, BfL1, BfL2, BfNeSL
and BfRTE. Comparisons of the composites of each
element allowed to define two conserved domains: RT
and APE. The RT domain, described in all amphioxus
clades, contained all the distinctive structural
hallmarks defined as block 0,1, 2, 2a, 3,4, 5, 6,7, 8 and
9 [10]. Moreover, the apurinic/apyrimidinic
endonuclease (APE) region was identified with
reasonable confidence in BfCR1, BfL1, BfL2 and BfRTE
(Fig. 1) on the basis of the reported domains I to IX
[11] and only the last domain in Bfl, which supports
the bona fide structure of the defined composite and
argues against a  non-TE-based  assembly.
Notwithstanding our exhaustive search, the N-
terminal APE domain and the RNaseH (RNH)
sequence were not detected in Bfl elements; neither
REL-endo signatures could be clearly characterised in
BfNeSL. For none of the elements identified, either
NABD or ORF1 sequences could be detected. Copy
number of each element per haploid genome was
determined from the whole-length available sequence.
In silico estimates showed low copy numbers: 25 for
BfCR1, 3 for Bfl, 32 for BfL1, 35 for BfL2, 6 for BfNeSL
and 42 for BfRTE (Table 1). A rough estimation of the
genome fraction harbouring non-LTR
retrotransposons could be obtained considering that
all the estimated copies (143) correspond to 5 kb full-
length elements, and the value obtained would
represent less than 1% of the haploid genome.

Intra-sequence variability for each of the 6 clades
was assessed from amino acid sequence comparison
of the RT domains and expressed by the degree of
similarity in percentage (Fig 2C).

The matrices gave a range of 32.5-98.1% for
BfCR1, 53.4-93.6% for Bfl, 23.9-97.6% for BfL1, 22.4-
99.5% for BfL2, 31.7-85.4% for BfNeSL and 15.4-91.7%
for BRTE.

Figure 1. Alignment of the deduced protein sequence of the consensus contig of each clade. APE domains I, I, III, V, VI,
VIII and IX, and the RT structural blocks 0-9 are indicated. Amino acid identities and similarities are shown in black and

gray shading, respectively
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Table 1. Non-LTR retrotransposons in protostomes and deuterostomes. The copy number for each clade, clade complexity
(clades), total copy number (Copy num.), genomic burden (% Genome), and genome size (Gen. size) is shown.

C. elegans D. melanogaster C. intestinalis B. floridae T. rubripes R. norvegicus H. sapiens
[12] [13] [7] and [14] [15] [16 [17]
CRE 2,000
I 67 9 3
Jockey 392
L1 22 32 500 597,000 904,000
L2 24 35 6,500 48,000 408,000
L3/CR1 1,000 25 11,000 55,000
LOA 18 69
NeSL 110 6 6 30
R1 130
R2 3-60 13
R4 1,000
Rex1 2,000
RTE 15 42 2,300
Tad1
Clades 3 5 6 6 7 3 3
Copy num. 1,115 667 143 143 14,300 657,000 1,368,000
% Genome <5 <3 <1 <1 1.3 23.1 21.05
Gen. size 9.7 107 1.6108 1.8 108 5.8 108 4108 2.910° 3.210°

Figure 2. Schematic representation of the amphiouxus non-LTR elements and the phylogenetic relationships. (A)
Phylogenetic tree based on the reverse transcriptase sequence with only the branch points (and neighbor-joining bootstrap
support) leading to the major 14 clades of non-LTR elements. (B) Schematic representation of the characterised domains.
The APE domains and RT blocks are numbered below each element. (C) The main features (length, copy number,
assembled composites, range of similarity) defining each non-LTR retrotransposon clade are indicated
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Not only the reported missing domains of the
elements, but the elusive target repeats at the recipient
site that would help to identify the borders at 5' and 3'
of the elements, together with the fact that, in all
genomes, most non-LTR copies are truncated at 5/,
strongly suggests that only a very reduced proportion
of the identified retrotransposons are full-length
copies with preserved autonomy. And those few, if

any, could have remained undetectable in the raw
genome database as, indeed, we have not found any
full-length element.

