
Abstract The Ty1-copia-like retrotransposon is one of
the commonest class of transposable elements in the
plant kingdom, often comprising several percent of the
total DNA content. We aimed to study the evolutionary
relationships of Olea retroelements, using part of the re-
verse transcriptase domain, as well as the genomic and
chromosomal organization of these sequences in Olea
europaea chromosomes and their transcription activity
and copy number. Fourteen clones, that were isolated
from four different species, were sequenced and a phylo-
genetic tree was constructed based on their predicted
amino acids. Five clones derived from O. europaea were
clustered together with a 87% nucleotide sequence ho-
mology and two Olea oleaster clones showed 98% se-
quence homology. The rest of the clones showed hetero-
geneity among them, leading to a common ancestral
transposon that existed before the genus arose. The Ty1-
copia-like sequences have a dispersed genomic organiza-
tion, physically distributed on all chromosomes, showing
minor clustering in some cases and low copy numbers in
the smallest chromosome pair. The total copy number in
the O. europaea genome was estimated by dot blotting to
be 40,000 in a haploid nucleus, but a number of these are
non-functional since the sequenced clones contained stop
codons and frame-shifts. Some Ty1-copia-like copies,
present in O. europaea, were found to be methylated,
while no differences in methylation were observed be-
tween DNA isolated from young leaves and callus-sus-
pension cultures.
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Introduction

A major part of the nuclear genomes in all higher plants
is comprised of repetitive DNA sequences that are orga-
nized either in tandem arrays or in a dispersed fashion.
The majority of the dispersed sequences are mobile ge-
netic elements or their remnants, and can either move in
the form of DNA or move and amplify by means of an
RNA intermediate. The latter have been extensively
studied during the last decade since they are widely
spread within the plant kingdom and, in some cases, can
occupy a considerable part of the genome (for a review
see Kumar and Bennetzen 1999).

The cultivated olive, Olea europaea ssp. sativa, is
considered one of the most important, both economically
and culturally, crops of the Mediterranean basin. Its
chromosome complement is 2n = 46 and is considered a
tetraploid with an unknown origin (Taylor 1945). Possi-
ble species involved in the evolution of the cultivated
species include tropical and subtropical species, such as
Olea chrysophylla Lam. and Olea excelsa Ait. The DNA
content per haploid nulceus for two cultivars, ‘Frantoio’
and ‘Leccino’, was estimated by Feulgen cytophotome-
try to be 2.26 pg (2.18 × 103 Mb) and 2.20 pg (2.12 ×
103 Mb), respectively (Rugini et al. 1996). Some highly
repetitive DNA sequences have been isolated and their
genomic and cytogenetic organization has been studied
by Southern and in situ hybridizations (Katsiotis et al.
1998; Bitonti et al. 1999). These sequences were orga-
nized in tandem arrays, giving the characteristic ladder
pattern in Southern hybridizations and were localized at
heterochromatic regions of Olea chromosomes. No re-
ports about the organization of dispersed sequences in
Olea are currently available.

In the present study we have isolated sequences from
Ty1-copia-like retrotransposons of O. europaea ssp. sat-
iva, the olive tree, and investigated their genomic and
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chromosomal organization and estimated their copy
number. The genomic organization of these dispersed se-
quences in other related genera of the Oleaceae family
are also described. Furthermore, Ty1-copia-like sequenc-
es from other Olea species, including O. europaea ssp.
oleaster, O. chrysophylla and Olea africana Lam., have
been isolated and sequenced, and phylogenetic compari-
sons among these retrotransposons have been carried
out.

Materials and methods

Plant material and DNA isolation

Young leaves from three Olea species (O. europaea ssp. oleaster,
O. chrysophylla and O. africana; 2n = 46) and seven other genera
of the Oleaceae family [Phillyrea latifolia L., 2n = 46; Ligustrum
vulgare L., 2n = 46; Forsythia europaea Degen & Bald., 2n = 28;
Parasyringa sempervirens (Franch.) W.W.Sm., 2n = 46; Jasminum
officinale L., 2n = 26; Fraxinus excelsior L., 2n = 46; Fontanesia
phillyreoides Labill., 2n = 26] were collected from the Diomides
Botanical Garden of Athens at Dafni, Greece. Plant material from
the cultivated olive O. europaea ssp. sativa clonal selection ‘Ko-
roneiki’ was collected from the Agricultural University of Athens
arboretum. Total genomic DNA was extracted from leaves using
standard methods. For methylation studies, DNA was also extract-
ed from cell-suspension cultures of ‘Koroneiki’ zygotic embryo
explants incubated in MS medium, supplemented with 2,4-dichlo-
rophenoxyacetic acid (0.5 mg/l) and kinetin (0.05 mg/l), and cul-
tured for at least 9 months.

