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Is there genetic variation in seedless Argentinean grapefruit? Implica-
tions for crop production and conservation
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ABSTRACT

Increasing crop genetic diversity has the potential to enhance pollination services, by contributing to the long-term 
stability of agroecosystems.  Different species of the genus Citrus, including grapefruit, are cultivated worldwide.  In Ar-
gentina, 30% of the total national yield is concentrated in the northwestern part of the country where new cultivars have 
arisen.  We analyzed genetic variation and diversity within and among four plantations of Citrus paradisi for 11 isozyme 
loci.  Although representing single cultivars clonally propagated, within plantations genetic variation was high. Observed 
heterozygosity ranged from 33 to 36.5%.  The number of alleles per locus ranged from 2.4 to 2.6, and polymorphism from 
72.7 to 81.8% and for the species in the area reaches 100%.  Most of the variation was found within (90%) rather than 
between plantations.  Also, divergence among plantations was only 12%.  Despite self-compatibility, fruit production in 
these plantations benefi ts from cross-pollination.  Therefore, our results highlight the importance of preserving high levels 
of genetic variation to increase sustainability and productivity of agricultural systems. 

RESUMEN

El aumento de la diversidad genética en cultivos posee el potencial de incrementar los servicios de la polinización, 
contribuyendo, a largo plazo con la estabilidad de los agroecosistemas.  Diferentes especies del género Citrus, incluyendo el 
pomelo, son cultivadas a nivel mundial.  En Argentina, el 30% del total de la producción nacional se concentra en la región 
noroeste del país donde han surgido nuevos cultivares. Analizamos los niveles de variación y diversidad genética dentro 
y entre cuatro plantaciones de Citrus paradisi para 11 loci isoezimáticos.  La variación genética observada dentro de las 
plantaciones fue alta, a pesar de representar cultivares individuales propagados clonalmente.  La heterocigosis observada 
estuvo entre el 33 y el  36.5%.  El número de alelos por locus varió entre 2.4 y 2.6, y el polimorfi smo entre  72.7 y 81.8%, 
mientras que para la especie en el área alcanza el 100%.  La mayor parte de la variación observada se encuentra dentro 
(90%) más que entre las plantaciones.  Además, la divergencia entre las plantaciones fue sólo del 12%.  Aunque ésta es una 
especie auto-compatible, la producción de frutos se benefi cia con la polinización cruzada.  Así, nuestros resultados resaltan 
la importancia de preservar altos niveles de variación genética para incrementar la sustentabilidad y la productividad de los 
sistemas agrícolas.
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INTRODUCTION

Increasing crop genetic diversity has the po-
tential to enhance pollination services, by contri-
buting to the long-term stability of agroecosys-
tems (Hajjar et al., 2008).  Currently, there is a 
global attention on crop yields and productivity 

in relation to pollinators and the service they 
provide (Klein et al., 2007, Aizen et al., 2009, 
Gallaia et al., 2009).  These studies highlighted 
the importance of a diverse and abundant assem-
blage of pollinators in order to ensure crop pro-
duction of a wide variety of crops. Many plant 
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species has pollen limitation, which is the defi cit 
of either pollen quantity and/or quality (Ash-
man et al., 2004, Knight et al., 2005, Aizen and 
Harder, 2007), and has been recently reported 
for crops (Chacoff et al., 2008, Vaissière et al., 
2009).  This limitation of pollen, has been shown 
by an increase in fruit production that resulted 
from cross pollinations compared to self pollina-
tion, and has been reported for coffee (Klein et 
al., 2003), and grapefruit (Chacoff et al., 2008), 
this result could be due to the presence of wi-
thin plantations genetic variation.  Nevertheless, 
is striking the lack of surveys analyzing within 
crop genetic diversity.

