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 Summary
Introduction    –   Little attention has been directed 

toward the conservation and evolution of Pistachio’s 
genetic resources in Tunisia. Despite the increased 
importance of this crop, local pistachio germplasm 
is far from being adequately studied and used. Ma-
terial and methods    –    The present research aims to 
study genetic diversity and relationships among 
three populations (El Guetar, Gafsa Sidi and Bouzid) 
of Tunisian pistachio (42 accessions) using a set of 
nine simple sequence repeats (SSR) markers. Results 
and discussion   –   The results revealed that 29 alleles 
were observed across all the studied genotypes with 
an average value of 2.9. The observed and expected 
levels of heterozygosity for the majority of locus in-
dicated that the genotype frequencies in pistachio 
deviated from the Hardy-Weinberg equilibrium. In 
addition, P. atlantica trees (Battoum) present specific 
alleles amplified by two different primers. Factorial 
Correspondence Analysis (FCA) and Neighbor-Joining 
tree are structured independently from the plant’s 
sex but structured according to geographical origin. 
Bayesian analysis of STRUCTURE showed that all pis-
tachio individual could most likely be assigned to two 
genetics’ pools named “South” and “Center”. Conclu-
sion  –  The exposed SSR alleles were successfully used 
to discriminate between different studied accessions. 
In addition, this study could be considered as an im-
portant step ensuring the conservation and the devel-
opment of the national database.
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Significance of this study
What is already known on this subject?
•	 In Tunisia, important morphological traits were iden-

tified according to the pistachio descriptor list (IPGRI, 
1997) by Ghrab et al. (2012). In addition, ISSR, SRAP 
and chloroplastic markers were successfully used to 
study the genetic diversity of Tunisian pistachio (Farès 
et al., 2009; Guenni et al., 2016; Choulak et al., 2015).

What are the new findings?
•	 The current study reported herein presented the first 

comprehensive analysis of diversity in the Tunisian 
pistachio germplasm using SSR markers. The exposed 
SSR alleles were successfully used to discriminate 
between different studied accessions. In addition, our 
results showed that Pistacia atlantica (Battoum) pres-
ents specific alleles amplified by two different prim-
ers.

What is the expected impact on horticulture?
•	 By growing mixtures of diversified local germplasm 

of crops, farmers have been able to select varieties 
adapted to local farming systems and environmental 
conditions. Additionally, our result helps to varietal 
identification as early as the juvenile stage of the plant.

Introduction
Pistacia vera L. (2n=30) is a dioecious and wind pollinat-

ed member of the Anacardiaceae family. It is the only cultivat-
ed and commercialized species in the genus Pistacia, which 
produces comestible nuts great enough to be commercially 
acceptable (Zohary, 1996; Pazouki et al., 2010). Pistachio is 
cultivated over large areas around the world. Two centers of 
diversity have been defined, an area from Iran into eastern 
Turkey, and the second one in southern Turkmenistan and 
northern Afghanistan (Joley, 1969). P.  vera has been long 

spread for nuts all over the Middle East and Mediterranean 
basin (Badenes and Byrne, 2012). Numerous reports suggest 
that the Romans were accountable for the propagation of this 
species within the Mediterranean regions (Hormaza et al., 
1994). In Tunisia, pistachio is cultivated since Carthaginians 
time (Jacquy, 1973).

Despite this long history, little is known today about its 
genetic variability and wealth (Ghrab et al., 2012). Actually, 
there is 44,000 ha grown pistachio areas and the national 
production in 2014 reached 1,200 tonnes (Faostat, 2016). 
Pistachio trees represent about 11% of the Tunisian total 
area planted with drupe fruit trees (excluding olive trees and 
date palm). Several Iranian and Syrian varieties were intro-
duced in Tunisia. The ‘Matteur’ variety, which resembles the 
Syrian variety ‘Achoury’, is the only extensively employed va-
riety in Tunisia (Ghorbel et al., 2001).