The RT domain of non-LTR elements was used
to establish the phylogenetic relationships of the
amphioxus elements and the 14 reported non-LTR
clades. In the neighbor-joining tree (Figure 2A).
Twelve out of 14 clades were supported with
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significant bootstrap values (270%). Clade I, showed
the lowest bootstrap value (39%), in agreement with
previous analyses [2, 10] whereas clade NeSL, gave
bootstrap value close to the cut-off value (67%).
Consequently, amphioxus composites were clustered
in six different clades: CR1, I, L1, L2, NeSL and RTE
(bootstraps: 99%, 39%, 82%, 94%, 67% and 71%,
respectively) and were recorded as new members of
each group.

4. Discussion

The approach used in this work has allowed the
in silico identification and reconstruction of
amphioxus non-LTR retrotransposons. The fact that
the deduced features of BfCR1, one of the derived
elements, are in agreement with previous
experimental findings [18] validates the in silico
strategy and supports the data generated for other
elements. We therefore propose that the B. floridae
genome accommodates the old LINE NeSL, and
young LINEs such as CR1, I, L1, L2 and RTE, with an
overall structure consistent with that reported for
each clade. Concerning BfCR1, BfL1, BfL2 and BfRTE
retrotransposons, although no structural hallmarks
for ORF1 and NABD could be confidently detected,
the RT and APE domains were clearly ascertained. On
the other hand, although the phylogenetic affiliation
of Bfl and BfNeSL was poorly supported, their
ascription to the I and NeSL clades was established
following the BLAST hits with reported
retrotransposons (2e-46 for the I element of
Biomphalaria glabrata, and 2e-33 for NeSL of C.
elegans). The difficulties in Bfl and BfNeSL
characterization are probably due to their low copy
number, 3 and 6 respectively, significantly lower than
that of the other elements and because these clades
are still weakly defined [6].

The estimation of the copy number of each
element suffered from small inaccuracies caused by
the cut-off e-value assigned to discriminate the
sequences belonging to the same clade and, the fact
that a whole genome shotgun sequencing does only
yield a fraction of the genome. Nevertheless, the in
silico estimates for BfCR1 (25 copies) were in
agreement with those obtained following an
experimental approach (15) [17]. Our data showed
low copy number per haploid genome for all the
amphioxus elements, ranging from 3 to 42, a figure
clearly similar to the number of the different
composites assembled with the TIG clustering tools,
thus showing the efficiency of the assembling
procedure. Despite this overall scarcity, differences
among clades were observed: BfCR1, BfL1, BfL2 and
BRTE were more frequent than Bfl and BfNeSL
elements. The permissiveness of the APE mediated
insertion could account for the relative abundance of
the former, whereas self regulatory mechanisms [19]
or a high target site specificity [20] could explain the
reduced number of the latter.

The mechanisms controlling copy number are
still an open question but the values obtained in this
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work agree with those found in another lower
chordate, Ciona intestinalis, and other organisms with
small genomes such as Drosophila melanogaster and
Anopheles gambiae [13, 21]. The overall copies of non-
LTR retrotransposons in lower chordates represent,
indeed, a very modest fraction of the genome, if
compared to vertebrates (i.e. <1% in ascidians and
amphiouxus versus the >20% in human). Then, low
copy number in small genomes could easily be under
self-control without having to invoke to host-
promoted repression through methylation, as it has
been shown in vertebrates and already discarded for
BfCR1 and C. intestinalis non-LTR retrotransposons
[7]. Other mechanisms, such as co-supression for the I
elements of Drosophila [19] or RNA silencing in fungi,
plants and animals [22-24] could play a major role in
the regulation of the expansion of this type of
elements.

In summary, the present work shows that the
amphioxus genome harbors at least 6 different clades
of non-LTR retrotransposons, all present at low copy
numbers. Although from our data we cannot assume
that the overall structure of the amphioxus genome
resembles that of the chordate Ciona intestinalis, it
seems clear that both share a comparable burden of
non-LTR retrotransposons. The analysis of the non-
LTR content of the B. floridae genome here reported
provides valuable data to understand the evolution of
chordate genomes, enlarges the view of the
distribution of the non-LTR clades in eukaryotes and
highlights the structural differences between pre-
vertebrate and vertebrate genomes.
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Capitol 3: Retrotransposons non-LTR a Myxine glutinosa

Article 4: The non-LTR retroposon from Myxine glutinosa, MgLINE,
is a frequent component of a basal vertebrate genome.
Article per a ser sotmes a Cellular and Molecular Life Sciences

