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The amount and spatial organization of the heterochromatin in nuclei of the shoot meristem and the
frequency in the nuclear DNA of sequences belonging to a family of tandem repeats were investigated
in cultivars of Olea europaea and related species. Significant differences between Olea species and
between cultivars of O. europaea were observed: (i) in the spatial organization of the heterochromatin
in interphase nuclei as determined by the number and surface area of the chromocentres; (ii) in
genome size; and (iii) in the amount of condensed chromatin as measured by cytophotometry carried
out at different thresholds of optical density. DNA elements belonging to a family of tandem repeats
about 80 bp in length (OeTaq80 repeats) were isolated from the genomic DNA of an olive cultivar. It
was shown: (i) by nucleotide sequence comparisons, that these repeats display variability in structure
even within the same array, where different elements may share no more than 74% homology; (ii) by
in situ hybridization, that OeTaq80-related DNA sequences are mainly localized in the heterochro-
matin at the chromosome ends; (iii) by dot-blot hybridization experiments, that these sequences are
highly represented in the genome of all the olive cultivars and the majority of Olea species studied,
and that their frequency may differ significantly even between olive cultivars; and (iv) by calculating
the copy number of OeTaq80-related sequences per haploid (1C) genome, that the redundancy of
these DNA elements may differ significantly between the genomes tested. It is suggested that the inter-
and intraspecific changes in the nuclear and genomic traits observed can contribute to the
understanding of the phylogenetic relationships between Olea species and in defining parameters to be
exploited in varietal identification within cultivated olives.
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Introduction

Olea europaea, the olive, is one of the oldest agricultural
tree crops, and its cultural and economic importance is
particularly remarkable in the countries of the Mediter-
ranean Basin. In spite of this, to date, relatively little
attention has been given to research on the cytology and
molecular genetics of O. europaea. The chromosome
number is known to be 2n =46 (Breviglieri & Battaglia,
1954) and the 1C DNA content of two cultivars,
‘Leccino’ and ‘Frantoio’, was estimated by Feulgen
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cytophotometry to be 2.26 pg and 2.20 pg, respectively
(Rugini et al., 1996). Only very recently, after the results
given in this paper were obtained, two tandemly repeated
DNA sequences of Olea genomes have been character-
ized (Katsiotis et al., 1998). As a consequence of the
shortage of information on the olive genome and its
organization at the chromosomal level, there are
conflicting hypotheses on the phylogenetic relationships
between cultivated olives and related wild forms
(Chevalier, 1948; Ciferri, 1950; Zohary, 1994), and our
knowledge about the genetic diversity within O. europaea
is only at a very initial stage (Pontikis et al., 1980; Loukas
& Krimbas, 1983; Ouazzani et al., 1993; Fabbri et al.,
1995; Trujillo et al., 1995). Furthermore, even though up
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to 2600 different olive cultivars have been recorded
(Rugini & Lavee, 1992), varietal identification is still
based on morphological traits, which may be misleading
because of possible environmental effects on them.

In an attempt to reduce these knowledge gaps, we
carried out a study of the heterochromatin in nuclei of
Olea species and olive cultivars. A primary reason for
studying heterochromatin is that its amount and spatial
distribution is an important aspect of nuclear structure.
It was suggested that, unlike in animals, the structural
organization of cell nuclei in plants is function-indepen-
dent and species-specific (Nagl, 1979). Therefore,
nuclear changes may be indicative of given characteristics
of the structure and organization of the genome and
may help in evaluating intraspecific genetic diversity and
phylogenetic relationships. A second reason is that the
short sequences of highly repetitive DNA, which are
mostly contained in the heterochromatin, are capable of
relatively rapid changes in both structure and redun-
dancy (Maggini et al., 1995). Therefore, comparisons of
these sequences within and between species are infor-
mative about the evolution of genetic diversity within
each of them and the creation of phylogenetic distances
between them.

The heterochromatin of different Olea species and
olive cultivars was examined by studying the nuclear
structure with the aid of an image analyser, by differ-
ential staining of the chromatin, and by cytophoto-
metry. Moreover, the DNA sequences belonging to a
family of tandem repeats and their evolution in the
genus Olea and within O. europaea were investigated.

Materials and methods

Plant material

Buds and leaves were collected from different Olea
species and O. europaea cultivars and used for DNA
extraction or fixed in ethanol-acetic acid 3 : 1 (v/v) to be
used for cytological analyses. Root apices were collected
from rooted cuttings of O. europaea cultivars treated
with a saturated aqueous solution of alpha-bromonaph-
thalene for 4 h at room temperature, and fixed as above.
At least three plants or rooted cuttings were sampled for
each wild species or olive cultivar.

