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ABSTRACT

We report the isolation of AtL1, a 249 bp non-LTR retrotransposon fragment from Arabidopsis thaliana by fingerprint-
ing mRNAs extracted from A. thaliana plants, ecotype Columbia, in different heat stress conditions. Southern blot and
PCR analysis suggested that AtL1 occurs as a single- or low-copy insert in the genome of A. thaliana ecotype Columbia.
The presence of AtL1 in the genome of different Arabidopsis ecotypes was confirmed by PCR amplification and se-
quencing thus excluding all possible contamination. A preliminary scan of the AtL1 nucleotide sequence against the
EMBL and NCBI databases revealed a high degree of similarity to a group of LINE type L1 retrotransposons of mam-
mals and with a cDNA sequence of Artemisia annua. A phylogenetic analysis of LINE elements from animals and
plants placed AtL1 and A. annua sequences in close proximity to some mammalian sequences but distant from the other
plants LINE elements including those from Arabidopsis.
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1. Introduction

Eukaryotic retrotransposons [1,2] have been grouped into
two major subclasses: the long terminal repeat (LTR)
elements and the non-LTR elements. The LTR retro-
transposons are flanked by long terminal repeats and
encode proteins similar to those of retroviruses; they
have been found ubiquitous in the main taxonomic
groups of plant species [3]. The non-LTR retrotrans-
posons lack the terminal repeats and are usually classi-
fied into short interspersed nuclear elements (SINEs) and
long interspersed nuclear elements (LINEs) [1].

All plant LINEs discovered so far belong to the L1
superfamily, which has been designated according to the
human and mouse L1 LINEs [4,5]. The first LINE retro-
transposon described in a plant species was the Cind
element from Zea mays L., detected as an insertion in the
3’ untranslated region of the Al gene [6]. Subsequently,
LINEs were found in various plants such as Lilium speci-
osum Thunb. (del2), Arabidopsis thaliana (L.) Heynh.
(Tall-1, ATLN), Cannabis sativa L. (LINE-CS), Hordeum
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vulgare L. (BLIN), Oryza sativa L. (Karma), Ipomoea
batatas (L.) Lam. (LIb) and in the unicellular green alga
Chlorella vulgaris (Zepp) [7-14]. The presence of multi-
ple LINE copies was documented also in Beta vulgaris L.
[15,16] and in Gossypium spp. [17].

Sequence divergence and extreme heterogeneity are
typical features of plant LINEs [18] and most of the
LINE copies are heavily truncated and appear to be
non-functional due to stop codons or to frame-shift muta-
tions. Defective copies, often truncated at the 5’ end,
were likely originated from incomplete reverse transcrip-
tion/amplification, while sequence heterogeneity is main-
ly due to accumulations of nucleotide substitutions over
long evolutionary time scales [19]. Of particular interest
was the detection of a truncated LINE element in the
mitochondrial genome of A. thaliana: its high similarity
to nuclear retrotransposon sequences clearly suggests a
transfer/insertion event from the nuclear to the mito-
chondrial compartment [20].

The mechanisms of transcription and mobilization of
non-LTR retroelements is less well known than that of
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LTR retrotransposons in plants. It has been suggested
that the activation of plant retrotransposons occurs under
stress condition [21,22] and it is subjected to a develop-
mental control [10]. In some cases, transcription of plant
retrotransposons seems to be the result of a co-transcrip-
tional event such as in the case of the S1 family of SINE
in Brassica napus L. [23], or in the case of the LINE-like
fragment (TSCL) isolated from A. thaliana inserted
downstream of a tissue-specific promoter region [24].

In this paper, we report the identification and charac-
terization of the AtL1 non-LTR retrotransposon sequence,
from A. thaliana ecotypes Columbia, Landsberg and
Wassilewskija with homology to LINE from animals and
plants. An analysis of the phylogenetic relationships be-
tween AtL1 and an extensive set of LINE sequences be-
longing to animals and plants was performed and its
evolutionary origin is discussed considering the possibil-
ity of an inter-kingdom horizontal transfer (HT) of retro-
transposable elements (RTEs).

2. Materials and Methods
2.1. Plant Materials

Seeds of A. thaliana ecotypes Columbia, Landsberg and
Wassilewskija were supplied by Nottingham Arabidopsis
Stock Center, UK. Seeds of different batches were com-
pared in parallel experiments. A. thaliana plants were
grown in axenic conditions in Petri dishes on MS basal
salt medium [25] supplemented with 1% (w/v) sucrose
and 0.8% (w/v) agar, at 22°C with a 16 h photoperiod.
The fluorescence lamps provided an illumination of ap-
proximately 120 pEm *s™' at plant height. Particular
attention was placed to the sterilisation of seeds and to
the growth of the plants in extremely axenic conditions to
prevent any type of contamination.