Els retrotransposons non-LTR representen una fraccié molt
important dels genomes sequenciats dels vertebrats. En
contraposicio, aquests elements son quasi inexistents en els
genomes dels cordats no vertebrats. Malauradament, els
genomes dels vertebrats més primitius com els agnats o
vertebrats no mandibulats romanen sense caracteritzar.
Partint doncs d’aquesta mancanca i donada la seva posicid
filogenética a la base dels vertebrats, ens varem proposar
identificar aquets tipus d’elements a ’agnat M.glutinosa. En
aquest treball es descriu MgLINE el primer retrotransposo non-
LTR que pertany al clade dels elements CR1 i presenta les
caracteristiques tipiques d'aquests elements. Amb una estima
de 23000 copies per genoma haploid, el nUmero de copies és
moderadament elevat, clarament superior als observats a
l'ascidi i lamfiox pero sensiblement inferior al dels elements
més abundants dels vertebrats mandibulats. En quant la seva
localitzacio, sembla que almenys els representants que hem
analitzat d’aquest grup es trobarien en la fraccié metilada del
genoma. Aquesta dada recolzaria el paper de la metilacio
com a senyal per a reprimir l'expressio d'aquests elements en
els vertebrats primitius . La presencia d'un element molt
semblant a MgLINE en el genoma del mixinoideu Eptatretus
burgeri suggereix que aquest tipus delements ha estat
evolutivament conservat i possiblement es manté actiu en el
llinatge dels agnats.
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The non-LTR retroposon from Myxine glutinosa, MgLINE, is
a frequent component of a basal vertebrate genome

Permanyer J, Albalat R and Gonzalez-Duarte R’

Departament de Genética, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal 645, 08028 Barcelona (Spain),

Fax (+34)934110969, email: rgonzalez@ub.edu

Abstract. Non-LTR retrotransposons make up large
portions of vertebrate genomes. These elements are
diverse and widely dispersed among eukaryotes.
They can be divided into at least 14 distinguishable
clades, whose presence and abundance differs
greatly beetwen chordate genomes. In lower
chordates, like ascidians and amphioxus, there are
few elements that belong to more than 5 clades. In
jawed vertebrates, like humans, they could represent
an important fraction of the genome with elements

of few clades. In order to determine when the non-
LTR retrotransposon explosion happened, we have
examined the genome of the jawless vertebrate
Myxine glutinosa. We have characterized MgLINE,
a non-LTR retrotransposon that belongs to the CR1
clade. MgLINE is found in moderately high copy
numbers in the mixyne genome which suggest that
this kind of elements colonyzed early the vertebrate
genomes, prior the agnatha-gnathostomata split.

Keywords: chordate, non-LTR retrotransposon, Genome evolution, mobile element

Introduction

Jawless vertebrates, hagfishes and lampreys, are
considered basal vertebrates, the former being at the
most basal position (revised in [1]). Their genomes
have not yet been well characterized but, it has been
widely documented that lineage-specific dupli-
cations [2] contributed to expand the size of their
genomes and provided the raw material for the non-
LTR retrotransposon colonisation.

Retrotransposons are mobile genetic elements
present in almost all eukaryotic genomes. They are
rare in protostomes but frequent components of the
genomes of some plants and jawed vertebrates (for
instance [3] and [4]. All retrotransposons are
distinguished by a life cycle that involves an RNA
intermediate. Retrotransposons fall into two main
categories depending on their terminal structures
with or without long terminal repeats.

Non-LTR retrotransposons, classically divided in at
least 14 clades [5], have been lately reorganised in 5
groups to cope with the increasing complexity of the
cladistic classification [6]. These elements can
additionally be grouped in two great clusters, old
LINEs or site-specific endonuclease
retrotransposons encoded in a single open reading
frame (ORF), and young LINEs or non-site-specific
endonuclease retrotrans-posons that encode two

" Corresponding author

ORFs (ORF1 and ORF2) [7]. All of them, codify a
reverse transcriptase (RT), the only common domain
that is accompanied by additional motives. Not only
RT but also an endonuclease activity is is required
for their life cycle. The latter could be related to
restriction enzymes (REL-endo), a feature of the old
LINEs, or similar to an apurinic/apyramidinic
endonuclease (APE) only found in young LINEs.
Regardless of the type, transposable elements can no
loguer be considered pure “junk”. They participate
in overall genome size, and serve as potent
modulators of the evolution of the genome (revised

in [8], [9]).