Polymerase chain reaction and cloning of PCR products

The internal region of the reverse transcriptase (RT) gene of the
Ty1-copia retrotransposons was amplified by PCR using total ge-
nomic DNA of O. europaea ssp. sativa, O. europaea ssp. oleaster,
O. chrysophylla and O. africana as templates and degenerate
primers 5′-ACNGCNTT(C/T)(C/T)TNCA(C/T)GG-3′ and 5′-
A(A/G)CAT(A/G)TC(A/G)TCNAC(A/G)TA-3′ (Flavell et al.
1992). Reactions were denatured at 94 °C for 1 min, followed by
35 cycles of 1 min at 94 °C, 1 min at 42 °C and 1 min at 72 °C,
with a final elongation step of 5 min at 72 °C. Reaction mixtures
were 50 µl, containing 150 ng of genomic DNA and 50 pmol of
each primer. The products were re-amplified by PCR. Blunt ends
were generated either by T4 DNA polymerase or by using Pow
polymerase for the re-amplification PCR. The fragments were li-
gated into the SmaI site of pUC18 or pUC19. The DH5α strain of
competent cells (GIBCO-BRL) was used as a bacterial host.

Sequence analysis, comparisons and phylogenetic trees

A total of 14 clones were sequenced on a 310 ABI Prism Genetic
Analyzer (Applied Biosystems Elmer) using the dideoxy chain-
terminator reaction. Search for homologous sequences of our
clones was performed at the European Bioinformatics Institute
(EBI) using the NewFasta3 software and the GenBank/EMBL
database. Nucleotide sequences were translated for all six possi-
ble reading frames, using the ExPASy translation tool. The re-
sulting sequences were compared visually with corresponding
amino-acid sequences from other crops and frameshifts were in-
troduced for optimal alignment where necessary. Optimal amino-
acid sequences were aligned using CLUSTALW. An unrooted
phylogenetic tree, using the predicted sequences, was construct-
ed using the neighbour joining algorith and the TREEVIEW pro-
gram.

Southern hybridization and dot-blot analysis

For Southern hybridization, DNA was digested with restriction en-
donucleases, separated on 1% agarose gels and transferred to posi-
tively charged nylon membranes (Biodyne B, Pall). Labeling and
detection were performed with the non-radioactive ECL random
primed labeling and detection system (Amersham), using the total
O. europaea RT PCR product as a probe. Hybridization was per-
formed at 55 °C overnight, while membranes were washed twice
with 2 × SSC/0.1% SDS at 55 °C.

The copy number of the RT sequences was estimated using
dot-blotting. Serial dilutions of O. europaea ssp. sativa genomic
DNA (500 ng, 400 ng, 250 ng, 200 ng, 100 ng and 50 ng) and
clone Toe15 (60 ng, 30 ng, 6 ng, 3 ng, 0.6 ng, 0.3 ng and 0.06 ng)
were spotted on a plastic membrane. Hybridization and washing
conditions were the same as described for Southern hybridization.

RNA isolation and Northern-blot analysis

Total RNA was extracted according to Suoniemi et al. (1996b)
from O. europaea ssp. sativa young leaves and wounded young
leaves. Leaves were wounded by cutting them into small pieces,
incubated at room temperature for 2 h and followed by exposure
to UV light (254 nm) for 3.5 h (0.2 J/cm2). The RNA was mixed
with a solution containing 1 × MOPS, 2.2 M formaldehyde and
50% (v/v) formamide, denatured by heating at 55 °C for 5–10 min
and chilled on ice. The samples were fractionated in a 0.66 M
formaldehyde agarose gel (1.2%) and transferred onto a positively
charged nylon membrane, using 10 × SSC as a transferring solu-
tion. The non-radioactive ECL random primed kit was used for la-
beling and detection (Amersham), employing the total O. euro-
paea ssp. sativa RT PCR product as a probe. Hybridization was
performed overnight at 50 °C. The filters were washed twice in 
2 × SSC/0.1 × SSC at 50 °C, prior to exposure to X-ray film.

