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Abstract Opuntia spp. belong to the Cactaceae family
and are native to Central America. The most economically
important species is O. ficus indica, cultivated both for
fruits and cladodes. The genus includes other important
edible species (from diploid to octoploid) that occur
worldwide as either wild or cultivated species in many arid
or semiarid areas (e.g., the Mediterranean region). Several
accessions are cultivated in different growing regions, but
little is known about their ancestries and levels of genetic
diversity. The aim of this study was to investigate the level
of intraspecific genetic diversity among O. ficus indica
cultivated varieties and some related species. Specifically,
six highly polymorphic simple sequence repeats (SSR) and
two expressed sequence tag (EST)-SSR loci were investi-
gated in 62 wild and cultivated genotypes belonging to 16
Opuntia species. The clusters identified by the distance and
model-based analyses clearly separated the wild opuntias
from the cultivated ones. However, the O. ficus indica
accessions did not cluster separately from other arborescent
cactus pear species, such as O. amyclaea, O. megacantha,
O. streptacantha, O. fusicaulis, and O. albicarpa, indicat-
ing that their current taxonomical classifications do not fit
with their genetic variability. In general, the genotypes
cultivated in Mexico showed high levels of diversity,
whereas most of the spineless accessions collected in other
countries had a very narrow genetic base. This study
increases our knowledge of the variability among some of
the most diffused Opuntia cultivated accessions. This study
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also points to the inconsistencies of previous taxonomical
genotype assignments that were based solely on morpho-
logical characteristics.
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Introduction

The genus Opuntia belongs to the Cactaceae family (sub-
family Opuntioideae) and includes several species that
originated in North and South America, some of which
were relatively recently distributed throughout the world.
The number of species included in the genus is not known
(Chavez-Moreno et al. 2009), but the number of species
identified in the genus ranges from 160 (Gibson and Nobel
1986) to 250 (Britton and Rose 1963). This difference is
mainly due to nomenclatural problems occurring not only
in Opuntia, but also within other genera of the Opuntioi-
deae family. The main reasons for such taxonomical chaos
are the paucity of morphological characters, the high level
of phenotypic plasticity within many opuntioid taxa, the
recent diversification, the occurrence of polyploidy, and
intra- and intergeneric hybridization (Wallace and Gibson
2002). Within the Opuntioideae family, ploidy levels range
from diploid to octoploid (Felker et al. 2006), with the
polyploid species representing more than 64% of the total
(Pinkava et al. 1998).

Opuntias are often divided into cylindropuntias and
platyopuntias. Cylindropuntias are shrubby species with
cylindrical stems (or joints). Platyopuntias, which have
flattened stems called cladodes (Gibson and Nobel 1986),
include agronomically important species that are cultivated
as both fruit and forage crops. Cultivated opuntias include
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0. megacantha, O. streptacantha, O. albicarpa, O. amyc-
laea, O. robusta, O. hyptiacantha, and O. cochenillifera
(syn. Nopalea cochenillifera, primarily grown in Mexico as
a forage crop) among others (Pimienta-Barrios 1994;
Scheinvar 1995; Kiesling 1998; Mondragén-Jacobo 2001).
The most diffused and economically important species is
O. ficus indica. This species, commonly referred to as
cactus pear, prickly pear, Indian fig, Barbary fig, etc., was
probably domesticated about 9,000 years ago in central
Mexico and diffused in several warm regions of the world
by European travelers beginning in the late 15th century
(Kiesling 1998; Griffith 2004).

The taxonomical concept of O. ficus indica is some-
what uncertain. This species is sometimes described as
spineless and taxonomically distinct from other cultivated
opuntias, such as O. megacantha, O. streptacantha, and
0. amyclaea (Britton and Rose 1963; Scheinvar 1995;
Reyes-Agiiero et al. 2005). In other cases (Gibson and
Nobel 1986; Pimienta-Barrios 1994; Felker et al. 2005),
spined, cultivated genotypes have been -classified as
O. ficus indica. Actually, the presence of spines in the
cladodes is an inadequate feature to discriminate O. ficus
indica from other arborescent opuntias (Nieddu and
Chessa 1997; Kiesling 1998; Felker et al. 2005). Within
the genus, the growth habit, the presence of spines, the
number of spines per areole, and the number of areoles
may differ drastically in different growing regions (Reb-
man and Pinkava 2001).

