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Abstract. Some lemon [Citrus limon (L.) Burm. f.] cultivars present compatibility problems 
with commonly used citrus rootstocks. Therefore, assessing trueness-to-type of lemon 
mother trees is needed by growers. Morphological differentiation of lemon cultivars is not 
precise because they present high phenotypic plasticity. The objective of this paper is to 
contrast the discriminatory ability of several molecular marker systems for lemon. Three 
marker types were used: randomly amplifi ed polymorphic DNA (RAPD), inter-simple 
sequence repeats (ISSR) and inter-retrotransposon amplifi ed polymorphism (IRAP). The 
molecular variability found in C. limon is larger than that reported for C. clementina, 
another vegetatively propagated citrus species. This difference in variability content 
might be explained by differences in the distribution and age of both cultures. Similar 
to clementines, polymerase chain reaction (PCR) markers using primers anchored in 
copya-like retrotransposons resulted in a higher rate of polymorphisms (36.4%) than did 
primers of random sequence (27.3%) or those anchored at simple sequence repeats (0%), 
indicating a higher molecular variability at the locations where these retrotransposons 
inserted. Primers anchored in gypsy-like retroelements did not yield polymorphisms. 
Lemon cultivars from important groups such as ‘Eurekaʼ, ‘Finoʼ, and ‘Verna  ̓could be 
distinguished using all polymorphisms. 

The production of the most important fruit 
tree, citrus, was estimated world-wide at more 
than 103 million MT in 2000. Within citrus, as 
a group of crop species, lemon and lime (C. 
latifolia Tan.) are the third in yield (9.8 million 
MT) following sweet orange [C. sinensis (L.) 
Osbeck] and mandarins (C. clementina Hort. 
ex Tan., C. unshiu Marc., and artifi cial hybrids) 
(FAO, 2000). 

Given the high heterozygosity of C. limon 
(Herrero et al., 1996a) and its close relationship 
to C. medica L. (citron), a hybrid origin from 
the latter species has been suggested by 
several authors (Barret and Rhodes, 1976; 
Herrero et al., 1996b; Malik et al., 1974). 
Lemon was considered by Linnaeus to be a 
variety of citron. Lemon was actively spread 
in the Mediterranean region by the Arabs 
about 1000 to 1200 A.D. Like sour orange, 
it became widely and favorably known as a 
medicinal agent (Swingle, 1943). 

As with other important cultivated citrus, C. 
limon shows low genetic variability (Herrero 
et al., 1996a). This is explained by the origin 
of most of its cultivars by somatic mutation 
and nucellar variation (Frost and Soost, 1968). 
Lemon cultivars are generally classifi ed into 
four major types: the Italian ‘Femminelloʼ, the 
Spanish ‘Verna  ̓and ‘Finoʼ, and the ‘Eureka  ̓

type originated in Los Angeles, Calif., from 
an Italian fruit (Hodgson, 1967). Their 
morphologic classifi cation is very diffi cult 
because horticultural traits of both tree and fruit 
are extremely variable and markedly affected 
by environmental infl uences (Hodgson, 1967). 
This differentiation is important because 
some lemon cultivars present incompatibility 
problems with certain rootstocks. For instance, 
if a ‘Verna  ̓lemon is grafted on sour orange, 
affi nity problems between both appear at 
the union (scion overgrown) that limit the 
time of tree profi tability (25 years at most); 
More dramatically, if a ‘Eureka  ̓ lemon is 
grafted on ‘Carrizo  ̓ or ‘Troyer  ̓ citrange, it 
will develop incompatibility disorders in few 
years. Therefore, the trueness-to type of mother 
trees has to be ensured to avoid such problems 
(Barry et al., 1999). Several molecular markers 
have been used to differentiate between lemon 
genotypes, and opposing results have been 
found comparing isozymes and restriction 
fragment length polymorphisms (RFLPs) vs. 
RAPDs and ISSRs. Isozyme systems (Gulsen 
and Roose, 2001; Herrero et al., 1996a; 
Protopapadakis and Papanikolau, 1999; Torres 
et al., 1978) and RFLPs (Albanese et al., 1992) 
have revealed low intraspecifi c variability. 
On the other hand, Deng et al. (1995) could 
distinguish 16 lemon genotypes using 43 
RAPDs based on 36 primers. Similarly, Fang 
and Roose (1997) could differentiate fi ve of 
six lemon cultivars using ISSRs. 