In natural populations, the amount of extant 
genetic variation may infl uence their short-term 
viability and their long-term potential for evolu-
tionary change (Masatoshi, 1987, Hamrick and 
Godt, 1996) and in plantations their yield and 
economic profi tability (Torres et al., 1978, Es-
calante et al., 1994, Roubik, 2002).  Although 
much information exists on the amounts and 
partitioning of genetic variation in naturally 
growing (Hamrick and Godt, 1989) and culti-
vated plant species (Hamrick and Godt, 1997), 
less is known on how this variation is partitioned 
within and among cultivars. Citrus is one of the 
most economically important genus among cul-
tivated fruit trees, growing in tropical and sub-
tropical regions and cultivated over a wide range 
of latitude. Citrus is almost universally propa-
gated by budding scion cultivars onto apomictic 
seedling rootstocks. This leads to the clear ex-
pectation that, within a plantation, there will be 
a high level of genetic uniformity. This has been 
observed in many studies using isozymes and 
DNA markers (Fang and Roose, 1997, Elisiario 
et al., 1999). Furthermore, most “grapefruit” cul-
tivars have been developed by selection of either 
apomictic seedlings or, more commonly, bud 
sport mutations (Frost and Soost, 1968).  Cul-
tivars that originate in this way are expected to 
be nearly identical for genetic markers.  Many 
studies have also reached this conclusion (e.g. 
Torres et al., 1978). 

The hybrid origin of grapefruit is well do-

cumented. Species that arose by hybridization 
between other taxa may have elevated hetero-
zygosity, especially if these species are highly 
apomictic (Federici et al., 1998).  This was the 
case of C. paradisi where RFLP and RAPD 
analyses revealed one of the highest heterozygo-
sity indices among 88 accessions representing 45 
Citrus species (Federici et al., 1998). Also large 
amounts of intraspecifi c variation exist in leaf, 
plant, and fruit characters of this species.  Never-
theless, molecular analyses provide complemen-
tary data to morphological information for plant 
germoplasm classifi cation (Tinker et al., 1994, 
Morgante et al., 1996), and different molecular 
markers have been used to distinguish genetic 
diversity in grapefruit (Torres et al., 1978, Kijas 
et al., 1995, Fang and Roose, 1997). In particu-
lar, Torres et al. (1978) proposed that isozymes 
provide excellent single-gene markers because 
they are colinear, codominant, little affected by 
the environment, and are identical in leaves of 
young and mature plants of the same cultivated 
variety. Although, more recently, studies on alle-
lic expression variation attributed to differences 
in noncoding DNA sequences, play with that 
variation in different environments along plant 
maturation to establish their role in determining 
phenotypic diversity (Guo et al. 2004).

In NW Argentina, grapefruit industry is eco-
nomically important, and new cultivars have been 
developed in situ. Pollination biology of this cul-
tivars revealed that an insect vector is needed to 
set fruits and that, although this cultivars are self 
compatible, exists a relative advantage in pollen 
germination from cross relative to self pollen 
(Chacoff and Aizen, 2007). Moreover, hand po-
llinated fl owers with pollen from different plants 
within the same cultivar showed a relative and 
consistent increment in fruit set than hand po-
llinated fl owers within fl owers of the same tree 
(Chacoff et al., 2008). These results suggest that 
these grapefruit plantations are not genetically 
uniform. We used isozyme electrophoresis to 
assess genetic diversity within and among four 
grapefruit plantations, from three different culti-
vars, two of them developed within the region.  
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MATERIALS AND METHODS

This study was conducted in grapefruit plan-
tations near Orán city in Salta province, Argen-
tina. These plantations are located in the Upper 
Bermejo River Basin within the premontane 
lowlands forest known as Yungas (23°28’ S; 
64°24’W). In this area, Citrus plantations oc-
cupy 13.500 ha, most of them are sweet orange 
(32%) and grapefruit (57%). Grapefruit planta-
tions of this area represent more than 30% of the 
national production; that is mostly (>80%) ex-
ported (Dansa, 2001). Grapefruit cultivars in this 
area are mainly from red and very red seedless 
cultivars (Henninger’s ruby, Río Red, Rouge La 
Toma, Flame, Foster seedless and Star Ruby) 
(Peralta, 1999).