The chordate phylum is divided in 3 subphyla,
urochordates, cephalochordates and vertebrates.
Conventionally,  cephalochordates had been
considered the closest living relatives of the
vertebrates although recent molecular data supported
that this relationship applied instead to the
urochordates [10]. The chordate phylum is
characterized by an increase of the genome size due
to subsequent total or partial genomic duplications in
the vertebrate lineage [11]. Transposable ele-ments
are usual components of the vertebrtac genomes.
They have been well stablished for the jawed
vertebrates (for instance in the human genome, [4],
the urochordates [12], [13] and the cephalochordates
[14], [15], [16] but this is not the case for the jawless
vertebrates or agnathans, which despite their key
phylogenetic position have been poorly studied.
Indeed, the only elements reported are the mariner
Tesl from Eptatretus stouti [17] and the old LINE
R2ED from Eptatretus burgeri [18].



We have aimed to identify the non-LTR elements of
M.glutinosa as key contributors of genome evolution
at the base of the vertebrate origin. To that end,
highly degenerated oligonucletotides were designed
to amplify any non-LTR member and positive
fragments were used to screen a genomic library
constructed from a single specimen. The frequency
and the low variation observed for the characterised
non-LTR retrotransposon, MgLINE, allows to infer
that the agnathan mobile genomic fraction is close to
the “top” complexity adscribed to jawed vertebrates

MATHERIALS AND METHODS
Cloning and sequence of MgLINE

Myxine glutinosa animals were kindly provided by
the  Kristinebergs  Marina  Forskningsstation
(Kristineberg, Sweeden). Total genomic DNA was
isolated using the guanidine isothiocyanate method
(Chirgwin 1979) with minor modifications. A
single-animal M. glutinosa genomic library was
constructed with Lambda FIX-II/X%ol partial fill-in
vector (Stratagene).

With the alignment of 90 aminoacidic sequences of
the non-LTR retroposon RT domain, 7 degenerated
oligonucleotides were designed to amplify any non-
LTR RT sequence (Figure 1A). PCR amplifications
were performed with 100 to 500 pg (usually 400 pg)
of genomic DNA and 1 U Tag DNA polymerase
(BioTherm) in 25 pl of reaction volume containing
02 to 1 mM (usually 1 mM) for each
oligonucleotide, 32mM each dNTP and 1 to 4 mM
MgCl, (usually 2 mM). The general conditions were
as follows: the initial denaturation step at 94°C for 5
min was followed by 40 cycles at 94°C for 30 sec,
50°C for 30 sec and 72°C for 1 min and a final
extension step at 72°C for 5 min. Annealing
temperatures ranging from 42°C to 62°C, extension
step ranging from 30 sec to 150 sec and different
PCR reagents combinations were tested.

The PCR products were cloned in a pUC 18 plasmid
and sequenced using the Big Dye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) in a
3730 DNA Analyzer (Applied Biosystems).

An amplified fragment corresponding to the
domains 0 to 4 [7] of a non-LTR RT was labeled

with [a-32P]dCTP by random-hexamer priming and
used as probe to screen the genomic library. A low
stringency hybridization was carried out in
phosphate/SDS solution [19] at 55 °C overnight.
Two 15-min washes were performed at 65°C in 2 x
SSC, 0.1% SDS, 2 x 15 min at 65°C in 1 x SSC,

0.1% SDS and 1 x 15 min at 65°C in 0.2 x SSC,
0.1% SDS. Hybridization signals were detected by
autoradiography. Only the signals present in the
original and duplicated filters were considered. DNA
fragments from positive recombinant phages were
isolated through Notl digestion and cloned into a
pBluescript KS II. The recombinant plasmids were
characterized by restriction mapping. Random
sequences were generated with the Genome Priming
System (New England Biolabs) and analyzed and
assembled with the Phred/Phrap/Consed Package
(University of Washington).

