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Genetic diversity of 50 Tunisian almond (Prunus dulcis Mill.) genotypes and their relationships to European and American cultivars
were studied. In total 82 genotypes were analyzed using ten genomic SSRs. A total of 159 alleles were scored and their sizes ranged
from 116 to 227 bp. The number of alleles per locus varied from 12 to 23 with an average of 15.9 alleles per locus. Mean expected
and observed heterozygosities were 0.86 and 0.68, respectively. The total value for the probability of identity was 4 X 10713 All
SSRs were polymorphic and they were able all together to distinguish unambiguously the 82 genotypes. The Dice similarity coef-
ficient was calculated for all pair wise and was used to construct an UPGMA dendrogram. The results demonstrated that the genetic
diversity within local almond cultivars was important, with clear geographic divergence between the northern and the southern
Tunisian cultivars. The usefulness of SSR markers for almond fingerprinting, detection of synonyms and homonyms and evaluation
of the genetic diversity in the Tunisian almond germplasm was also discussed. The results confirm the potential value of genetic
diversity preservation for future breeding programs.
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The almond tree, dating back to ancient times, has been
grown extensively in Tunisia since the Carthaginian era,
8th century B.C. (Jaouant 1976). Being the granary of
Rome during the Roman Empire, Tunisia was considered
as one of the main trade routes along which almond was
spread throughout the shores of the Mediterranean Sea
(FeLipE 2000). Occupying the second position after olive
(Olea europea L.) with approximately 22 millions of trees
covering more than 302 000 ha, Tunisian almond planta-
tions are located throughout all the country in different
climatic conditions. About 90% of the land devoted to this
fruit crop is located in the central and southern agricul-
tural area of the country under arid and semi-arid condi-
tions (Fig. 1). Sfax (34°44°N, 10°46’E) and Sidi Bouzid
(35°04°N, 9°49’E) are the main producing regions with
45% of the national production. In the north, Bizerte
(37°16°N, 9°52’E) (humid to sub-humid climate) presents
a very specific ecosystem with cultivars particularly toler-
ant to strong winds, high humidity and many fungal dis-
eases such as Monillinia and Gloeosporium responsible
for moniliose and anthracnose diseases, respectively.

In the framework of the international cooperation
with GREMPA (Groupe de Recherches et d’Etudes

© 2010 The Authors. This is an Open Access article.

Mediterranéennes pour le Pistachier et 1’Amandier),
an almond germplasm collection was established in the
Experimental Station of Ettaous (Sfax, Tunisia) at the
beginning of the 1970s, and it was the starting point for
the establishment of many other almond collections.
As the management of the genetic resources in ex situ
germplasm banks is rather expensive, precise identifi-
cation of the accessions for avoiding duplications and
mislabelling is needed. Furthermore, the correct evalu-
ation of relatedness is essential for efficient genetic
resources management and for maintaining enough
variability for breeding programs. In the last five years,
more than three million almond trees were lost because
of the long period of drought (2000-2002). This has
increased the need to preserve as much as possible the
Tunisian almond genetic diversity, in order to prevent
genetic erosion.

Due to the lack of information on the existing germ-
plasm originating from either chance seedlings or human
selections, identification and collection of this material
were carried out during the last few years through the
northern and central part of Tunisia. Consequently, an
important genetic diversity has been identified. Until now,
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Fig. 1. Geographic position of the different accessions originated from different areas all over Tunisia.

the characterization of Tunisian almond cultivars has been
done mainly through some quantitative and biochemical
parameters such as: productivity, nut features (weight,
shelling percentage and size), mineral composition (P, K,
Ca, Mg) and lipid characteristics (oil and fat acid con-
tents) (GHRAB et al. 2002; Avapi et al. 2006), and more
recently by using RAPD markers (Gouta et al. 2008).
The use of morphological descriptors for cultivar
identification is very controversial due to environmen-
tal influences. On the other hand, the fact that RAPD is
a dominant marker and non transferable between labora-
tories has prompted discussions about its efficiency. For
these reasons, several other types of PCR-based molecu-
lar markers, such as microsatellites or simple sequence
repeat markers (SSRs) are becoming the preferred
marker for a wide range of applications in genetics and
plant breeding. Recently, SSR primers generated from
different Prunus species have been reported in almond
(JooBEUR et al. 2000; TesToLIN et al. 2004; MNEWA et al.
2005; DanGL et al. 2009); peach P persica (L.) Batsch
(Crpriant et al. 1999; DIRLEWANGER et al. 2002); apricot
P armeniaca L. (Lopes et al. 2002; MEessiNa et al. 2004);
Japanese plum P, salicina Lindl. (MNEwA et al. 2004) and

