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Abstract. The reverse transcription of RNA in DNA is
responsible for the generation of large families of repeti-
tive sequences called retroposons or non-LTR retrotrans-
posons. Recent reports established that the integration of
mammalian SINE and LINE retroposons occurs at non-
random staggered breaks, probably resulting from the
action of a LINE-encoded endonuclease (Feng et al.
1996; Jurka 1997; Jurka et al. 1998). We report here that
plant SINE S1 retroposons also integrate at nonrandom
staggered breaks. One of the two nicks involved in S1
integration is associated mainly with the 58-Y/
AAANNNG-38 motif. The other nick at opposite DNA
strand occurs preferably within 14–16 bp, a situation also
observed for mammalian retroposons, but is not associ-
ated with any specific motif. Further studies on the dis-
tribution of dinucleotides surrounding the two nicking
sites showed that, as for mammalian retroposons, S1 ret-
roposons integrate at sites rich in TA, CA, and TG di-
nucleotides. These dinucleotides were reported as spe-
cific DNA sites where special DNA structures called
‘‘kinks’’ may occur under bending constraints. Nicking
sites are preceded by peaks in frequency of di-pyrimidine
followed by peaks of di-purine. These results suggest
that the general A/T richness of a given DNA region and
the presence of short runs of pyrimidines followed by
short runs of purines could represent a favorable context
for the integration of retroposons. In such a context, an
endonuclease upon fixation could be able to generate the
kink at the pyrimidine/purine transition and to nick the
DNA. The similarities in target site selection observed

for plant and mammalian retroposons suggest that retro-
position is a surprisingly well conserved process.
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Introduction

Transposable elements are discrete mobile DNA frag-
ments that can insert into nonhomologous target sites.
Diverse patterns of target site selectivity are observed,
but although some display little obvious specificity, none
appears to be truly random. Retroposons represent a class
of transposable elements whose amplification involves
the reverse transcription of an RNA intermediate. Retro-
posons are very abundant in mammals and can also be
found in moderate to high copy numbers in other eukary-
otes, from fungus to fish and plants (Kachroo et al. 1995;
Kido et al. 1993; Yoshioka et al. 1993; Deragon et al.
1994). Studies on the LINE R2Bm and on the SINE Alu
led to a retroposition mechanism which could account
for LINE and SINE retroposition (Luan et al. 1993; Jurka
1997). In this model, a first cleavage on one strand oc-
curs in the target DNA and produces a priming site for
reverse transcriptase. This priming site is believed to be
T-rich and allows hybridization with the poly(A) tail of
the retroposon RNA. This generates a DNA copy of the
element linked to the new insertion site. A second cleav-
age occurs at the other DNA strand of the target DNA.
For most SINE and LINE elements, this second nickingCorrespondence to:J.-M. Deragon
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site occurs at a distance from the first one, creating after
retroposon integration a target site duplication (TSD) on
both sides of the retroposon.

Recently, studies on a large number of human Alu and
rodent B1, B2, and ID SINE elements revealed their
capacity to integrate in selected target sites (Jurka and
Klonowski 1996; Jurka 1997; Jurka et al. 1998). The first
nick in the integration process of these elements is
strongly associated with the 58-TT/AAAA-3 8 hexa-
nucleotide or, more generally, with the 58-(Y)n/(R)n-38
motif (Jurka 1997). This nick is assumed to occur pre-
dominantly between the dipyrimidine TT and the follow-
ing di-purine AA, but the exact position of the nicking
sites was not determined in most cases since the A-rich
58 end of the TSD merged with the poly(A) tail of the
retroposon. The second nick is made on the other strand
in 38 of this hexanucleotide, preferably within 15–16
base pairs, at a less conserved motif that can be repre-
sented as 58-TYTN-38, where Y denotes pyrimidine; T,
thymine; and N, any base (Jurka 1997).

Studies on the human L1 LINE element also revealed
their capacity to integrate in selected target sites (Feng et
al. 1996). L1 integration target sites are made of short
runs of purine (often A’s) preceded by short runs of
pyrimidines. The endonuclease encoded by the L1 ele-
ment was shown to be capable in vitro of generating
nicks between short runs of pyrimidines and short runs of
purines as expected from the L1 target site specificity
(Feng et al. 1996).

Taken together, these studies suggest that staggered
breaks generated during mammalian retroposon integra-
tion do not result from random nicking but probably
from the action of an endonuclease. The obvious simi-
larities between Alu and L1 integration sites also imply
that their integrations probably depend on the enzymatic
activity of an endonuclease encoded by the L1 element
itself (Feng et al. 1996; Jurka 1997) and that Alu retro-
posons can be considered as truly parasitic elements of
the L1 retroposition process (Boeke 1997).