The main Tunisian regions producing pistachio are Kas-
serine, Sidi Bouzid, Gafsa, Sfax, and Kairouan. However, cul-
tivation and productivity of pistachio are still narrow due to 
uncontrolled pollination and drought condition. In fact, pis-
tachio trees are expensive to expand for the reason of their 
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long juvenile period and to the need of artificial pollination 
(Ghorbel et al., 2001). On the other hand, a relatively small 
number of cultivars are currently used in the largest scaled 
pistachio production (Tous and Ferguson, 1996). This prog-
ress in production for few improved cultivars is unfortunate-
ly accompanied by a significant decline of wild material and 
land races (see Ghorbel et al., 2001). In addition, such culti-
vations are also risked to be based on a very strait genetic 
base (Maggs, 1973; Tous and Ferguson, 1996), making them 
susceptible to pest or disease attacks. As a result, pistachio 
breeding is now exposed to a severe loss of genetic diversity.

Researches on genetic diversity and relationships within 
cultivated species are needed to attract attention to the pri-
orities for the conservation strategies of plant germplasm. 
Since the middle 1980’s, genome identification and selec-
tion has surely improved with the advantage of polymerase 
chain reaction (PCR) skill (Mullis et al., 1986). In fact, many 
studies have described the use of RAPD, AFLP, ISSR methods 
and chloroplast DNA (Katsiotis et al., 2003; Golan-Goldhirsh 
et al., 2004; Baghizadeh et al., 2010; Choulak et al., 2015) to 
identify Pistacia vera L. cultivars. These studies have con-
firmed the efficiency of the used molecular markers to evalu-
ate genetic diversity within studied genotypes. Furthermore, 
because of their high degree of polymorphism, the possibility 
of automated scoring of genotypes and their random distri-
bution throughout the genome, microsatellite loci have been 
proven to be one of the most potent tools for inferring with 
genetic variability (Burford and Wayne, 1993). In recent 
times, microsatellites were developed from Pistacia lentiscus 
(Albaladejo et al., 2008) and P.  vera (Ahmad et al., 2003; 
Kolahi-Zonoozi et al., 2014; Ziya-Motalebipour et al., 2016; 
Topcu et al., 2016) which are applied to discriminate pista-
chio varieties collected from different regions (Baghizadeh 
et al., 2010; Pazouki et al., 2010). Thus, in order to improve 
the conservation of Tunisian pistachio germplasm, the iden-
tification and the preservation of the genetic variability of 
natural populations, molecular markers are used. The study 
reported herein presented the first comprehensive analysis 
of diversity in the Tunisian pistachio via simple sequence 
repeats (SSR) markers, which are the most consistent, and 
reproducible molecular markers for genetic diversity stud-
ies. This will be of great support for the management of the 
species.

Materials and methods

Plant material
Field visits were carried out from April 2012 to July 

2013 in the central (Sidi Bouzid) and southern (Gafsa and El 
Guetar) traditional areas of pistachio culture in Tunisia. For-
ty-two Tunisian pistachio accessions, including 30 domestic 
female trees, nine males trees or ‘Dhokkars’ (P.  vera) and 
three P.  atlantica or ‘Battoum’, were used in the study (Ta-
ble 1). Several information has been noted: the sex of trees, 
the name if possible, and grafted or wild plants. Plant mate-
rial consists of young leaves of each adult tree. Samples were 
frozen at -80 °C awaiting their use for DNA purification.

DNA extraction and PCR amplification
Total genomic DNA was extracted from frozen leaves 

of single adult trees by means of a modified MATAB meth-
od (Risterucci et al., 2000). Before extraction, leaves were 
ground in liquid nitrogen using a ball mill (type MM2; Retsch, 
Haan, Germany). The DNA was re-suspended in molecular bi-
ology water after isopropanol evaporation. DNA concentra-

tions were measured using the spectrophotometer and its 
integrity was checked by agarose-gel electrophoresis (Sam-
brook et al., 1989).

According to Ahmad et al. (2003), nine SSR loci were con-
sidered in this study. Amplifications were realized using a 
Bio-Rad thermocycler (Bio-Rad Laboratories Inc., Hercules, 
CA, USA). Each reaction was carried out in a 10-µL reaction 
mix containing 25 ng of genomic DNA, 0.5 mM MgCl2, 0.1 µM 
of the reverse and forward primers, 0.1  µM of M13 prim-
er, 0.2 mM of each dNTP, and 1 unit of Taq polymerase. Re-
verse primers were unlabeled while forward primers were 
5’-labeled by one of the following fluorescent compounds: 
FAM, PET, VIC or NED, to facilitate analysis on automated se-
quencers. PCR products were observed using capillary elec-
trophoresis on an ABI 3500xl DNA Analyzer. Samples were 
prepared by mixing 2 µL of diluted PCR products with 10 µL 
of the Mix (250 µL formamide and 3 µL GeneScan 600 LIZ 
(Applied Biosystems).