cherry P avium L. (DowNEy and Iezzoni 2000). These
markers have been used for the molecular characteri-
zation and estimation of genetic diversity among peach,
almond and other Prunus species (ARANzZANA et al. 2002;
DIRLEWANGER et al. 2002; MARTINEZ-GOMEZ et al. 2003a;
Bounabipa et al. 2007), sweet cherry (WUNscH and
Hormaza 2002) and apricot cultivars (Hormaza 2002;
MagHuLy et al. 2005). Moreover, SSRs are currently being
employed for molecular characterization, estimation of
genetic diversity and genetic relationships among almond
cultivars and related Prunus species (MARTINEZ-GOMEZ
et al. 2003b; Xu et al. 2004; SANCcHEZ-PEREZ et al. 2006;
SHIRAN et al. 2007; ZEINALABEDINI et al. 2008).

As only little information is available about the genetic
diversity and relatedness within Tunisian almond culti-
vars and their relationship with almond cultivars origi-
nated from other countries, the aims of this work are to :
1) identify by SSR analysis the accessions preserved in
the Tunisian National Collection and those collected
directly from different sites of the country (Sidi Bouzid
and Bizerte); 2) determine their relatedness to European
and American cultivars; and 3) estimate the level of
genetic diversity.
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MATERIAL AND METHODS
Plant material

Eighty-two almond accessions from different origins
(Table 1) were analyzed in this study. Most of them originated
from Tunisia (50), the others included in the National
Collection were from France (9), Italy (7), Morocco (1),
Spain (8), USA (3), or were of unknown origin (4).

The 50 Tunisian local genotypes were either from the
region of Bizerte, Nefta, Sfax and Tozeur that are con-
served in the National Germplasm Collection of Ettaous,
or originated from a recent identification and collection
efforts undertaken in the regions of Sidi Bouzid and
Bizerte.

Genomic DNA extraction

From all accessions, young leaves were collected for DNA
extraction. Total genomic DNA was isolated using the
procedure described by DovLE and DovLe (1987). DNA
quality was examined by electrophoresis in 0.8% agarose
and DNA concentration was quantified spectrophotomet-
rically (Gene Quant, Amersham Pharmacia Biotech, UK).
Extracted DNA was diluted to 5 ng ul™! with Tris-EDTA
(TE) buffer (1 mM Tris-HCI : 0.1 mM EDTA, pH 8.0) and
stored at —20°C for PCR amplifications.

DNA amplification

DNA was amplified by PCR using ten primer pairs of
microsatellite (Table 2), nine pairs derived from a library
enriched for AG/TC motifs, constructed with the almond
cultivar ‘Texas’ (MNEwA et al. 2005) and one pair previ-
ously cited by JooBEUR et al. (2000).

Amplification reactions were carried out in a final vol-
ume of 15 pl containing 10 ng of template DNA, 1 X reac-
tion buffer (20 mM (NH,),SO,, 75 mM Tris-HCI, pH 8.8),
2 mM MgCl,, 50 uM each of dATP, dGTP, dTTP, dCTP
(Amersham Pharmacia Biotech, Spain), 0.15 mM of for-
ward and reverse primers each, and 0.5 U of Tth DNA
Polymerase (Biotools Band M Labs, S.A., Spain). PCR
amplifications were carried out in a Gene Amp 2700 ther-
mocycler (Applied Biosystems, CA, USA) using the fol-
lowing temperature cycles: 1 cycle of 3 min at 95°C; 35
cycles of 1 min at 94°C, 45 s at the corresponding anneal-
ing temperature (Table 2) and 1 min at 72°C. The last
cycle was followed by a final incubation for 7 min at 72°C
and the PCR products were stored at 4°C until analysis.
Two independent SSR reactions were performed for each
DNA sample. The DNA amplification products were
loaded on 5% polyacrylamide sequencing gels. Gels were
run for 2 h at 65 W and then silver-stained according to
the protocol described by Bassawm et al. (1983). Fragment
sizes were estimated using 30-330 bp AFLP ladder

(Invitrogen, Carlsbad, CA, USA) DNA sizing markers,
and analyzed by the Quantity One program (Bio Rad,
Hercules, CA, USA).