Table 1 Cloned RT PCR prod-
ucts, their size, and adenine and
cytosine percent content

Species Number Size (bp) % A+T content GenBank number

O. europaea Toe 7 265 66.0 AJ416428
O. europaea Toe 8 263 56.4 AJ416429
O. europaea Toe 9 263 56.4 AJ416430
O. europaea Toe 14 264 58.3 AJ416431
O. europaea Toe 15 268 58.4 AJ416432
O. europaea Toe 19 262 57.8 AJ416433
O. europaea Toe 21 264 61.6 AJ416434
O. oleaster Too 10 265 59.2 AJ416435
O. oleaster Too 15 261 56.7 AJ416436
O. oleaster Too 16 260 56.9 AJ416437
O. chrysophylla Toc 6 263 59.2 AJ416438
O. chrysophylla Toc 8 264 62.7 AJ416439
O. chrysophylla Toc 10 262 70.1 AJ416440
O. africana Toa 3 255 51.9 AJ416441
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In situ hybridization

Chromosomes from olive root-tips were prepared according to
Katsiotis et al. (1998). The total PCR product from the Ty1-copia
RT gene of cultivated olive was labeled with biotin-11-dUTP
(Roche) using PCR and detected with streptavidin-Cy3 conjugate
(Sigma). Probe pOS218, a tandem repeat isolated from the culti-
vated olive (Katsiotis et al. 1998) localizing on heterochromatic
regions, was labeled with digoxigenin-11-dUTP (Roche) and de-
tected with the anti-digoxigenin-fluorescein Fab fragment
(Roche). Slides were denatured in a MJ Research PTC-100 ma-
chine, followed by overnight incubation in a humid chamber at
37 °C. Slides were counterstained with DAPI (4′,6-diamidino-2-
phenylindole, 6 µg/ml) for 8 min and mounted in antifade solution
(AF1, Citifluor). An Olympus epifluorescence microscope with
filters U-MUW, U-MSWG and U-MSWB was used for slide ex-
amination. Photographs were taken using Fujicolor Super G Plus
400 color print film. Adobe Photoshop software was used to opti-
mize contrast of the whole image.

Results

All four Olea species used in the PCR amplification
yielded a product of the expected size (approximately
270 bp). Since this product represents a pool of different
Ty1-copia-like family fragments of the retrotransposon
RT gene, the products were cloned into plasmids and
bacterial hosts were transformed. The 14 clones that
were sequenced ranged in size from 255 bp to 268 bp
(Table 1). Nucleotide sequence homology within each
species ranged from 60% to 100% for O. europaea ssp.
sativa clones, 32% to 99% for O. europaea ssp. oleaster
clones and 34% to 56% for O. chrysophylla clones,
while overall homology, including O. africana, ranged
from 10% to 100%. Nucleotide sequences, which were
AT-rich, were translated into amino acids. To optimize
alignment, frameshifts were introduced, where neces-
sary, except for Too16 (Fig. 1). Stop codons were present
in four clones (Toe19, Toe7, Toc8 and Toc10). Overall
homology for the predicted amino-acid identity ranged
from 31% to 100%. Searching through the nucleotide
GenBank/EMBL database, all 14 sequenced clones

showed high homology to Ty1-copia-like elements be-
longing to other plant species, including Alstroemeria
aurea, Vicia faba, Zea mays, Beta vulgaris, Lycopersicon
esculentum, Arabidopsis thaliana and Gossypium hirsu-
tum. Using the neighbor-joining algorithm a phylogenet-
ic tree was constructed from Olea and other genera retro-
elements, showing high homology between their predict-
ed amino acids (Fig. 2). 

Fig. 1 Alignment of predicted peptide sequences, isolated from O.
europaea ssp. sativa (Toe 7, Toe 8, Toe 9, Toe 14, Toe 15, Toe 19,
Toe 21), O. europaea ssp. oleaster (Too 10, Too 15, Too16), O.
africana (Toa 3) and O. chrysophylla (Toc 6, Toc 8, Toc 10).
Dashes show gaps introduced for optimal alignment, frameshift
mutations are underlined and asterisks indicate stop codons

Fig. 2 Phylogenetic relationships among the predicted amino ac-
ids for the RT genes of Olea Ty1-copia-like retrotransposons and
other related sequences, using the neighbor-joining algorithm and
the TREEVIEW program
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Fig. 5 Southern-blot analysis of O. europaea ssp. sativa genomic
DNA isolated from young leaves (A) and cell suspension cultures
(B), digested with Sau3A (lane 1) and MboI (lane 2), and HpaII
(lane 3) and MspI (lane 4). Blots were hybridized with the total
RT PCR product of O. europaea ssp. sativa amplification

