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Abstract The use of hypervariable sequences for DNA
typing of plants is focussed on microsatellites and on am-
plification of regions defined by random (RAPD) or de-
fined (AFLP) primers for PCR analysis of genomes. A hy-
pervariable length of middle repetitive DNA has been iso-
lated from citrus that contains no obvious hypervariable
structures. The fingerprinting probe was shown to have an
important commercial application in the separation of zy-
gotic from nucellar progeny. A somatic variant of the se-
quence within one orange tree suggests that somatic vari-
ation in hypervariable markers may be a common event.

Key words DNA fingerprinting - Citrus -
Hypervariable DNA - Cultivar typing -
Somatic variation

Introduction

Eukaryotic genomes contain repetitive heterogeneous
classes of non-coding DNA that are found within and
between genes. Apart from highly repetitious satellite
DNA, a second class of coding or non-coding DNA is re-
ferred to as middle-repetitive DNA. Middle-repetitive
DNA includes interspersed sequences such as transposable
elements, inverted repeats and tandem repeat sequences
that are variable in number (VNTRs) or “minisatellites”
(Schaal et al. 1991). Some middle-repetitive DNA se-
quences are highly polymorphic (hypervariable). Detec-
tion, by Southern blots, of hypervariable regions in the ge-
nomes of many eukaryotes may produce a genotype-spe-
cific hybridisation pattern. The complex set of DNA frag-
ments produced by this method has been termed a DNA
“fingerprint” (Jetfreys et al. 1985).
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Many classes of genetic markers and DNA-based diag-
nostic techniques are available to plant geneticists and
breeders. Jeffreys’ minisatellite probes have been used to
detect cultivar-specific patterns in the genome of rice
Oryza sativa (Winberg et al. 1993). Probes derived from
sequences within the M13 bacteriophage genome have
been used to detect polymorphism in many plant genomes
including barley (Rogstad et al. 1988), roses (Tzuri et al.
1991) and apples (Nybom and Schaal 1990). More recently,
polymerase chain reaction (PCR) techniques have been
used in microsatellite detection and random amplified
polymorphic DNA (RAPDs) have provided genetic mark-
ers for applications such as genome mapping (Morgante
and Olivieri 1993; Rafalski and Tingay 1993) and cultivar
typing (Tancred et al. 1994). Genetic mapping with RAPD
markers has been initiated in citrus (Cai et al. 1994).

DNA fingerprinting has the capacity to become a pow-
erful tool in the breeding of new citrus varieties. Most cit-
rus species, including sexually sterile hybrids, are able to
reproduce asexually by means of adventitious (nucellar)
embryony (Cameron and Frost 1968; Frost and Soost
1968). The seeds resulting from most crosses are both zy-
gotic and nucellar in origin, the latter being genetically uni-
form and identical to the seed parent, and breeding pro-
grammes must distinguish between these two seed types.
Distinction between nucellar and zygotic progeny can
sometimes be achieved using morphological characters
(Frost and Soost 1968), but such features may not appear
until the tree has reached maturity. Isozymes have been
used routinely in the separation of zygotic from nucellar
progeny (Spiegel-Roy et al. 1977; Torres et al. 1978), but
electrophoretic analysis of several peroxidase enzymes
must be carried out concurrently in order to distinguish
between cultivars. Isozyme variation is not truly represen-
tative of genotypic variation, and gel patterns may vary
between various organs of the same plant and between
plants maintained under different growth conditions (Scan-
dalios 1974). The amount of work and costs involved could
be much reduced by a reliable discrimination method ap-
plied at the sced or seedling stage of growth.



Accurate plant and plant product identification is cru-
cial to many aspects of modern agriculture. DNA finger-
printing could provide a simple, reliable and stable method
of varietal identification in citrus. DNA fingerprinting al-
lows cultivars to be resolved by a single analysis indepen-
dent of environmental and developmental factors. Citrus
species are particularly amenable to fingerprinting tech-
niques since, while they are genetically diverse plants, va-
rieties are propagated asexually. Consequently, all individ-
uals of a particular variety are clonal, and intravarietal vari-
ation should be minimal.

This article describes the identification and character-
isation of a hypervariable sequence in the DNA of citrus
and its use in the production of cultivar-specific DNA fin-
gerprints.