Diversity parameters

Allelic composition of each accession and total number
of alleles were scored for each SSR locus from gel pro-
file analysis. Putative alleles were indicated by the esti-
mated size, in bp. Diversity analysis was performed for
accessions with one or two bands per microsatellite using
the following parameters: number of alleles per locus
(A), number of genotypes per locus (Gn), observed
heterozygosity (Ho), expected heterozygosity (He),
effective number of alleles (Ne (1/1 — He)), discrimina-
tion power (PD (1 — Xg?), where g is the frequency of
ith genotype) (KLoosTERMAN et al. 1993), polymorphism
information content (PIC), which is the probability that
an individual is informative with respect to the segrega-
tion of its inherited alleles (BorsTEIN et al. 1980),
Wright’s fixation index (F (1/1 —Ho/He) (WRIGHT 1951)),
frequency of null alleles (Fna), and probability of iden-
tity (PI) (1 — 2p*+ XX (2pp,)>, where p, and p, are the
frequency of the ith and jth alleles, respectively), which
measures the probability that two randomly drawn dip-
loid genotypes would be identical assuming observed
allele frequencies and random assortment (PAETKAU et al.
1995). Total probability of identity, defined as the prob-
ability of two cultivars sharing the same genetic profile
by chance, was also calculated from the individual PI
values.

IDENTITY 1.0 (Centre for Applied Genetics, Univ. of
Agricultural Sciences, Vienna, Austria) was used to cal-
culate A, Ho, He, PI, Fna and allele frequencies. Those
parameters served to evaluate the information given by
the microsatellite markers.

Data were analyzed as discrete variables (1) for the
presence and (0) for the absence of a similar band. Genetic
relationships between the genotypes were calculated using
UPGMA cluster analysis of the similarity matrix obtained
from the proportion of shared fragments (Nerand L1 1979).
Cluster analysis was done using the sequential agglomera-
tive hierarchical nested cluster analysis (SAHN) proce-
dure of NTSYS, which uses the unweighted pair group
method with arithmetic averages (UPGMA) to cluster the
genotypes. Obtained results were used to construct a final
dendrogram showing all accessions and its robustness was
evaluated by the cophenetic coefficient computed after the
construction of a cophenetic matrix. All analyses were
computed with the program NTSYS software ver. 2.1
(RonLF 2000). Bootstrap support values were obtained
from 2000 replicates using TREECON 1.3b (VAN DE PEER
and DE WACHTER 1994).
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Table 1. List of the cultivars, origin, location and main characteristics of the 82 almond genotypes studied.