 
Grapefruit cultivars and plantations:

We studied three seedless pigmented cultivars 
in four plantations. Trees in the studied planta-
tions are clonally propagated on rootstocks as 
nearly all commercial citrus trees are in most 
parts of the world (Gmitter, 1995). The cultivars 
were:

1.‘Rouge La Toma’ is a very red seedless cul-
tivar that was studied at La Toma SA and Produ-
nor SA. This is a local variety originated in La 
Toma SA plantation from a natural mutation that 
occurred in a Henninger’s ruby tree that was se-
lected and propagated asexually (Ing. R. Burgos, 
personal communication). This cultivar is wides-
pread in the area (Peralta, 1999, Dansa, 2001, 
Federcitrus, 2003). Trees in this plantation had 
approximately 15 years. 

2.‘Rio Red’ is a very red seedless cultivar that 
was studied in the plantation of Citrusalta SA.  
This variety originated in 1963 in Texas (USA).  
Buds of Ruby red seedlings trees were irradiated 
with thermal neutrons; the new clone was selected 
after the appearance of a sport mutation (Gmitter, 
1995). Plantation had 9 years approximately.

3.‘Foster seedless’ is a red seedless grapefruit 
that was studied in Peña Colorada. This cultivar 
arose from a natural mutation in a Foster tree in 

the Institute of Agronomic Technology (INTA) 
at Yuto, Jujuy province in Argentina (Ing. J. Pa-
lacios, personal communication). This mutation 
was selected and propagated as Foster seedless 
and is intensively cultivated in the area (Peralta, 
1999). Plants within this plantation had 5 years 
mixed with some of 40 years that were replaced 
by younger ones. 

The origin of all of these plantations is by 
vegetative shoots, which comes from a set of 
selected trees (Personal communication with the 
owners of the plantations).

Field sampling and laboratory work: 
 
Fresh leaf material was collected from a total 

of 260 plants that were randomly chosen from 
each plantation (68 from Citrusalta SA, 67 from 
Produnor SA, 59 from La Toma SA, and 66 from 
Peña Colorada). Samples were kept fresh and 
transported in a portable cooler to the laboratory 
where enzymes were extracted using the buffer 
of Mitton et al. (1979). Homogenates were sto-
red at -80ºC until horizontal electrophoresis on 
12% w/v starch gels was conducted. We determi-
ned the genotype of all collected individuals at 
different isozyme loci.  The loci were considered 
putative, as we did not carry out formal genetic 
analysis in C. paradisi. However, the observed 
banding patterns were typical of the same en-
zymatic systems reported in species for which 
formal analysis has been conducted (e.g. Soltis 
et al., 1983).

We resolved nine enzyme systems that coded 
for eleven loci using the Tris-citrate electrobu-
ffer and the Histidine - EDTA gel buffer, pH 7 
(King and Dancik, 1983). Isozyme loci were iso-
citrate dehydrogenase (IDH), malate dehydroge-
nase (MDH), malic enzyme (ME), menadione 
reductase (MNR-1, MNR-2), 6-phosphogluco-
nate dehydrogenase (6PGD), peroxidase (PRX 
cathodal and anodal), phosphogluco isomerase 
(PGI), phosphogluco mutase (PGM), and shi-
kimate dehydrogenase (SKDH). Electrophore-
sis was carried out at 4ºC for 6 hours at 30mA 
until the bromophenol blue marker had moved 
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10 cm from the origin towards the anode. The 
anodic and cathodic portions of the gels were 
sliced horizontally in four sections, each 1 mm 
thick.  Stain procedures for the studied enzymes 
followed commonly used protocols reported el-
sewhere (Conkle et al., 1982, Soltis et al., 1983).  
The alleles were numbered sequentially, with 
the lowest number indicating the fastest moving 
towards the anode.

