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morphism characterizes the Tunisian pomegranate germplasm at the DNA level. The
derived Neighbour-joining (N]) dendrogram constructed using DAS genetic distances
) exhibited a genetic diversity structured independently from the geographical origin of
Punica granatum . . . . . . A
Molecular polymorphism cultivars fmd thell" Qenomlnatlon. This resqlt suggesteq that a common ge'netlc' basis may
SSR characterize Tunisian pomegranate cultivars despite their phenotypic divergences.
Cultivar identification key Furthermore, based on the multilocus genotypes a cultivar’s identification key has been
established and permitted to unambiguously differentiate between varieties. The obtained
results are discussed in term of establishment and management of a national collection of
pomegranate varieties, conformity checks, identification of homonyms and synonyms, and
screening of the local resources. Furthermore, this microsatellite-based key is a first step
towards a marker-assisted identification pomegranate database.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The pomegranate, Punica granatum L. (2n = 16), included in the family of Punicaceae, is one of the oldest known fruit trees
(Guarino et al., 1990; Melgarejo Moreno and Martinez Valero, 1992). Pomegranates have widely spread, since Roman period, in
different Mediterranean countries where a large number of cultivars have been identified (Ozguven, 1996; Mars, 1996, 2001;
Mars and Marrakchi, 1998). This area was, therefore, considered as secondary centre of diversification of this crop. Since it is
a monoecious and preferably allogamous, species develop male and perfect flowers (Mars and Marrakchi, 2004). The pome-
granate has been described variously as self-pollinated, self and cross-pollinated, highly cross-pollinated or often cross-
pollinated (Karale et al., 1993). Pomegranate cultivars, selected traditionally by farmers, were maintained through vegetative
propagation and in course of time, have received names referring mainly to geographical origin and/or fruit colour (Mars and
Marrakchi, 2004). Genetic erosion due to biotic and abiotic stresses was also reported and concerned many cultivars that are
well adapted to local and regional conditions (Levin, 1995; Mars et al., 1994; Mars and Marrakchi, 1998). Establishment of
genetic resources conservation strategies has, therefore, become imperative in order to preserve local pomegranate germplasm.
In Tunisia, prospections were conducted in all pomegranate growing areas and permitted the collection of numerous cultivars
(Mars and Marrakchi, 1998; Mars, 2001). Identification and characterization of the collected genotypes constitutes an attractive
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task to examine level and distribution of genetic diversity in this crop. For this purpose, studies have reported the use of
morpho-phenological and pomological traits to characterize pomegranate cultivars (Mars and Marrakchi, 1999, 2004). As
suggested by Mars and Marrakchi (1999) and Mars and Marrakchi (2004) a high phenotypic variability characterize local
resources regarding their leaf, flower and fruit characteristics. Accessions are often classified as sweet, sweet-sour and sour,
early, mid season and late, juicy and table fruit, soft-seeded and hard-seeded or major and minor. Also, chemical and
biochemical parameters have been used for Tunisian pomegranates and permitted to discriminate cultivars according to fruit
constituents (Ben Nasr et al., 1996; Hasnaoui et al.,, 2010). However, these analyses are less rewarding since they were based on
parameters limited in number and/or highly influenced by the environmental conditions. To overcome such inconvenience,
AFLP markers were developed and successfully used to characterize cultivars and to establish genetic relationships between
varieties (Jbir et al., 2008, 2009). Recently, in order to provide necessary additional information on pomegranate genetic
resources, SSR (Simple Sequence Repeats or microsatellites) primers were developed and designed for P. granatum L. (Hasnaoui
et al., 2010; Pirseyedi et al., 2010; Ebrahimi et al., 2010). In fact, SSRs are of several benefits over other available DNA-based
methods. They are highly frequent, uniformly dispersed over genomes, easily transferable, of co-dominance inheritance and
able to generate high levels of polymorphism. Here, microsatellite markers were used to examine the level and structure of
genetic diversity and develop an identification key for this fruit crop.

2. Materials and methods
2.1. Plant material

Thirty two Tunisian pomegranate cultivars maintained in ex situ collection were used in this study. Table 1 illustrates the
denomination and origin of the studied cultivars. According to their geographical origin, considered cultivars were ranged

into two groups namely: South and North (Table 1). The plant material consisted of young leaves sampled from adult trees.
The sampled plant material was freshly used or frozen at —80 °C for nucleic acids purification.