Bretó et al. (2001) observed that the 
amplification of sequences adjacent to 
retrotransposons in C. clementina (another 
vegetatively propagated citrus species) yielded 
the highest number of polymorphisms when 
compared to RAPD, ISSR, AFLP, and SSR 

markers. Inter-retrotransposon amplified 
polymorphism (IRAP; Kalendar et al., 1999) is 
a very simple and repeatable molecular marker 
that is based on retrotransposon sequences 
that have been found to be abundant through 
the genome of citrus (Asíns et al., 1999). 
The objective of this study is the molecular 
characterization of a representative collection 
of lemon cultivars to facilitate an early 
classifi cation of lemon genotypes. For this 
purpose, several types of molecular markers, 
including IRAPs based on copya and gypsy 
retrotransposons from citrus, were used. 

Materials and Methods

Thirteen lemon accessions (Table 1) cover-
ing a wide range of morphological variation 
were chosen from the citrus germplasm bank 
at Instituto Valenciano de Investigaciones 
Agrarias (IVIA). Three types of DNA mark-
ers—RAPD, IRAP, and ISSR—were used to 
study their variability at the molecular level.

At least two DNA extractions from 1 g of 
leaf tissue per cultivar were obtained following 
the methods of Dellaporta et al. (1983) with 
minor modifi cations. To assess repeatability, 
PCR reactions were performed in duplicate 
and from different DNA extractions. 

RAPDs. A total of 22 primers (10 mers from 
Operon Technologies Inc., Alameda, Calif.) 
were used for PCR reactions. Primers A4, A7, 
A11, A13, E8, E14, and W15 were used because 
Deng et al. (1995) had reported RAPDs that 
could distinguish some ‘Feminelloʼ, ‘Finoʼ, 
‘Eurekaʼ, and ‘Verna  ̓lemon cultivars. Prim-
ers B7, D18, D20, F2, F7, G7, and G11 were 
also used to contrast our results with Russo 
et al. (1998). Primers I4 and K19 were used 
because they yielded polymorphisms among 
‘Eureka  ̓and ‘Lisbon  ̓lemon cultivars (Barry 
et al., 1999). Primers E15 and I6 were used 
because they provided polymorphisms in C. 
clementina (Bretó et al., 2001), and primers 
A14 and B20 because they provided poly-
morphisms in C. sinensis (Herrero, 1995). 
The remaining two primers (E19, O4) were 
randomly chosen.

The 25-µL amplifi cation reactions con-
sisted of 150 ng of template DNA, 1× sup-
plied reaction buffer, 1.5 mM MgCl2, 100 
µM each dNTP, 0.2 µM primer, and 1 µ Taq 
(EcoTaq, Ecogen, Barcelona, Spain). Each 
reaction was overlaid with 25 µL of mineral 
oil, and amplifi ed in a MJ Research (Waltham, 
Mass.) thermal cycler. The cycling profi le was: 
95 °C, 5 min; 45 cycles of 95 °C (1 min), 44 
°C (1 min), a slope of +0.3 °C per s, and 72 
°C (2 min), and a fi nal extension at 72 °C (8 
min). For primers A13, E8, and W15, another 
thermocycling program was assayed according 
to Deng et al. (1995), but no difference was ob-
served between both programs. PCR products 
were mixed with 5× loading buffer (50% v/v 
glycerol, 1× TAE, 10% v/v saturated bromo-
phenol blue, 0.2% w/v xylene cyanole), and 
visualised by polyacrylamide-silver staining: 
sequencing-type 10% polyacrylamide gels, in 
1× TBE and fi xed to the glass. Electrophoresis 
conditions were 20 W, 30 min, and 40 W until 
the bromophenol-blue dye reached the bot-
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tom of the gel, in an S2 Sequencing System 
(Gibco BRL/Life Technologies, Gaitherburg, 
Md.). Silver staining was performed according 
to Ruiz et al. (2000).