Data Analysis: 
 
Levels of isozyme variation at plantation le-

vel were described by standard gene-diversity 
measures using POPGENE v.1.31 (Yeh et al., 
1997). These were the mean number of alleles 
per locus (A), the observed heterozygosity (Ho), 
and the percentage of polymorphic loci (P) using 
the 95% criterion. Genetic diversity was analy-
zed following Nei (1973) by the total (HT) and 
within-population (HS) diversity. Differentiation 
among plantations was measured by F statistics. 
We estimated within-plantation fi xation with Fis 
and among-plantation divergence by Fst (Wright, 
1965) using FSTAT v. 2.9.1 (Goudet, 2000). 
Mean and 95% confi dence intervals (CI) were 
calculated by jackknifi ng and bootstrapping 
over polymorphic loci, respectively. These para-
meters were estimated for all loci since all were 
polymorphic. Deviations of Fis from zero were 
assessed using chi-square tests. We used analysis 
of molecular variance (AMOVA) to estimate va-
riance components for isozyme phenotypes, par-
titioning the variation among individuals/within 
plantations and among plantations (Excoffi er L, 
1992). This analysis was undertaken with GenA-
lEx (Peakall and Smouse, 2006).

RESULTS

All putative isozyme loci scored in Citrus pa-
radisi (11/11) were polymorphic in at least one 
plantation (Table I). We detected a total of 34 di-
fferent alleles, 22 were present in all plantations. 
Four alleles were exclusive of Produnor (6Pgd-1, 
Idh-3, Mnr1-4, Prx-an-3); and one of Peña Colo-

rada (Prx-an-1) (Table I). The observed amount 
of genetic variation is high although, differences 
among plantations were moderate (Table II). On 
average all plantations have 2.6 alleles per lo-
cus and, observed heterozygosity was 0.34.  Two 
plantations have 72.7% and the other two 81.8% 
of polymorphism loci (Table II).  In addition, we 
found substantial amounts of total and within-
plantation genetic diversity (HT = 0.375 and HS = 
0.341, respectively). 

 

  Plantation 

Locus Allele # Produnor Peña Colorada Citrusalta La Toma

6P

gd 
1 0.02 0 0 0 

 

 2 0.55 0.26 0.18 0.08 

 

 3 0.43 0.74 0.81 0.88 

 

 4 0 0 0.01 0.04 

 

Idh 1 0.02 0.08 0 0.06 

 2 0.85 0.92 1 0.94 

 3 0.13 0 0 0 

Mdh 1 0.01 0.02 0 0.04 

 

2 0.06 0.05 0.09 0.28 

 

3 0.24 0.15 0.3 0.30 

 

4 0.69 0.78 0.61 0.38 

Me 1 0.79 0.67 0.81 0.97 

 2 0.21 0.33 0.19 0.03 

Mnr-1 1 0 0 0.04 0.06 

 2 0.41 0.52 0.44 0.43 

 3 0.58 0.48 0.52 0.51 

 4 0.01 0 0 0 

Mnr-2 1 0.98 1 0.98 1 

 2 0.02 0 0.02 0 

Pgi 1 0 0.04 0 0.01 

 2 0.78 0.73 0.81 0.45 

 3 0.22 0.23 0.19 0.54 

Pgm 1 0 0.04 0.07 0.04 

 2 0.05 0.3 0.56 0.56 

 3 0.94 0.4 0.29 0.34 

 4 0.01 0.26 0.08 0.06 

Prx-an 1 0 0.02 0 0 

 2 0.98 0.98 1 1 

 3 0.02 0 0 0 

Prx-cat 1 0.65 0.6 0.61 0.40 

 2 0.35 0.4 0.39 0.60 

Skdh 1 0.25 0.07 0.15 0.04 

 2 0.44 0.5 0.58 0.73 

 3 0.31 0.43 0.27 0.23 

Table I: Allelic frequencies for each of the 4 plantations of 
Citrus paradisi of NW Argentina.
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Estimates of Fis (means ± SE) by jackknifi ng 
over loci were 0.022 ± 0.176. The 95% confi -
dence intervals for Fis were [-0.267, 0.334], in-
dicating that, on average, the observed number 
of heterozygotes did not differ signifi cantly from 
expectation.  However, fi xation indices were sig-
nifi cantly different from zero in 27 of 39 (69%) 
possible estimates, 59% of which (16 of 27) yiel-
ded a positive deviation from zero, indicating 
heterozygote defi ciencies at many loci (Table 
III). In addition, we found signifi cant genetic di-
fferences among plantations (Fst =12%; CI95% 
= [0.052, 0.198]).  