Shell Self Flowering
Cultivar Origin and location Lineage hardness  compatibility date
Abiodh Ras Djebel Bizerte (Tunisia) — E. C. old local cultivar soft SI early
Faggoussi Bizerte (Tunisia) — E. C. old local cultivar semi-soft SI early
Khoukhi Bizerte (Tunisia) — E. C. old local cultivar semi-hard SI early
Harth Nefta Nefta (Tunisia) — E. C. seedling selection  semi-hard SI very early
Achaak M. Sfax (Tunisia) — E. C. seedling of Achaak  semi-hard SI very early
Abiodh de Sfax Sfax (Tunisia) — E. C. old local cultivar semi-hard ST very early
Achaak Sfax (Tunisia) — E. C. old local cultivar semi-hard SI very early
Elloumi Sfax (Tunisia) — E. C. old local cultivar semi-hard SI very early
Fekhfekh Sfax (Tunisia) — E. C; old local cultivar hard SI very early
Grosse Tendre de Sfax ~ Sfax (Tunisia) — E. C. old local cultivar hard SI very early
Guernghzel Sfax (Tunisia) — E. C. old local cultivar hard SI very early
Guernghzel CH. Stfax (Tunisia) — E. C. old local cultivar hard SI early
Ksontini B Stax (Tunisia) — E. C. old local cultivar semi-hard SI very early
Mahsouna Stfax (Tunisia) — E. C. old local cultivar semi-hard SI very early
Sahnoun CH. Stax (Tunisia) — E. C. old local cultivar semi-hard SI very early
Triki Stfax (Tunisia) — E. C. old local cultivar hard SI very early
Zahaaf Stfax (Tunisia) — E. C. old local cultivar hard SI very early
Tozeur 1 Tozeur (Tunisia) — E. C. seedling selection ~ hard SI very early
Tozeur 2 Tozeur (Tunisia) — E. C. seedling selection  soft SI very early
Tozeur 4 Tozeur (Tunisia) — E. C. seedling selection ~ hard SI very early
B200 Unknown — E. C. unknown origin semi-hard ST intermediate
B202 Unknown — E. C. unknown origin semi-hard SI intermediate
B203 Unknown — E. C. unknown origin semi-hard SI early
B204 Unknown — E. C. unknown origin semi-soft SI early
Forme en Boule Ben Aoun (Sidi Bouzid — Tunisia) chance seedling semi-hard SI very early
Forme en Poire Ben Aoun (Sidi Bouzid — Tunisia) chance seedling semi-hard SI very early
Houcine B.N. 2 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling semi-soft SI very early
Lakhdhar Ben Aoun (Sidi Bouzid — Tunisia) chance seedling semi-hard SI very early
Port retombant Ben Aoun (Sidi Bouzid — Tunisia) chance seedling semi-hard SI early
Tlili 1 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling hard SI very early
Tlili 2 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling hard SI early
Tlili 3 Ben Aoun (Sidi Bouzid — Tunisia) shance seedling semi-hard SI early
Tlili 4 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling hard SI very early
Tlili 5 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling semi-hard SI early
Tlili 6 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling hard SI early
Tlili 7 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling hard ST early
Tlili 8 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling hard SI early
Tlili 9 Ben Aoun (Sidi Bouzid — Tunisia) chance seedling hard SI very early
Belgacem N.2 Regueb (Sidi Bouzid — Tunisia) chance seedling hard SI early
Guernghzel B.N. Regueb (Sidi Bouzid — Tunisia) chance seedling hard SI early
Cheikh Sadok 1 Regueb (Sidi Bouzid — Tunisia) unknown origin semi-soft SI very early
Cheikh Sadok 3 Regueb (Sidi Bouzid — Tunisia) unknown origin hard SI very early
Cheikh Sadok 4 Regueb (Sidi Bouzid — Tunisia) unknown origin hard SI very early
Ancetre 1 Ouled Haffouz (Sidi Bouzid — Tunisia)  unknown origin semi-soft SI very early
Bouchouka B.S. Ouled Haffouz (Sidi Bouzid — Tunisia)  unknown origin semi-hard SI early
Bouchouka K.F. Ouled Haffouz (Sidi Bouzid — Tunisia)  unknown origin soft SI early
K.E3 Ouled Haffouz (Sidi Bouzid — Tunisia)  chance seedling semi-soft SI very early
K.F4 Ouled Haffouz (Sidi Bouzid — Tunisia)  chance seedling semi-hard SI very early
Merghad H.1 Ouled Haffouz (Sidi Bouzid — Tunisia) ~ chance seedling hard SI very early
Nabil F. Ouled Haffouz (Sidi Bouzid — Tunisia) ~ chance seedling semi-hard SI very early
Porto Farina* Ouled Haffouz (Sidi Bouzid — Tunisia)  unknown origin soft ST very early
Blanco Bizerte (Tunisia) old local cultivar semi-hard SI very early
Dillou Bizerte (Tunisia) unknown origin soft SI very early

(Continued)
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Table 1. (Continued).

Origin and Shell Self Flowering
Cultivar location Lineage hardness compatibility date
Khoukhi Bizerte Bizerte (Tunisia) old local cultivar semi-soft SI very early
Bruantine France — E. C. old local cultivar soft SI intermediate
Doree France — E. C. old local cultivar hard SI intermediate
Ferraduel France — E. C. Cristomorto X AT & hard SI late
Ferragnes France — E. C. Cristomorto X AT & semi-hard SI late
Fournat de Breznaud France — E. C. Marie (1901) & semi-soft SI intermediate
Languedoc France — E. C. old local cultivar semi-soft SI intermediate
Lauranne France — E. C. Ferragness X Tuono & hard SC late
Pointue d’Aureille France — E. C. old local cultivar semi-soft SI intermediate
Soucaret France — E. C. old local cultivar semi-hard SI late
Avola Italy —E. C. old local cultivar hard SI intermediate
Cristomorto Italy — E. C. unknown origin hard SI late
Fasciuneddu Italy — E. C. unknown origin hard SI early
Genco Italy — E. C. Genco G. (1910)&% hard SC intermediate
Mazetto syn. Tuono Italy — E. C. old local cultivar hard SC late
Pizzuta Italy — E. C. old local cultivar hard SI intermediate
Super Nova Italy — E. C. mutation from Fascionello# hard SC late
Ramlet Morroco — E. C. unknown origin hard SI intermediate
Desmayo Largueta Spain - E. C. old local cultivar hard SI very early
Desmayo Rojo Spain — E. C. unknown origin hard SI intermediate
Guara Spain — E. C. old local cultivar hard SC late
Malaguefia Spain—E. C. old local cultivar semi-soft SI late
Marcona Spain - E. C. old local cultivar hard SI intermediate
Mas Bovera Spain - E. C. Primorskiy X Cristomorto e hard SI late
Moncayo Spain - E. C. Tardive de la verdiere X Tuono hard SI very late
Tarragona Spain—E. C unknown origin hard SI late
Ne Plus Ultra USA-E.C. Hatch A.T. (1884) semi-soft SI intermediate
Non Pareil USA-E.C. Hatch A.T. (1884) soft SI intermediate
Peerless USA -E.C. unknown origin hard SI late

Note: %A.J. Felipe (2000).*This cultivar was identified in Sidi Bouzid but Porto Farina is the native name of a city (actually Ghar EI
Melh) in Bizerte. E.C: accessions established at the Ettaous National germplasm Collection. SC: Self compatible, SI Self incompatible

(for the local genotypes, notification is according to farmers).