ISSRs. Eleven of the primers for inter-sim-
ple sequence repeat analysis used by Fang and 
Roose (1997) to differentiate citrus varieties 
were screened. All of them were primers an-
chored at the 3´ end, and part of UBC primer 
Kit #9 from the Biotechnology Laboratory, 
Univ. of British Columbia, Canada. The am-
plifi cation mix was similar to the one described 
for RAPDs, but 25 ng of DNA were used as 
template, and it contained 2% formamide and 1 
µM primer. Two different PCR programs were 
used: for (AG) and (GA) repeats it consisted 
of 94 °C, 7 min; 2 cycles of 94 °C (1 min), 
35 °C (1 min), a slope of +0.3 °C per s, and 
72 °C (2 min); 35 cycles of 94 °C (1 min), 45 
°C (1 min), a slope of +0.3 °C per sec, and 72 
°C (2 min), and a fi nal extension at 72 °C (7 
min). For (CA), (AC) and (GT) repeats the 
cycling profi le was 94 °C, 7 min; 40 cycles 
of 94 °C (1 min), 52 °C (1 min), a slope of 
+0.3 °C per sec, and 72 °C (1 min), and a fi nal 
extension at 72 °C (7 min). PCR products were 
electrophoresed and revealed as described for 
RAPDs (polyacrylamide gels). 

IRAPs. Eight primers were designed from 
four citrus sequences that had homology 
with the RT domain of the copya family. The 
sequences were CL3, CL5, and CL6 from cle-
mentines, and SI4 from Citrus sinensis (Bretó 
et al., 2001). The primers were denoted R or F 
(reverse or forward) for each sequence. Four 
combinations of primers designed from four 
citrus sequences having homology with the RT 
and Integrase domains of the gypsy family were 
also used. Primers were used in pairs, to amplify 
intertransposonic sequences. PCR conditions, 
electrophoresis and visualisation were similar 
to those described for RAPDs, but 300 ng of 
DNA and 0.12 µM of each primer were used 
instead for amplifi cation reactions. 

A dendrogram based on the relative fre-
quency of presence/absence of polymorphic 
bands was obtained using the Prevosti distance 
(Wright, 1978) and the unweighted pair-group 
method with arithmetic average for aggregation 
(UPGMA) (Sneath and Sokal, 1973). A phy-
logenetic diagram based on the accumulation 
of mutations and loss of IRAP bands was also 
represented (Bretó et al., 2001).

Results and Discussion

Six out of 22 RAPD primers resulted in 
polymorphisms (27.3%) while 11 primer 
combinations based on four copya-RT clones 
resulted in differentiations (36.4%). No poly-
morphism was found using ISSRs nor IRAP 
markers derived from gypsy-like retrotrans-
posons (Fig. 1). 

The molecular characterization of lemon 
accessions is presented (Table 1). Except for 
polymorphisms obtained with primers K19, 
B20, and 6F5R, most polymorphic markers 
distinguish one accession from the others. The 
Spanish ‘Verna  ̓and ‘Fino  ̓lemon cultivars are 
clearly distinguished by one IRAP (6F5R-325) 
and RAPDs with primer B20 (Fig. 1). ‘Eureka  ̓

Table 1. Classifi cation of lemon genotypes by molecular markers. The number of the lemon genotypes 
corresponds to the Citrus Germplasm Bank accession number at IVIA. Primers F and R correspond to 
IRAPs. Numbers below primers correspond to the size (base pairs) of polymorphic band.

 A7 A13 B7 B20 K19 W15 3F3R 6F6R 6F5R 6F6R
 400 325 975 12000 530 425  1675 750 325 2700
Lemon 1300 1775 775
accessions 1100 475
Betera–162  0 0 1 0 1 0 0 0 1 1 4
Chaparro–370 0 0 1 0 1 0 0 0 1 1 4
Eureka Allen–88  0 0 1 0 0 0 0 0 1 1 3
Fino–46 0 0 1 0 1 0 0 0 1 1 4
 74-L-03
Fino–49 0 0 1 0 1 0 0 0 1 1 4
 74-L-08
Fino–95 0 1 1 0 1 0 0 0 1 1 5
 Largo Abejera
Verna–50 0 0 1 1 1 0 0 0 0 1 4
 74-L-02
Verna–62 0 0 1 1 1 0 0 0 0 1 4
 74-L-09
Verna–96 0 0 1 1 1 0 0 0 0 1 4
 Febre
Verna–251 0 0 1 0 0 0 0 0 1 1 3
 Librilla
Feminello–398 0 0 1 0 1 0 0 0 1 1 4
 Apireno Greco
Feminello–445 0 0 0 0 1 0 0 0 1 0 2
 Zagara Bianca
Dulce–443 1 0 1 0 1 1 1 1 1 1 8

Total 1 1 12 3 11 1 1 1 10 12
  

lemon is distinguished from the other lemons 
by RAPD K19-530 (Fig. 1). 