The AMOVA, showed that only 10% of the 
observed differences could be attributable to 
among plantation genetic variation and that most 
of the observed variation is among individuals/
within plantations (Fig.1 and Table IV).

Plantation Cultivar (variety) A (S.E) Ho (S.E) P95% 

Peña 

Colorada 

Foster Seedless (Red) 
2.45 (0.28) 0.37 (0.07) 81.82 

CitruSalta Rio Red (Very red)  2.36 (0.28) 0.33 (0.07) 72.73 

Produnor Rouge La Toma (Very red) 2.64 (0.20) 0.34 (0.06) 81.82 

La Toma Rouge La Toma (Very red) 2.55 (0.31) 0.33 (0.08) 72.73 

 72.77 )70.0( 43.0 )72.0( 5.2  egarevA

Table II: Indexes of genetic variability in 11 loci of Citrus paradisi from four plantations from the NW of Argentina. Mean 
number of alleles per locus (A) and standard error (SE); Mean observed heterozygosity (Ho) standard error (SE); and P95%.

Loci Produnor Peña Colorada Citrusalta La Toma

6Pgd -0.593* 0.376* -0.092 -0.105 

Idh -0.157 -0.087 NA 1.000* 

Mdh-1 0.216* 0.399* 0.547* NA 

Me -0.273 -0.493* -0.235 -0.032 

Mnr-1 -0.690* -0.843* -0.796* -0.700*

Mnr-2 1.000* NA -0.020 0.672* 

Pgi-1 0.531* 0.564* 0.285* 0.395* 

Pgm-1 0.648* 0.412* 0.628* 0.567* 

Prx-an 1.000* -0.020 NA NA 

Prx-ca -0.081 0.083 -0.387* 0.106 

Skdh -0.510* -0.678* -0.373* -0.150*

Average F is 0.052 0.125 0.028 0.181 

Table III: Fixation indexes (Fis) at 11 isozyme loci in 4 plan-
tations of Citrus paradisi of NW Argentina. 

 

Among Plantations: 10%

Within plantations: 90%

Figure 1: Percentage of genetic variation found among and 
within four grapefruit plantations from NW of Argentina

Figure 2:  Peroxidase cathode (Prx Cat) isozyme banding 
pattern of Citrus paradisi from NW Argentinian planta-
tions
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DISCUSSION 

We achieved good activity and separation in 
Citrus paradisi for all studied enzymatic systems 
including ones previously reported as poorly re-
solved (Torres et al., 1978, Novelli et al., 2000, 
Cabrita et al., 2001). The observed levels of iso-
zyme variation were comparable with the ones 
reported for Citrus spp. in general (A = 2.5, HO 
= 0.34, P = 85%) (A = 2.5, HO = 0.34, P = 85%; 
Novelli et al., 2000).  For grapefruit, in particu-
lar, Torres et al. (1982) found that 2 of 10 scree-
ned genes were polymorphic (Got 1 and Lap).  
In two C. paradisi hybrids, Novelli et al. (2000) 
reported that 5 and 8 of 19 loci were polymor-
phic (PGI2, PGM1, Lap1, Lap2, Aat1, 6PGD2, 
SKDH1, Acp2), respectively.  Our study revea-
led higher levels of polymorphism as 11 of 11 
isozyme loci resulted to be polymorphic in at 
least one plantation. 

Our results showed that Argentine grapefruit 
plantations are unexpectedly genetically diverse 
(HT = 0.37) compared with those of other culti-
vated species, where HT´s ranges between 0.14 
to 0.23 (Hamrick and Godt, 1989). 