Genetic diversity analysis
The size of different SSR fragments for the 42 studied 

accessions was identified with the GENEMAPPER V4.1 soft-
ware. The total number of alleles, the expected (He) hetero-
zygosity values, and the observed (Ho) were calculated in  
GenAlEx (Peakall and Smouse, 2006) according to Nei (1978). 
Genetic diversity measures (Ht, total gene diversity; Hs, mean 
genetic diversity within the population; Gst, the coefficient of 
gene differentiation) were also tested using GenAlEx.

Genetic relationships
A dendrogram was constructed using the Darwin soft-

ware (Perrier and Jacquemoud-Collet, 2006). This program 
deducing evolutionary and phylogeny trees from distance 
based methods of evolutionary similarity. Based on this dis-
similarity, an unrooted neighbor-joining tree was construct-
ed (Saitou and Nei, 1987). Additionally, Factorial Correspon-
dence Analysis (FCA) was performed with GENETIX 4.05 
program, to build a tri-dimensional graphic representation 
of the genetic variability of accessions according to their ge-
netic origin.

Genetic differentiation and population structure
Wright (1965) developed two indices of fixation: the “fix-

ation index” or Fst and Fis indices. The estimator (Fst) presents 
the proportion of genetic diversity due to allele frequency 
differences among populations. Fis indices are used to esti-
mate the average departure of genotype frequencies from 
Hardy‐Weinberg expectations within populations. These 
fixation indices were computed according to the formula of 
Weir and Cockerham (1984) using the program GENETIX 
4.05 (Belkhir et al., 2004).

To infer population structure of studied pistachio culti-
vars, Bayesian Markov Chain Monte Carlo algorithm, STRUC-
TURE, was used (Pritchard et al., 2000). This program allows 
detecting the presence of distinct populations, assign indi-
viduals to populations and study hybrid zones. Moreover, this 
program presumes Hardy-Weinberg equilibrium (HWE) and 
linkage equilibrium within clusters. Without any information 
about the geographic origin of the cultivars, the STRUCTURE 
program was run for ten independent replicate runs for each 
k value (k ranging from 1 to 10). Therefore, a possible num-
ber of genetic clusters (k) in our sample set was investigated 
by a web-based program for collating results produced by 
the STRUCTURE program. In fact, Structure Harvester 0.694 
(Dent, 2014; web version) provided a fast way to evaluate 
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and envisage likelihood values from multiple values of k and 
hundreds of iterations for the easier revelation of the num-
ber of genetic groups that best fit the data.

Results and discussion

SSR analysis
A total of 29 alleles were observed across all studied 

genotypes (Table 2). The number of alleles per locus ranged 
from one for primers Ptms-9, Ptms-40, and Ptms-47, to eight 
for Ptms-7, with an average value of 2.9. With the exception 

of Ptms-9, Ptms-40, and Ptms-47 for which the three popu-
lations were monomorphic at these loci, all the other used 
primers revealed different levels of polymorphisms. This re-
sult highlights a high degree of genetic diversity within the 
studied Tunisian pistachios. Additionally, average allele per 
locus was significantly higher than that observed for Syrian, 
Turkish, and American cultivated pistachios (Ahmad et al., 
2003), but less than that detected in Iranian pistachio, where 
different species were included in the study (Pazouki et al., 
2010).

Table 1.  Label, sex and origin of Tunisian pistachio cultivars studied.