Copy number and genomic features

For quantitative slot-blot analyses, 200 ng, 100 ng,
50 ng and 25 ng of EcoRI-digested M. glutinosa
genomic DNA and a serial dilutions of the plasmid-
containing probe, EcoRlI-restricted and mixed with 1
ug mouse genomic DNA (as nonspecific DNA) were
denatured with 0.4 M NaOH and 25 mM EDTA in a
final volume of 200 pl and blotted on Hybond-N
nylon filters (Amersham Pharmacia Biotech) with a
Minifold II slot-blot device (Schleicher & Schuell).
Three genomic DNA replicates of three different
isolated animals and three probe serial dilutions
were performed. Before sample loading, the
membrane was soaked in water and then neutralized
with 2 M sodium acetate, pH 5.4 and fixed with UV
light. Membranes were hybridized with the same
probe used for library screening at the same
hybridization and washing conditions. The slot-blot
signal was quantified with the Personal Molecular
Imager FX (Bio-Rad).

For Southern analyses 10 pg of M. glutinosa
genomic DNA digested with EcoRI, Hpall or Mspl
was resolved on 0.7% agarose gels and transferred to
nylon membranes. Southern blots were hybridized
with the same probe used for library screening at
identical hybridization and washing conditions.

Phylogenetic analysis

The comparison of the sequenced phages allowed us
to reconstruct a consensus sequence which was used
to predict the protein corresponding to the non-LTR
element. The RT deduced sequence was added to a
previous alignment [7] where some sequences were
removed in order to reduce the complexety,
analysing elements of the Jockey group alone, and a
new one was generated with Clustal X [20],
maintaining the same pairwise gap penalties and
multiple  alignment parameters. Phylogenetic
analyses were performed using the neighbor-joining
method and drawn with the TreeViewPPC program



[21]. Confidence in each node was assessed by
1,000 bootstrap replicates.

RESULTS AND DISCUSSION

Identification of MgLINE, an element of the
Jockey group in the Myxine glutinosa genome.

The analysis of vertebrate genomes have revealed
the important fraction that correspond to repetitive
DNA, mainly composed of transposable elements.
Sometime ago, this DNA was considered as “junk
DNA” [22] but the prevalence of the transposable
elements in almost all genomes points to a
beneficious role of these in the host genomes. In
order to characterize the TE fraction of the Myxine
glutinosa genome, a specific search of non-LTR
elements through a library screening with a probe
corresponding to a non-LTR RT was performed.

The highly degenerated oligonucleotides used in this
work had been designed to amplify any non-LTR
RT sequence. Notwithstanding the wide range of
PCR conditions that have been tested, only the pairs

A 4AR - 512 deg
4BR - 4096 deg
—
OF 2F 4AF - 512 deg
8192 deg 6144 deg 4BF - 4096 deg
—_— —

B 60% \/

30%

V

OF-4AR+4BR, 2F-5R and 4AF+4BF-5R yielded the
expected RT product (Figure 1B). For each positive
PCR, the fragments were cloned into a pUCI18 and
several clones were sequenced. Even some variation
among different clones was observed, we were not
capable to obtain sequences corresponding to non-
LTR retroposons of different clades from the same
PCR product. The inability to amplify RT sequences
that belongs to elements from different clades
indicates that the Myxine glutinosa genome could be
similar to other vertebrate genomes where there is a
main kind of non-LTR element like the human
genome and L1 elements [4].

The PCR product 10.5, the one which covers more
domains, was labeled and used to screen a Myxine
glutinosa genomic library. The screening resulted in
aproximately 38000 positive phages, 12 of them
were isolated and characterized by restriction map
analisys. Three of them with different patterns were
completely sequenced. The characterized phages
allowed us to reconstruct a consensus sequence of
2922 bp (Figure 1C and 2) that showed clear
similarity with known non-LTR elements in blastx
comparisons  (6e-80  with  BfCRI1 from
Branchiostoma floridae, 7e-77 with SR1 from

OF: 5'-GAAGGATCCAARKSNCCNGGNYYNGA-3'
2F: 5'-GAAGGATCCTCNTWYMGNCCNATHWS-3'
5R 4AF: 5'-GAAGGATCCGCNGGNGTNCCNCARGG-3'
8192 deg 4BF: 5'-GAAGGATCCMGNGGNGTNMGNCARGG-3'
+——" 4AR: 5-GCTAAGCTTCCYTGNGGNACNCCNGC-3'
4BR: 5'-GCTAAGCTTMWNCCYTGNCKNACNCC-3'
5R: 5-GCTAAGCTTANNRNRTCRTCNGCRWA-3'

,---------
: M

o

w

phage 10.5.6

1Kb

E phage 10.5.12

(WG GAISGA) G

phagel0.5.2

Figure 1: 7 degenerated oligonucleotides were designed (A) with the aim of a similarity plot (B) from the alignment of 90 protein
RT sequences. Only some pairs amplified the expected RT product (C). The consensus MgLINE (D) generated from the
comparison of 3 phages (E) showed the apurinic/apyramidinic endonuclease (APE), the reverse transcriptase (RT) and a putative

terminal repeat. Note that the panels are in different scales.