Analysis of the distribution of dinucleotides at mam-
malian retroposon target sites revealed that they were
highly enriched in TA but also in CA and TG dinucleo-
tides (Jurka et al. 1998). Under bending constraints, these
dinucleotides are known to form ‘‘kinks’’ which repre-
sent abrupt deflections of the double helical structure
leading to unstaking of two neighboring base pairs (Mc-
Namara et al. 1990). These dinucleotides are preceded at
proposed nicking sites by enhanced frequencies of di-
pyrimidines and followed by peaks of di-purines. These
characteristic features have been shown to be sites for
endonuclease cleavage such as the EcoRV restriction en-
zyme (Winkler et al. 1993). The L1 endonuclease could
therefore be able to generate sequence dependent DNA
kinks followed by nicks upon fixation at Alu and L1
integration sites (Jurka et al. 1998). The occurrence of
(Py)/(Pu) tracts interrupt by kink dinucleotides could

represent a primary signal for LINE endonuclease and
hot spots for SINE and LINE integration events.

In this paper, we report the characterization of inte-
gration sites of a plant SINE retroposon called S1 (De-
ragon et al. 1994). S1 elements are short repeats (∼180
bp) that occupy 500 to several thousand loci by haploid
genome in the different crucifer species studied (Lenoir
et al. 1997). They present all structural features found in
SINE retroposons. S1 elements present a primary and
secondary sequence homology to several tRNA species
(Deragon et al. 1994, 1996). They possess a 38-terminal
A-rich region composed of a poly(A) followed in a few
cases by a small number of (TA) or (TAA) repeats. Most
S1 elements possess two conserved polymerase III mo-
tifs (box A and B) that could potentially be used to direct
transcription (Deragon et al. 1996). S1 insertion events
usually generate TSD. While S1 elements are GC-rich
(around 60%), the direct repeats and the flanking regions
are usually AT-rich. We show here that S1 element TSD
exhibit many similarities with mammalian ones, suggest-
ing that plant and mammalian retroposition are highly
conserved processes and integrate at selected target sites.

Materials and Methods

Biological Materials

DNAs from 11 crucifer species used in this study (i.e.,Brassica napus,
Brassica nigra, Brassica juncea, Brassica montana, Brassica hilari-
onis, Brassica incana, Brassica macrocarpa, Brassica villosa, Brassica
cretica, Sinapis arvensis,andBrassica rupestris) were kindly provided
by Suzanne Warwick (seed sources given by Warwick and Black
1991). These DNAs were extracted and purified as by Warwick and
Black (1991).

Reverse PCR, Cloning, and Sequencing

DNA was first digested with several restriction enzymes that do not cut
in consensus S1 sequences. The restriction enzymes used wereMboI,
TaiI, NlaIII, and AseI (all from New England Biolabs). The DNA was
then ligated at low concentration (1mg in 250ml) and double (nested)
PCR reactions using Gold Star Taq polymerase from Eurogentec in a
Statagene thermocycler were done in standard conditions. Oligonucle-
otides used for the first PCR were 58-CTGGRCACGCCTCCCCC-38
and 58-GGTACAKRCAMARGYTGRCGCCGG-38 and for the second
PCR 58-CCACTGGACTACGAGGTCC-38 and 58-GGTCAA-
CACCTGGTTAAT-38 or 58-GCTGGCGCCGGGCCTAGG-38.
pGEM-T from Promega and T7 RNA polymerase from Pharmacia
were used as recommended by the manufacturers to respectively clone
and sequence the PCR products. Most of the insertion sites fromBras-
sica napuswere obtained by screening a genomic library as described
by Deragon et al. 1996.