Ten days old plantlets were treated at different tem-
peratures in a thermostatic chamber in the dark as previ-
ously described [26]: 1) 2 h at 22°C, control temperature;
2) 2 h at 37°C, a mild heat stress (HS) condition; 3) 2 h at
37°C followed by 2 h at 45°C, a HS treatment inducing
thermotolerance; 4) 2 h at 45°C, a severe and mostly le-
thal HS condition. Immediately after treatment plants
were collected and frozen in liquid nitrogen for RNA and
DNA analyses.

2.2. RNA Isolation, DDRT-PCR and RT-PCR

Total RNA was extracted from axenically grown plants
exposed to different thermal conditions using a phenol-
chloroform procedure, followed by LiCl precipitation
and purification [27]. Differential Display (DDRT-PCR)
was performed following the protocol of Liang and Par-
dee (1992) [28]. Reverse transcriptase (RT) reactions
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were performed using an oligonucleotide anchored primer
(T12GA). Accidental amplification of contaminant DNA
was excluded by subjecting the same samples to control
reactions without reverse transcriptase. DNA-RNA hy-
brids were heat denatured at 95°C, 2 min and PCR am-
plification was performed using the T;,GA anchored
primer combined with the arbitrary 10-mer primer APS5
(Table 1). The purified and amplified DDRT-1 fragment
was cloned into the pGEM"-T vector (Promega, Madi-
son, WI, USA) and sequenced following the protocol
“CEQ™ 2000 dye terminator cycle sequencing” (Beck-
man Coulter, Fullerton, CA, USA), by means of the
automatic sequencer CEQ 2000 (Beckman Coulter). For
semi-quantitative RT-PCR, total RNA isolated from
plants subjected to different HS conditions was placed in
a solution of 10 mM Tris-HCI pH 8.0, 10 mM MgCl,,
containing 10 U of RNAse-free DNAse (Promega) for 30
min at 37°C. RNA samples (1.5 pg) were retrotranscribed
for 45 min at 37°C with 100 U of M-MuLV Reverse
Transcriptase RNase H Minus Point Mutant (Promega),
in the presence of the specific primer LINE1-for (Table
1), priming DNA synthesis towards the 5’ end of AtL1
(Figure 1). To test for DNA contamination, control reac-
tions were performed in the same conditions without RT.
The amount of cDNA synthesized, as determined by
spectrophotometer measurements, ranged from 300 - 600
ng per RT reaction. After cDNA synthesis, the RNA-
DNA hybrids were heat denatured at 95°C for 2 min.
First strand cDNAs (500 pg) were then directly PCR-
amplified by using the same primer as for the RT reac-
tion (AtL1-for) in combination with the LINEIl-rev
primer (Table 1), priming DNA synthesis towards the 3’

Table 1. Primer sequences.

Primer Sequence
AP5 5’-GTTGCGATCC-3’
LINEI1-for 5-TTGTAAAAGGGGTTGAGTTC-3’
LINEI-rev 5’-CCAAACTGGCAAAGATGTAG-3’

LINEl-for 5°-TTGTAAAAGGGGTTGAGTTC-3’
B -
N =

APS
— |
1 7 :\97 - _—4—\4;;5328
Sall - b

= \
LINEl-rev  3'-GATGTAGAAACGGTCAAACC-5

Figure 1. Drawing of DDRT-1 sequence. The region from
position 1 to position 96 shows 100% identity to the 3’ end
of the Athsp23.5 transcript (black box). The region from
position 74 to position 322 shows a 78% similarity to the
mammalian LINE-1 elements. Restriction map site Sall
identifies AtL1 fragment. The primers utilized to amplify
the retrotranscribed mRNA are indicated.

AJPS



808 AtL1 a Non-LTR Retrotrasposon Fragment in the Genome of
Arabidopsis thaliana with Homology to Plants and Animals

end of AtL1 (Figure 1). As internal control, the same
PCR conditions were applied for the amplification of the
Athsp23.5 cloned sequence [26]. PCR conditions were as
follows: final volume 50 pl, 50 nM each primer, 0.5 U of
Platinum® Pfx DNApolymerase (Invitrogen, Carlsbad,
CA, USA), 100 mM each dNTP, 1.5 mM MgCl,, 50 mM
KCl, 10 mM Tris-HCI pH 8.3, 20 cycles at 94°C 30 sec,
50°C 60 sec, 70°C 60 sec followed by a final extension
step at 70°C for 5 min. The PCR products were separated
by electrophoresis on 2% (w/v) agarose gel, blotted onto
nylon membranes and hybridised with AtL1 probe.