2.2. DNA isolation

Total cellular DNA was purified from young leaves as described by Dellaporta et al. (1984). DNA concentration was esti-
mated by analytic agarose gel electrophoresis according to Sambrook et al. (1989).

Table 1

Denomination and origin of the 32 studied Tunisian pomegranate cultivars.
Label Cultivar Geographical origin Group
TN9-2 Tounsi 9 Sedaghiane (Jerba) South
JR2 Jerbi 2 Sedaghiane (Jerba)
TN10 Tounsi 10 Srandi (Jerba)
TN17 Tounsi 17 El May (Jerba)
CH17 Chelfi 17 Srandi (Jerba)
BY1 Beyounsi 1 Sedaghiane (Jerba)
CH7 Chelfi 7 Srandi (Jerba)
CH8-2 Chelfi 8-2 Sedaghiane (Jerba)
CH8-3 Chelfi 8-3 Sedaghiane (Jerba)
CH9 Chelfi 9 Sedaghiane (Jerba)
CH15 Chelfi 15 Sedaghiane (Jerba)
CH16 Chelfi 16 El May (Jerba)
GB11 Gabsi 11 Sedaghiane (jerba)
ZH11 Zehri 11 Sedaghiane (jerba)
RF1 Rafrafi 1 Zerkine (Mareth)
GS1 Garsi 1 Tozeur
GB19 Gabsi 19 Sbikha North
JB8 Jebali 8 Sbikha
CH13 Chelfi Sbikha
ZH4 Zehri 4 Sidi Bou Ali
CH4 Chelfi 4 Sidi Bou Ali
ZH5 Zehri 5 Beni Khalled
JB5 Jebali 5 Mehrine
JB2 Jebali 2 El Alia
JB4 Jebali 4 El Alia
CHT1 Chetoui El Alia
GB6 Gabsi 6 Ghar EI Meleh
NB1 Nebli Esslouguia (Testour)
CH3 Chelfi 3 Testour
TN2 Tounsi 2 Testour
FP2 Double Flowers Variegated Tunis
FP1 Double Flowers Red Tunis
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2.3. Primers and SSR assays

A total of fifteen specific primer combinations designed by Hasnaoui et al. (2010) were tested for their power and ability to
generate microsatellite markers. Only 13 combinations generated reproducible patterns. Additional information about
primers is reported in Table 2.

PCR assays were performed in a reaction mixture of 25 pl including 20-30 ng of total cellular DNA (1 pl, 10 pM of each
primer, 100 uM of each dNTP, 1 U of Go Taq DNA polymerase (Promega, Madison WI USA), 1x Colourless GoTaq Flexi Buffer
(Promega), and 2.5 mM MgCl,, gsp 25 pl Hy0).

Amplifications were performed in a TECHNE Thermocycler (TC-512) programmed to execute the following cycling:
a denaturation step of 4 min at 95 °C followed by 35 cycles of 30 s at 94 °C, 40 s at 50 °C and 30 s at 72 °C, and a final extension
step at 72 °C for 10 min. A negative control (reaction mixture without any DNA), was also included in each experiment.
Amplification products were firstly checked on 2% agarose gels and SSR banding profiles were resolved on non denaturing
polyacrylamide gels (10%) stained by ethidium bromide according to Sambrook et al. (1989).

2.4. Data analysis

For each of the defined groups of cultivars, genetic diversity was estimated by mean number of alleles, allele frequencies,
observed (Hobs) and expected (Hexp) heterozygosity according to Nei (1978) formula. In addition, total genetic diversity (H),
mean genetic diversity within group (H;) was also estimated. All analyses were performed by computing data with the

Table 2
Alleles and genotypes revealed by microsatellite markers in Tunisian pomegranate cultivars. Expected (Hexp) and observed (Hops) heterozygosity per locus
were indicated.

