
Introduction

Satellite DNA (stDNA) is a highly repetitive DNA
organized in long tandem repeats in constitutive
heterochromatin (Charlesworth et al. 1994).
Its function is still unclear but many studies asso-
ciate satellite DNA with heterochromatin organi-
zation and centromeric function (Ugarkovic and
Plohl 2002). Various motifs found in satellite re-
peats are thought to play an important role in those
functions: nucleotide composition (mostly A+T

rich), phased A or T runs � 4 producing DNA
bending (Martinez-Balbas et al. 1990) or cruci-
form configurations (Juan et al. 1993). However,
the origin of satellite DNA is still not understood.
One hypothesis proposes that satellite DNA may
be produced by repeated and random unequal
crossing-over (Smith 1976). Concerted evolution
generally leads to striking intraspecific sequence

identity among repetitive units, which constitute
a satellite DNA family (Elder and Turner 1995).
With selective pressures different from those act-
ing on genes and evolutionarily successful
multigene modules, repetitive DNA usually shows
marked differences in sequence motifs and abun-
dance between closely related species (concerted
evolution) (Smith 1976). Indeed, most of the re-
ported repetitive elements are species- or ge-
nome-specific (Jiang et al. 1996). In plant
genomes, repetitive DNA sequences consist of
satellites (Kamm et al. 1995), minisatellites
(Winberg et al. 1993), microsatellites (Panaud
et al. 1995), and interspersed elements that include
transposable elements, such as retrotransposons
(Kolchinsky and Gresshoff 1995). Tandemly re-
peated sequences (satellite DNA) in plants nor-
mally have a characteristic chromosomal location:
subtelomeric, interspersed or centromeric, with
blocks of each motif present on some or all chro-
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mosomes in the genome. In plants, satellite repeats
often represent a substantial part of nuclear DNA
but only little is known about the molecular mech-
anism of their amplification and their possible role
in genome evolution and function (Macas et al.
2002).

Lemon (Citrus limon) belongs to the family
Rutaceae (Citrinae, subtribal group C), originates
from China, and has been cultivated for thousands
of years. Its origin has been studied by using mo-
lecular markers (Kijas et al. 1995; Nicolosi et al.
2000). Lemon is one of the most economically im-
portant plants in the Mediterranean area (e.g. It-
aly) as well as in other mid-latitude regional
economies (e.g. Texas, California, Argentina
and Florida), because it is utilized both as a food
crop and as an industrial product. In citrus plants,
satellite DNA content differs from species to spe-
cies, occasionally reaching more than 20% of the
genome (Fann et al. 2001). Several repeated se-
quences have been isolated in the genus Citrus
(Beridze et al. 1994; Asins et al. 1999, 2002; Fann
et al. 2001; De Felice et al. 2004, 2006). However,
it is likely that a novel satellite sequence could in-
crease the amount of molecular data to shed light
on satellite evolution and function in the genome
of C. limon and related genera. In this study, we
isolated and characterized a novel repetitive DNA
of C. limon, analysed its interspecific distribution,
and attempted to identify its origin.

Materials and methods

Plant material and DNA isolation

Plant material from Citrus limon (L.) Burm
(lemon) and 4 other species of the family
Rutaceae, i.e. C. aurantium L. (sour orange),
C. paradisii Macfad (grapefruit), Poncirus trifoli-
ata L. (Raf.) (trifoliate orange), and Fortunella
margarita (Lour.) Swingle (kumquat), were col-
lected from the Botanical Garden of Naples, Italy.
Total genomic DNA was extracted from young
leaves by using the CTAB method (Murray and
Thompson 1980).

Citrus limon partial genomic library

Total genomic DNA from C. limon was digested

with restriction enzyme Hinf I, producing a promi-

nent band of approximately 300 bp. The digested

DNA was run in a 1.5% agarose gel, and DNA

fragments between 100 and 400 bp were isolated

and purified from agarose by Quiaquick Gel Ex-

traction Kit (Quiagen). Prior to cloning, the DNA

fragments were end-filled by using Klenow frag-

ment and ligated into the SmaI site of pBlueScript

vector (Invitrogen). Transformed E. coli cells

(XL1-Blue) were selected by blue-white selection.