Schistosoma mansoni and 3e-67 with CR1 from
Gallus gallus, the best non-authomatic predicted
hits) that belongs to the CR1 clade of the Jockey
group [6]. These comparisons allowed us to deduce
the protein sequence of MgLINE which covers at
least the expected ORF2 APE (on the basis of the
reported domains II, I1I, V, VI, VIII and X, [23] and
RT (with the structural hallmarks defined as blocks
0,1, 2, 2a, 3, 4, 5, 6, 7, and boxes A and B, [7]
(Figure 1C). The APE seems to be truncated as no
domain [ was recognized. Eventhough, the presence
of conserved residues upstream domain I and the
similarity with other elements, reinforces the validity
of the deduced protein. Even no ORF1 signatures
were detected, the blast homology with elements of
the Jockey group and the presence and order of the
domains typical of this group, reinforces the
adscription of this repetitive sequence as a non-LTR
element.

Furthermore, blastn comparisons with the GenBank
sequences reveals the presence of the same type of
element on the genome of the agnathan Eptatretus
burgeri. The high degree of identity (83%
nucleotidic identity over 2730bp and 58% protein
identity) between MgLINE and EbLINE reveal that
this type pf element originated before the myxinidae
radiation and a possible recent activity in both phyla.
An alternative less probable explanation, would be
that the observed similarity between MgLINE and
EbLINE is due to an horizontal transfer event
although the geographical isolation of the species
impairs the likelihood of this argument.

As no complete elements could be assembled, the
characteristic target site duplication cannot be
determined. Eventhough it is worth to mention the
presence of a degenerated repeat 245 bp downstream
of the predicted stop codon. By the other hand, it has
been described for some elements from the Jockey
clade that the terminal repeats could be based on
polyA tracks (reviewed in [24]. So, it remains
unclear which of these repeats, if any, participates in
or are artifacts of the target-primed reverse
transcription (reviewed in [6] or represents a nearby
repetitive genomic sequence not related with
MgLINE.

Phylogenetic relathionships

The analysis of the 2922 bp consensus of the
MgLINE revelead that both the blast matches, with
30% aminoacidic identity with BfCRI1, and the
domains order corresponds to elements of the Jockey

group. In order to determine the clade at which the
element MgLINE belongs, phylogenetic analysis
based on the prdicted RT sequence were performed
using the neighbour-joining method with sequences
of elements of the Jockey group. The tree was rooted
using Neurospora organellar group II intron
(accession number S07649), considered the ancestor
of all non-LTR elements. The phylogenetic analyses
show an evident relationship with the CR1 elements
of the Jockey group (data not shown). A second tree
with elements of the CR1 clade and Neurospora
organellar group II intron and Rex1 elements as
outgroup was done (Figure 3). Although high
bootstrap values were obtained for the CR1 clade
(95%), an anomalous topology was observed in this
clade. The tree presented an internal tetracothomy
which clearly divides the CR1 elements in 4 groups,
those belonging to 4. gambiae, C. elegans, the group
defined by MgLINE and the group defined by the
canonical CR1 elements from G. gallus. The
complicate arrangement of CR1 elements, with a
possible horizontal transfer of the SR1 element,
show a complex evolution of this kind of elements
and reinforces the artificial classification of the non-
LTR retroposons in clades which may be replaced to
the classification in groups as each clade seems to
accomodate elements with different evolutionary
histories [25].