2.3. DNA Isolation and Southern Blot Analysis

For Southern blot analysis, total DNA of ecotypes Co-
lumbia, Landsberg and Wassilewskija was isolated from
axenically grown plants following a modified CTAB
(hexadecyltrimethylammonium bromide) method as pre-
viously described [26]. DNA samples of Columbia eco-
type were digested with each of the three restriction en-
zymes ECORI, HindIIl and EcoRV. Digestion, electro-
phoresis and blotting were performed following previ-
ously described methods [29]. Pre-hybridization and hy-
bridization were performed at 65°C in 5 x SSPE buffer, 5
x Denhardt’s solution and 0.5% (w/v) sodium dodecyl
sulfate (SDS). Radiolabelled probes ([**P]-dCTP with a
specific activity > 110 TBg/mmol) were prepared ac-
cording to [30]. After hybridization, blots were washed
twice in 2 X SSC buffer and 0.1% SDS for 5 min at room
temperature, twice in 0.5 x SSC and 0.1% SDS for 15
min at 65°C, and once in 0.1 x SSC and 0.1% SDS for 15
min at 65°C. The consistency of these methods was con-
firmed by PCR analysis with primers LINEI-for and
LINE1-rev, and by sequencing the amplicon obtained.

2.4. Bioinformatic Methods

The AtL1 nucleotide sequence was compared with the
EMBL database by the FASTA program [31]. Other
comparisons with databases were performed using the
BLASTn program (http://www.ncbi.nlm.nih.gov) and the
BLAST tool at TAIR (http://www.arabidopsis.org/). Mul-
tiple alignment of the amino acid sequences that were
deduced from AtL1 and from an heterogeneous set of
LINEs, spanning a broad spectrum of phylogenetic di-
versity, was built by the CLUSTALW2 program [32],
using the BLOSUM matrix [33]. The alignment was
visualised by using the Jalview program [34], in which
the residues conservation, the quality of the alignment
and the consensus sequence were also built. Phylogenetic
and molecular evolutionary analyses were conducted
using the MEGA version 4 software [35], available at
http://www.megasoftware.net. The phylogenetic position
of AtL1 was elucidated by the neighbor-joining (N-J)
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method [36]; reliability of the phylogenetic tree was as-
sessed by a bootstrap test with 1000 data set resamplings.

3. Results and Discussion

3.1. Isolation and Characterization of DDRT-1
Fragment

A cDNA named DDRT-1 specifically transcribed in con-
dition of expression of thermotolerance was isolated and
cloned in our laboratory by fingerprinting mRNAs ex-
tracted from A. thaliana, ecotype Columbia. It was
clearly excluded that the cDNA originated from acciden-
tal contamination by other forms of DNA (see Section
2).

Nucleotide sequence of DDRT-1 showed a size of 322
bp, the sequence of the arbitrary primer APS at the 5 end,
and the sequence complementary to AP5 at the 3’ end
(Figure 1). DDRT-1 can be considered a product of the
RNA retro-transcription obtained with amplification by
arbitrary primers annealing at both ends in inverted fash-
ion.

A search for sequence similarities against the EMBL
and NCBI databases evidenced for DDRT-1 a perfect
match, from nucleotide 1 to 96, to the 3’ region of the
cDNA of the Athsp23.5 gene, which encodes for a low
molecular weight mitochondrial heat shock protein [26].
In the Athsp23.5 gene the region of identity with DDRT-
1 spanned the end of the protein-coding region (63 bp)
and the 33 bp located downstream of the stop codon.

The similarity ended there because the remaining por-
tion of the DDRT-1 sequence exhibited a high degree of
similarity with the LINE L1.1 retrotransposons of mam-
mals. The region of similarity spans nucleotides 74 to
322 and this sequence has been named AtL1 (A. thaliana
LINE-1; accession number AJ012311; Figure 1).

3.2. AtL1 Sequence, Its Presence in the Genomes
of the A. thaliana Ecotypes Columbia,
Landsberg and Wassilewskija

To confirm the presence of AtL1 sequence in the genome
of A. thaliana ecotype Columbia, total genomic DNA
was hybridized with the complete DDRT-1 sequence
(322 bp), comprising both 96 bp from the 3° end of the
Athsp23.5 gene and the whole AtL1 sequence. Figure
2(a) shows the pattern of hybridization of DNA samples
digested with restriction enzymes EcoRI, HindIIl and
EcoRV: hybridization bands corresponded to restriction
fragments of 10.0, 2.0 and 1.5 kb respectively, in addi-
tion others bands were visible with less intensity (7.0, 6.3,
and 2.3 kb). The same DNA blot was hybridized with a
204 bp probe whose sequence corresponds to the entire
3’ end of Athsp23.5 transcript (accession number Y11865),
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Figure 2. Southern blot analysis of total genomic DNA from
A. thaliana ecotype Columbia. Restriction enzymes were:
EcoRI (El), Hindlll (H), EcoRV (EV). Hybridization was
performed as described in materials and methods using as
probe: (a) The DDRT-1 fragment containing the AtL1 ele-
ment; (b) A 204 nt fragment corresponding to the 3’ end of
the Athsp23.5 transcript. The sizes of the genomic frag-
ments are estimated by comparison with 1 Kb DNA ladder
(New England Biolabs).

including the 96 bp present in DDRT-1, giving hybridi-
zation bands of 7.0, 2.3 and 6.3 kb (Figure 2(b)). The
size of these restriction fragments are consistent with
those reported for the hybridization of genomic DNA
with the whole Athsp23.5 gene [26]. The results of the
Southern blot were totally confirmed by PCR with prim-
ers LINE1- for and -rev, and by sequencing the amplicon
obtained.