The genomic organization of the Ty1-copia-like retro-
transposons was revealed by Southern hybridization. Total
genomic DNA from genera within the Oleaceae family
were digested with the Sau3A restriction enzyme and
probed with the total O. europaea ssp. sativa RT PCR
product. The hybridization pattern of the probe was the
same for all four Olea species, with distinct bands at 0.38,
0.75, 1.3, 1.6 and 1.9 kb (Fig. 3). The probe also hybrid-
ized to the other genera revealing the presence of sequenc-

es related to the Olea Ty1-copia-like probe. A strong hy-
bridization signal was obtained for Fraxinus excelsior
DNA, indicating the presence of high copy numbers of se-
quences homologous to the probe. The rest of the samples
showed a lower intensity hybridization signal and thus the
presence of lower copy numbers of sequences homolo-
gous to the probe. Common bands between Olea species
and P. latifolia are present at 0.75 and 1.3 kb, and between
Olea species and J. officinale at 1.3 and 1.9 kb (Fig. 3).
The presence of a smear over the whole track indicates the
dispersed organization of the analyzed retrotransposons,
while the presence of superimposed fragments could be
related to possible clustering of some sequences. 

The copy number of the RT gene of the Ty1-copia-like
elements was estimated by dot-blot hybridization. Serial
dilutions of total genomic DNA from O. europaea ssp.
sativa and the plasmid containing Toe15 were used to
compare signal intensities (Fig. 4). Toe 15 was used as a
probe since, according to the phylogenetic results (Fig. 2),
it is a member of a retrotransposon subgroup present in O.
europaea ssp. sativa. According to the signal hybridiza-
tion intensity, the number of sequences homologous to

Fig. 3 Southern-blot analysis of O. europaea ssp. sativa (lane 1),
O. europaea ssp. oleaster (lane 2), O. africana (lane 3), 
O. chrysophylla (lane 4), P. latifolia (lane 5), F. europaea (lane 6),
J. officinale (lane 7), L. vulgare (lane 8), P. sempervirens (lane 9),
F. excelsior (lane 10) and F. phylliroides (lane 11) genomic DNA,
digested with Sau3A and probed with the total RT PCR product of
O. europaea ssp. sativa amplification

Fig. 4 Dot-blots for estimating the copy number of the Ty1-copia-
like retrotransposons in the cultivated olive. Different amounts of
clone Toe15 were dot-blotted on row A, while row B contains seri-
al dilutions of O. europaea ssp. sativa genomic DNA (all quanti-
ties are in ng). Clone Toe 15 was used as a probe
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Fig. 6 Total RNA isolated
from young leaves (lane 1) and
wounded young leaves (lane 2)
of O. europaea ssp. sativa,
probed with the total RT PCR
product from the O. europaea
ssp. sativa amplification

Toe15 present to O. europaea ssp. sativa nuclear DNA is
estimated to be 40,000 copies per haploid nucleus. 

Methylation study was performed using the restriction
enzyme pairs Sau3A/MboI and HpaII/MspI, recognizing
sequences GATC and CCGG, respectively (Nelson et al.
1993). Enzyme MboI is insensitive to C methylation
while the activity of Sau3A is blocked by C methylation.
Similarly, MspI is partially insensitive to the internal C
methylation, while HpaII is sensitive and does not digest
the DNA at its recognition site. Genomic DNA from
young leaves and from cell-suspension cultures of 
‘Koroneiki’ was digested with the above enzymes. 
According to the results, some cytosines in GATC sites
are methylated, since differences in the banding patterns
between Sau3A and MboI are observed (Fig. 5). Fur-
thermore, some internal cytosines in CCGG sites are
also methylated, because additional bands are present in 
MspI digestions (Fig. 5). The banding patterns between
DNA extractions from young leaves and cell-suspension
cultures are identical, indicating no differences in 
methylation pattern at these isoschizomeric sites
(Fig. 5).

Forty micrograms of total RNA isolated from young
leaves and wounded young leaves, were run on a dena-
turing gel. The RNA was transferred onto a nylon posi-
tively charged membrane and probed with the total RT
PCR product according to manufacturer’s recommenda-
tions (Fig. 6). A major band was present at a molecular
weight of about 3 kb with some smear present along the
lanes and an additional minor band at about 1.5 kb. No
differences in signal intensities between the control and
the wounded leaves were observed (Fig. 6). 