Locus Alleles Genotypes Hexp Hobs P-value
Number Length Frequency

Pom004 3 112 0.03 3 0.20 0.06 0.0500**
116 0.87
120 0.09

Pom006 5 153 0.11 7 0.49 0.26 0.0300**
155 0.59
159 0.08
165 0.14
171 0.08

Pom010 3 234 034 3 0.61 0.85 0.0060**
236 0.25
248 0.41

Pom013 4 156 0.02 5 0.56 0.25 0.0400**
158 0.17
162 0.67
164 0.14

Pom014 4 192 0.06 4 0.33 0.11 0.0300%*
198 0.19
200 0.73
205 0.02

Pom021 6 190 0.39 5 0.61 0.89 0.5900
195 0.06
198 0.02
200 047
205 0.05
210 0.02

Pom024 3 225 0.16 5 0.46 0.53 0.0300 **
230 0.47
240 0.37

Pom039 2 140 0.95 2 0.04 0.05 0.3400
146 0.05

Pom045 2 150 0.78 3 0.35 0.25 0.0500**
158 0.22

Pom046 2 215 0.81 3 0.22 0.21 0.0500**
240 0.19

Pom047 3 205 0.52 3 0.51 0.97 0.2000
210 047
213 0.02

Pom053 1 205 1 1 0.00 0.00 -

Pom055 2 245 0.25 3 0.33 0.28 0.5000
250 0.75

Total 40 46

**High significance P-value.
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GENETIX version 4.0.2. software (Belkhir et al., 2000). The shared allele distance (DAS) has been calculated according to
Chakraborty and Jin (1993) using POPULATION 1.2.28 Software (Langella, 2002). The derived distance matrix was used as
input file for the Neighbour program (Felsenstein, 1995), to construct the Neighbour-joining (NJ) dendrogram visualized using
TreeView software version 1.5 (Page, 1996).

2.5. Cultivar identification key

Cultivar’s identification key was performed as reported by Saddoud et al. (2007). Genotypes were hierarchically organized
according to the number of generated genotypes per locus, respectively recorded for Pom006, Pom013, Pom024, Pom014,
Pom021, Pom010, Pom045, Pom055. Cultivars with common genotype were grouped together to fingerprint all tested one.

3. Results
3.1. Polymorphism of microsatellites markers

Among the 15 tested primer pairs, only 13 gave reproducible SSR patterns. A total of 40 microsatellites sized from 112 bp to
250 bp were scored using the 13 primer pairs (Table 2). Pom053 primer generates monomorphic patterns. The number of
detected alleles per locus varied from 1 to 6 with an average of 3 alleles per locus. Pom021 locus has generated 6 alleles which
only define 5 genotypes. The locus Pom006 is most informative since it generated the highest number of genotypes (7). The 13
selected primers gave polymorphic profiles representing a total of 46 genotypes (Table 2).

Our results show that some alleles have low frequencies, it is the case of the alleles 156 (Pom013) (0.02) and alleles 205
(Pom014), 198 (Pom021), 210 (Pom021) and 213 (Pom047) (Table 2). The highest allele frequency of 0.95 was recorded for
allele 140 of Pom039 locus. As demonstrated by Fig. 1 the distribution of allelic frequencies at the 12 polymorphic loci
indicated some differences between cultivars. The distributions of the detected alleles shows also a differentiation between
the groups of pomegranates originating in the north and the south of Tunisia. Weak differences were observed between the
two groups. In fact, 34 and 36 alleles were revealed for the south and the North group respectively and some specific alleles
were identified. This is well explained in the case of Pom021 locus which exhibits 2 specific alleles of North group. Also, result
shows five specific alleles of the North group not found in the remaining one. In addition, specific alleles were detected for
GS1, ZH4, ZH5 and FP2 cultivars (Table 3). These cultivars are characterized by some specific morphological traits. GS1
produces a very acid juice. Cultivars ZH4 and ZH5 have coloured fruits and ZH5 gives a juice rich in polyphenolic contents.
Cultivar FP2 is not fructiferous and has double varied flowers (Mars, 2001; Jbir et al., 2009).

The observed heterozygosity (Hops) ranged from 0.05 for Pom039 to 0.97 for Pom047, with an average value of 0.39. An
important genetic diversity characterizes consequently the Tunisian pomegranate germplasm (Table 2).