AtL1 was isolated from DDRT-1, in which it was
linked, in opposite orientation, with a limited 3’ portion
of the cDNA of a heat shock protein gene, Athsp23.5.
A similar situation was found for the Al gene in Z.
mays and the Cin4 LINE element [6]. Two identical ge-
nomic clones isolated in our case from a library of the
Columbia ecotype and containing the Athsp23.5 gene,
did not reveal the presence of nearby or adjacent AtL1
sequence [26]. The two hybridization patterns found
when using the AtL1cDNA or the 3’ end cDNA fragment
of Athsp23.5, as probes (Figure 2), argue against a phy-
sical association of the two. AtL1 fragment therefore re-
sides in a genomic location different from Athsp23.5 and
the association between cDNA of AtL1 and of Athsp23.5
probably resulted during or after the processing of the
relative transcripts. Southern blot analysis (Figure 2(a)),
showed also that AtL1 did not occur at multiple locations
in the genome of A. thaliana ecotype Columbia, a feature
uncommon to other non-LTR transposons in plants [11,
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16].

To confirm the presence of the AtL1 in the genome of
different A. thaliana ecotypes with an independent ap-
proach, two specific primers were designed from the se-
quence of AtL1 (LINE1-for and LINE1-rev, Table 1 and
Figure 1). These primers were used to amplify ortholo-
gous sequences out of genomic DNA extracted from A.
thaliana ecotypes Columbia, Landsberg and Wassilews-
kija. Different amplicons were obtained, and among
these a band of the expected dimension, about 200 bp,
was present in all the ecotypes analyzed (Figure 3(a),
lanes 1, 2, 3). Hybridization with DDRT-1 confirmed the
homology of these 200 bp amplicons with AtL1 (Figure
3(b)). Sequencing revealed a complete nucleotide iden-
tity between the AtL1 fragments isolated from Columbia
and Landsberg ecotypes, while two nucleotide substitu-
tions, one A to G transition at nucleotide 52 and one G to
T transversion at nucleotide 211, were found in the AtL1
orthologous from Wassilewskija.

To exclude possible accidental contamination during
laboratory operation, amplification and cloning of the
AtL1 sequences was confirmed in a different laboratory.
During these controls an AtL1 sequence was identified
also in the Arabidopsis ecotype Capo Verde Island (S.
Gazzani personal communication). Repeated attempts of
retrieving genomic clones spanning the homologous
AtL1 sequences from A. thaliana genomic libraries in
lambda phages were unyielding. A factor that can have
played a negative role in the search for a genomic clone
of AtL1 is the particular genomic locations of retrotrans-
posons near heterocromatic, centromeric or telomeric
regions. Of the 219 LINE homologues that have been
discovered in A. thaliana by in silico analyses [11], only
few were physically identified in 170 BAC and PAC
clones.

Figure 3. (a) Gel electrophoresis and (b) hybridization with
the AtL1 probe of the PCR products obtained by amplifica-
tion of genomic DNA of three different A. thaliana ecotypes,
using LINE1-for and LINE1-rev primers. Lane labels cor-
respond to the A. thaliana ecotypes Columbia (1), Lands-
berg (2) and Wassilewskija (3). Lane ¢ corresponds to the
positive control, amplified from the cloned AtL1 fragment.
The size of the hybridizing fragments is estimated by com-
parison to a 100 bp DNA ladder.
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3.3. Expression of AtL1 in Plants Exposed to
Different Thermal Conditions

AtL1 was isolated as a product of an in vitro cDNA syn-

thesis starting from mRNA extracted from plants sub-

jected to HS. To verify the presence of the AtL1 tran-

script in different HS conditions, RNAs were extracted
from A. thaliana plants subjected to: 1) mild heat stress

(37°C); 2) HS treatment leading to expression of thermo-

tolerance (37°C to 45°C); and 3) severe (lethal) HS (45°C)
and were analyzed by semi-quantitative RT-PCR with
AtL1 specific primers. The RT-PCR amplification prod-

ucts were blotted and then hybridized with the AtL1

fragment. As internal control, the same RNA preparation
was amplified by RT-PCR with primers designed for the
transcript of Athsp23.5 [26]. Figure 4 shows the hy-

bridization of RT-PCR products with AtL1: in all four
lanes there is a signal corresponding to an amplified
cDNA fragment of about 200 bp. Temperature treatments

causing a severe HS or expression of thermotolerance led
to the higher levels of the AtL1 transcription (Figure 4,

lanes ¢ and d). Expression of AtL1 was low but detect-

able at the temperature of 22°C (Figure 4 lane a). The

temperature dependent regulation of AtL1 could be either
accidental, the gene contains an internal heat shock pro-
moter, or instrumental in the regulation of Athsp23.5.