The classifi cation of ‘Librilla  ̓ (‘Verna  ̓
251) by molecular markers in the same group 
as ‘Eureka  ̓lemons suggests that this lemon 
cultivar could have been misclassifi ed in ori-
gin and should be compared morphologicaly 
with the ‘Eureka  ̓accessions. Therefore, further 
morphologic and citrange-compatibility stud-
ies of this cultivar are needed.

Some of the ISSR primers used in this study 
were reported by Fang and Roose (1997) to 
distinguish among ‘Lisbon  ̓ and ‘Eureka  ̓
cultivars. None of them were polymorphic in 
our survey. ISSR markers have been used for 
identifi cation of closely related citrus cultivars, 
including some lemon genotypes (Fang and 
Roose, 1997) and also to study the diversity and 
relationships among lemons and related species 
(Gulsen and Roose, 2001). While most lemon 
genotypes are identifi ed in the fi rst paper, low 
molecular variability is found among lemon 
cultivars in the second. These opposing results 
may be explained by the reduced (and probably 
biased) sample of lemon cultivars under the 
fi rst study. In addition to the set of sampled 
genotypes, the discriminating ability of any 
marker system is relative and comparisons 
among marker systems have to be carried 
out using the same sample of genotypes. We 
did such comparison in C. clementina (Bretó 
et al., 2001) and present results in C. lemon 
confi rm the greater discriminating ability 
of IRAPs vs. ISSRs for these vegetatively 
propagated species.

A few polymorphic RAPDs were found 
among lemon cultivars. The molecular 
variability found for RAPDs is upward 
biased because most primers were chosen 
due to their good results in previous studies 

in C. limon, C. clementina, and C. sinensis. 
One of the four primers used to distinguish 
cultivars within the last two Citrus species 
resulted in differentiation of lemon cultivars. 
Amplification products obtained using 
primers following Deng et al. (1995) failed 
to reproduce the polymorphisms that they had 
reported previously among ‘Eurekaʼ, ‘Fino,  ̓
and ‘Verna  ̓(one cultivar of each group). The 
lack of reproducibility among laboratories 
for RAPD markers has been already reported 
(Jones et al., 1997). Three main factors are 
responsible for reproducibility problems of 
RAPDs given a certain plant species: the 
association Taq polymerase-buffer-MgCl, the 
DNA preparation, and the primer. We have 
also found that the method used in resolution 
of amplifi cation products is very important 
to assess these factors. Each band should 
correspond to a single amplifi cation product 
but the resolution power of agarose gels is very 
low compared to acrylamide gels (Huff and 
Bara 1993; Smith et al., 1997). Additionally, 
for routine utilization of these polymorphisms, 
their conversion to other types of PCR marker, 
based on two specifi c primers like a SCAR 
(sequence characterized amplifi ed region), is 
highly recommended.

The molecular variability found for IRAPs 
in the present survey of lemon genotypes is 
larger than that reported for C. clementina 
cultivars (Bretó et al., 2001). It might be 
explained by differences in the distribution 
and age of both cultures. Lemons are more 
widely distributed (Mexico, Argentina, 
India, Iran, Spain, mainly) and their culture 
is older than that of clementines, which is 
mostly restricted to Spain and some other 
Mediterranean countries.

Genetic relationships have been represented 
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Fig. 1. Different types of molecular markers used in this survey. Lack of polymorphisms for RAPDs using primers A4 and A11, for IRAP using gypsy clone BC; 
and for ISSRs using primers 835 [(AG)

8
YC] and 842 [(GA)

8
YG]. Examples of polymorphisms for RAPDs using primers K19 and B20; polymorphisms for 

IRAPs 3F3R and 6F5R.
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as a dendrogram (Fig. 2) and as a diagram 
(Fig. 3). The most distant accession is an 
old one, ‘Dulceʼ, with no commercial value. 
Most ‘Fino  ̓ accessions cluster together and 
so do most ‘Verna  ̓ accessions. ‘Eureka  ̓
lemon is more closely related to ‘Fino  ̓than 
to ‘Verna  ̓ groups. Similar to the above-
mentioned study of clementines, the use of 
specifi c primers to amplify intertransposonic 
sequences of the copya family has been very 
productive in terms of cultivar discrimination 
and repeatability compared to RAPDs. The 
RT sequences involved differ: CL3, CL5, 
and CL6 in lemons and CL3, CL5, and SI4 
in clementines. These results suggest that the 
process of differentiation in lemons is very 
similar to that of clementines, i.e., changes 
at copya-like retrotransposons (three out 