Recombinant clones were plated and blotted onto

a positively charged nylon membrane (Roche).

The clones were screened by using total genomic

DNA from C. limon labelled with digoxigen

(DIG) as a probe. Clones containing repetitive se-

quences were visualized by hybridization signals

and identified by the signal intensities calculated

with the use of image analysis software (FotoPlot).

Eight clones of about 300 bp were isolated and se-

quenced. The sequences were analysed by using

ABI Prism310 Genetic Analyzer (Perkin Elmer)

according to the manufacturer’s instructions.

Southern hybridization

Genomic DNA from all species used in this study
was digested with restriction endonucleases, such
as EcoRI, HindIII, HinfII, MspI, HpaII, MboI and
Sau3AI, separated in 1% agarose gels, and trans-
ferred onto positively charged nylon membranes
(Roche). A CL300 clone (CL3) was labelled with
digoxigenin-11-dUTP by using a random primer
DNA labelling kit (Roche) and used as a probe.
High-stringency washes were performed to allow
hybridization at the level of high sequence similar-
ity (2 × 5 min in 2 × SSC and 0.1% SDS at room
temperature, and 2 × 15 min in 0.1 × SSC
and 0.1% SDS at 65°C). Detection of hybridiza-
tion was performed with a DIG-detection kit
(Roche).

Computer analysis

Cloned sequences were analysed for homology to

known nucleotide sequences from the database

(GenBank, EMBL) by using Netblast downloaded

from NCBI and PlantSat database (http://w3lamc.

umbr.cas.cz/PlantSat). Sequence similarities were

graphically represented by dendrograms using the

p-distance and the neighbour-joining aggregation

method, and bootstrapping with 1000 replicates

implemented in MEGA 2.1 software (Kumar et al.

2001). The curvature-propensity plot was calcu-

lated with DNase I parameters of the bend.it server

(http://www3.icgeb.trieste.it/~dna/bend_it.html)

according to Gabrielian et al. (1996).

Results

A family of repeated DNA sequences was identi-

fied from a Hinf I partial genomic library of

C. limon that was screened for highly repetitive se-
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quences. Eight recombinant clones were se-

quenced and selected for further analysis.

The complete nucleotide sequence of all the

cloned elements and a monomer consensus se-

quence have been determined (Figure 1); a neigh-

bour-joining tree based on nucleotide sequence

alignment was constructed for all the cloned ele-

ments (Figure 2). CL3 clone (GenBank accession

number AY598765) contained a 300-bp fragment.

The CL3 clone was used as a probe in a Southern

blotting experiment. Under the high-stringency

conditions, the probe hybridized to the Hinf

I-digested C. limon genomic DNA forming a lad-

der of bands typical for tandemly organized re-

peats (Figure 3A, lane 1). The hybridization pro-

file was indicative of a tandem arrangement of

highly repetitive DNA sequences in the C. limon

genome, organized in discrete units of 300 bp

each, which we called the CL300 satellite se-

quence. The CL300 repeat from C. limon exhib-

ited a high AT content (58%) and showed

sequence similarity, which appeared to be evenly

distributed throughout the repetitive unit se-

quence. Restriction sites recognized by Sau3AI and

Hinf I enzymes were present in all monomers.