Amplification of Empty Insertion Sites

DNA from Brassica hilarioniswas used to amplify most empty sites
orthologous to S1 containing sites except for na2, na18, cr11, cr21,
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vil30b, and ma44 sites where DNA fromBrassica oleracea, Brassica
incana, Brassica cretica, Brassica villosa,and Brassica macrocarpa
was used instead. Empty sites orthologous toBrassica nigraS1 sites
were amplified using DNA fromSinapis arvensis.All empty sites were
cloned and sequenced as described above.

x2 Analysis

The analyses were done either on individual bases or on dinucleotides
essentially as described by Jurka (1997). Briefly,x2 4 ∑4i 4 1 (Oi −
Ei)

2/Ei, whereOi is the individual base or dinucleotide occurrences,Ei

Fig. 1. Alignment of S1 integration sites from 10Brassicaspecies.
The correspondingBrassicaspecies from which each element has been
isolated is reported at theleft: B. nigra (ni), B. napus(na),B. hilarionis
(hi), B. cretica (cr), B. montana(mo), B. rupestris(rup), B. incana
(inc), B. macrocarpa(ma), B. villosa (vil), B. rapa (rapa), andB.
juncea(jun). Names inboldfaceidentify S1 sites where the orthologous
empty sites were cloned and sequenced (see text and Fig. 2). S1 se-
quence and poly(A) tract are denoted by ACCA–AAAA. On each side

of the SINE, TSDs were adjusted to the left so that they all started at
the same position and to the right so that they all ended at the same
position. TSDs are inuppercase lettersand 58 and 38 flanking se-
quences are inlowercase letters.Mismatches in the TSDs are also in
lowercase letters.A S1 integration sites without TSD.B S1 integration
sites with TSDs.C Integration site reported by Wright et al. (1996) for
a LINE element called Ta11-1 found inArabidopsis thaliana.The
Ta11-1 sequence is denoted by ACAA–AAAA.
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is the total number of bases or dinucleotides at a given position × base
composition. We used a significance level ofP < 0.01 for 3 df.

Results

Characterization of S1 Insertion Sites

To study the target site specificity of S1 retroposons, we
characterized 64 S1 integration sites from 10 closely re-
lated species of crucifers. A preliminary analysis led us
to classify these insertion sites in two groups considering
the absence (Fig. 1A) or the presence (Fig. 1B) of target
site duplication (TSD). Fifty-one of the 64 S1 integration
sites have TSD. The number of bases of these TSD
seems to be predetermined largely since in most cases
(35/51) they range from 14 to 16 bp, with a maximum at
16 bp (see Fig. 1B). We found only one case with an
exceptionally long TSD of 35 bp (na17). Only 13/64
(20.3%) of the insertions lack TSD.

In order to get a better understanding of the S1 inte-
gration process, we amplified, cloned, and sequenced S1
target sites in closely relatedBrassicaspecies (i.e., or-
thologous sites). Since S1 retroposition in crucifer is a
highly dynamic process leading to a large number of
species-specific insertion events (Lenoir et al. 1997), we
can easily obtain from closely related species sequence
information on target sites before S1 integration (i.e.,
‘‘empty’’ sites). First, 16 empty sites orthologous to S1
sites with TSD (names in boldface in Fig. 1B) were
sequenced. As expected, we did not detect any duplica-
tion of the target sequence in these empty sites, suggest-
ing that TSD were generated as a consequence of S1
integration events (not shown). Apart from the TSD, the
16 S1 target sites were unmodified by the integration
events. Six empty sites orthologous to S1 sites lacking
TSD (names in boldface in Fig. 1A) were next se-
quenced. Surprisingly, all these empty sites either had an
additional sequence and/or lacked a short sequence com-
pared to orthologous S1 sites. The nature and sizes of the
deleted or inserted fragments generated upon S1 integra-
tion at these sites are given in Fig. 2. We conclude that
while insertion generating TSD leaved the target site
unaltered, most of the S1 insertions without TSD were
associated with small deletions and/or small insertions at
the target site.

Target Site Features

We next analyzed in more detail the sites with TSD. We
aligned the 58 and 38 direct repeats and adjusted them so
that all 58 repeats start or all 38 repeats end at the same
position (Fig. 1B). Since the 16 sites analyzed resulted
from an accurate integration process (see above), we as-
sumed that the remaining sites followed this rule. There-
fore, in each case, one copy of the TSD was fused to

adjacent sequences to reconstitute the site before S1 in-
sertion, and in most cases, 30 bases surrounding each
nicking site (15 bases in 58 and 15 bases in 38) were
analyzed (see Table 1 and Fig. 3). The general feature of
these insertion sites is that they are all associated with
AT-rich regions (Table 1). This AT richness seems not
linked to the integration of S1 elements in very specific
genomic regions since we have shown previously that S1
elements are generally distributed on eachBrassica na-
pus chromosome (unpublished results). Here we also
show that they are not found in tandem repeat, at least for
the 65 insertion sites characterized. The most striking
result is that S1 elements integrate at nonrandom sites.
This is particularly true for one of the two nicking sites
(i.e., the strong site) that is clearly associated with the
58-Y/AAANNNG-3 8 consensus motif, where Y denotes
pyrimidines (Table 1 and Fig. 3A). The signal at the
other nicking site seems not to be associated with any
obvious consensus motif (Table 1 and Fig. 3B). Thus, S1