Materials and methods
Citrus leaf samples

The Citrus sinensis (L.) Osbesk leaf samples supplied by CSIRO Di-
vision of Horticultural Research, Merbein, Victoria were “Washing-
ton Navel Orange’ (five trees), ‘Biggs Early Navel Orange’ and
‘Lowes Late Navel Orange’. Samples from the Citrus reticulata
Blanco (‘Cleopatra Mandarin’) and C. sinensis X P. trifoliata {‘Car-
rizo Citrange’} cross included ‘Cleopatra Mandarin® and one nucel-
lar seedling, ‘Carrizo Citrange’ and one nucellar seedling and two
hybrid progeny. Other samples supplied were Citrus aurantium L.
(‘Sour Orange’), Citrus limon (L.) Burm. f. (Burm.) Mewill (‘Kar-
na Lemon’ and ‘Rough Lemon’), Citrus paradisi Macf. (‘Davis
Grapefruit’), Citrus maxima, (‘Pummelo’), Citrus aurantifolia
(Christm.) Swingle (‘West Indian Lime’), Poncirus trifoliata (L.)
Raf. (‘Williams Trifoliate Orange’), Citrus indica (‘Wild Indian
Orange’) and an Australian native, Microcitrus virgata (a hybrid be-
tween Microcitrus australasica. (F. Muell.) swing. and Microcitrus
austrans (Planch.) swing).

Samples of leaf material from a 40-year-old Citrus sinensis (‘Na-
vel Orange’) tree were obtained from Wittunga Botanic Garden,
Blackwood, South Australia.

Samples of Citrus limonleaf material from ‘Eureka Lemon’, ‘Lis-
bon Lemon’, ‘Variegated Lisbon Lemon’ and ‘Meyer Lemon’ were ob-
tained from Caudles Citrus Nursery, Old Noarlunga, South Australia.

Isolation of plant nucleic acids

Total plant genomic DNA was isolated by the method of Scott and
Possingham (1980).

A small-scale method was used to isolate DNA from the leaves
of Washington Navel Orange trees. Approximately 400 mg of plant
tissue was ground to a powder in liquid nitrogen and thawed into
2 ml of extraction buffer [2xSSC, 50 mM EDTA pH 8.0, 2%(w/v)
sarcosyl]. The resulting suspension was twice extracted with phe-
nol/chloroform and NaCl added to 1.5 M. Plant lysate (200 ul) was
loaded onto a 1 ml Sepharose CL-4B column (Bio-Rad) which had
been equilibrated with 1.5 M NaCl, 50 mM EDTA, 100 mM Tris-Cl
pH 7.2. The first 8 drops to be eluted were discarded, while the next
6 drops, containing the DNA, were collected and precipitated with
an equal volume of isopropanol. The DNA was resuspended in 50
ul 1xTE. Between 3 pug and 5 pg of restrictable DNA was isolated
per preparation.

Southern blotting and hybridisation

DNA samples were restricted with restriction endonucleases under
conditions recommended by the manufacturer (Boehringer Mann-
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heim) and electrophoresed on 0.8%(w/v) agarose (Sigma) gels. Fol-
lowing electrophoresis the DNA was transferred to a Hybond-C Ex-
tra membrane (Amersham) following the manufacturer’s instruc-
tions.

Plasmid inserts requiring radioactive labelling were purified from
an agarose gel using the freeze-squeeze method (Thuring et al. 1975)
using Ultrafree-MC 0.45-um filter units (Millipore). Probes were la-
belled with o-[*?P]dATP (Bresatec) using the Hexaprime DNA La-
belling Kit (Bresatec).

Prehybridisation, hybridisation and washes were carried out
under conditions recommended by Amersham.

Purification of plasmid DNA

Plasmid DNA for sequencing and Southerns was purified using the
alkaline lysis method of Sambrook et al. (1989), followed by cen-
trifugation through a Sepharose CL-6B column (Murphy and Kava-
nagh 1988).

Preparation of insert DNA

Five bands were excised from a Sau3A digest and three bands from
an Alul digest of total citrus (‘Eureka Lemon’) DNA. High-molecu-
lar-weight genomic DNA (>6 kb) was sheared by agitation through
a Pasteur pipette and vortexing. Single-stranded ends were removed
by treatment with Mung Bean Nuclease (Pharmacia) under condi-
tions recommended by Sambrook et al. (1989).