In the past years it was demonstrated that transcription
and mobilization of active retrotransposons in plant spe-
cies can be induced by various stress conditions [21,22,
and references therein]. This led to the hypothesis that
transposable elements are involved in host adaptation to
environmental changes [37,38]. Transcription of the Tto1l
element from tobacco, induced in response to a variety of
environmental stresses, is mediated by a cis-regulatory
element that was localized in the 5° LTR [39]. In the
same plant species, during microbial infections and
wounding the expression of the TntlA retrotransposon is

200 bp

Figure 4. Reverse transcriptase-PCR analysis of AtL1. Hy-
bridization with the AtL1 probe of the RT-PCR amplifica-
tion products derived from RNA extracted from A. thaliana
plants subjected to different HS conditions: (a) 22°C; (b)
37°C; (c) 37°C to 45°C; (d) 45°C. The PCR reactions were
performed with LINE1-for and LINE1l-rev primers. The
size of the hybridizing fragments is estimated by compari-
son to a 100 bp DNA ladder.
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induced by tandemly repeated cis-acting regulatory ele-
ments that were detected in the 5° LTR U3 region [40].

3.4. Phylogenetic Analysis

In silico comparison of the AtL1 sequence with the plant
DNA library in the TAIR database show only a limited
similarity with known nucleotide sequences, including
many LINE elements so far characterized in the A.
thaliana species [8,11]. An additional search (http://www.
arabidopsis.org/Blast) within deposited plant cDNA se-
quences at TAIR revealed a high level of homology
(81% identity) with a cDNA sequence isolated from Ar-
temisia annua L. (EY057597).

A pairwise alignment of the inverted complementary
sequence of AtL1 with one of the most similar sequences
(accession number S65824), which corresponds to the
region of a human LINE L1.1 encoding for reverse tran-
scriptase domains V-VII, stressed the presence in AtL1 of
three short deletion mismatches that alter its proper read-
ing frame. A manual optimization of these frame shifts
brought to the alignment in Figure 5 of the amino acid
sequence deduced from AtL1 in comparison with LINE
sequences: one from human (LINE L1.1 S65824) (48%
identity) and one from A. thaliana (Ta27-AC007195)
(19% identity) [8]. The inconsistent recognition, by the
FASTA program or the BLASTn program, of a signifi-
cant matching between AtL1 and Ta27 nucleotide se-
quences, as well as with the other LINE copies contained
in the genome of A. thaliana, could be ascribed only to
the remarkable difference existing at the level of base
composition: AtL1 39% A, 23% T, 15% G and 23% C;
Ta27 was 31% A, 31% T, 21% G and 17% C.

To better understand the degree of similarities between
AtL1 and other retrotransposon sequences, additional
LINEs belonging to animals and plants were considered.
A scan of the AtL1 sequence against the various libraries
of the EMBL database evidenced relevant similarities to
LINEs of non-human mammals, such as capuchin mon-
key (Cebus albifrons) (M81409), cow (X59856), dog
(AB01223), rabbit (M18818) and mouse (M13002). The
set of plant LINEs was extended by including divergent
members of the A. thaliana LINE family Tall (L47913);
A. thaliana Tal2 (AF058826); A. thaliana Tal4 (AB
009056); A. thaliana Tal9 (AC006920); A. thaliana
Ta21 (AC006570); A. thaliana Ta22 (AC002387); A. tha-
liana Ta23 (AC007069); A. thaliana Ta27 (AC 007195)
[8,11] and the Cin4 element of Z. mays (Y00086) [6]. In
addition by using the BLASTp programme at NCBI and
the human LINE L1.1 (S65824) protein sequence as a
query, a search for protein sequences in the Viridiplantae
database was performed and additional plant putative
non-LTR retroelements were identified and added to the
analysis. In particular a putative non-LTR retroelement

AJPS



AtL1 a Non-LTR Retrotrasposon Fragment in the Genome of 811
Arabidopsis thaliana with Homology to Plants and Animals

RT from O. sativa (ABF94719.1), a Sorghum bicolor (L.)
Moench non-LTR RT sequence (XP002465860) and two
Arabidopsis sequences annotated as non-LTR retroele-
ment RT-like proteins (AAF 99785; BAB(09379) were
identified with an elevated score. In addition a search
by using tBLASTn programme of LINE L1.1 protein
(S65824) against the database of translated plant se-
quences found many high similarities with sequences of
different plant species. Among them two A. thaliana

(AL353814; AB028607), a sequence of Aegilops taus-
chii Coss. (CT009625) and a Brassica rapa L. translated
sequences (AC189475.2) were fished out in our analy-
ses.

The amino acidic sequence comprised between RT
domains V and VII was deduced from all the sequences
considered and a multiple alignment containing AtL1 was
built by the CLUSTALW?2 program (Figure 6). A visual
inspection of the alignment showed a high conservation

human_L1.1
AtLl
AtTa2?