Fig. 2. Characteristics of S1 integration events that do not generate
target site duplications. The partial sequence of six ‘‘empty’’ sites is
shown. Sites of S1 integration are pointed to by thetriangles. Se-
quences that were deleted in the integration events are inboxesand
supplementary sequences that were inserted either 58 or 38 of the S1
elements are writtenaboveeach site. The integration event that gen-
erated the na18 sites was described previously by Gilbert et al. (1997).
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weak site seems to be less conserved (weaker) than the
mammalian one [represented by the 58-TYTN-38 motif
(Jurka 1997)]. This could happen if the distance between
the two nicks is more often imposed by the enzyme
involved in S1 integrations compared to the enzyme in-
volved in the integration of mammalian retroposons. In
support of this, we observed that although the two nicks
involved in Alu and ID integration are usually made
within 14–16 base pairs, only 22% (for Alu) and 31%
(for ID) of the integration events show this preferred
configuration (data from Jurka 1997). For S1, the two
nicks are separated by 14 to 16 base pairs in 68% of the
integration events, suggesting that this configuration may
often be forced by the enzyme itself even at sites poorly
resembling a perfect integration sequence, explaining the
lower level of conservation of this second (weak) site.

We next studied the distribution of dinucleotides
around both nicking sites (Figs. 4 and 5). We made three

groups of dinucleotides as described by Jurka et al.
(1998): the purine doublets AA, AG, GA, and GG; the
pyrimidine doublets TT, TC, CT, and CC; and dinucleo-
tides associated with kinks TA, CA, and TG. For the
strong (i.e., more conserved) site (Fig. 4), the dinucleo-
tide frequencies are significantly higher for di-
pyrimidines before the nick (position −1), for dinucleo-
tides associated with kinks at the nicking site (position 0)
and for di-purine after the nick (positions +1 and +2). For
the weak (i.e., less conserved) site (Fig. 5), the frequency
of purine and pyrimidine doublets is not significantly
higher before position −1) and after (position +1) the
nick. The frequency of TA, CA, and TG dinucleotides
reaches a maximum at the weak nicking site (position 0)
but this peak is barely significant (Fig. 5). Therefore,
although cleavage at the weak site obviously depends on
the position of the first nick and probably takes place
rarely at optimal sites, it could still be done preferentially

Table 1. Base occurrences at different positions of the 58 and 38 regions flanking the two S1 nicking sitesa

N

58 nicking site 38 nicking site

P T C A G Total P T C A G Total

−15 A/T 16 5 16 6 43 A 3 7 38 3 51
−14 A 11 7 17 7 44 A 9 5 35 2 51
−13 A 13 4 26 2 45 A 9 4 30 8 51
−12 A 11 3 25 6 45 A 15 7 23 6 51
−11 A 16 4 19 6 45 A 20 6 22 3 51
−10 A 16 8 18 5 47 T 27 2 14 8 51
−9 T 20 6 14 8 48 A 13 9 17 12 51
−8 T 22 8 11 7 48 A 17 4 20 10 51
−7 A 11 6 18 13 48 T 18 8 17 8 51
−6 T 17 7 13 11 48 A 10 13 18 10 51
−5 T 15 7 14 12 48 A 11 4 26 10 51
−4 T 25 2 15 9 51 A 19 3 22 7 51
−3 A 17 5 20 9 51 A 16 2 23 10 51
−2 A 16 12 18 5 51 T 22 6 17 6 51
−1 C 15 21 2 13 51 T 24 8 13 6 51

c b
1 A 2 0 49 0 51 A 15 5 22 9 51
2 A 8 1 41 1 51 A 13 8 22 8 51
3 A 5 13 25 8 51 T 23 6 13 9 51
4 A 18 8 20 5 51 T 19 4 16 12 51
5 A 19 9 20 3 51 A 15 4 20 11 50
6 A 21 3 22 5 51 T 20 7 13 10 50
7 G 11 4 15 21 51 A 16 8 22 4 50
8 A/T 17 10 17 7 51 T 19 9 13 9 50
9 A 15 5 21 10 51 A 13 8 19 10 50