Ligations

Ligations were performed using 200 ng of insert DNA and an
equal amount of vector DNA, catalysed by T, DNA Ligase (New
England Biolabs) and conducted under conditions recommended by
the manufacturer. Blunt-end ligations were performed in the pres-
ence of 15%(w/v) PEG 8000.

Transformation of competent cells

Preparation of competent Epicurian coli PLK-F’ cells (Stratagene)
was performed using the calcium chloride method as per Sambrook
et al. (1989).

Transformation of PLK-F’ cells utilised the heat shock method
described by Sambrook et al. (1989). Cells were plated on blue/white
colour selection medium (Sambrook et al. 1989) supplemented with
100 ng/ml ampicillin and grown O/N at 37°C.

Generation of nested deletions

Exonuclease III-nested deletions of clone pS5j were made in both
directions (Henikoff 1984). Cloned DNA (10 ug) was restricted to
completion with Smal and Sacl (forward primer end) or Sall and Sphl
(reverse primer end). Following phenol/chloroform extraction, 5 pg
samples were treated with 100 units of Exonuclease III (Pharmacia),
with 1 pg samples being removed at 1 min intervals. The reaction
was stopped with an equal volume of 10 mM Tris-Cl, 10 mM
EDTA pH 8.0, followed by heating at 65°C for 10 min. Samples were
treated with Mung Bean Nuclease (Pharmacia) before half of each
was restricted with EcoRI and the sizes checked by gel electropho-
resis. Time samples in the desired size range were ligated and trans-
formed into PLK-F’ cells. Insert sizes were screened by small-scale
plasmid preparation (He et al. 1990) and excision of the inserts.

Sequencing

Double-stranded DNA templates were sequenced by the dideoxy
chain termination method of Sanger et al. (1977) using a Sequenase
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Version 2.0 kit (United States Biochemical Corp) and o-[>*P]dATP
(Bresatec). DNA. sequencing reactions were electrophoresed in
a 5%(w/v) acrylamide, 7 M Urea and 1XTBE (0.9 M Tris-borate,
0.002 M EDTA) denaturing polyacrylamide gel using a BRL se-
quencing gel electrophoresis system. Sequence analysis was done
using the Genetics Computer Group Sequence Analysis Software
Package version 6.1 (Devereaux et al. 1984).

Results

Restriction enzymes which have 4-base pair (bp) recogni-
tion sequences would be expected to cut, on average, once
every 256 bp in a random sequence. Sau3A and Alul re-
strictions of ‘Eureka Lemon’ (Citrus limon) genomic DNA
produce, in addition to a majority of low-molecular-weight
fragments, a small number of larger than expected frag-
ments of DNA, visible as bands on agarose gels (result not
shown). These fragments contain atypical DNA, which for
some reason lacks a particular recognition sequence. A re-
peat sequence lacking such a site could be dispersed
throughout the genome. A probe specific for such regions
would be expected to generate DNA fingerprints because
of variation in the genomic regions flanking the repeat.

Cloning of this atypical DNA produced four clones,
pS5a, pS5c, pS5i and pS5j, each of approximately 3 kb in
length. A Southern blot of these clones was probed with
total genomic DNA from Eureka Lemon in order to assess
the degree of repetition of the cloned sequences in the ge-
nome. The strong hybridisation signal detected for the pS5a
insert implied high genomic copy number, while the sig-
nals of the other clones were weaker in intensity, charac-
teristic of less highly repeated genomic sequences (result
not shown).