Mexico and Italy are the most important cactus pear
producers (Mondragén-Jacobo 2001). In Mexico, about
90% of the marketed fruits are produced from six cultivars,
namely ‘Reyna’ (the most diffused cultivar), ‘Cristalina’,
‘Chapeada’, ‘Naranjona’, ‘Amarilla montesa’, and ‘Roja
pelona’. Other varieties are marginally cultivated (Pimi-
enta-Barrios 1994; Mondragén-Jacobo and Pérez-Gonzalez
1996). Cactus pear production in Italy is exclusively based
on three cultivars, ‘Bianca’ (white), ‘Gialla’ (yellow), and
‘Rossa’ (red), each with some variants. The cultivar names
are exclusively based on fruit characteristics (peel and flesh
color), both in Italy and in Mexico. Other varieties are also
cultivated in North Africa, Israel (‘Ofer’), the United States
(‘Andyboy,” similar to the Italian ‘Rossa’) (Mondragén-
Jacobo 2001), and South America (Felker et al. 2005).
Other spineless accessions, the so-called Burbank varieties,
are cultivated in South Africa. These genotypes were
imported in the early 1900s from the United States (Brutsch
and Zimmermann 1993; Potgieter and Mashope 2009).

Today, cactus pear commercial cultivars are octoploid
(Felker et al. 2006), but their ancestry is unknown.
Moreover, several authors reported that it was difficult to
correctly assign cultivated genotypes to a defined taxon
(Kiesling 1998; Felker et al. 2006; Mondragén-Jacobo
2001; Labra et al. 2003). The continuous morphological
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variation within the genus, the lack of clear descriptors
for each species, and the relative ease of cross hybrid-
ization (with the presence of individuals with intermediate
characteristics) has led to an erroneous species designa-
tion. As a result of incorrect assignments, the same
varieties are often classified as belonging to different
species, and in other cases they are considered to be
hybrids among unknown parentals. To overcome these
problems, molecular markers, which are reproducible and
stable, might be useful tools to help unravel uncertainties
in classification that are not addressed by morphological
characterization.

In the past two decades, few studies have been per-
formed to characterize existing germplasm collections
using random molecular markers (Wang et al. 1998;
Mondragén-Jacobo 2003; Zoghlami et al. 2007; Luna-Paez
et al. 2007; Garcia-Zambrano et al. 2009; Souto Alves et al.
2009). Two important studies (Labra et al. 2003; Griffith
2004) employed different molecular tools to elucidate
taxonomical aspects of the genus, particularly the origin of
O. ficus indica. Labra et al. (2003) used AFLP to verify the
lack of genetic differentiation between O. ficus indica and
O. megacantha populations and suggested that O. ficus
indica should be considered to be a domesticated form of
the spiny O. megacantha. On the other hand, Griffith
(2004) considered the species to be a group of different
clones, selected for their low number of spines and their
fleshy fruits, that were derived from different parentals,
most likely from other arborescent opuntias from central
and southern Mexico. Most of these DNA-based analyses
revealed discrepancies between molecular characterization
and classical taxonomical classification.

Recently, other ambiguities in the taxonomic classifi-
cation of Opuntia species emerged in a study that used
microsatellite polymorphisms to try to discriminate
between two morphologically distinct O. echios botanical
varieties (echios and gigantea) native to the Galapagos
Islands (Helsen et al. 2009). Once again, the authors
highlighted that the current taxonomic differentiation
between these taxa was not supported by molecular data.

Although these studies clarified some taxonomical
aspects of the genus and were useful for cultivar finger-
printing, there is still a lack of knowledge regarding the
level of genetic diversity among the most diffused culti-
vated genotypes throughout the world and the diversity of
cultivars, wild genotypes, and species related to O. ficus
indica.

Our aim was to elucidate the level of differentiation
among cactus pear genotypes, including the most wide-
spread cultivars, and their relation with wild accessions and
related species. Our study also helps overcome some of the
discrepancies that occur when Opuntia germplasm 1is
classified solely on the basis of morphological features.
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Materials and methods
Plant material

Sixty-two genotypes belonging to 16 Opuntia species
(Table 1) were collected from several areas throughout the
world and introduced into the experimental fields of
Catania University. The analyzed genotypes consisted of
cultivars, wild genotypes, and cactus pear—related species
(Table 2).

Some of the accessions were sampled from different
cultivated areas of Sicily. Another group of accessions
(provided by Dr. Mondragdén-Jacobo) consisted of the most
diffused Mexican varieties, classified with different bino-
mials or generically as Opuntia sp. (Pimienta-Barrios 1994;
Mondragén-Jacobo and Pérez-Gonzilez 1996; Fernandez-
Montes et al. 2000), plus accessions of unknown origin.
The third group of accessions (provided by Dr. Yaron
Sitrit) consisted of cactus pear varieties collected in dif-
ferent countries (Kenya, South Africa, USA, and Mexico),
artificial hybrids, and cactus pear—related species belonging
to a germplasm collection from the Hebrew University of
Jerusalem (Rehovot, Israel).