Light microscopy of cell nuclei

For observation under the light microscope, fixed
materials were squashed under a coverslip in a drop of
45% acetic acid after treatment with a 5% aqueous
solution of pectinase (Sigma) for 1 h at 37°C. The
coverslips were removed by the solid CO, method, and
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the preparations were Feulgen stained after hydrolysis in
1 N HCl at 60°C for 8 min or stained for 1 h with a 0.2%
solution of DAPI (4,6-diamidino-2-phenylindole dihy-
drochloride) in Mcllvaine buffer pH 7.0. Feulgen-
stained preparations were dehydrated and mounted in
DPX (BDH Chemicals). Those stained with DAPI were
mounted in antifade solution (Citifluor). Nuclei and
chromosomes were studied in images captured by a
CCD camera using a Leica Q500MC.

DNA cytophotometry

Fixed buds were squashed and Feulgen stained as
described above. After staining, the slides were subjected
to three 10-min washes in SO, water prior to dehydra-
tion and mounting in DPX. Feulgen/DNA absorptions
in individual cell nuclei were measured, at the wave-
length of 550 nm, by a Leitz MPV3 microscope
photometer equipped with a mirror scanner after
selecting different thresholds of optical density. The
instrument does not read any part of the nucleus where
the optical density is lower than the preselected limit.
Squashes made with the root tips of Sorghum bicolor
(1C=0.8 pg; Bennett & Smith, 1991) were stained
concurrently with the other preparations and used as
standards in order to make the results comparable and
to convert the relative Feulgen units into picograms of
DNA.

DNA extraction, fractionation and cloning

Nuclear DNA was extracted and purified according to
Doyle & Doyle (1991). Genomic DNA was digested to
completion with A/ul restriction endonuclease (Boeh-
ringer) and fractionated by electrophoresis in a 1%
agarose gel. The DNA in a band of about 21 kb, which
was visualized under UV light after ethidium bromide
staining, was recovered from a preparative 2% agarose
gel and digested with Tagl (Boehringer).

The digested DNA was ligated in the presence of pBS/
Accl BAP, and the ligation mixture was used to
transform Escherichia coli DH5alpha.

DNA sequencing and probe preparation

The insert of one recombinant clone was sequenced
using the dideoxy method of Sanger ef al. (1977) as
modified by Chen & Seburg (1985) for double-stranded
plasmid DNA.

A DNA fragment of seven tandem repeats, each
about 80 bp in length, was subcloned in pBS and used as
a probe in molecular and cytological hybridization
experiments.
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In situ hybridization

Alpha-bromonaphthalene-treated root apices were
squashed as described above after treatment with a
solution of pectinase (20%; Sigma) and cellulase (4%;
Calbiochem) in citrate buffer pH 4.6 for 2 h at 37°C.
The preparations were then processed and in situ
hybridization was performed according to Schwarzacher
et al. (1989). The DNA of nuclei and chromosomes was
denatured in 70% (v/v) deionized formamide in 2 x SSC
for 2 min at 70°C, and the preparations were incubated
overnight with 2 ng/uLlL of heat-denatured DNA probe,
which was labelled with digoxigenin—-dUTP by random
priming using a commercial kit (Boehringer). The
digoxigenin at the hybridization sites was detected by
using sheep antidigoxigenin fluorescein (Boehringer).
The preparations were then counterstained with DAPI
and mounted as described above.

Dot-blot hybridization and calculation
of sequence copy number

Replicated samples of 15, 30 or 60 ng of genomic DNA
were suspended in 10 uL of TE buffer (0.01 M Tris—HCI,
pH 8.0, plus 0.001 m EDTA, pH 8.0) and applied to
Zeta-Probe (Bio-Rad) filters using a Minifold I appara-
tus (Schleicher & Schuell). To the filters, 5 x 10%, 5 x 10°
or 5 x 10'° of probe DNA sequences were also applied
(DNA probe dilution spots). The filters were processed
and scanned densitometrically after hybridization as
described previously (Ceccarelli et al., 1995). Hybrid-
ization was performed under two stringency conditions
(60°C or 65°C; 5 x SSC in the hybridization mixture)
using 50 ng per filter of DNA probe that had been
labelled with digoxigenin as described above. Digoxi-
genin haptens in DNA-DNA hybrids were detected
using a Dig-DNA detection kit (Boehringer) by enzyme-
linked immunoassay using an antibody conjugate
(antidigoxigenin—alkaline phosphate conjugate).