RESULTS
Microsatellite polymorphism and genetic diversity

Eighty-two almond genotypes from Tunisia, Europe and
USA were analyzed using ten SSRs. All microsatellites pro-
duced alleles that could be scored. The parameters of vari-
ability analyzed are shown in Table 3. A total of 159 alleles
were scored with sizes ranging from 116 bp to 227 bp. The
number of alleles per locus (A) varied from 12 in CPDCT022
and CPDCTO033 to 23 in CPDCT042, with an average of
15.9 alleles per locus while the number of genotypes (Gn)
ranged from 27 in CPDCTO033 to 49 in CPDCT042. The
effective number of alleles (Ne) ranged from 5 in CPDCT044
to 12 in CPDCT042, with an average of 7.5. Allelic frequen-
cies ranged from 0.006 to 0.367 (data not shown).

Expected heterozygosity (He) ranged from 0.81 in
CPDCTO044 to 0.92 in CPDCT042 with a mean value of

0.86. Observed heterozygosity (Ho) ranged from 0.49 in
CPDCTO044 to 0.87 in CPDCT027 with a mean value of
0.68. Observed heterozygosity was slightly lower than the
corresponding expected heterozygosity for all loci, except
for the CPDCT027 locus, in which the situation was the
opposite. Consequently, F-values ranged from —0.05 in
CPDCTO027 to 0.40 in CPDCT044 with an average of 0.13
showing heterozygote deficiency for the majority of the
SSRs. The frequency of null alleles (Fna) ranged from
—0.02 in CPDCT027 to 0.17 in CPDCT044 with a mean
of 0.09.

Regarding the probability of identity (PI), the maxi-
mum (0.09) was observed for CPDCT022, CPDCT038
and CPDCT044 with a respective number of alleles of 12,
14 and 21. The minimum (0.02) was for CPDCT042 with
23 alleles. The average was 0.06, and the total probability
of identity was 4 X 107", This low value confirms the
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Table 2. SSR loci used to study the 82 almond genotypes.

Locus/GenBank accession no. Primer sequence (5°-3’) Annealing temp (°C) Motif  Size (bp) Reference
CPDCT022/AY 862459 F: GATCGGCGTCTCCTTTATC 62 (CT)17 133-161  MNEua et al.
R: AAAGCAAGCAGGCAAATGAA 2005
CPDCTO025/AY 862462 F: GACCTCATCAGCATCACCAA 62 (CT)10 172-194  MNEua et al.
R: TTCCCTAACGTCCCTGACAC 2005
CPDCTO027/AY 862464 F: TGAGGAGAGCACTGGAGGAG 62 (CT)19 156-176  MNEwA et al.
R: CAACCGATCCCTCTAGACCA 2005
CPDCT033/AY 862470 F: CAAAACACAAAAACCCACCA 62 (CT)18 126-150  MnNEwA et al.
R: ATTCGGGGAGTCAATCAGG 2005
CPDCTO038/AY 862475 F: ATCACAGGTGAAGGCTGTGG 62 (GA)25 149-181  MNEna et al.
R: CAGATTCATTGGCCCATCTT 2005
CPDCTO040/AY 862477 F: TGATGAGGCCTAGAAATTGGA 62 (GA)24 138-170  MnEwA et al.
R: CACAGCAATCAGCAAAAAGC 2005
CPDCT042/AY 862479 F: ACGCGTTACAAGTGAGATGC 62 (GA)27 164-186  MNEwA et al.
R: TGAAAAATCTTGATGGACGTG 2005
CPDCT044/AY 862481 F: ACATGCCGGGTAATTAGCAA 62 (GA)21 163-185  MnEwa et al.
R: AAAATGCACGTTTCGTCTCC 2005
CPDCT047/AY 862437 F: TCAAAAACACCCATTATTGAA 58 (CT)10 182-204  MNEua et al.
R: AAACATTTAGGGCTTGTTTGG 2005
PS9f8 F: GGTTCTTGGTTATTATGA 60 - 156 JoOBEUR et al.
R: ACATTTCTATGCAGAGTA 2000

efficiency of the microsatellites used in this study for
almond genotypes fingerprinting.