CL300 revealed no homology with other previously

published Citrus satellites. DNA sequence identity

was found between CL3 clone and a conserved box
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GGCAAGTCCC CCAATTATTT TGGCTTGCTG TCCATAGTGT CGTAAGTATT

60 70 80 90 100

CTTCCAATAA TGCATTCACC CTCTCAGTTT ATCCATCCGT CTGGAAGATG

110 120 130 140 150

ATTGGCAGTA GAAAACTTCA ATTCCGTCCC CATCAAATTG AAGAGTACTG

160 170 180 190 200

ATCCAAAACC TTTCGGTGAA CTGAGCATCC CGGTCACTAA TGATGTCCTT

210 220 230 240 250

CGGAACACTA AAGTATTTAA CCACATGCTT GAAAAACAGC TCTGCTGCCT

260 270 280 290 300

TGTCCGTTGG GCAAGCATGA GGTCAATATT ATGTCGAATC ATATAGTTTT

Figure 1. CL300 consensus sequence. The pentamer CAAAA is in boldface. The CACTA motif common to the TIR

termini of En/Spm-like transposon is underlined. The box showing 100% homology with En/Spm-like transposase

(nucleotides 271–294) is double-underlined.

Figure 2. Neighbour-joining dendrogram of the nucleotide sequences of all sequenced monomers from Citrus limon

CL300 satellite DNA.
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Figure 3. Southern blot of genomic DNA from studied species of the family Rutaceae by using CL3 as a probe.

The numbers indicate DNA fragment size in kb. A. DNA digested with Hinf I from Citrus limon (1), C. aurantium (2),

Poncirus trifoliata (3), C. paradisii (4), and Fortunella margarita (5); B. DNA from C. limon digested with Hind III (1),

Eco RI (2), Mbo I (3) and Sau 3AI (4); C. DNA from C. limon digested with HpaII(1), and MspI (2).

Figure 4. Curvature-propensity plot of CL300 satellite DNA showing the presence of a curvature propensity between

nucleotides 80 and 140



in the transposase region of an En/Spm-like element

(En/Spm = Enhancer/Suppressor-mutator) as well as

the CACTA motif common to the TIR termini of this

transposon. Conserved regions of the monomers

contain the CAAAA pentamer (Figure 1), plus

a TTTTTG motif at nucleotide 17. Moreover,

the curvature-propensity plot (Figure 4) that was cal-

culated with DNase I parameters of the bend.it server

revealed a CL300 region, located approximately be-

tween nucleotides 80 and 140, with a value of curva-

ture propensity (8.3), indicating a high probability of

DNA bending. To study the genome organization of

the CL300 repeat family, we performed Southern

blotting experiments under high-stringency, using

CL3 clone as a probe. Hybridization to the C. limon

genomic DNA digested with Hind III and Eco RI en-

zymes resulted in an intense signal above 2 kb, indi-

cating the absence of these restriction sites within the

300-bp element (Figure 3B). Methylation studies

were performed by using the Sau3AI-MboI

and MspI-HpaII isoschizomeric enzyme pairs,

which recognize GATC and CCGG sequences, re-

spectively. In contrast to Sau3AI, MboI digestion

showed a weak ladder of hybridization bands, indi-

cating that some of the CL3 repeats are

hypomethylated at the GATC sites (Figure 3B).

No significant difference in HpaII/MspI hybridiza-

tion profile has been detected (Figure 3C). Hybrid-

ization experiments were performed to search for the

presence of a homologous repetitive sequence in

other species of the genus Citrus and in 2 phylogen-

etically genera close to C. limon. Genomic DNA was

cleaved with the Hinf I enzyme and hybridized

against the CL3 probe. A similar cross-hybridization

signal was detected among C. aurantium,

C. paradisii, Poncirus trifoliata, Fortunella

margarita under high-stringency conditions (Fig-

ure 3A).

Discussion

Although lemon is one of the most economically

important cultivated crops, there is not enough in-

formation about the molecular, genomic and chro-

mosomal organization of Citrus species. In order

to give an insight into the genomic and chromo-

somal organization of C. limon, a partial Hinf I li-

brary was constructed. The ladder of oligomers

obtained after separation of genomic restriction

fragments and following hybridization unveiled

the existence of a novel stDNA, which we called

CL300. CL300 exhibits a high intraspecific se-

quence similarity, suggesting that these C. limon

repeats undergo a very efficient homogenization

through the stDNA family and fixation through

the whole population (Dover 2002). Sequence

analysis revealed the presence of the

pentanucleotide CAAAA, which has been previ-

ously found in many repeat families and is sup-

posed to be involved in a breakage-reunion

mechanism of repeated sequences (Appels et al.