Microsatellite analysis

DNA was isolated from the outermost layer of mature
cladodes using the ISOLATE Plant DNA Mini Kit (Bio-
line, London, UK). Opuntia-specific microsatellite primers
were obtained from Helsen et al. (2007), who isolated 16
polymorphic SSRs from O. echios. Moreover, a set of 122

0. streptacantha—expressed sequence tags (accession no.
from EX720493 to EX720614) found in the dbEST data-
base was analyzed using Msatfinder software (Thurston
and Field 2005) to search for sequences containing
microsatellites of 20 or more bases. Three unigenes that
contained SSRs (accession nos. EX720574, EX720594,
and EX720605) were identified. EST-SSR primers were
designed with Primer 3 software (Rozen and Skaletsky
2000). All primer pairs were synthesized by Eurofins
MWG Operon (Ebersberg, Germany), and the forward
primer from each set was tailed with M13F for labeling
(Oetting et al. 1995).

The 3 EST-SSRs and the 16 SSRs were tested on six of
our genotypes belonging to different species to search for
polymorphisms. Amplifications were carried out separately
for each primer pair. The PCR reaction included the two
specific primers (0.3 uM) plus a labeled M13F primer
(0.13 uM), approximately 50 ng of template DNA,
0.2 mM dNTPs, 1x PCR buffer II, 2 mM magnesium
chloride, and 1 U of AmpliTaq Gold DNA polymerase
(Applied Biosystems, Foster City, CA, USA). PCR was
performed at 95°C for 12 min; followed by 35—40 cycles of
95°C for 1 min, 53-55°C for 1 min (the annealing tem-
perature was specific for each primer pair), and 72°C for
1.5 min; and one final cycle of 72°C for 15 min. The PCR
reactions were performed using GeneAmp 9700 and 2700
amplifiers (Applied Biosystems). An aliquot of 0.5-2 pul of
PCR product (depending on the performance of amplifi-
cation of each primer pair) was mixed with 10 pl of
Formamide and 0.35 pl of LIZ-500 size standard and
denatured at 95°C for 5 min. Up to three PCR products

Table 1 Opuntia species used

for the SSR-based analysis Species

Origin and distribution Ploidy level

0. ficus indica (L.) Mill. Mexico, USA, Mediterranean, G
Australia, South Africa, South America
0. megacantha Salm-Dyck Mexico 6X/8X*¢
O. streptacantha Lemaire Mexico 2X"/8Xd?
O. albicarpa Scheinvar Mexico 3x*
0. joconostle F.A.C. Weber ex Diguet Mexico 3x*
O. vulgaris Mill. - 2X°/3X°/6X!
O. robusta Wendland Mexico 2X°/4X7 18X
O. spinulifera Salm-Dyck Mexico 4xX%6X"
0. oligacantha Forster Mexico 6X*
Origin and distribution O. elizondoana E. Sanchez et Villasefior Mexico 4x*
information taken from Britton 0. leucotricha DC. Mexico 4x°
;(1;1(()10112)0 se (1963) and Anderson O. cochenillifiera Mill. - . Mexico 2X°
) . . [syn. Nopalea cochenillifera (L.) Salm-Dick]
El(?:l? };Slee:;ial r;fto%rlrl‘flaztzl(o)g;);?ken O. quimilo’ Schum. Northern Argentina and Bolivia 2X*
®Fedorov (1969); “Goldblatt and O amyclaea Tenore Unclear, described as cultivated 8X°
Johnson (1990); “Goldblatt and O. fusicaulis Griff. Unclear, described as cultivated -
Johnson (2006); “Goldblatt O. subulata (Muehl.) Engelm. Peru, Argentina, Bolivia 6X°

(1981); "Moore (1977)
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Table 2 List of the Opuntia genotypes tested with eight SSRs