The linear regression equation, relating the natural
logarithm of the copy number of probe sequences in the
dilution spots and the natural logarithm of the corre-
sponding densitometric readings, was used to calibrate
the relationship between the copy number of the
sequence probed in the samples of genomic DNA and
the amount of absorbance as detected densitometrically.

Results
Amount and organization of the heterochromatin
in nuclei of the shoot meristem

The chromocentric structure of cell nuclei is common to
all the Olea species studied. Prominent chromatin

Fig. 1 Interphase nuclei (a—¢) and a metaphase plate (f) in the
shoot meristem of Olea species and olive cultivars after

(a) Feulgen or (b—f) DAPI staining. x1500. (a, b) O. europaea
cv. ‘Leccino’; (¢) O. europaea cv. ‘Frantoio’; (d) O. indica;

(e) O. cuspidata; (f) O. europaea cv. ‘Frantoio’.

structures (chromocentres) can be seen in interphase
nuclei after Feulgen staining (Fig. 1a), and more numer-
ous heterochromatic nuclear regions appear after DAPI
staining, because even very small chromocentres can be
detected by the fluorochrome (Fig. 1b—e). By observing
DAPI-stained metaphase chromosomes (Fig. 1f) it ap-
pears that all chromosomes show at least one positive
band and that the heterochromatin is located mainly at
the telomeres. Only two chromosome pairs do not show
DAPI-positive bands at their ends, and five pairs have
pericentromeric or interstitial DAPI bands in addition to
telomeric ones. It can be seen from Fig. 1 that the
number per nucleus and the surface area of the chromo-
centres may differ between Olea species or olive cultivars.
Extensive analysis of these two nuclear parameters was
carried out in five of the latter and five wild Olea entities.
The number and surface area of heterochromatic nuclear
portions were recorded in interphase nuclei of the bud
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Fig. 2 Correlation, in five Olea species and five olive cultivars,
between the mean number of chromocentres and their mean
surface area in Feulgen-stained nuclei of the shoot meristem.
Each point is the mean of the values obtained by studying 50
nuclei. 1, cv. “‘Moresca’; 2, cv. ‘Dolce Agogia’; 3, cv. ‘Frantoio’;
4, cv. ‘Pendolino’; 5, cv. ‘Leccino’; 6, O. europaea var.
sylvestris; 7, O. indica; 8, O. africana; 9, O. ferruginea;

10, O. cuspidata. Bars represent 99% confidence limits.

meristem on the basis of their optical density by using the
image analyser. Nuclei of comparable size which were
close to mitoses in the preparations were chosen.
Figure 2 shows that a highly significant, negative corre-
lation exists between the mean number of chromocentres
per nucleus and their mean surface area in each species or
cultivar. Therefore, the fewer the chromocentres, the
larger they are. This suggests that the heterochromatic
regions of different chromosomes may associate closely,
and our data show that this aspect of the spatial
organization of the heterochromatin may undergo spe-
cies- or cultivar-specific variations. Indeed, the number
and size of the chromocentres may differ significantly
between species or cultivars (see confidence limits in
Fig. 2). It also appears from Fig. 2 that chromocentre
association occurs to a lesser extent in all the olive
cultivars studied than in the wild species. It may also be
worth noting that O. europaea var. sylvestris lies between
the two groups of entities as far as the nuclear character
examined is concerned.

Feulgen cytophotometric determinations carried out
at different thresholds of optical density showed that the
percentage of dense chromatin in interphase nuclei may
differ remarkably between Olea species or olive cultivars
(Fig. 3a,b). Therefore, not only the spatial organization
of the heterochromatin, but also its relative amount may
constitute a distinctive nuclear character that differen-
tiates Olea entities.
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Fig. 3 Feulgen absorptions, at different thresholds of optical
density, of interphase nuclei in the shoot meristems of (a) Olea
species and (b) olive cultivars. Each point is the mean of the
values obtained from 50 nuclei. Bars represent 99% confidence
limits.

Characterization of a family of tandem
repeated DNA sequences

When electrophoresed after digestion with Alul, the
DNA of O. europaea cv. ‘Carolea’ produced a high
molecular weight band of about 21 kb (not shown).
A clone obtained from the DNA of this band after
cleaving with Taql was a tandem array of seven repeats
about 80 bp in length (hereinafter termed OeTaq80
repeats), which produced the band pattern shown in
Fig. 4 when hybridized to Southern blots of Tagl-
digested genomic DNA of the same cultivar. The
nucleotide sequences of the repeats in this array are
given in Fig. 5. It appears that they vary in length and
structure. The length fluctuated from 76 to 80 bp; the
homology between the two most similar DNA elements
was about 91% and that between the two most differing
elements was about 74%. About 80% nucleotide
sequence homology occurs between OeTaq80 repeats
and O. europaea DNA elements of similar length
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Fig. 4 Band pattern of the genomic DNA of Olea europaea
cv. ‘Carolea’ after digestion with Tagl and Southern blot
hybridization to digoxigenin-labelled OeTaq80 sequences.
Numerals indicate molecular sizes in base pairs as determined
using the DNA Molecular Weight Marker 111 (Boehringer).

recently described by Katsiotis et al. (1998). No signi-
ficant homology was found after comparison with other
DNA sequences in the PC/Gene program or in the
EMBL/GenBank/DDBJ nucleotide sequence databases.