One clone (pS5j)) appeared to have potential as a finger-
printing probe. This clone produced variable banding pat-
terns when used as a probe to Southern blots of EcoRI-di-
gested citrus genomic DNAs (Fig. 1), resulting in species-
specific DNA fingerprints. Discrete bands were pro-
duced, with 12-20 discernible bands per variety. Banding
patterns were not, however, unique to each cultivar. ‘Eu-
reka Lemon’ (track 1) and ‘Variegated Lisbon Lemon’
(track 3) exhibited identical fingerprints, as did the 3 ‘Na-
vel Orange’ cultivars (tracks 6-8). ‘Meyer Lemon’
(track 2) is thought to be a hybrid of lemon and orange (Al-
exander 1983) and produced patterns distinct from the lem-
ons and oranges. ‘Williams Trifoliate Orange’ (track 5) is
a cultivar of Poncirus trifoliata, and it produced a pattern
highly divergent from those of any Citrus species and from
Microcitrus virgata (track 15). Similarly, Citrus indica, the
‘Wild Indian Orange’ (track 13), is a grapefruit hybrid
(Hodgson 1967), and its DNA produces a fingerprint that
is different from that of ‘Davis Grapefruit’ (track 12).
Longer exposure of the Southern hybridisation revealed
additional bands of lower molecular size that were poten-
tially useful in further distinguishing the citrus species.

Citrus species are particularly amenable to DNA fin-
gerprinting techniques because they are propagated clo-
nally, therefore intravarietal variation is not expected. To
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Fig. 1 Hybridisation of the pS5j probe to citrus genomic DNAs.
Each track was loaded with 3 ug of DNA restricted with EcoRI.
Markers on the left represent molecular weights of 23.1 kb, 9.6 kb,
6.6 kb, 4.4 kb, 2.3kb and 2.0 kb. Tracks are: / ‘Eureka Lemon’,
2 ‘Meyer Lemon’, 3 ‘Variegated Lisbon Lemon’, 4 ‘Rough Lemon’,
5 ‘Williams Trifoliate Orange’, 6 ‘Lowes Late Navel’, 7 ‘Biggs
Early Navel’, § “Washington Navel’, 9 ‘Sour Orange’, /0 ‘Cleopa-
tra Mandarin’, /7 ‘Tahitian Lime’, 12 ‘Davis Grapefruit’, 13 Citrus
indica, 14 ‘Pummelo’, 15 Microcitrus virgata

test this, variation between five clonally propagated indi-
viduals of ‘“Washington Navel Orange’ (Citrus sinensis)
was assessed using probe pS5j. Banding patterns were in-
distinguishable in the DNA from each of the trees analysed
(result not shown).

DNA fingerprints derived from different tissues of the
same plant should be identical if the probe is to be of use
in horticulture. To examine the possibility of somatic vari-
ation, pS5j was used to probe DNA from several branches
of a 40-year-old ‘Navel Orange’ tree (Fig. 2a). One major
difference between the branches was apparent. Branch la
could be distinguished from the remaining branches by the
presence of an additional band of about 3 kb in size. Pat-
tern differences between branches were not apparent on the
ethidium bromide-stained gel.

The pS5j DNA fingerprinting probe may have impor-
tant practical applications, for example in distinguishing
zygotic from nucellar embryos. Restricted DNA from ‘Cle-
opatra Mandarin’ (maternal parent), ‘Carrizo Citrange’
(paternal parent), together with two previously character-
ised nucellar and two hybrid progeny were probed with
pS5j (Fig. 2b). DNA from the nucellar progeny exhibited
hybridisation bands identical to those of their respective
maternal parent. In contrast, fingerprints of the zygotic
progeny clearly differed from each other and from both
parents. Each band in the zygotic progeny can be attrib-
uted to one or other of the parents, indicating that the al-
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Fig. 2a, b Further analysis of a citrus DNA fingerprinting probe.
Markers on the lefi represent molecular weights of 23.1 kb, 9.6 kb,
6.6 kb, 4.4 kb, 2.3 kb and 2.0 kb.

a Hybridisation of the pS5j probe to genomic DNA from the branch-
es of a 40-year-old Navel Orange tree. Each track contains 3 ug of DNA
digested with EcoRI and the tracks are: I branch la, 2 branch 1b,
3 branch 2, 4 branch 3, 5 branch 4. b Southern blot of EcoRI-restrict-
ed DNAs from parents and progeny of a citrus cross hybridised with
the pS5j insert. Each track contains 3 pg of genomic DNA. The tracks
are: ] ‘Cleopatra Mandarin’ nucellar progeny, 2 ‘Cleopatra Mandarin’
parent, 3 hybrid seedling 80-05-05, 4 hybrid seedling 80-05-13,
5 ‘Carrizo Citrange’ parent, 6 ‘Carrizo Citrange’ nucellar progeny

leles detected by probe pS5j are inherited in a Mendelian
fashion and are of nuclear origin.