Genotype Taxonomic classification Place of  No. of Average No. of unique H"
collection alleles no. of alleles alleles
1251 O. ficus indica Israel 2-8 4.25 0 100.0
Texas O. ficus indica Israel 1-8 4.75 0 87.5
0. megacantha 0. megacantha Israel 1-7 4.25 0 87.5
Niagra O. ficus indica Israel 1-7 4.50 0 100.0
Castillo O. ficus indica Israel 2-7 4.50 0 100.0
Gymno carpo O. ficus indica Israel 2-8 4.88 0 100.0
Skinners court O. ficus indica Israel 1-6 4.00 1 87.5
Hybrid O. ficus indica Israel 1-8 4.75 0 87.5
Japie O. ficus indica Israel 2-8 4.88 0 100.0
Kenya-I O. ficus indica Israel 2-8 4.88 0 100.0
Kenya-II O. ficus indica Israel 2-17 4.75 0 100.0
O. streptacanta O. streptacanta Israel 2-8 4.86 0 100.0
Jerico O. ficus indica Israel 2-8 5.13 0 100.0
O. joconostle O. joconostle Israel 1-7 4.13 2 87.5
93-034 O. ficus indica Israel 1-8 3.88 0 75.0
93-037 O. ficus indica Israel 2-7 3.75 0 100.0
O. vulgaris O. vulgaris Israel 1-6 2.75 2 75.0
93-042 O. ficus indica Israel 0-7 443 0 100.0
0. subulata O. subulata (syn. Austrocylindropuntia subulata) Israel 1-4 2.50 5 62.5
O. spinulifera O. spinulifera Israel 1-6 3.25 7 87.5
0. oligacantha O. oligacantha Israel 1-6 3.38 0 87.5
0. elizondoana 29 0. elizondoana Israel 1-5 2.50 0 50.0
O. leucotricha O. leucotricha Israel 2-7 4.38 5 100.0
0. elizondoana 31 0. elizondoana Israel 1-3 1.88 1 62.5
O. cochenillifera O. cochenillifera (syn. Nopalea cochenillifera) Israel 0-2 1.29 1 28.6
O. quimilo’ O. quimilo’ Israel 0-2 1.43 1 429
0. amiclea mexican 0. amyclaea Israel 1-5 3.88 0 87.5
Fusicaulis O. fusicaulis Israel 1-7 4.13 0 87.5
Reyna (syn. Alfajayucan) Opuntia sp., O. albicarpa, O. amyclaea Mexico 1-5 3.88 0 75.0
R6 Opuntia sp. Mexico 0-8 4.75 1 100.0
Cristalina Opuntia sp.®, O. albicarpa, O. megacantha Mexico 1-8 4.63 0 87.5
Amarilla O. ficus indica, O. streptacantha, O. megacantha Mexico 1-8 4.88 0 87.5
2.03.01 Opuntia sp. Mexico 1-7 4.25 0 87.5
Naranjona (syn. Pico chulo) Opuntia megacantha Mexico 1-7 4.25 0 75.0
Rosalito (syn. Roja lisa, Roja pelona)  O. ficus indica Mexico 2-5 3.63 0 100.0
Burrona Opuntia sp.?, O. albicarpa Mexico 1-7 4.50 0 87.5
Copadeoro Opuntia sp. Mexico 1-8 4.63 0 75.0
Apastillada O. streptacantha, Opuntia sp. Mexico 3-6 4.75 0 100.0
AV Opuntia sp. Mexico 1-7 4.50 0 87.5
ARL Opuntia sp. Mexico 1-7 4.38 1 87.5
Roja CNF Opuntia ficus indica Mexico 1-6 4.00 0 87.5
Centenario (syn. Amarilla montesa Opuntia megacantha Mexico 1-7 4.63 0 87.5
or Amarilla huesuda)
2.10.58 Opuntia sp. Mexico 0-8 5.14 0 100.0
Liria Opuntia sp. Mexico 1-6 4.13 75.0
Fafajuco (syn. Blanca de san Opuntia sp.?, O. megacantha Mexico 2-7 4.00 100.0
jose or Blanca de castilla)
24 Opuntia sp. Mexico 0-7 4.86 1 100.0
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Table 2 continued

Genotype Taxonomic classification Place of  No. of Average No. of unique H°
collection alleles no. of alleles alleles

Amarilla grande Opuntia sp. Mexico 2-6 4.38 0 100.0
Rossa trunzara 1 O. ficus indica Sicily 2-8 4.75 0 100.0
Bianca trunzara 1 O. ficus indica Sicily 2-8 4.75 0 100.0
0. amyclaea 23 0. amyclaea Sicily 2-7 4.38 0 100.0
Inerme O. ficus indica Sicily 1-8 4.13 0 87.5
Linosa O. ficus indica Sicily 2-8 4.88 0 100.0
Militello O. ficus indica Sicily 2-8 5.00 0 87.5
0. amyclaea 27 0. amyclaea Sicily 2-7 4.38 0 100.0
Cuore O. ficus indica Sicily 2-8 4.88 0 100.0
Bianca sorba O. ficus indica Sicily 2-7 4.75 0 100.0
Bianca trunzara 2 O. ficus indica Sicily 2-8 4.75 0 100.0
Gialla trunzara O. ficus indica Sicily 2-8 4.75 0 100.0
Gialla O. ficus indica Sicily 2-8 4.88 0 100.0
Rossa O. ficus indica Sicily 2-8 4.88 0 100.0
Rossa trunzara 2 O. ficus indica Sicily 2-8 4.88 0 100.0
O. robusta O. robusta Sicily 1-5 2.88 3 87.5

Place of collection refers to the germplasm fields were the genotypes were collected and not to the place of origin; number of alleles refers to the minimum

and maximum number of peaks displayed at the eight loci

* Considered hybrids between O. ficus indica and O. streptacantha (Pimienta-Barrios 1994)

" Individual observed heterozygosity (percentage of heterozygous SSR loci)

labeled with FAM, PET, or NED were pooled before
separation in the ABI 310 Genetic Analyzer (Applied
Biosystems) and analysis using Genemapper 4.0 software.

For more precise analysis of the allele patterns at each
SSR locus, we repeated each amplification two or three
times. Also, because SSR profiles of polyploids are influ-
enced by the allele dosage at each peak as well as the
PCR performance at each binding site, we tested each
primer pair on progeny (10 individuals) of O. ficus indica
‘Bianca’ x ‘O. amyclaea 27" to examine the segregation
patterns at each locus.