of four RT sequences) have facilitated the 
diversifi cation of lemons. A diagram based on 
the accumulation of mutations has been drawn 
to show more clearly the relationships among 
genotypes (Fig. 3). Moreover, if, as in the case 
of clementines, a direction in evolution were 
hypothesized toward loss of frequently present 
IRAP bands, then the ‘Fino  ̓ group, which 
also includes two seedless cultivars, ‘Betera  ̓
and ‘Feminello 398ʼ, would be the origin of 
‘Feminello 445  ̓and ‘Verna  ̓groups, separately. 
The Italian group of cultivars, ‘Feminelloʼ, 
seems more heterogeneous than the Spanish 
‘Fino  ̓ and ‘Verna  ̓ groups. ‘Dulceʼ, an old 
sweet, or acidless, lemon accession collected 
in an Spanish orchard, presents RAPDs and 
IRAPs that no other lemon cultivar does. 
Federici et al. (1998) found that a lemon 

accession named ‘Iraq  ̓ sweet lemon (CRC 
3492) had been wrongly assigned to C. limon 
because, according to cluster analysis using 
molecular markers (RFLPs and RAPDs), it 
should be considered an accession of C. limetta 
Risso. This possibility has to be checked 
out, although C. limetta is not considered a 
separate species from C. limon by the most 
widely accepted Citrus taxonomy (Swingle, 
1943). Concerning the diversification of 
lemon cultivars, our results differ from 
those reported by Gulsen and Roose (2001). 
The genetic relationships we have found 
between lemon genotypes agree with their 
classifi cation into main horticultural groups 
(‘Finoʼ, ‘Vernaʼ, and ‘Eurekaʼ). Then the most 
likely explanation must be the marker type. The 
polymorphisms we have found involve RAPD 

Fig. 3. Phylogenetic diagram of lemon cultivars. Discontinuous arrows mean hypothesized origin following the direction of loss of IRAP bands that are frequent 
in the collection.

Fig. 2. Cluster analysis of lemon cultivars.
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and IRAP markers, while most polymorphisms 
between lemon genotypes found by Gulsen 
and Roose (2001) involved ISSRs. The authors 
themselves found it surprising that the major 
horticultural groups of ‘Lisbon  ̓and ‘‘Eurekaʼ̓  
lemon cultivars did not form discrete clusters 
using these polymorphisms. As they pointed 
out, three possible explanations might be 
argued: horticultural misclassifi cation of some 
cultivars, polyphyletic origin of each group, 
and lack of usefulness of ISSR markers. Since 
the fi rst and second explanations can never be 
ruled out, it seems advisable to avoid using 
ISSR markers.

The amplifi cation of intertransposonic 
sequences using primers based on four gypsy 
retrotransposons yielded no polymorphism. 
Retrotransposons are subdivided into two 
groups on the basis of the presence/absence 
of long terminal direct repeats (LTRs) fl ank-
ing the coding regions. LTR retrotransposons 
contain at least two open reading frames: GAG, 
(group-specifi c antigen) which encodes for a 
capsid-like protein, and POL, encoding for 
a polyprotein responsible of protease (pro), 
reverse transcriptase (rt), integrase (int), and 
Rnase H (rh) activities. Based on the domain 
structure in the POL region, LTR retrotrans-
posons are also divided into two groups, the 
copya type (pro-int-rt-rh from 5´ to 3´ end) 
and the gypsy type (pro-rt-rh-int). Although 
copya and gypsy types of retrotransposons are 
closely related and similar in activity (Vicient 
et al., 2001), IRAPs based on copya elements 
are more polymorphic. Linkage analysis of 
IRAPs has shown that gypsy elements are less 
abundant than copya elements in the citrus 
genome (Ruiz et al., 2003), which might 
explain the difference in polymorphism level 
between them. 

In conclusion, very low molecular 
variability has been found within C. limon. This 
variability mostly involves genomic regions 
containing copya-like retrotransposons, and 
a set of IRAPs and RAPDs are reported 
here that are now available to facilitate an 
early classifi cation of lemon genotypes into 
‘Eurekaʼ, ‘Finoʼ, or ‘Verna  ̓types.
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