Discrimination power (PD) of all loci was very high; it
ranged from 0.91 to 0.97 with an average of 0.94. The
highest value was found in both of CPDCT025 and
CPDCTO042 loci. The most informative locus was
CPDCTO042 with a PIC value of 91% and the highest
effective number of alleles (Ne = 12), and number of gen-
otypes (Gn=49). The CPDCTO044 locus was the least
informative marker, with a PIC value of 0.79 and Ne of 5.
All the 10 SSRs were polymorphic and they were able to
distinguish unambiguously the 82 genotypes.

Cluster analysis and genetic relationships
among accessions

The diversity among the 82 almond genotypes studied was
evaluated according to their genetic similarity based on
UPGMA analysis using the similarity matrix generated by
the NEr and L1 (1979) coefficient. Several dendrograms were
possible and the one with the highest cophenetic correlation
coefficient (0.73) was chosen. Genetic similarities ranged
from 0 to 0.9 with an average of 0.22 (data not shown).
Figure 2 represents the dendrogram with four main
clusters (A, B, C and D). In the first cluster (A), 40 of the

Table 3. Locus name, size range of the amplified fragments, number of alleles (4), effective number of alleles (Ne),
expected (He) and observed (Ho) heterozygosities, frequency of null alleles (Fna), probability of identity (PI), Wright's
fixation index (F), power of discrimination (PD), polymorphism information content (PIC) and number of genotypes

(Gn) were calculated for 10 SSRs markers in 82 almond cultivars.

Locus Range size (bp) A Ne He Ho Fna PI F PD PIC Gn
CPDCTO022 133-175 12 6 0.83 0.59 0.13 0.09 0.29 0.93 0.81 30
CPDCTO025 162-200 15 10 0.90 0.73 0.09 0.03 0.19 0.97 0.89 40
CPDCTO027 156-202 13 6 0.83 0.87 -0.02 0.07 -0.05 0.94 0.81 31
CPDCTO033 116-150 12 7 0.85 0.72 0.07 0.08 0.15 0.94 0.83 27
CPDCTO038 147-197 14 6 0.82 0.55 0.15 0.09 0.33 0.93 0.80 33
CPDCTO040 138-174 14 6 0.84 0.61 0.12 0.08 0.27 0.93 0.82 31
CPDCTO042 160-212 23 12 0.92 0.70 0.11 0.02 0.24 0.97 091 49
CPDCT044 161-227 21 5 0.81 0.49 0.17 0.09 0.40 0.91 0.79 34
CPDCTO047 170-218 20 9 0.89 0.73 0.08 0.04 0.18 0.96 0.87 45
PS9f8 126-178 15 8 0.88 0.81 0.04 0.05 0.08 0.96 0.86 41
Total 159 4X10°1 360
Mean 159 7.5 0.86 0.68 0.09 0.06 0.13 0.94 0.84 36
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Fig. 2. Dendrogram of 82 almond genotypes based on UPGMA analysis using the similarity matrix generated by the NEr and Li
(1979) coefficient with 10 pairs of SSR primers. Bootstrap values out of 2000 replicates are shown if 50% or higher.
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50 Tunisian almond genotypes were grouped, in addition
to the two of unknown origin (‘B203* and ‘B204’). The
most cultivated genotypes such as ‘Achaak’, ‘Fekhfekh’,
‘Ksontini B’ and ‘Zahaaf’ (originating from Sfax), in
addition to the ecotypes from Sidi Bouzid (except ‘Tlili 6’
that is included in cluster B, and ‘Porto Farina’ in cluster C)
were present in this cluster. Many genotypes such as
‘Guernghzel’, ‘Guernghzel CH.” and ‘Guernghzel B.N.’;
‘Bouchouka K.F’ and ‘Bouchouka B.S’ or ‘Achaak’ and
‘Achaak M’ having similar names but different origins,
were clustered separately in different sub-clusters and
seemed to be homonymous.

In cluster B, ‘Lauranne’ was in the same sub-cluster
with ‘Ferraduel’, ‘Ferragness’, ‘Mas Bovera’, ‘Cristomorto’
and ‘Tlili 6’ in addition to ‘B202’ and ‘Genco’.