--KGIQLGKEEVKLSLFADDMIVYLENPIVSAQNLLKLISNFSKVSGYKINVQKS-QAFL 57
--VAIQIWKDVDELSLEVV-IIVYIKNPKNTSSSLLVLTKEIS*VSRYEINVHKS-VALL 55
TGMKVATASPSVSHLLFADDSLFFSKASKEQCGVILEILKHYETVSGQQINFTKSSIQFG 60

i HE R R . PR L kR akk K% .
human_TL1.1
AtLL
AtTa27

YTNNRQTESQIMGELPFVIASKRIKYLGIQL 88
YGNRDHAENQIKNSTPFIATKLEQEKN---- 82
HKVDDSLKAEIKATLGITNLGGMGSYLGLP- 90

»x

Figure 5. Optimal alignment of the amino acid sequences corresponding to the reverse transcriptase domains V-VII. The
sequences were deduced from AtL1, from a human LINE-1 L1.1 element (Acc. Number S65824) and from the A. thaliana
Ta27 LINE (Acc. number AC007195). Asterisks denote perfectly conserved amino acid residues. The character “:” indicates
highly similar amino acid residues. The character “.” indicates low similar amino acid residues. When positioned within the
amino acid sequence (see AtL1) the character “*” denotes an internal stop codon.

, 1|D , 20 30 BID , '.-'ID , EED , QID

AtTa19 -VWGLRWSKOQSPRWNHLL TMFFCRSDPKSCPKLKQILHQYELAS NKE SITFSSEKTDESDTRLRVOQRELNIFKEGGQGK -IBR - - -
AtTa 24 -VSKHMSQHSPRWNHLL TMFFCKTKKKDCTALLTILQRYGDWS NTQ ASYVFFSRRTPYETQLOVKOWLS I INDGGLGK -LP- - -
AtTa12 -KGMKISTTGPW INHLL ALFFCHAHOQKSCNTIMS I LHEYEQWS QAVNLN AITFESRVKOHVKTRLRRILNIHNDGGGG K -LP- - -
AtTa23 -RGMKISNTGPAINHLL H SLFFCHAHFKSCATIME ILGMYETWESSOAVNLHEAA I TFGSKVKOQWKTOQLRRILNIHNDGGGG K -LP- - -
AiTa 11 -S5GIRFSENGPAIHHLL SLFMCKAVKEEWTVIKS IFKYYG DV TECQRIBNY I SITLEALVDEDCKVWIQAELG I TNEGGAST -LP- - -
AtTa 27 -TGMEWVATASPSWYSHLL SLFFSKASKEQCGWVILEILKHYETWSEOQQMNF T SIQFGHKWDDSLKAEIKATLG I TNLGGMGS -IBR - - -
AtTa1d -HGMKE I TKDCLAISHLL SLFFCRASNQNIEQLAL IFKKYEEASED KN A SIIFGQKIPTMRRQRLHRLLG IDNYRGGGK -IBR - - -
AtTaz2 -TGLEWVARGAPP I SHLL SMFYCKWNDEALGQI IRI IEEYSLASEORVNY L SI¥YFGKHISEERRCLVKRKLG IEREGGEGY -IBR - - -
Aegilops LEKGWSLGSTGPHITHLL SIVFLEGTKENMETLRE I L | KYEKASEOKIENL Q SIFFGHKGCTEQTHKTQVKNICGIQSEALSER LETLY
Zmays LLEOQWLPNGAKFRC- SLY AGWFVRADKLDLKVLKR I LEAFEWCSGELKIMNFERTE IFPIRYPESLWSNLMEVFPGEKYSN-FPGK -LB- - -
S.hicolor --LSPLRGRYAELRLSLY AL ITFLNPYOEEVRAHLS ILEQFGNTSELKLNLAKCMYAF IRCLG IDVDHILEPFAGOKWS-FPIRAKTKLTG - -
AHBABQ2379)- FEYHPKCKTMGLTHLS LMVLSDGKIRSIERI IKVFDEF AKWSELRINSLE TVY¥LAGLSA- TARNEVADRFPFFSSGQLPVR -LP- - -
AtAAFIITEE) - IGYHPKCKKLSLTHLC LMVF IDGQQRSVEGY INIFKEFAGKSELHMSLE TLYLAGWYWSE-LNRNNILSAFPFASGQLPWVR -IBR - - -
A(AL353814) - IGYHPRCRMMSLTHLC IMYFESDGETTKS IKGTLEYFDRFAAMSELKINSL E TAFMAG | SPRAKEAILQQ-FPFALGTLPVE -LPL- -
AAB028807) - IDYHPNCKTLMLTHLC LMWVF IEGNKKS IENTLEVYFEDFAIHSGLKISLO TLYMAGLQEHOQRDEILQQ-FPFEYGSLPWVR -LPL- -
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Aannua - IKGF IGKEEDKLSLES ITIY-KNPKDPDSRKLLELMKEF SKVESE KM I VHELVYLLYTNSD - QAENQ INNSTPFTIVAXAXKKKKKKKT - - -
C.albifrons -KCIQIMKEE I KLSLL M IMYLENPKDSSRNLPEL IK" FSKDFEYKLNYROSVALLYTKND - CAENK I KNSTPFTIAAKTHKONKTN - - - - -
human_L1.1 -KG IQLGKEEWKLSL MIWVYLENP | WSAQNLLKL I SNF SKWSEYKIENY O QAFLYTNMR-QTESQIMGELPFWYIASKRIK -laL- -
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Conservation
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Cuality -..‘ “** -.Ll I-h... .- -.