Distance and model-based analyses

The analysis of microsatellite markers is not as straight-
forward in polyploids as it is in diploid individuals. An
efficient method called MAC-PR (microsatellite DNA
allele counting—peak ratios) has been developed for poly-
ploid species with polysomic inheritance to determine the
number of allele copies in microsatellite loci (Esselink
et al. 2004).

For our statistical analyses, we considered the SSR
peaks to be dominant markers. Although this strategy
reduced the information generated by each primer pair, we
believe that it was a useful way to deal with highly poly-
ploid individuals belonging to different species (and likely
with interspecific hybrids). The estimation of allele fre-
quencies based on PCR dosage is subject to several types

of errors, due in part to variations in the SSR flanking
regions that could cause partial primer mismatches.
Moreover, we didn’t observe fully heterozygous individu-
als in all SSR loci; such individuals are desirable for MAC-
PR analysis to determine the ratios that are used as a
baseline for calculations of allele quantification in partial
homozygotes (Landergott et al. 2006). In addition to these
aspects, due to the presence of stutter bands in some of the
analyzed loci, and due to the high number of alleles per
locus (Table 2), the application of MAC-PR might not be
considered a robust method to estimate all the allele fre-
quencies in our dataset.

To better understand the allelic patterns at each locus,
we tested amplification of the eight SSRs on a small pop-
ulation of ten genotypes resulting from the hybridization of
the Sicilian cultivar ‘Bianca’ with a spiny clone classified
as O. amyclaea (O. amyclaea 27) (data not shown).

Each scored allele was treated as a dominant marker,
and a binary matrix based on the presence or absence of
each peak was then created. PowerMarker Version 3.25
(Liu and Muse 2005) was used to generate a similarity
matrix and to construct a neighbor-joining (NJ) tree based
on the log-transformed proportion of shared alleles (Bow-
cock et al. 1994). This technique had been used previously
to assess the genetic diversity of nonnatural populations
such as germplasm collections (Dangl et al. 2001; Barkley
et al. 2006) and seemed to be the most appropriate for our
analysis because it assumes that alleles are equally related,
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since the evolution of these alleles is unknown, and makes
no assumptions about the structure of the population.

For the construction of the NJ tree, the species O. subu-
lata, often referred to as Austrocylindropuntia subulata
(Muehlenpfordt) Backeberg, was considered to be an out-
group. This species belongs to a basal lineage of the sub-
family Opuntioideae (Wallace and Gibson 2002). It has very
distinctive morphological features, such as cylindrical joints,
which make it different from the other analyzed genotypes.

PowerMarker was also utilized to determine the average
polymorphism information content (PIC value) for each
primer pair. The NJ tree was visualized using Treeview
(http://taxonomy.zoology.gla.ac.uk/rod/rod.html). Bootstrap
analysis was performed with 1,000 replicates using PAUP*
Version 4.0b10 (Swofford 1998).

Also, microsatellite data were used to perform a network
analysis using the software SplitsTree version 4.11.3
(Huson and Bryant 2006). Specifically a NeighborNet
network (Bryant and Moulton 2004) was computed based
on the Dice distances.

In addition, a model-based Bayesian analysis was per-
formed to evaluate the genetic structuring of the Opuntia
germplasm and to identify admixed individuals using
STRUCTURE software version 2.3.2 (Pritchard et al.
2000). This analysis allows one to probabilistically assign
each individual to a population (K) or jointly to two or more
populations if the individual’s genotype indicates admixture
(Pritchard et al. 2000). STRUCTURE simulations can be
performed without prior knowledge of the real population
structure and without information regarding the origin of
the genotypes. Due to differences in ploidy level (from 2X
to 8X), each SSR marker was considered to be a dominant
marker. All genotypes were then analyzed using the diploid
dominant STRUCTURE data model. Because the analyzed
genotypes were likely the result of natural and artificial
hybridization, simulations were performed by setting K to
between 1 and 14 using the “admixture ancestry” and the
“correlated allele frequency” parameters. The burn-in was
set to 30,000 followed by 70,000 Markov chain Monte
Carlo (MCMCO) iterations, and each run was replicated 15
times. The posterior probabilities of K [Pr (XIK)] were
calculated as suggested by Pritchard et al. (2000) to infer the
most appropriate value of K for our dataset.

Results and discussion

Microsatellite amplifications

Among the 19 SSR and EST-SSR primer pairs tested on six
genotypes, 11 were discarded because they produced no

amplification products in the majority of the analyzed
genotypes or produced peak profiles that were not easy to
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interpret. These interpretation problems were mainly due to
excess stutter bands or to the presence of more peaks than
the ploidy level. The other eight primers (six O. echios
SSRs and two O. streptacantha EST-SSRs) gave reliable
and reproducible profiles over two or three replications
(Fig. 1). The number of alleles per locus ranged from one
to eight in the analyzed genotypes and 48 out of the 62
genotypes showed an average of more than four alleles per
locus (Table 2).