The finding of hypervariable regions in the genomes of
citrus species prompted further characterisation of the in-
formative probe. A partial restriction map of clone pS5j
was constructed (result not shown), and the size of the in-
sert was estimated to be 2.8 kb. The sequencing of nested
deletions in both directions produced a complete sequence
of 2986 bp (not shown). The GC content was estimated at
26.6%, which is consistent with its resistance to digestion
by Sau3A. The sequence data indicated an absence of mi-
crosatellites, obvious repeat units or significant open read-
ing frames. Screening of databases for sequence homology
revealed no significant homology with any known DNA
sequences.

Discussion

A dispersed middle repetitive sequence has been isolated
from the genome of Citrus limon (‘Eureka Lemon’). The
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sequence had homologous counterparts in all of the citrus
genomes tested, detecting sufficient variation for the pro-
duction of citrus species-specific DNA fingerprints. This
is the first hypervariable sequence to be characterised from
a citrus genome.

The potential applications of probe pS5;j and extensions
of this technology include determination of taxonomic re-
lationships between citrus species, screening of germ
plasm resources and the policing of Plant Variety Rights
(1987). Absence of variation between several ‘Navel
Orange’ cultivars (Fig. 1, tracks 6—8) and two Lemon cul-
tivars (Fig. 1, tracks 1 and 3) suggests that pS5j is not ap-
plicable for citrus identification at the cultivar level.

Banding patterns were stable between clonally propa-
gated plants and between cultivars of the same species.
However, somatic instability was detected within an indi-
vidual ‘Navel Orange’ tree. Fingerprint pattern consis-
tency throughout one plant is an important criterion if a
probe is to be used for horticultural purposes. A possible
explanation for the observed variation is somatic mutation,
which is a common phenomenon in citrus (Cameron and
Frost 1968). Repeated sequences are commonly involved
in rapid genome changes, and parts of the plant genome
are claimed to be rapidly modulated in response to stress
or differing environmental conditions (Cullis 1985). The
age and size of the tree implies that there have been many
rounds of DNA replication at which such mutaticnal events
could occur. Examination of different leaf clusters on
branch 1a could indicate the timing of the putative muta-
tional event.

The presence of variability in DNA fingerprints
between the branches of an individual tree suggests that
pS5j may be applicable to fine-scale identification of cit-
rus varieties, but this result contrasts with the apparent lack
of variation between cultivars. The extent of somatic in-
stability will become apparent with more extensive screen-
ing of clonally propagated individuals. Any sequence suit-
able for fingerprinting must be sufficiently variable to al-
low taxonomic differentiation but not so variable that re-
producible and reliable results become difficult to obtain.

The pS5j fingerprinting probe was shown to have a po-
tentially useful practical application. Sufficient poly-
morphism was detected to distinguish between zygotic
and nucellar progeny of a ‘Cleopatra Mandarin’ x ‘Carrizo
Citrange’ cross. Combined with refinement of the small-
scale method for plant genomic DNA isolation, the South-
ern analysis depicted in Fig. 2b could greatly reduce the
time and cost involved in distinguishing nucellar from zy-
gotic progeny in citrus crosses. Biochemical and morpho-
logical tests could be rendered obsolete by a molecular ge-
netic analysis undertaken with a small amount of leaf ma-
terial at the seedling stage of plant development.

The hybridisation patterns indicate stable Mendelian in-
heritance of pS5j-associated polymorphisms. Therefore,
the fingerprinting probe is unlikely to be cytoplasmic (mit-
ochondrial or chloroplast) in origin, as these genomes show
uniparental inheritance. The AT-rich sequence does not
contain obvious hypervariable sequences, such as minisat-
ellites or microsatellites. There are many categories of dis-
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persed repeat sequences in plant genomes into which the
isolated sequence could fall, including SINEs (short inter-
spersed repeat elements), LINEs (long interspersed repeat
elements) and transposable elements. The latter are noted
for their ability to cause mutations at high frequencies in
plant genomes (Vedel and Delseny 1987).

Despite exhibiting some somatic instability, the DNA
fingerprinting probe isolated provides a potentially pow-
erful applied tool in citrus breeding and in species identifi-
cation.
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