Consensus
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Figure 6. Multiple alignment of 25 amino acid sequences corresponding to the reverse transcriptase domains V-VII. They
were deduced from the corresponding nucleotide sequences belonging to plant and vertebrate LINES, whose accession num-
bers are as follows: AtL1 (AJ012311); Human L1.1 (S65824); Human L1.2 (M80343); C. albifrons (M81409); Cow (X59856);
Dog (AB01223); Rabbit (M18818); Mouse (M13002); A. thaliana Tall (L47913); A. thaliana Tal2 (AF058826); A. thaliana
Tald (AB009056); A. thaliana Tal9 (AC006920); A. thaliana Ta21 (AC006570); A. thaliana Ta22 (AC002387); A. thaliana
Ta23 (AC007069); A. thaliana Ta27 (ACO007195); Z. mays (Y00086); B. rapa (AC189475.2); O. sativa (ABF94719.1); A.
thaliana (AAF99785; BAB09379; AL353814; AB028607) S. bicolor (XP002465860); Ae. tauschii (CT009625). Amino acid con-
servation, quality and consensus sequence are also given. Identical residues are coloured in a scale of blue according to the %
of the residues in each column that agree with the consensus sequence.
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of amino acid residues inside the group formed by AtL1,
A. annua and LINE from vertebrates, different from that
visualized in the other plant sequences. In particular a
strong conservation of KLS residues at 14-16 positions is
peculiar to this group of sequences.

A phylogenetic analysis was carried out by evaluating
the alignments in Figure 6 which included LINEs from
plants and animals. Using the N-J method, it was ob-
tained a phylogenetic tree which summarized the evolu-
tionary relationships among the 25 LINE homologues
under examination (Figure 7). Robustness of the main
branching nodes of the tree was evaluated by the boot-
strap test, which emphasized the presence of three dif-
ferent clusters: 1) AtL1, Artemisia annua sequence, and
mammal LINEs including human LINEs; 2) plant se-
quences isolated by homology to human LINE L1.1
(S65824); and 3) LINE homologues which were previ-
ously isolated in A. thaliana by homology with other
plant LINEs. AtL1 sequence, as well as A. annua se-

quence, albeit of plant origin, was unambiguously posi-
tioned in the cluster of animal LINEs. An unexpected
similarity between plant and animal retrotransposons has
been found for a non-LTR element of the RTE clade: the
closest relative to RTE elements of medaka fish clustered
with a corresponding RTE of the plant kingdom [41]. For
the same element, it has also been reported that brown
algae and sea urchin share higher homology levels than
expected.

Usually the most parsimonious hypothesis explaining
these inconsistencies in phylogenetic grouping is hori-
zontal transfer (HT): in this case, of transposable ele-
ments (HTT) [42-44]. Grandbastien et al. [45] first hy-
pothesized a possible horizontal transfer of a LTR
retroelement between insects and plants. They found, in
fact, a much higher similarity between the elements Tntl
of Nicotiana tabacum L. and copia of Drosophila me-
lanogaster than might be expected between plants and
Diptera. HTT was further supported by a comprehensive
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Figure 7. Consensus phylogenetic tree obtained from N-J analysis of the reverse transcriptase nucleotide sequence from ver-
tebrate and plant LINEs. The internal node numbers represent the bootstrap values, expressed as a percentage of all trees,
obtained from 1000 replicates. Only nodes supported by bootstrap proportions higher than 60% are indicated.
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study of Konieczny and co-workers [46], by comparing
Tyl-copia-like elements from A. thaliana with those of
other organisms including D. melanogaster, yeast and
tobacco. The authors evidenced a clade showing a pattern
consistent with horizontal inheritance. HTT including
tRNA-related SINEs from animal to plants has also been
proposed by Pozueta-Romero et al. [47]: tRNA-related
region of plant SINEs, belonging to the Ts family, shows
an 80% identity with hybrid sequences derived from the
tRNA™* and tRNAM® genes of the nematode Caenor-
habditis elegans. A SINE element similar to the equiva-
lent of a mammalian one has also been detected in a
cDNA fragment isolated from Pisum sativum L. [48]. As
regards the LINEs, the HTT of Bov-B LINEs from mar-
supials to Squamata to the ancestor of Ruminantia, likely
mediated by ticks, is one of the most compelling exam-
ples of gene exchange between distantly related species
[49,50].