1986; Katsiotis et al. 1998). When repeated mono-

mer sequences were analysed in plants (Macas

et al. 2002), the motif was detected in 132 families.

Adenine runs cause bending of DNA molecules

(Dlakic and Harrington 1996) and thus may pro-

vide specific structural properties required for the

amplification and maintenance of satellite DNA in

the genome, or they may occur as a consequence

of such processes. This would accord with the

finding of a frequent occurrence of the CAAAA

motif that is presumably involved in recombina-

tion events between the repeated sequences

(Appels et al. 1986; Katsiotis et al. 1998). More-

over, the curvature-propensity value of 8.3 re-

vealed that the CL300 repeat sequence could be

curved. Interestingly, the CL300 monomer repeat,

between 100 and 227 nucleotide, showed 76%

homology with Lycopersicon esculentum

haplotype Northern lights sequence in the repeated

region that contains the En/Spm-like element.

Moreover, the CL300 monomer sequence showed

100% homology (271–294 nt) with En/Spm-like

transposase conserved region found in many dif-

ferent plants, including Allium sativum

(ASA406395), Triticum aestivum (TAE406397),

Cicer arietinum (CAR406382) and Nemesia

strumosa (DQ143951), as already reported

(Staginnus et al. 2001).

Transposon insertion may be a valuable tool

for rapid genetic changes, such as genome expan-

sion, gene inactivation in regressive evolution, ori-

gin of ecotypes, and origin of cultivated plants

(Lonnig and Saedler 1997). Transposable ele-

ments have been found at resistance-gene clusters

(Richter and Ronald 2000; Wicker et al. 2001;

Yang et al. 2001; Yang et al. 2003); indeed,

transposon insertion and its significant contribu-

tion to the evolution of plant disease resistance

genes has been reported (Henk et al. 1999; Kidwel

and Lisch 2001). Some satellite repeats share simi-

larities with transposon sequences (Langdon et al.

2000; Cheng and Murata 2003) and a migrating

transposon-like satellite has been identified in

Nicotiana (Lim et al. 2004). Therefore, it is likely

that satellite families could have evolved from
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transposons through amplification and rearrange-

ments processes. Basing on the above observa-

tions, the following hypotheses on CL300 origin

can be proposed: (1) the satellite could have

evolved from a highly abundant En/Spm-like

transposon, that is almost ubiquitous in plant

genomes (Staginnus et al. 2001) by spreading

across the lemon genome; or (2) it would be possi-

ble that transposon has become part of a tandem

array, as it has already been described (Moore

et al. 1991; Lucas et al. 1992). A significant por-

tion of the CL300 monomeric repeats share high

homology with the En/Spm-like element, so the

original monomer may have originated by a re-

combination-excision process of a genomic re-

gion, including a transposase portion of the

En/Spm-like element, followed by amplification

and reintegration of the new sequence into the ge-

nome in the form of repeats. Most of all reported

repetitive elements are species- or ge-

nome-specific (Jiang et al. 1996). Interestingly,

the CL300 repeat shows similar hybridization pat-

terns in other Citrus plants, such as C. aurantium,

C. paradisii, Poncirus trifoliata, and Fortunella

margarita (phylogenetically close to Citrus) in

Southern hybridization. The CL300 may represent

the transposase portion of an ancient En/Spm ele-

ment that was amplified before the divergence of

the Citrus species. Mutations of these repeats have

been accumulated at a slow rate, causing a high

conservation in the Citrus genome.

A functional role of this stDNA in hetero-

chromatin organization (Ugarkovic et al. 2002)

could be the cause of its conservation in all the

considered Citrus species.

In conclusion, we isolated and characterized

a novel satellite DNA in C. limon. Examination of

the CL300 repeated sequence in other related

members of the Rutaceae and comparison of se-

quences could allow an insight into the origin and

evolution of this satellite.
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