10 A 12 5 24 10 51 T 22 9 16 3 50
11 A 19 6 20 6 51 A 16 9 17 8 50
12 T 21 4 20 6 51 A 16 9 18 6 49
13 A 18 4 21 8 51 A/T 16 8 16 9 49
14 A 14 7 19 11 51 A 16 6 16 10 48
15 A/T 20 6 20 5 51 A 17 5 21 4 47

COMP (%) 31.2 12.9 40.6 15.2 32.2 12.8 39.6 15.3
AT% 71.8 71.8
GC% 28.1 28.1

a Only insertion sites with TSDs were analyzed (see Fig. 1B). The presumed positions of the two nicking sites are given by arrows. For the 58 nicking
site, position 1 correspond to the first base of the TSD, while for the 38 nicking site position −1 corresponds to the last base of the TSD. N, nucleotide
position; P, predominant nucleotide; total, number of bases analyzed at each position; T, C, A, and G, frequency of each nucleotide for a given
position; COMP, percentage for each nucleotide for the region analyzed.
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at TA, CA, and TG dinucleotides. The poor statistics
observed at this position could be the result of the rela-
tively small number of S1 target sites analyzed. These
results are very similar to those obtained for mammalian
retroposons (Jurka et al. 1998), suggesting that plant ret-
roposons also integrate at sequence-dependent DNA
kinks. However, in our case, the primary determinant for
the recognition of the weak site is the distance from the
first nicks, not the sequence by itself.

Discussion

In previous studies, we observed that S1 elements and
mammalian SINEs not only share structural similarities
but also have similar patterns of evolution (Deragon et al.
1994; Lenoir et al. 1997; Gilbert et al. 1997). Here we
show that, for S1 sites presenting TSD, these similarities
extend to the molecular mechanism of integration. The
most conserved feature of eukaryotic retroposon integra-
tion may be the capacity for the target sequence to form
a special DNA structure called kinks. The general A/T
richness of a given DNA region and the presence of short
runs of pyrimidines followed by short runs of purines
could represent a favorable context for retroposition
events. In such a context, an endonuclease upon fixation
could be able to generate the kink at the pyrimidine/
purine transition and to nick the DNA. We observed that
cleavage at the weak site occurs at a relatively fixed
distance from the strong site. This distance may be im-
posed by the properties of the endonuclease fixed at the
strong nicking site. However, although the second nick-
ing site may represent a weaker recognition site for the
same enzyme, it could also be a target for other enzymes
linked, for example, to the DNA recombination/repair
machinery. This model is compatible with the enzymatic
properties of the human L1 endonuclease (Feng et al.
1996) but awaits validation in plant. To evaluate the
potential implication of a LINE endonuclease in S1 in-
tegration, we intend to purify aBrassica napusLINE
endonuclease and to test its enzymatic properties on
‘‘empty’’ S1 insertion sites. This way, we should be able
to determine if the similarities in target site selection
observed for plant and mammalian retroposons are
linked to the functional conservation of the plant and
mammalian LINE endonuclease domain. It is interesting
to note that the only integration site reported for a LINE
element in crucifer [the Ta11-1 element fromArabidop-
sis thaliana(Wright et al. 1996)] shows the same char-
acteristics as S1 integration sites do (Fig. 1C).

We observed that a small proportion of S1 insertion
events was not associated with TSD. These integration
events were always associated with small deletions or
more often to small insertions. These modifications of
the target site have already been reported in several cases
of mammalian retroposon integrations (Jurka et al. 1997;
Maestre et al. 1995). It is not clear if these integrations

result from the action of the endonuclease implicated in
‘‘normal’’ (TSD generating) events and if they all can be
accounted for by a single mechanism. Small deletions
(less than 20 bp) could result from the degradation by an
exonuclease of the single-strand regions formed in the
‘‘normal’’ integration process. However, deletions at the
integration sites (especially the longer ones) could also
result from the integration of S1 elements at random
double-strand breaks (DSBs) further opened by exo-
nucleases associated with the recombination/repair ma-