4. Concluding Remarks

In this paper we present the identification and charac-
terization of AtL1, a defective reverse transcriptase
LINE-like element from A. thaliana, with high homology
tomammalian LINEs. The existence of AtL1 has been
demonstrated by three different types of evidences: 1)
Southern blot analysis; 2) sequencing of PCR amplifica-
tion products; 3) RT-PCR amplification with internal
specific primers. Phylogenetic relationship with LINEs
from animals and plants suggests a HT from animals to
plants rather than within plant species.

Though the movement of genetic material between re-
productively isolated species (HT) is known to play an
important role in genome evolution in eukaryotes, the
main obstacle to really support the possibility of HT be-
tween evolutionary distant kingdoms like animals and
plants, is the difficulty of envisaging an efficient poten-
tial pathway for the exchange of the genetic material [51,
52]. On the other hand there could be, probably, no
transposable elements (TEs) without HT, because this is
an essential part of life cycle of TEs to avoid co-evolved

lhuman L1.1

suppression mechanisms with the purpose of limiting
TEs mobility within lineages [53].

Viruses, bacteria, fungi, and also parasites and symbi-
onts, metazoa and arthropods could be all considered
potential vectors [43-45]. Often, viruses have been in-
voked as attractive candidates to transport DNA se-
quences between reproductively isolated species where
they are carried by specific vectors, like insects [43,44,
54,55 and references therein], but they show a limited
host range, thus a decreasing probability for cross-spe-
cies infection with increasing evolutionary distance.

Transformation mediated by short free DNA mole-
cules could be another possibility [43,44], and despite the
fact that it is widely used to generate transgenic organ-
isms, its importance is frequently ignored in the theoreti-
cal discussions concerning introgression of genetic mate-
rial in evolutionary distant species. Degraded free DNA
molecules arising from dead cells or organisms, or car-
ried by a virus or bacteria can be assumed by an interme-
diate host vector, a parasitic or saprophytic metazoa or
arthropod and injected or introduced into a susceptible
recipient thereafter.

In Figure 8 is compared the amino acid sequences of
AtL1, the human LINE L1.1 (S65824) and a putative
reverse transcriptase sequence of the insect Bombyx mori
(ADI61832.1) detected by search of homology of human
LINE in BLASTp programme selecting the Arthropoda
database. There is a sufficient similarity to suggest that
Arthropoda could have played a role in HT between the
two kingdoms. Degraded DNA fragments can be more
resistant to cleavage by nucleolytic enzymes present in
the digestive guts of the intermediate vectors and have a
chance to survive, transferring first to gut lining cells and
after that to cells of other tissues [43,44].

On the other hand, some kinds of virus are involved in
facilitating the parasitism of lepidopterans by wasps
(hymenopterans). Therefore at least one mechanism for
TEs maintenance within insects through their viruses
may exist. The viral particles encode for factors sup-
pressing immunity of the lepidopterans, thus facilitating

--KGIQLGKEEVKLSLFADDMIVYLENPIVSAQNLLKLISNFSKVSGYKINVQKSQAFLY 58

AtLl --VAIQIWKDVDKLSLFVV-IIVYIKNPENTSSSLLVLTKEIS*VSRYEINVHKSVALLY 56

Bombyx mori DHLGLNINGARLNHLRFADDLVLLEENP-AAIELMMQSLANISKEAGLEING--SKTKLM 57
- . . * . L ek K * . 0%

human_L1.1 TNNRQTESQIMG-ELPFVIASKRIKYLGIQL---- 88

AtLl GNRDHAENQIKN-STPFIATKLEQEKN-----—--— 82

Bombyx_mori

* .

TNSREIDVMVDGIKIEYVKEYNYLGYLGQIISPSD 92

Figure 8. Optimal alignment performed with CLUSTALW2 programme of AtL1 with the amino acid sequences correspond-
ing to the reverse transcriptase domains V-VII from a human L1.1 element (Acc. Number S65824) and from the Bombyx mori
endonuclease-reverse transcriptase sequence (Acc. Number ADI61832.1). Asterisks denote perfectly conserved amino acid

residues. The character “:” indicates highly similar amino acid residues. The character *“.” indicates lowly similar amino acid
residues. When positioned within the amino acid sequence (see AtL1) the character “*” denotes an internal stop codon.
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the growth of the wasp larvae. It has been suggested [56]
that a close association between the parasitoid wasp and
lepidopterans could facilitate HT for TEs. In addition to
virus infection, some parasitic insects have also been
implicated with HT because of their association with
their host [57].

In conclusion, the HT of RTEs (LINE, AtL1) could be
proposed only on the basis of theoretical considerations
on previously reported cases and literature. But the ad-
vantages of HT are clear: 1) from genetic innovation
without sex; to 2) diversification within lineages, with
the general purpose for the evolution of increasing the
plasticity of the genome.
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