The results obtained by hybridizing OeTaq80 repeats
to metaphase chromosomes of O. europaea cv. ‘Leccino’
are shown in Fig. 6(b). It appears that these DNA
sequences are localized mostly at the chromosome ends.
Out of the 23 chromosome pairs, 11 bear OeTaq80
repeats at one telomere, and seven pairs at both
telomeres. Only three chromosome pairs bear OeTaq80
repeats at nontelomeric regions, and two pairs do not
show any hybridization signal. By observing Fig. 6(c),
where DAPI banding and the chromosomal localization
of OeTaq80-related DNA sequences are overlapped, it
appears that the latter overlap DAPI bands (reddish).
However, nontelomeric, DAPI-positive chromosome
regions do not show any detectable hybridization signal
(blue), except in two chromosome pairs. One of them is
devoid of telomeric DAPI bands, and the other bears
OeTaq80 repeats at an interstitial region in the longer
arm in addition to a DAPI band at the end of the
shorter arm.

The results of dot-blot hybridizations of OeTaq80-
repeats to the genomic DNA of Olea species and olive
cultivars are given in Fig. 7. It can be seen that these
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Fig. 5 Nucleotide sequences of seven OeTaq80 repeats in a tandem array from the genomic DNA of Olea europaea cv. ‘Carolea’.

Hyphens represent gaps introduced to maximize homology.

Fig. 6 Metaphase of Olea europaea cv. ‘Leccino’ after (a) DAPI staining or (b) hybridization with OeTaq80 DNA repeats (FITC
staining). The two images are electronically overlaid in (c), where DAPI-positive chromosome regions that bear OeTaq80-related
DNA sequences are reddish, whereas those devoid of Oe¢Taq80 repeats are blue. x1500.
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Fig. 7 Frequencies of sequences related to OeTaq80 repeats in
the DNAs of different Olea species and olive cultivars as
calculated from the results of dot-blot hybridizations carried
out under higher (W) or lower (%) stringency conditions.
Each value is the mean of six replicates, three for each

of two DNA extractions. Bars represent 99% confidence
limits. 1, O. cuspidata; 2, O. ferruginea; 3, O. chrysophylla;

4, O. africana; 5, O. indica; 6, O. maroccana; 7, O. laperrinei;
8, O. europaea var. sylvestris; 9, O. lancea; 10, O. paniculata;
11, “Sigoise’; 12, ‘Chetoui’; 13, ‘Arbequina’; 14, ‘Ayvalik’;

15, ‘Leccino’; 16, ‘Pendolino’; 17, ‘Dolce Agogia’; 18, “Tonda
Iblea’; 19, ‘Frantoio’; 20, ‘Moresca’; 21, ‘Koroneiki’;

22, ‘Valanolia’; 23, ‘Carolea’.

DNA sequences were highly represented in all the latter
genomes and in most of the former, and that their
frequency may differ significantly even between the olive
cultivars studied. The genome size of four Olea species
and three olive cultivars was calculated from the results
of Feulgen cytophotometry. Figure 8 shows the copy
number of DNA sequences related to OeTaq80 repeats
to differ significantly between these genomes, and to be
positively correlated with the genome size.

Duncan grouping at P=0.01 of Olea species on the
basis of the frequency of OeTaq80-related DNA
sequences in their genomes (as calculated from the
results of molecular hybridizations carried out under
high stringency conditions) allowed us to separate the
wild forms studied into three groups. The first group
comprised accessions from Asia and Africa, namely
0. africana, O. chrysophylla, O. cuspidata, O. ferruginea
and O. indica (from 21.60 x 10* to 25.00 x 10® copies
per ng of DNA); the second group was made up of
accessions from the Saharan region, namely O. laper-
rinei and O. maroccana and the only O. europaea var.
sylvestris studied, which comes from Balearic Islands
(from 12.50 x 10® to 14.70 x 10° copies); and the
third group included O. lancea from Mauritius and
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Fig. 8 Correlation between the copy number of OeTaq80-
related DNA sequences (Fig. 7; higher stringency) and the
DNA content in the haploid (1C) genome of Olea species and
olive cultivars. Feulgen cytophotometry was carried out, in
each accession, on 30 early prophases in the root meristem.
1, O. africana; 2, O. indica; 3, O. ferruginea; 4, cv. ‘Dolce
Agogia’; 5, O. cuspidata; 6, cv. ‘Frantoio’; 7, cv. ‘Pendolino’.
Bars represent 99% confidence limits.