Fig. 7A–E Localization of Ty1-copia-like retrotransposons sequenc-
es on root-tip interphase nuclei and metaphase chromosomes of O.
europaea ssp. sativa by fluorescence in situ hybridization; nucleus
and metaphase chromosomes stained with DAPI (A and D). Total RT
PCR product from the O. europaea ssp. sativa probed on interphase
nucleus (C) and metaphase chromosomes (E). The same interphase

nucleus was probed with the tandemly repeated sequence pOS218
(B), hybridizing at heterochromatic regions. Arrows on metaphase
chromosomes (E) indicate minor clustering of Ty1-copia-like se-
quences at subtelomeric regions, double-arrows indicate the smallest
chromosome pair showing weak hybridization and arrowheads indi-
cate chromosomes showing signal accumulation on restricted areas



To study the physical distribution of the Ty1-copia-like
sequences on interphase nuclei and metaphase chromo-
somes of O. europaea ssp. sativa, fluorescent in situ hy-
bridization was used. From the interphase nuclei it is evi-
dent that the Ty1-copia sequences are widely dispersed
over the chromatin, with clustering in some areas. The
same is evident on metaphase chromosome spreads; dis-
crete clusters on both chromatids are present on a number
of chromosomes (Fig. 7E, arrows) or are accumulated in
restricted areas (Fig. 7E, arrowheads). A weak hybridiza-
tion signal indicates the presence of a low copy number of
these sequences in the smallest chromosome pair (Fig. 7E,
double arrows). On most metaphase chromosomes the
probe also shows a dispersed organization (Fig. 7E). 

Discussion

Retrotransposons comprise a significant proportion of
nuclear genomes, making them one of the most impor-
tant components affecting the structural evolution of
genomes. The present study is an attempt to investigate
the sequence heterogeneity, the copy number, the tran-
scriptional activity and the chromosomal and genomic
organization of the Ty1-copia-like retrotransposons in
the O. europaea genome. Fourteen clones isolated from
four Olea species were sequenced, translated, aligned
and used to derive phylogenetic relationships among
them. Although this is considered a small number of
samples showing variable homogeneity (ranging from
10% to 100%), nevertheless useful phylogenetic rela-
tionships can be drawn. In similar studies in cereals a to-
tal of 102 Ty1-copia-like sequences were used (bar-
ley:24, maize:5, wheat:30, rice:26, rye:16 and oat:1), re-
vealing clustering in subgroups and supergroups 
(Gribbon et al. 1999). In the present study, five clones
from O. europaea ssp. sativa (Toe8, Toe9, Toe 14, Toe
15 and Toe 19) form a subgroup with more than 87% nu-
cleotide sequence identity. Furthermore, two clones from
O. europaea ssp. oleaster (Too15 and Too16) form an-
other subgroup with more than 98% nucleotide identity.
The rest of the clones, although related, do not form dis-
tinct subgroups according to species but rather to a su-
pergroup, showing the existing heterogeneity among
these sequences (Fig. 2). It is evident that sequences
forming the subgroups are descended from ancestral
transposons that were distinct from each other in species
lineages, while sequences in supergroups spread across
the entire Olea genus suggesting that their last common
ancestral transposon existed before the genus arose.

It has been suggested (Charlesworth 1986) and tested
(Pearce et al. 1996) that the heterogeneity of retr-
otransposons within a genus/species is proportional to
their copy number. The copy number of the RT sequenc-
es in the Olea genome has been estimated by dot blotting
to be 40,000 in a haploid nucleus (Fig. 4). Taking into
account the low homologies between some RT sequences
within O. europaea ssp. sativa (the sequence homology
between Toe15 – the clone used as a probe – and Toe7 is
63%) and the membrane washing stringency, the estimat-

ed copy number is probably an underestimate. According
to the Southern-hybridization signal strength, where the
total RT PCR product from O. europaea ssp. sativa has
been used as a probe, no differences in the copy numbers
of retrotransposons between the Olea species used were
apparent (Fig. 3). From the related genera, only F. excel-
sior seems to have a high copy number of sequences ho-
mologous to Olea Ty1-copia retrotransposons. From the
other tested genera some (P. latifolia and J. officinale)
show common bands with Olea, revealing structural sim-
ilarities and possible affinities between retrotransposon
families within the Oleaceae. In the genus Triticum com-
mon bands in Southerns have been used to reconstruct
phylogenies (Dvořák and Zhang 1992).