In cluster C, five Tunisian cultivars: ‘Abiodh Ras Djebel’,
‘Khoukhi’, ‘Dillou’, ‘Blanco’ and ‘Khoukhi Bizerte’ were
clustered at a genetic similarity of 0.28 with the North
American cultivars: ‘Peerless’, ‘Non Pareil’ and ‘Ne Plus
Ultra’, in addition to the French cultivars: ‘Doree’ and
‘Soucaret’. In this same sub-cluster, four other French cul-
tivars (‘Languedoc’, ‘Bruantine’, ‘Pointue d’Aureille’ and
‘Fournat de Breznaud’), as well as two Spanish (‘Malagueiia’
and ‘Desmayo Largeta’), one Italian (‘Avola’) and one
Tunisian (‘Faggoussi’) cultivars were included. ‘B200’ and
the Tunisian cultivars ‘Porto Farina’ and ‘Mahsouna’
formed a second sub-cluster of this group.

Cluster D mostly included some traditional Italian
(‘Pizzuta’, ‘Fasciuneddu’, ‘Mazzetto’ and ‘Super Nova’)
and Spanish cultivars (‘Marcona’, ‘Tarragona’, ‘Moncayo’
and ‘Guara’) with a very high genetic similarity between
‘Guara’ and ‘Mazzetto’ (GS=0.9) and those clustered
with ‘Super Nova’ at a genetic similarity of 0.84.

DISCUSSION

In this work, ten SSRs were used to study the main Tuni-
sian almond accessions preserved in the National Germ-
plasm Collection, as well as some local genotypes
collected from the field in Sidi Bouzid, being one of the
most important area of almond diversity in the country,
and Bizerte. Some European and North American culti-
vars were also included as references in this study.

An average of 15.9 (alleles locus™) was observed for
the ten SSR studied (Table 3). This value is relatively high
compared to the values of 8.4 and 6.6 alleles locus™
obtained in almond by TEsToLIN et al. (2004) and MNEJA
et al. (2005), respectively. This may be explained by the
higher number of almond genotypes included (82), while
these authors used only 16 and 8 genotypes, respectively.
For all the SSRs, the size range of the amplified bands was
also larger than previously reported by them. Our work
probably reflects the presence of new alleles in almond
that were not described before.

The average values of the expected (0.86) and observed
(0.68) heterozygosity as well as the PIC values (0.84), were
slightly higher compared to those previously reported by
MnEnA et al. (2005), using nine of the ten primer pairs used
in this study. As PIC value provides an estimate of the dis-
crimination power of a marker by taking into account not
only the number of alleles at a locus but also the relative
frequencies of these alleles, this fact may also be attributed
to the higher number of genotypes analyzed in our study.

The power of discrimination (PD) mean value (0.94) was
similar to that obtained by SANCHEz-PEREz et al. (2006;
0.92), when screening 21 almond cultivars with six primer
pairs derived from peach. This relatively higher value com-
pared to that obtained by MnEwA et al. (2005; 0.84) can be
explained by the fact that we have selected the nine micro-
satellite markers presenting the highest PD values from the
31 single locus markers evaluated by these authors.

The majority of the Tunisian genotypes were clustered
together but they showed several minor groups, which
revealed their high heterogeneity (cluster A of the dendro-
gram, Fig. 2). This is probably due to the traditional method
of propagation of this species all over the country which
was mainly done by seeds (open-pollinated), until the more
extensively use of grafting in the Mediterranean area at the
beginning of the 20th century (GRrASSELLY and CROssA
Raynaup 1980). In addition, the need of out-crossing of
this species as self incompatible is assumed to be one of
the main causes of the existing genetic diversity.

The clear distinction between the majority of local culti-
vars from the central and southern part and all of the other
groups which was not previously demonstrated using
RAPD (Goura et al. 2008) is a proof of the higher dis-
crimination power of SSRs compared to RAPD. The boot-
strap values of 84% and 100% supporting the relatedness
among‘B204’ and ‘Harth Nefta’ from one side and ‘B203’
and ‘Ksontini B’ from the other, confirms the hypothesis
of a local origin of these two unknown cultivars.

In contrast to what has been observed in group A (Fig. 2),
the local cultivars from Bizerte (north of Tunisia), which
belongs to the humid and sub humid bioclimatic zone, with
rainfalls greater than 700 mm year !, were clustered in the
group C with some European and all the North American
cultivars. In fact, the position of this area in the extreme
north of Tunisia probably favoured the exchange of geno-
types between both shores of the Mediterranean Sea. The
presence in group C of the two cultivars: ‘Porto Farina’ as
was the old name of Ghar El Melh (a city in Bizerte) and
‘Faggoussi’ could be another fact in favour of this hypothe-
sis. The fact that the three American almond cultivars: ‘Peer-
less’, ‘Non Pareil” and ‘Ne Plus Ultra’, clustered together
with the French cultivars pool: ‘Doree’, ‘Languedoc’, ‘Bru-
antine’, ‘Pointue d’Aureille’ and ‘Fournat de Breznaud’, is
an evidence for their origin as independent selections from
the same initial French germplasm pool (HAuaGGE et al.
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1987; KesTER 1994; BarTHOLOZI et al. 1998). Moreover, ‘Ne
Plus Ultra’ and ‘Non Pareil’ were mentioned to originate
from seedlings selected by A. T. Hatch in California in 1979,
originated from material of the Languedoc region of France
(KEsTER 1994). The high bootstrap values observed in the
sub cluster grouping cultivars from Bizerte (85% for ‘Abiodh
Ras Djebel’ and ‘Khoukhi’ and 93% for ‘Dillou’ and
‘Blanco’) support the specificity of this site.