The eight primers were then used to fingerprint 62
Opuntia genotypes previously classified as belonging to 16
putative species, including cultivated genotypes, artificial
hybrids, and wild accessions. Of the eight SSR primer pairs,
only one, OP3, failed to amplify in a small set of genotypes
(0. quimilo, O. cochenillifera, O. streptacantha, ‘93042’,
‘R6’, 2.10.58°, <24°). This failure might be due to different
mutation events at the level of the microsatellite and/or of
the primer binding sites. The other primers successfully
amplified fragments in all of the genotypes, showing a high
degree of cross-transferability among the analyzed species.

Most of the analyzed genotypes have a documented
ploidy level ranging from 2 to 8 (Table 1). The SSR primer
pairs amplified a maximum of eight bands per genotype.
Although we could not be sure if each SSR was single
locus or multilocus, the number of peaks generated by each
SSR was related to the known ploidy level of the taxa; the
lowest number of amplicons was produced from the diploid
species O. cochenillifera and O. quimilo and the highest
number of amplicons was obtained from the octoploid
cultivated varieties.

The SSRs loci exhibited a high level of polymorphism,
with an average number of 16.9 alleles per locus. Consid-
ering the average PIC values for each primer pair, the most
informative SSR loci were Ops24 (0.25), OP9 (0.23), Ops9
(0.22), and OP13 (0.21) (Table 3). The analysis generated
enough polymorphic markers to discriminate among most
of the genotypes, except for a few clones collected from
various areas representing spineless fleshy-fruited culti-
vated genotypes. Specifically, five Sicilian clones (‘Rossa’,
‘Rossa trunzara 2’, ‘Gialla’, ‘Cuore’, ‘Linosa’) had the
same profile as the South African ‘Gymno carpo’ and
‘Japie’ accessions and the ‘Kenya-I" accession collected in
Israel. Also, no marker distinguished between two clones of
‘Bianca trunzara’ versus ‘Gialla trunzara’ (which have
different fruit colors), the Sicilian ‘Bianca sorba’ versus the
accession ‘Kenya-II’, and the two different clones classified
as 0. amyclaea (O. amyclaea ‘23’ and 27’).

Distance-based analysis
Distance-based analysis was performed using NJ. Also, to

overcome the limits of the phylogenetic tree, where not all
the branches were fully supported, we performed a network
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Table 3 List of SSR primers (six SSRs and two EST-SSRs) used in the analysis, numbers of alleles, and PIC values obtained from each primer

pair
Primer Repeat Genbank Forward and reverse primer No. of alleles  Average No. of unique
accession no. PIC value alleles
Opuntia9 (AG);5 DQ914855 F: CTAGGCTTCATCCCACATTAGG 22 0.23 2
R: TCCAAATTCACCTCCTCTGC
Opuntial2  (TC),C(TC), DQ914858 F: TAATCTTATTCTCAGGTCAGTTAC 33 0.17 12
R: GGTATCTTGTTATTCGTTCG
Opuntia5 (TA)s DQ914851 F: TATGCACAAAGCACCATGC 11 0.11 6
R: CCAACCATACCAACTGTACTGAC
Opuntiall ~ (CT);3TT(CT), DQ914857 F: CCTACACCTGCTGCCAATC 9 0.17 1
R: CGAGACAAACATCAGAGGAG
Opuntial3  (AG), DQ914859 F: CCAAATACCCAGCCCATAC 16 0.21 5
R: CGAGAACCTAACTTCCGATG
Opuntia3 (AG) 9 DQ914849 F: GTGAGTGCCCAGATGAAACT 7 0.17 2
R: TCCTCAACTTTATTGTAGCAAGAG
Ops.9 (TGA)y EX720594 F: AACTGCCTCACACGAGTTCC 17 0.22 1
R: GCTACGAAATCTGCCGAGTC
Ops.24 (CT)aq EX720605 F: TCCTTCCATTTCCACCACAC 18 0.25 2

R: CAAGACCCCTCATTCCAAAG

MI13F sequence (CACGACGTTGTAAAACGAC) was added at 5" end of forward primers

Number of unique alleles refers to the private alleles obtained from each primer

analysis based on the NeighborNet (NN) method (Bryant
and Moulton 2004). This kind of analysis might be useful
to better elucidate patterns of variability in case of reticu-
late evolution as in the case of Opuntia. In both the NJ and
NN tree (Figs. 2, 3), most of the O. ficus indica—related
species (O. robusta, O. elizondoana, O. spinulifera,
O. vulgaris, O. quimilo, O. oligacantha, O. joconostle,
O. cochenillifera, and O. subulata) are grouped together
and are clearly separated from the cultivated varieties.

Some of the groups in the NJ tree were not strongly
supported by bootstrap analysis, probably due to the pres-
ence of several hybrids. In fact, when the same distance-
based analysis was performed without some putative
hybrids (recognized by STRUCTURE analysis) higher
bootstrap values were obtained (data not shown). However
the groups of the NJ tree matched those obtained in NN.