Values of expected (Hexp) and observed heterozygosities (Hops) indicate that the SSR locus shows significant differences.
Among the 13 SSR loci studied, only four loci (Pom021, Pom039, Pom047 and Pom055) illustrate no significant heterozygosity
differences (Table 2). It is possible to advance the hypothesis that cultivar groups may belong to the same ancestral population
relatively homogeneous. Intra-group and inter-group variability was estimated for each locus using Nei’s parameters (Table
4). The multilocus values of Hg and H; were 0.42 and 0.43, respectively, suggesting that 88% of variability is revealed at the
intra-group level. This assumption is confirmed by the low values of G (0.01).

3.2. Genetic distances and cultivar clustering

To estimate the genetic diversity of P. granatum accessions from different regions, DAS genetic distances were calculated
between cultivars. The minimum value of 0.03 was recorded between ‘BY1’ and ‘CH9’ and "BY’'1 and 'CH8-2’ cultivars, indi-
cating a high genetic similarity. The maximum value (0.60) was observed between ‘GS1’ and ‘TN9-2’ suggesting the
dissimilarities between these cultivars. The derived NJ dendrogram has clustered the 32 cultivars into three main groups (A, B
and C) (Fig. 2).

The first marked group A classifies cultivars ‘CH17’, ‘TN4’,‘CH3’ and ‘|B4’ together. The second group indicated B consists by
9 varieties with different denominations. Two cultivars ‘ZH11’ and ‘ZH4’ are strongly clustered, suggesting a high genetic
similarity despite their phenotypic differences. All the remaining cultivars are clustered in the cluster C. This group exhibited
three sub-groups labelled C-1, C-2 and C-3. Despite their phenotypic divergences, the ornamental accessions ‘FP1’ and ‘FP2’
were grouped into cluster (C) with the cultivated forms. It is worthy to note that cultivars with similar denominations are
clustered into different tree branches. This is well illustrated in the case of ‘Tounsi’, ‘Zehri’ and ‘Chelfi’ varieties dispersed in
the main groups A, B and C. Taking into account the geographical origin of the cultivars, we assume that a typical continuous
genetic diversity characterizes the local pomegranate germplasm. This hypothesis is strongly supported since the cultivars
studied are clustered independently from their geographical origin. The pattern of distribution of pomegranate genotypes by
cluster analysis reveals the divergence of «Garsi 1» cultivar, characterised by distinct morphometric criteria. The fruits of
(GS1) cultivar give a very acid juice. The topology of the obtained dendrogram shows that the classification of the Tunisian
pomegranates which is done independently of their geographical origin and their denominations. Hence, despite the relative
high degree of diversity, the Tunisian pomegranate germplasm represent a quite homogenous population.



J. Rania et al. / Biochemical Systematics and Ecology 44 (2012) 27-35 31

Locus Pom004
1.00
0.50
W Sud
0.00 — Nord
112 116 120
Locus Pom010
0,6
0,4
0.2 mSud
l Nord
0
234 236 248
Locus Pom014
1
03 m Sud
o | Nord
192 198 200 205
Locus Pom024
0,6
0,4
0,2 W Sud
0 B Nord
225 230 240
Locus Pom045
1
0,5 I m Sud
0! - Nord
150 158
Locus Pom047
1

. m Sud
—_ Nord

5 210 213

0,5+ l
0
20

Fig. 1. Histograms illustrating the miocrosatellite alleles frequencies distribution in two groups of Tunisian pomegranate M South group

3.3. Cultivar identification key
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North group.

For each pomegranate cultivar, microsatellites loci Pom006, Pom013, Pom024, Pom014, Pom021, Pom010, Pom045, and
Pom055 were scored and multilocus genotypes were established. A total of 29 alleles were identified for these loci. Among
these, 8 loci only have permitted the genotyping of all studied cultivars (Fig. 3). In fact, the identified alleles have distin-
guished between ‘BY1’ ‘CH9’ and ‘CH8-2’ genotypes. Cultivars with the same denominations were unambiguously finger-
printed and discriminated; it's well explained in the case of ‘ZH11’ and ‘ZH4’ cultivars. Hypothesis of homonymy could be
forward to explain this result. This identification key permitted the unambiguous discrimination of all studied accessions and
confirmed the reliability of microsatellites markers for fingerprinting pomegranate genotypes.
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Table 3
Specifics alleles registered for some pomegranate cultivars from south and north groups.
Goups loci South North
Pom013 FP2 (156)
Pom014 ZH4 (205)
Pom021 ZH5 (198, 210)
Pom047 GS1 (213)
Morphometric GS1 has the highest FP2 is not fructiferous and has double flowers Variegated
parameters juice titrable acidity. Cultivar ZH4 and ZH5 cultivars have coloured fruit and ZH5 represent

the highest juice polyphenolic content.