Copy number and genomic features of MgLINE

Copy number of MgLINE was determined through
two independent experimental approaches —slot blot
and genomic library screenings—. We performed a
quantitative slot blot in order to compare the degree
of hybridisation between serial dilution of genomic
DNA from three different individuals and serial
dilutions of a probe-containing plasmid. This
approach showed a copy number ranging from 5,000
to 23,000 copies per haploid genome depending on
the individual. In addition to this method, a
library screening on 7 200,000-phage plates
(high density plates with ~500 phages/cm”) and
obtained an average of 5,400 positives per plate.
Considering an average insert size 15 Kb, and a
hagfish haploid genome of 4.25x10° bp, this
resulted in 7,000 copies per haploid genome. As
the results were slightly unequal between the
two approaches, we redid the genomic library
screening hybridising 9 low denisity phage
plates (15 phages/cm®) to obtain a more
accurated estimate. In this case, we obtained
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EbLINE
MgLINE XLPPDNPPKETSVKFPAFLPESPCNVHXSLRHVPRPISIPL
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Figure 2: Alignment of deduced protein sequence of CR1 clade members. N-terminal endonuclease domains I, 11, 111, V,
VI, VIII and IX, 0-7 conserved blocks found in all RTs and boxes A and B in the C-terminal region are indicated. Amino
acid conservation and similarity are shown in black and grey backgrounds respectively. EbLINE corresponds to the deduced
non-LTR retroposon from E. burgeri (accession number AY965678), MgLINE to the element described in this work,
NP001037079 to an authomatic predicted element from B. mori and BfCR1 to the CR1 element described in B. floridae
[141.



1,040 positive phages over 6,012 screened phages
which implied 52,000 copies per haploid genome.
The observed differences between the two copy
number estimations by library screening are due to
the high density of positive phages observed in the
hybridization of the 7 200,000-phage plates where
more than one positive phage is in the same
autoradiography dot signal. An estimation of the
fraction of the genome harboring MgLINE was done
assuming that the genome accomodates 52,000 full-
length copies with an average size of 5 Kb, the value
obtained would represent less than 6% of the haploid
genome. Furthermore, the presence of at least 2
different elements in the genome of E. burgeri, the
EbLINE described in this work and the element
EbR2 [18], suggest that the M. glutinosa genome
could harbour more than one kind of element which
would increase the mobile burden.

Neurospora

Rexl X. maculatus

100

Rex1 B. baikal

NP001037079 B. mori

12

MgLINE M. glutinosa
100

EBLINE E. burgeri

T1 A bi.

100

95

Q A. gambi

Sam3 C. el

100

Samé C. el

BfCR1 B. floridae

SR1S.

— CR1G.gallus
n 100

TurtCR1 P.spixii

01

Figure 3: Neighbour-joining phylogenetic tree from the
alignment of the RT domain of CR1 retroposons. Nodes are
assessed from 1000 bootstrap replicates. The tree is rooted
using the Neurospora organellar group Il intron, considered
as the ancestor of all retroposons, and 2 Rex1 elements as a
sister group of the CR1 elements.

This implies an important increase of copies
compared to the pre-vertebrates counterparts, less
than 200 non-L TR elements in the Ciona intestinalis
[13] and Branchiostoma floridae genome [15], and
in the same range of some actinopterygian fishes,
14,300 non-LTR elements in Takifugu rubripes,
2896 in Tetraodon nigroviridis and more than 4500
in Danio rerio [5]. This increase in copy number
could be related to the genome expansion proposed
for the vertebrata phyla [11] which provided the raw
material to buffer the TE-induced genomic
rearrangements. The methylation status of the
genomic enviroment of MgLINE was determined by
comparing the hybridisation patterns of genomic
DNA restricted with the methylation-sensitive
enzyme Hpall, and the methylation-insensitive
isoschizomer Mspl. The different Hpall and Mspl
patterns  supports the methylated genomic
enviroment of this element (data not shown) which
was expected as agnathans have extensively
methylated genome [26] and could help to
understand the high numbers observed. Although the
role for DNA methylation in TEs control is still
controversial [27] because seems not to apply in the
small moderately methylated genomes of the basal
chordates [13]. Seems that, in the vertebrate
genomes, transposable elements accumulate in large
numbers not despite, but precisely because of, the
mechanisms that make large, redundant genomes
possible [6].

CONCLUSSIONS

The Mixine glutinosa genome harbours at least one
kind of non-LTR retroposon, named MgLINE, that
belongs to the CR1 clade of the Jockey group and
presents the expected domains of this kind of
element. Although no full length elements were
detected, the high copy numbers observed and the
high identity within MgLINE and EbLINE suggest
the presence of active elements and so, full length.
As in vertebrates, MgLINE is present in the
methylated fraction of the genome supporting the
theory that the mechanisms to control gene
expression allowed the important raise in TE copy
numbers observed in the vertebrates.
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