The NN showed the presence of many parallel edges,
especially among the octoploid opuntias (cultivated varieties
and other cactus pear genotypes of unknown origin), indi-
cating the presence of incompatible splits (appearing as
boxes) among them. In this sense, network analyses can better
explain the relationship among the analyzed genotypes,
which are likely the results of complex evolution including
polyploidization, hybridization, and recombination.

In NJ and NN analysis, the prickly pears classified as
O. ficus indica, O. amyclaea, O. megacantha, O. strepta-
cantha, O. fusicaulis, O. albicarpa, O. leucotricha, or
generically as Opuntia sp., formed a major cluster divided

@ Springer

into subgroups that fit poorly with their current taxonomical
classification. Also, the clustering did not correspond to
spinescence, which has been considered to be a distinctive
characteristic for taxonomical classification purposes
(Britton and Rose 1963; Scheinvar 1995; Reyes-Agiiero
et al. 2005). The Mexican varieties displayed a high level of
diversification, whereas the spineless Sicilian varieties had
a very narrow genetic base and were closely related to other
spineless accessions coming from Israel (‘Jerico’), Kenya,
South Africa (‘Gymno carpo’), and the United States
(‘Texas’). This fact was particularly evident in NN analysis,
where all the Sicilian varieties and the above-mentioned
spineless accessions appeared strictly connected and clearly
separated from the other accessions. Despite little or no
divergence at all eight loci, some of these genotypes could
be distinguished by their fruit color or fleshiness; it is likely
that the phenotypic variation was the result of somatic
mutations of a few clones that occurred in the cultivated
region after the 16th century when opuntias started to
become naturalized in the Mediterranean region and later in
other warm regions of the world.

Other spineless genotypes included in the analysis, such
as the Sicilian ‘Inerme’, the South African ‘SKinners court’
and ‘Fusicaulis’, and the accession ‘Castillo’, diverged
from the main group of spineless cultivars. These results
confirmed the hypothesis of Griffith (2004), who suggested
that the spineless varieties might have originated from
different ancestors.
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Fig. 2 Neighbor-joining
dendrogram of 62 Opuntia
genotypes based on the
log-transformed proportion of
shared alleles. The numbers at
the branch points indicate
bootstrap support values >50%
(1,000 replicates). Colors
indicate different geographic
origin (green Italy, red Mexico,
blue Israel). Underlined names
indicate cultivated varieties.
The presence of spines in the
cladodes is indicated by
asterisks (* few;
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Model based analysis

Natural and artificial cross-hybridization among Opuntia
accessions has previously been reported (Wang et al.
1996; Griffith 2004; Reyes-Agiiero et al. 2006). In our
study, where natural and artificial hybrids are included,
the construction of a phylogenetic tree alone did not fully

O. robusta
O. subulata™

reveal the relationships among genotypes. This is because
hybrid individuals will often cluster with either one
group or the other in the dataset, but not with both.
Moreover, NN indicated the presence of several splits
among the accessions. In such cases, a model-based
strategy could help to overcome the limits of the dis-
tance-based method.
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Fig. 3 NeighborNet tree of
SSR data obtained from 62
Opuntia genotypes
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STRUCTURE software was used to probabilistically
assign the analyzed genotypes to populations (K) and to
search for admixture among individuals. Although it is not
possible to know the true value of K, Pritchard et al. (2000)
suggested calculating the posterior probability of K [Pr
(XIK)] as a guideline for choosing the most appropriate
K. In our estimate of Pr (XIK), the higher value (0.768525)
was observed for K = 8. This value was then assumed to
be the most appropriate estimate to describe the population
structure. Besides Pr (XIK), other parameters should be
taken into account to determine the presence of population
structures such as the o value (Dirichlet parameter for the
degree of admixture), which should be relatively constant
during the run. At K = 8, o was 0.037, varying only by
0.020 during the course of the run. Moreover, the vari-
ability of In Pr (XIK) across independent runs should be
low, the proportion of the genotypes assigned to each
cluster should not be symmetrical (~ 1/K in each popula-
tion), and most individuals should be strongly assigned to a
single population; these requirements were met at K = 8.
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In the STRUCTURE bar plot (Fig. 4), the cactus pear—
related species fell into three clusters that were clearly
separated from the cultivated accessions. Specifically
cluster number 6 included seven species (O. quimilo,
O. cochenillifera, O. elizondoana, O. robusta, O. subu-
lata, O. spinulifera, and O. vulgaris), cluster number 7
included O. leucotricha and cluster number 8 included
O. joconostle and O. oligacantha. These prickly pear—
related species showed different degrees of admixture,
which may be due to the low number of genotypes
included in the analysis (one or two genotypes for each
species). However, it should be noted that most of these
genotypes had unique alleles that clearly separated them
from the cultivated genotypes (Table 2). The remaining
five clusters included the O. ficus indica genotypes and
the other arborescent cactus pear species O. amyclaea,
0. megacantha, O. streptacantha, O. fusicaulis, and
O. albicarpa (Fig. 4).