4. Discussion

Our work demonstrate that the SSR primers designed for P. granatum by Hasnaoui et al. (2010) are able to generate very
powerful markers to examine the molecular polymorphism of the local germplasm. Data exhibited evidence utility of this
technology to fingerprint pomegranate cultivars. In fact, the number of generated SSR markers (40 alleles) scored in this study
is higher than those reported for Iranian pomegranate cultivars using random amplified polymorphic DNA (RAPD) method
(Talebi Baddaf et al., 2003; Sarkhosh et al., 2006). But it is lower when compared to that of AFLP markers reported in our
previous study on Tunisian cultivars (Jbir et al., 2008). The targeted loci were characterized by a number of alleles per locus
(an average of 3) relatively lower than those reported for other fruit species traditionally grown in Tunisia as Ficus carica L.
(6.66 alleles/locus) (Saddoud et al., 2007) and Prunus armeniaca L. (4.4 alleles/locus) (Krichen et al., 2006). As described by
Pirseyedi et al. (2010), the SSR markers revealed on Iranian pomegranate cultivars show an average of 2.9 alleles per locus and
the observed and expected heterozygosities ranged from 0.15 to 0.87 and 0.29 to 0.65, respectively (Pirseyedi et al., 2010). The
presence of alleles with a low frequency in accessions of different origins suggests that the genetic variability is well dispersed
across locations.

The comparison of the values obtained for the expected and observed heterozygotes indicates a heterozygote deficit and
significant deviation from Hardy-Weinberg equilibrium for the majority of explored loci. It seems that the defined cultivar
groups may belong to the same ancestral relatively homogenous population. A similar result was reported for Chinese
pomegranate germplasm where the richness was supposed to be obtained by seedling propagation, natural and human
selection (Yuan et al., 2007).

The multilocus values H; of 0.42, H; of 0.43 and G of 0.01 suggested that 88% of variability is maintained at the intra-group
level as concluded by several works conducted on Chinese germplasm based on AFLP marker (Yuan et al., 2007) and for other
fruit species as date palm (Zehdi et al., 2004), olive (Ouazzani et al., 1995) and fig (Salhi-Hannachi et al., 2005).

The derived Neighbour-joining dendrogram proved that cultivars were clustered independently from their geographical
origin and their denomination suggesting that a common genetic basis may characterize these cultivars despite their
phenotypic divergences. This is strongly supported since the ornamental accession (‘FP1’ and ‘FP2’) did not significantly
diverge from the cultivated forms. In addition, cultivars of similar denomination are clustered into different groups. This is
well illustrated by the case of ‘Chelfi’ and ‘Tounsi’ cultivars that are dispersed in different clusters of the Neighbour-joining
dendrogram. Mars and Marrakchi (1999) considered some local pomegranate cultivars such as ‘Gabsi’, ‘Chelfi’, ‘Jebali’, ‘Zehri’
as polyclonal varieties. These authors have reported that the phenotypic variation is highly influenced by the agro-
ecosystems. Hypothesis of problems of synonymy and/or homonymy could be also forwarded to explain this result. While
cultivars are locally denominated according to their origin and/or their fruit characteristics such as size, colour, juice, seed

Table 4
Total gene diversity (H;), mean gene diversity within population (H;) and genetic differentiation (Gs) among
pomegranate cultivar groups.

Locus Hs Hy Ggt
Pom004 0.22 0.22 0.02
Pom006 0.59 0.60 0.01
Pom010 0.65 0.66 0.01
Pom013 0.49 0.50 0.02
Pom014 0.41 0.42 0.01
Pom021 0.62 0.63 0.01
Pom024 0.61 0.62 0.01
Pom039 0.08 0.09 0.04
Pom045 0.34 0.35 0.01
Pom046 0.30 0.31 0.02
Pom047 0.51 0.51 0.01
Pom053 0.00 0.00 -
Pom055 0.37 0.38 0.01

Multilocus 0.42 043 0.01




J. Rania et al. / Biochemical Systematics and Ecology 44 (2012) 27-35

CH8-2 @
CH9 @
BY1
FP2 )
CHT1 D>
GB19 >
RF1e

TN17 @

Group

CH17 ®
TNO ®
CH3 b
JB4 D

0.1

33

North »>

Group South ®

Fig. 2. Neighbour-joining dendrogram of 32 pomegranate accessions based on SSR markers and generated using «Das» genetic distances. Colours indicated

groups of cultivars.