O. paniculata from Australia (2.30 x 10® and 0.75 x 10®
copies, respectively).

On the same basis, olive cultivars could be split into
two groups. The smaller one comprised cv. ‘Carolea’,
‘Koroneiki’ and ‘Valanolia’, which are cultivated in
Greece and south-east Italy. In these genomes, the
frequency of OeTaq80-related DNA sequences ranged
from 15.15 x 10® to 20.50 x 10® copies per ng of DNA.
The larger group included all the remaining cultivars
studied. In their genomes, the frequency of OeTaq80-
related sequences ranged from 30.50 x 10 to 43.40 x 10°
copies per ng of DNA.

Discussion

Traits of nuclear structure and genome organization
may differ between wild Olea forms and between the
cultivars of O. europaea. Indeed, the results of our
cytological investigation showed that differences may
occur in certain characteristics of the heterochromatin
such as its amount (Fig. 3), and spatial organization in
interphase nuclei (Figs 1 and 2). Moreover, biochemical
analyses indicated significant differences in the frequency
in the nuclear DNA of tandem repeats which were
localized in the heterochromatin and which had homol-
ogy to a probe taken from the genomic DNA of
0. europaea cv. ‘Carolea’ (Fig. 7). Data from cytological
and molecular analyses are in agreement, corroborating
the above statements. Indeed, the species in which the
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amount of heterochromatin was relatively high also had
a relatively high frequency of OeTaq80-related DNA
sequences in their genome: e.g. O. cuspidata (Figs 3a
and 7). DNA contents as determined by cytophotometry
were positively correlated with the copy number of
DNA repeats in the genomes (Fig. 8).

The above findings indicated that the genomes studied
may differ in their amounts of repetitive DNA. Changes
in the redundancy of repeated sequences in the nuclear
DNA have been shown to play a part in speciation (e.g.
Narayan & Rees, 1976). Moreover, these genomic
alterations have recently been proved to differentiate
cultivars, natural populations, individuals or even
organs of the same individual in other plant species,
such as Helianthus annuus (Cavallini et al., 1986, 1996),
Festuca arundinacea (Ceccarelli et al., 1992), Vicia faba
(Ceccarelli et al., 1995; Maggini et al., 1995), Dasypy-
rum villosum (Frediani et al., 1994; Caceres et al., 1998),
or Trapa natans (Bitonti et al., 1996).

The alterations observed in the nuclear traits studied
may help us to understand the relationships between
species within the Olea genus and the phylogenesis of
the cultivated olive. Regarding the first problem, our
grouping of wild Olea forms on the basis of the
frequency in their genomes of OeTaq80-related DNA
sequences agrees well with the systematics of the
O. europaea complex as proposed by Green & Wickens
(1989). Indeed, these authors consider the Asiatic and
African forms we studied to be ranked together under
O. europaea ssp. cuspidata, and rank the Saharan forms
under a different subspecies of O. europaea, laperrinei.
On the same basis, the olive cultivars studied can also be
divided into two groups. Taking into account that the
frequency of OeTaq80-related DNA sequences is gen-
erally higher in the cultivated varieties than in the wild
forms (Fig. 7), each of the two groups of cultivars seems
to share genomic similarity with two different groups of
wild forms. This suggests that different cultivars may be
derived from, or have introgressed DNA elements of,
different wild Olea entities.

Our results showed that nuclear traits such as the
DNA content (Fig. 8§) and the spatial organization
(Fig. 2) or the amount (Fig. 3) of the heterochromatin
may differ significantly between olive cultivars. Possibly,
differences in the banding pattern of metaphase chro-
mosomes and the chromosomal distribution of DNA
repeats will be found after comparing cultivars in this
respect. Therefore, these nuclear traits, together with
other characters of the genome such as the redundancy
levels of given repeated DNA sequences may provide
suitable parameters for varietal identification within
cultivated olives. Cytological analyses are less expensive,
as far as both money and time are concerned, and need
less complex and sophisticated equipment than analyses

of genomic traits that use isozyme or DNA markers.
These advantages may be of particular interest in certain
countries where olives are cultivated.
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