STRUCTURE evidenced different degrees of admixture
among the analyzed genotypes, which might have been
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Cultivated accessions and other cactus pear genotypes of unknown origin

Fig. 4 STRUCTURE bar plot assigning the 62 opuntias to eight
clusters. The plot clearly distinguishes all of the cultivated genotypes,
classified as Opuntia ficus indica, O. amyclaea, O. megacantha,

caused by natural and artificial hybridization. The analysis
correctly identified hybrid genotypes, such as ‘hybrid’
(collected in Israel), and showed admixture in other
genotypes labeled with codes (2.10.58’, ‘93034°), which
were likely to come from breeding programs.

Concluding remarks

The analysis of eight highly polymorphic SSR loci allowed
us to investigate the level of genetic diversity among cactus
pear species, cultivars, and accessions from different
regions of the world. SSRs, although scored as dominant
markers, were more informative than random markers; they
were able to produce useful information regarding the level
of diversity among the most diffused cultivars, and may
have revealed the level of hybridization between O. ficus
indica and its related species. In our small sample of
progeny resulting from a cross between O. ficus indica
‘Bianca’ and a clone of O. amyclaea, we observed a ran-
dom combination of parental alleles, which is typical of
autopolyploid species (Doyle and Egan 2010). Conse-
quently, microsatellites could be used to analyze a greater
number of individuals originating from controlled crosses
with different parentals to investigate the molecular evo-
lution of polyploidy in opuntias at a deeper level. Also,
SSRs may serve as a quick and reliable tool to discriminate
Opuntia apomictic seedlings from zygotic ones (Mond-
ragén-Jacobo and Bordelon 2002; Reyes-Agiiero et al.
2006).

In addition to distance-based analyses, which provided
an overview of the genetic variation among cultivated
genotypes and related species, Bayesian analysis revealed
additional information regarding the diversification and the
degree of admixture among different gene pools. In the NJ
tree, the network analysis, and the Bayesian analysis, the
clusters clearly diverged from current taxonomy, which
classifies several Opuntia species on the basis of

Cactus pear
related species

O. streptacantha, O. fusicaulis, and O. albicarpa (clusters from 1 to
5) from cactus pear—related species (clusters from 6 to 8)

morphological parameters such as the presence/absence of
spines and the joint shape. In particular, spinescence was
considered to be a distinctive characteristic in the assign-
ment of a genotype to a certain species in both early
(Britton and Rose 1963) and later taxonomical classifica-
tions (Scheinvar 1995; Reyes-Agiiero et al. 2005). How-
ever some phenotypic characters, including the presence/
absence of spines, often considered for their agronomic
value, show a great variability in progenies and can be very
different from those of mother plants (Nieddu et al. 2006).
According to Nieddu and Chessa (1997), this fact could be
related to a different expression of the genes encoding
these characters as well as to epigenetic and environmental
factors (Labra et al. 2003).

Although most of the Opuntia wild species related to
cactus pear are clustered in separate groups, the genotypes
classified as O. amyclaea, O. megacantha, O. fusicaulis,
O. streptacantha, and O. albicarpa are closely related to
the O. ficus indica cultivated varieties. Our analysis, as
well as previous work based on molecular variation (Wang
et al. 1998; Labra et al. 2003; Griffith 2004), clearly sup-
ports the fact that the present classification of cultivated
varieties and wild genotypes based on morphological
parameters is misleading. Consequently, molecular tools
are definitely the most appropriate tools for the assessment
of the level of genetic diversity in Opuntia germplasm
collections; such analysis should be a prerequisite for
planning breeding programs that capture most of the
existing variability among prickly pears. The use of these
markers is strongly suggested to reclassify the cactus pear
cultivated accessions, which exhibit a high level of varia-
tion regardless of the current taxonomical classification and
probably should be classified as the same species, as sug-
gested by Kiesling (1998).

Most of the spineless and fleshy-fruited genotypes
included in this analysis showed a narrow genetic base, and
some of them were not discriminated. Although they
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exhibited differences in fruit color, the SSR profiles of
these genotypes were strongly similar not only in terms of
presence/absence of the peaks, but also in terms of allele
dosage observed at each peak, which should change if
recombination has occurred. We may therefore hypothesize
that these phenotypic differences were the result of somatic
mutations that occurred in different growing regions. Other
spineless cultivated genotypes or accessions appeared to be
clearly separated from this main group (Fig. 2), indicating
that the character of spinescence might have been devel-
oped multiple times during the evolution of the genus, and
might have been selected from different populations.
Indeed, the hypothesis of Griffith (2004), considering
O. ficus indica as a group of multiple unrelated clones
derived from different parental species and selected for
common agronomical features, seems to be supported by
our analyses.
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