The majority of the isolated RT sequences were found
most likely not to be active, containing stop codons and
frame shifts. Only one clone, Too16, was found to con-
tain a sequence that could be functional. Defective retro-
transposons could be the result of mutations and/or mis-
takes made by the reverse transcriptase during reverse
transcription. As a consequence, defective copies and
remnants of retrotransposons accumulate within the
genomes. Transcripts of plant retrotransposons have
been found in roots (Tnt1 in tobacco; Pouteau et al.
1991), leaves (BARE-1 in barley; Suoniemi et al. 1996b)
and young microspores (PREM-2 in maize; Turcich et al.
1996). In the present study total RNA was isolated from
young leaves and wounded/irradiated young leaves. The
wounded leaves were used because some retrotranspo-
sons were found to be activated by abiotic stresses, such
as wounding, cell culture, protoplast isolation etc. 
(Wessler 1996; Kumar and Bennetzen 1999). The RNA
was probed with the total O. europaea ssp. sativa RT
PCR product. A band of about 3 kb was detected, with
some smear along the lanes and an additional band pres-
ent at about 1.5 kb (Fig. 6). Additional bands in Northern
blots have also been reported in barley (BARE-1, 
Suoniemi et al. 1996b) and tobacco (Tnt-1, Pouteau et al.
1991). These RNA products could be due to either the
variation of the position of transcriptional initiation 
(Suoniemi et al. 1996b) or could be transcripts of retro-
transposon remnants. Based on the molecular weight of
the main fragment from the Northern blot and the esti-
mated copy number from the dot blot, it is evident that
the Ty1-copia-like sequences are abundant and could
constitute at least 5.5% of the haploid Olea genome.
This figure is an underestimate because the full length of
the LTR and the transcription initiation site within the 5′
LTR, remain unknown. The size of the LTRs can vary
between 138 bp (Tos17 element of rice, Hirochika 1997)
to more than 1,300 bp (1,829 bp for the BARE-1 element
of barley, Manninen and Schulman, 1993; 1,307 bp for
the PREM-2 element of maize, Turcich et al. 1996). A
higher copy number of LTRs was also been observed
compared to the reverse transcriptase domain (Waugh et
al. 1997; Suoniemi et al. 1996a). A balance to our calcu-
lations, regarding the proportion of Ty1-copia-like retro-
transposons in the Olea genome, is provided by the fac-
tor that not all elements are of full length and remnants
of retrotransposons also exist. In the Northern blot
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(Fig. 6), no hybridization intensity differences between
the two RNA samples (young leaves vs wounded young
leaves) were observed, indicating that either the ele-
ments were not activated by the stress conditions within
this time range or the response time of the tissues to the
stress did not coincide to the RNA extraction time. Apart
from activation of plant retrotransposons by stress, an in-
crease in the copy numbers of these elements have been
observed when plants are regenerated from cultured
cells. In rice, continuing retrotransposition of Tos17 (a
retrotransposon activated only during cell culture) pro-
vided a mechanism for the higher frequency of soma-
clonal variation observed in plants regenerated from
long-term cell cultures compared to short-term cultures
(Hirochika et al. 1996). Thus, culture time can play an
important role in the amplification of retrotransposons
within the genome.

A large number of retrotransposon families were
found in the flanking regions of the maize Adh1-F gene.
Blocks containing different mixtures of these repeats,
which make up most of the maize genome (at least 50%
of the nuclear DNA maize genome), are hypermethylat-
ed in mature plant tissues (SanMiguel et al. 1996). Most
highly repetitive sequences, including retrotransposons,
can only exist if they target intergenic regions, otherwise
lethal mutations can accumulate (SanMiguel et al. 1996).
Such intergenic regions are hypermethylated relative to
gene sequences and can serve as homing areas of retroel-
ements during their integration (Voytas 1996). From the
methylation results (Fig. 5), it is evident that cytosines in
GATC and CCGG sites are partially methylated, since
extra bands are present in digestions with restriction en-
zymes insensitive to C methylation. The banding pat-
terns between DNA isolated from young leaves and cal-
lus show no differences (Fig. 5), confirming results from
previous studies (Katsiotis et al. 1998) about the genetic
stability of 9-month-old tissue cultures of Olea.