Since few previous cluster analysis and genetic rela-
tionship for almond have been done using genomic micro-
satellites derived from almond, the present work reveals
new genetic similarity values among many local and for-
eign cultivars.

The presence of ‘Ferragness’, ‘Ferraduel’, ‘Lauranne’
and ‘Mas Bovera’ in the same sub-cluster with ‘Cristo-
morto’, previously obtained by MARTINS et al. (2003) is
supported by statements concerning their genetic origin
(Table 1). In fact, ‘Ferraduel’ and ‘Ferragness’ were
selected from seedlings of the cross-pollination between
‘Cristomorto’ X ‘Ai’, ‘Lauranne’ is a selection of ‘Ferrag-
ness’ X ‘Tuono’, while ‘Mas Bovera’ derives from a cross
of ‘Primorskiy’ X ‘Cristomorto’ (FeLipE 2000). Genetic
similarity between ‘Ferragness’ and ‘Ferraduel’ was 0.57,
which is different from the value (1.0) found by Xu et al.
(2004). The same authors found a higher value of GS
between ‘Non Pareil’ and ‘Ne Plus Ultra’ (0.73) compared
to our value (0.45). These differences may be due to the
fact that these authors have used EST derived SSRs that
generally display lower polymorphism than genomic ones
(CHo et al. 2000; Scort et al. 2000; EulayL et al. 2002).

The close relationship found between ‘Mazzetto syn.
Tuono’ and ‘Guara’ (cluster D) with a genetic similarity of
0.90 was already observed by Martins et al. (2003;
GS =0.87), who concluded that ‘Guara’ is probably a
seedling of ‘Tuono’. Relatedness between ‘Moncayo’ and
‘Tuono’ was already proposed by SHIRAN et al. (2007) and
it has also been confirmed in this work. The presence of
‘Super Nova’ in the same sub-cluster with these last two
cultivars could be due to the fact that they have some com-
mon agronomic background as happens with many culti-
vars showing the self-compatibility trait. This subgroup
classification is also supported by the high bootstrap val-
ues (72 and 99%). Nevertheless, this could be furthermore
confirmed by the use of some microsatellites from the link-
age group 6 where the self-compatibility trait is located.

The cultivar ‘Khoukhi Bizerte’ collected directly from
the field in Bizerte was added to the analysis to test the
authenticity of the specimen ’Khoukhi’ existing in the
National Collection of Ettaous. The low genetic similarity
found (0.42) between them, suggest that they are probably
homonymous and as a consequence respective corrections
should be made in the collection.

Finally, the presence of the genotypes ‘B202’, ‘Tlili 6’,
‘Tozeur 4°, ‘B200’ and ‘Mahsouna’ out of cluster A raises

the question of their possible relatedness to the European
genotypes and opens the way for further investigations.

The fixation index average (F = 0.13) shows a deficit of
heterozygosity for nine of the ten loci. This could be
explained by the population structure and/or inbreeding like
effect. In fact, the need of cross-pollination for the majority
of almond cultivars as self-incompatible and the historical
origin of almond along the shores of the Mediterranean Sea
are strong statements in favour of these hypotheses.

This study reveals the high diversity and the distinct
origin of the Tunisian almond germplasm and can be con-
sidered as a first step in understanding the parental rela-
tionships and the origin of local and traditional cultivars
grown in Tunisia.

In summary, SSRs analysis has been successfully used to
examine the crop origin, geographic divergence and distri-
bution as well as for revealing synonymous and mislabel-
ling in the Tunisian germplasm. All the Tunisian genotypes
except the northern cultivars from Bizerte, were genetically
distant from the European and American cultivars studied.
The great diversity found in the Tunisian almond germ-
plasm supports the idea that Tunisia has a valuable source
of almond genes to be exploited in further international
breeding programs. We advice that the local genotypes col-
lected from Sidi Bouzid and Bizerte, described for the first
time in this study, should be included and preserved in the
National Germplasm Collections of Tunisia.
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