The hybrid origin of grapefruit and the occu-
rrence of somatic mutations, including chimeras 
(Frost and Soost, 1968), could explain the high 
levels of genetic variation found in NW Argenti-
ne grapefruit plantations. Although some authors 
suggested that isozymes may not be selectively 
neutral (Brown 1971; Mueller et al. 1985), sta-
tistical analysis assumptions considered them 
as neutral genetic markers. Nevertheless, the 
observed genetic variation does not necessarily 
express itself in fruit characteristics, but this va-
riable gene pool represents a reservoir for im-
provement of grapefruit cultivars. Despite the 
high levels of polymorphism found in grapefruit 
plantations from NW Argentina, fi xation indices 
indicate a defi ciency of heterozygotes at many 
loci. This excess of homozygotes may be ex-
plained by the clonal propagation of genetically 
identical individuals within each plantation.

Oddly enough, the high intraplantation or in-
tracultivar genetic variation found in red grape-

fruit from NW Argentina was much larger than 
expected for a clonally-propagated plantation, 
resembling levels of genetic diversity found in 
natural-outcrossing populations (Hamrick and 
Godt, 1996). In addition to the occurrence of 
high rates of somatic mutations, the high levels 
of genetic variation could be attributed to a num-
ber of causes including propagation via monoe-
mbryonic seeds, multiple origin of the cultivar 
material, and even mistaken labeling of see-
dlings. It is relatively common that different ge-
notypes may be marketed under the same name 
in the same or different areas.  

Isozyme analysis proves useful to determine 
the origin and clonal nature of a plantation.  As-
hari et al. (1989) had shown that isozyme tech-
niques can be used successfully not only to dis-
criminate between mandarin types, but also to 
investigate the parentage and relatedness of the 
cultivars.  It is clear that the success of isozyme 
analysis increases with the number of enzyme 
systems employed. The biochemical technology 
for detecting enzymes in gels is now at a stage 
where a wide range of isozyme loci can be tested 
relatively easily. These methods are now readily 
available to both horticulturalists and plant bree-
ders for routine confi rmation of the genotype of 
their material (Murphy et al., 1996). Also, Elisia-
rio et al. (1999) found that age or environment 
exerts low infl uence on the leaf isozyme systems 
analysis, confi rming their suitability for genetic 
analysis and to fi ngerprint genotypes in Citrus.

Thus, even when isozyme analysis in this 
case may not be the most appropriate method 
for identifi cation and discrimination among 
cultivars, it is still a useful tool to detect within 
plantations genetic variation. The locally gene-
rated cultivars (i.e. Rouge La Toma and Foster 
Seedless) present in three out of the four studied 
plantations have a short history of cultivation, so 
variation within them is highly expected mainly 
considering that they are not stable. These culti-
vars also harbor a number of exclusive alleles.  
On the other hand, the Rio Red cultivar, planted 
at Citrusalta is the only variety studied that was 
not locally originated. This variety has a long 
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history of cultivation, and is the one that showed 
the lowest levels of polymorphism (Table II). In 
addition, we found signifi cant amounts of total 
and within-plantation genetic diversity (HT = 
0.375 and HS = 0.341, respectively).

Implications: 

The current study report two surprising re-
sults, fi rst there are high levels of genetic varia-
tion within grapefruit plantations and that almost 
90% of the observed differences could be attri-
butable to among plantation genetic variation, 
evidencing little difference among plantations.

These results open some questions that were 
unanswered in this study:

a) Does isozyme heterogeneity have any use-
ful corresponding variation in agronomic traits?  

b) Does improved fruitset and quality really 
result from crossing different genotypes, or just 
from crossing different plants per se?

c) Are spontaneous mutations that promote 
genetic diversity driven by the fi tness advantage 
of better fruit production from outcrosses?

d) Are genetic changes over time?
e) Is there genetic variation within a single 

tree?
Most cultivated species are not intended to be 

genetically diverse. One assumes that if the iso-
zyme diversity discovered here was also refl ec-
ted in the tree and fruit characteristics, it would 
be a highly undesirable situation. Despite the 
small differences among plantations, these cul-
tivars are clearly distinguished by tree and fruit 
phenotype. Thus, the observed genetic diversity 
could act as a reservoir for improvement of gra-
pefruit cultivars.
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