The physical distribution of RT sequences in a wide
range of genome and chromosome sizes across many
taxonomic groups show a dispersed organization across
all chromosomes excluded from some regions, such as
centromeres, telomeres, NORs and heterochromatic re-
gions (Katsiotis et al. 1995; Brandes et al. 1997; Heslop-
Harrison et al. 1997). The RT sequences in Olea inter-
phase nuclei show a dispersed organization with minor
clustering (Fig. 7B). In metaphase chromosomes the
smallest pair of homologous chromosomes is weakly la-
belled (Fig. 7E, double arrows), indicating the presence
of Ty1-copia sequences in few copies. The low copy
number of these sequences in this chromosome pair
could be related to the limited number of insertion sites
for Ty1-copia elements and/or the size of the chromo-
somes. However, A. thaliana chromosomes are smaller
and Ty1-copia elements are present on all five chromo-
some pairs. In some of the other Olea chromosomes
Ty1-copia-like sequences are either clustered (Fig. 7E,
arrows) or are accumulated in restricted areas (Fig. 7E,
arrowheads) of the chromosomes, indicating the absence
of insertion sites in the majority of the genome hosted on

these chromosomes. Non-uniform insertion and amplifi-
cation of Ty1-copia-like retrotransposons has also been
reported in other perennials, such as oil palms (Castilho
et al. 2000) and the fern Pteris cretica (Brandes et al.
1997). In contrast, a dispersed distribution of retroele-
ments, excluded from loci of rRNA genes, has been ob-
served in slash pine, Pinus elliottii (Kamm et al. 1996).

The presence of retrotransposon sequences in a peren-
nial plant that is asexually propagated (in order to main-
tain its characteristics), as well as the absence of struc-
tural and copy number differences for Ty1-copia-like
(same banding pattern in Southern hybridizations) and
other tandemly repeated sequences (Katsiotis et al. 1998;
Bitonti et al. 1999), between three species belonging 
to the same section but having different chlorotypes 
(Lumaret et al. 2000), confirm the conservation of the
Olea genome and the existence of these sequences prior
to their speciation. The cultivated olive tree has 46 chro-
mosomes and is considered a tetraploid. However, since
no Olea species have been reported with fewer chromo-
somes, it is impossible to identify if the cultivated olive
is an autotetraploid or an allotetraploid. One can only
speculate, based on the results from in situ hybridisations
with the different probes, that since not all chromosomes
are labelled, an allotetraploid origin of the cultivated 
olive genome is possible. Chromosome morphology 
and patterns of heterochromatic bands have also led 
Falistocco and Tosti (1996) to conclude that O. europaea
evolved from an interspecific hybridization.

Acknowledgments We thank J.S. (Pat) Heslop-Harrison and T.
Schmidt for reading the manuscript and making useful sugges-
tions.

References

Bitonti MB, Cozza R, Chiappetta A, Contento A, Minelli S, 
Ceccarelli M, Gelati MT, Maggini F, Baldoni L, Cionini PG
(1999) Amount and organization of the heterochromatin in
Olea europaea and related species. Heredity 83:188–195

Brandes A, Heslop-Harrison JS, Kamm A, Kubis S, Doudrick RL,
Schmidt T (1997) Comparative analysis of the chromosomal
and genomic organization of Ty1-copia-like retrotransposons
in pteridophytes, gymnosperms and angiosperms. Plant Mol
Biol 33:11–21

Castilho A, Vershinin A, Heslop-Harrison JS (2000) Repetitive
DNA and the chromosomes in the genome of Oil Palm (Elaeis
guineensis). Ann Bot 85:837–844

Charlesworth B (1986) Genetic divergence between transposable
elements. Genet Res 48:111–118

Dvořák J, Zhang H-B (1992) Reconstruction of the phylogeny of
the genus Triticum from variation in repeated nucleotide se-
quences. Theor Appl Genet 84:419–429

Falistocco E, Tosti N (1996) Cytogenetic investigation in Olea
europea L. J Genet Breed 50:235–238

Flavell AJ, Smith DB, Kumar A (1992) Extreme heterogeneity of
Ty1-copia group retrotransposons in plants. Mol Gen Genet
231:233–242

Gribbon BM, Pearce SR, Kalendar R, Schulman AH, Paulin L,
Jack P, Kumar A, Flavell AJ (1999) Phylogeny and transposi-
tional activity of Ty1-copia group retrotransposons in cereal
genomes. Mol Gen Genet 261:883–891

Heslop-Harrison JS, Brandes A, Taketa S, Schmidt T, Vershinin
AV, Alkimova EG, Kamm A, Doudrick RL, Schwarzacher T,

932



Vicia species: copy number, sequence heterogeneity and chro-
mosomal localization. Mol Gen Genet 250:305–315