Fig. 3. Thex2 values for individual positions surrounding S1 nicking
sites. From Table 1,x2 values were calculated (see Materials and
Methods) for(A) the region surrounding the 58 nicking site and(B) the
region surrounding the 38 nicking site. Thehorizontal linescorrespond
to significance levels ofP < 0.01 for 3 df. Significant values are found
only for the region surrounding the 58 nicking site. Positions −1, 1, 2,
3, and 7 have very highx2 values, indicating a nonrandomless distri-
bution of nucleotides at these positions. This can be summarized by the
consensus sequence 58-Y/AAANNNG-3 8, or 58-CNNNTTT/R-38 on
the other DNA strand, which is, according to the retroposition model
(Luan et al. 1993; Jurka 1997), the strand that is cleaved. Thearrows
indicate the positions of the hypothetical nicking sites (between nucleo-
tide −1 and nucleotide +1).
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chinery (Haber 1995). The origin of the small insertions
observed in several cases is also not clear. Since these
supplementary nucleotides were not observed in the 16
empty sites orthologous to S1 sites with TSD, they prob-
ably do not result from the initiation of reverse transcrip-

tion 38 of the poly(A) tail of a S1 transcript or from the
reverse transcription of a longer S1 transcript initiated a
few bases 58 of its normal site. In support of this, we have
shown previously that major S1 transcripts initiate only
in position +1 and (less frequently) in position −1, sug-

Fig. 4. Dinucleotide distributions surrounding the S1 58 nicking site.
Three groups of dinucleotides were formed:(A) the dinucleotides as-
sociated with kinks, TG + TA + CA (K);(B) the purine dinucleotides
AA + AG + GA + GG (dR); and(C) the pyrimidine dinucleotides TT
+ TC + CT + CC (dY). Thex2 values of the dinucleotide distributions
for each position are presented inD. Thehorizontal linecorresponds to

significance levels ofP < 0.01 for 3 df. The same 30 nucleotides listed
in Table 1 were analyzed.x2 analysis indicates that positions −1, 0, 1,
and 2 are significant. The 58 nicking site is therefore composed at the
dinucleotide level of a peak of di-pyrimidine followed by a kinkable
dinucleotide and a strong peak of di-purine, which can be summarized
as (dY)(K)(dR)2.

Fig. 5. Dinucleotide distributions surrounding the S1 38 nicking site.
Three groups of dinucleotides were formed as in Fig. 4.(A) Dinucleo-
tides TG + TA + CA,(B) dinucleotides AA + AG + GA + GG, and(C)

dinucleotides TT + TC + CT + CC.D Thex2 values of the dinucleotide
distributions as in Fig. 4.x2 analysis indicates a single position (posi-
tion 0) slightly above the significance level ofP < 0.01.
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gesting that initiations a few bases 58 of the normal site
are rare events (Deragon et al. 1996). We therefore sug-
gest that these small insertions are strictly associated
with particular S1 insertion events that do not generate
TSD and are not related to the nature of the S1 transcript.
The mechanism responsible for these small insertions is
unknown at this time.

A high level of conservation between plants and
mammals is unexpected for a ‘‘nonessential’’ process
like retroposition. Although a role for reverse transcrip-
tion in basic biological processes is highly hypothetical
at this time, it is worth noting that this enzyme is found
in all living organisms from bacteria to higher eukary-
otes. Therefore, it is hard to imagine that in all cases this
enzyme owes its presence only to parasitic expansions of
transposable elements and provides no benefit to the
host. One recent finding suggests that reverse transcrip-
tion could be implicated in double-strand break (DSB)
repair in eukaryotes (Moore and Haber 1996; Teng et al.
1996). DSBs are believed to be repaired by several path-
ways of homologous recombination and by nonhomolo-
gous end-joining. In yeast, homologous recombination is
a very efficient process which may account for most
DSB repair, but recent experiments suggested that when
homologous recombination is inhibited, most of the
DSBs are repaired by nonhomologous end-joinings
(similar to those observed in mammalian cells) and used
the Ty1 retrotransposon element (Moore and Haber
1996; Teng et al. 1996). These results suggest that inte-
gration of retroposons could be used as one strategy to
repair DSBs in eukaryotes. Another interesting finding
comes from the implication of the human L1 reverse
transcriptase in the generation of high levels of cytoplas-
mic cDNA molecules expressed in human cells (Dhellin
et al. 1997). This work clearly showed that the cDNAs
generated by this cytoplasmic reverse transcription are
not coupled with integration and are probably not retro-
position intermediates. They also showed that L1 RNA
and RNA from different cellular genes were reverse tran-
scribed with similar efficiency. These results suggest that
cytoplasmic and nuclear (in situ) reverse transcription
are distinct processes and that cytoplasmic reverse tran-
scription could be implicated in other biological pro-
cesses, for example, the regulation of mRNA translation.
If these recent findings are really of biological signifi-
cance, then the coding function of LINE elements should
be under positive selection pressure. Furthermore, the
amplification mechanism of LINE and SINE elements,
which also rely on these proteins, would tend to be con-
served among a wild range of eukaryotic species.
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