Codes cultivars

—159/171 GB11
|-153/165 FP2
L 230/240 JB5
Pom024
159/159 Pom013 162/162 [ 5257230 N7
164/164 Gs1
|_153/153 Pom013
162/164 FP1
162/162 CH13
225/225 CH7
|-155/171Pom013 —162/162 Pom024 I: 198/198 CH3
230/240 Pom014 I: 150/158 CHT1
200/200 Pom045 I:
Pom006- 150/150 GB1
158/158 No-2
—165/165 Pom013 I: 230/230 Pom014 |:192/20° CH16
162/162 Pom024|: 200/200 CH15
230/240 ™NZ
230/230 CH8-3
—158/158 Pom024[—230/240 TN10
225/230 NB1
225/225 CH4
230/243 CH17
225/230 B4
200/205 ZH4
bomors 62162 PomO2¢L_2301240 pomo14|: 190/200 RF1
1-155/155 Pom 200/200 Pom021 E195,205 JR2
198/210 ZH5
234/248 ZH11
240/240 Pom010|: 150/158 CH9
236/248 p 045[ 250/250 —— -
om 150/150 Pom055 CH8-2
245/250 —— BY1
230/240 JB
- 164/164 Pom024 [ [190/200 GB6
225/230 Pom021 [ oo -

Fig. 3. Identification key of 32 Tunisian pomegranate genotypes based on 13 microsatellites loci fingerprints. Values writing in bold indicated SSRs loci. Normal

writing values indicated allele’s sizes.



34 J. Rania et al. / Biochemical Systematics and Ecology 44 (2012) 27-35

hardness, taste... (Mars and Marrakchi, 1998). Also in previous studies Jbir et al. (2008) have reported that cultivar clustering,
based on AFLP makers, was no correlated with their geographic origin. This agrees with the result found for Chinese
pomegranates where genetic distances between populations were not correlated to the geographical distance (Yuan et al.,
2007). For wild and domestic Iranian pomegranate genotypes were divided into different clusters according to their
geographical origins, in most cases, the clusters were not in agreement with the morphological traits as mentioned by
Ebrahimi et al. (2010) (fruit colour, seed colour and taste). As far as we know, this is the first report on the development of an
identification key that permitted the discrimination of all studied pomegranate cultivars using only 8 SSR loci. Our results
confirm, once again, the reliability of microsatellites markers to fingerprint pomegranate genotypes as compared to other
molecular markers as RAPD, ISSR and AFLP (Talebi Baddaf et al., 2003; Sarkhosh et al., 2006; Yuan et al., 2007; Jbir et al., 2008).
A similar identification key was obtained by Zehdi et al. (2004) for 49 Tunisian date palm cultivars (Phoenix dactylifera L.)
based on three microsatellite primers, revealing 25 alleles and 57 genotypes. Krichen et al. (2006) constructed for the Tunisian
apricot landraces an identification key for 54 genotypes by the use of 26 Prunus microsatellite primers. With only five primers,
it was possible to discriminate among all landraces studied, identifying 103 alleles and 155 different genotypes. In fig
(E carica L.), six SSR primers permitted to discriminate among 72 Tunisian local varieties with a resolving power of 97.2%
(Saddoud et al., 2007; Baraket et al., 2010), the tested primers revealed 58 alleles and 124 genotypes. An identification key for
26 Tunisian olives (Olea europaea L.) was successful established for discriminating among local cultivars using three of ten SSR
markers by Taamalli et al. (2008). Two microsatellite loci were sufficient to discriminate among all accessions studied and
establish an identification key for 54 Tunisian almond cultivars (Gouta et al., 2012).

In summary, our result proved that the tested markers are a useful tool to evaluate genetic diversity and to identify
relationships between pomegranate cultivars. In addition, the established identification key would be of great interest for
establishing strategies and a rational management, improvement and selection programs in the local pomegranate germ-
plasm facing climatic and environmental changes.
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