Pouteau S, Huttner E, Grandbastien MA, Caboche M (1991) Spe-
cific expression of the tobacco Tnt1 retrotransposon in protop-
lasts. EMBO J 10:1911–1918

Rugini E, Pannelli G, Ceccarelli M, Muganu M (1996) Isolation of
triploid and tetraploid olive (Olea europaea L.) plants from
mixoploid cv ‘Frantoio’ and ‘Leccino’ mutants by in vivo and
in vitro selection. Plant Breed 115:23–27

SanMiguel P, Tikhonov A, Jin Y-K, Motchoulskaia N, Zakharov D,
Melake-Berhan A, Springer PS, Edwards KJ, Lee M, 
Avramova Z, Benettzen JL (1996) Nested retrotransposons in the
intergenic regions of the maize genome. Science 274:765–768

Suoniemi A, Anamthawat-Jónsson K, Arna T, Schulman AH
(1996a) Retrotransposon BARE-1 is a major, dispersed compo-
nent of the barley (Hordeum vulgare L.) genome. Plant Mol
Biol 30:1321–1329

Suoniemi A, Narvanto A, Schulman AH (1996b) The BARE-1
retrotransposon is transcribed in barley from an LTR promoter
active in transient assays. Plant Mol Biol 31:295–306

Taylor H (1945) Cyto-taxonomy and phylogeny of the Oleaceae.
Brittonia 5:337–367

Turcich MP, Bokhari-Riza A, Hamilton DA, He C, Messier W,
Stewart CB, Mascarenhas JP (1996) PREM-2, a copia-type
retroelement in maize is expressed preferentially in early mi-
crospores. Sex Plant Reprod 9:65–74

Voytas DF (1996) Retroelements in genome organization. Science
274:737–738

Waugh R, Mclean K, Flavell AJ, Pearce SR, Kumar A, Thomas
BT, Powell W (1997) Genetic distribution of BARE1-like
retroelements in the barley genome revealed by sequence-spe-
cific amplification polymorphisms (S-SAP). Mol Gen Genet
253:687–694

Wessler SR (1996) Plant retrotransposons: turned on by stress.
Curr Biol 6:959–961

933

Katsiotis A, Kubis S, Kumar A, Pearce SR, Flavell AJ, 
Harrison GE (1997) The chromosomal distributions of Ty1-
copia group retrotransposable elements in higher plants and
their implication for genome evolution. Genetica 100:197–204

Hirochika H (1997) Retrotransposons of rice: their regulation and
use for genome analysis. Plant Mol Biol 35:231–240

Hirochika H, Sugimoto K, Otsuki Y, Tsugawa H, Kanda M (1996)
Retrotransposons of rice involved in mutations induced by tis-
sue culture. Proc Natl Acad Sci USA 93:7783–7788

Kamm A, Doudrick RL, Heslop-Harrison JS, Schmidt T (1996)
The genomic and physical organization of Ty1-copia-like se-
quences as a component of large genomes in Pinus elliottii
var. elliottii and other gymnosperms. Proc Natl Acad Sci USA
93:2708–2713

Katsiotis A, Schmidt T, Heslop-Harrison JS (1995) Chromosomal
and genomic organization of Ty1-copia-like retrotransposon
sequences in the genus Avena. Genome 39:410–417

Katsiotis A, Hagidimitriou M, Douka A, Hatzopoulos P (1998)
Genomic organization, sequence interrelationship, and physi-
cal localization using in situ hybridization of two tandemly re-
peated DNA sequences in the genus Olea. Genome 41:527–
534

Kumar A, Bennetzen JL (1999) Plant retrotransposons. Annu Rev
Genet 33:479–532

Lumaret R, Amane M, Ouazzani N, Baldoni L, Debain C (2000)
Chloroplast DNA variation in the cultivated and wild olive
taxa of the genus Olea L. Theor Appl Genet 101:547–553

Manninen I, Schulman AH (1993) BARE-1, a copia-like retroele-
ment in barley (Hordeum vulgare L.). Plant Mol Biol 22:829–
846

Nelson M, Raschke E, McClelland M (1993) Effect of site-specif-
ic methylation on restriction endonucleases and DNA modifi-
cation methyltransferases. Nucleic Acids Res 21:3139–3154

Pearce SR, Harrison G, Li D, Heslop-Harrison JS, Kumar A, 
Flavell AJ (1996) The Ty1-copia group retrotransposons in 