Geographic origin Labels Sex Species Plant nature
El Guetar (Tunisia) GT1 ♀ P. vera Grafted plant

GT2 ♀ P. vera Grafted plant
GT3 ♂ P. vera Grafted plant
GT4 ♂ P. vera Grafted plant
GT5 ♀ P. vera Grafted plant
GT6 ♂ P. vera Grafted plant
GT7 ♀ P. vera Grafted plant
GT8 ♀ P. vera Grafted plant
GT9 ♂ P. vera Grafted plant

GT10 ♀ P. vera Grafted plant
GT11 ♀ P. vera Grafted plant
GT12 ♀ P. vera Grafted plant
GT13 ♀ P. vera Grafted plant
GT14 ♀ P. vera Grafted plant
GT15 ♂ P. vera Grafted plant
GT16 ♀ P. vera Grafted plant
GT17 ♀ P. vera Grafted plant
GT18 ♀ P. vera Grafted plant
GT19 ♀ P. vera Grafted plant
GT20 ♀ P. vera Grafted plant

Gafsa (Tunisia) GF1 ♂ P. vera Grafted plant
GF2 ♂ P. vera Grafted plant
GF8 ♀ P. vera Grafted plant
GF9 ♀ P. vera Grafted plant

GF10 ♀ P. vera Grafted plant
Battoum1 P. atlantica Wild seedling

Sidi Bouzid (Tunisia) SB1 ♀ P. vera Grafted plant
SB2 ♀ P. vera Grafted plant
SB3 ♀ P. vera Grafted plant
SB4 ♀ P. vera Grafted plant
SB5 ♂ P. vera Grafted plant
SB6 ♂ P. vera Grafted plant
SB7 ♀ P. vera Grafted plant
SB8 ♀ P. vera Grafted plant
SB9 ♀ P. vera Grafted plant

SB10 ♀ P. vera Grafted plant
SB11 ♀ P. vera Grafted plant

Matteur1 ♀ P. vera Grafted plant
Matteur2 ♀ P. vera Grafted plant

Irani ♀ P. vera Grafted plant
Battoum2 P. atlantica Wild seedling
Battoum3 P. atlantica Wild seedling
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For every locus, allele frequency was calculated using  
GenAlEx. Values ranged from 0.015 of Ptms-12 to 0.737 of 
Ptms-3 (Supplemental Information, Table S1). In accordance 
with Ahmad et al., (2003), in the present survey, no correlation 
was established between the repeated number of microsatel-
lites and their polymorphism or their genetic parameters.

Furthermore, our results showed that Pistacia atlantica 
(Battoum) presents specific alleles amplified by two differ-
ent primers. In fact, markers Ptms-3 and Ptms-7 were yield-
ed to 132 bp, and 181 bp, 191 bp respectively (Supplemental 
Information, Table S1). On the other side, it is worth noting 
that the resultant genetic diversity was made independently 
from the sex of trees.

Genetic diversity 
A heterozygote excess was recorded for the Ptms-7, 

Ptms-11, Ptms-12, Ptms-31, and Ptms-42 (Table  2). Only 
Ptms-3 showed a deficiency of heterozygosity. The Ptms-7 
locus offered the highest number of alleles (8) and Ptms-31 
gave the maximum expected heterozygosity value (Table 2).

The observed heterozygosity (Ho) ranged from 0 to 1 and 
the mean Ho was 0.581. The expected heterozygosity (He) for 
individual loci varied from 0 to 0.639 (Ptms-31), with an av-
erage value of 0.360 (Table 2). The quantities Hs and Ht are 
calculated for all the loci examined. Based on the studied SSR 
markers, the average within-population genetic diversity 
(Hs) was 0.522 and the total diversity (Ht) was 0.558. When 
monomorphic loci were included, Hs and Ht decreased to 
zero. The Hs and the Ht values were almost similar suggest-
ing that maximum of local variability was preserved for all 
studied loci.

In addition, we tried to calculate the heterozygosis level 
in the geographical groups. The studied pistachio varieties 
were subdivided into three groups (El Guetar, Gafsa and Sidi 
Bouzid). Sampling areas showed an excess of heterozygosis 
and an important deviation from the Hardy-Weinberg equi-
librium (H0 > He) (Supplemental Information, Table S2). The 
privileged value of expected heterozygosity (He) was ob-
served for Gafsa samples compared with the other regions. 
The population of Gafsa showed the highest genetic diver-
sity, followed by Sidi Bouzid and El Guetar populations. This 
result indicated that the level of genetic diversity within the 
population of Gafsa was important and carried rich genetic 
variability. Consequently, Gafsa cultivars might be the results 
of few introduced genotypes, which have been, in the first 
place, propagated in El Guetar and Sidi Bouzid regions.

In general, Tunisian pistachio varieties displayed a mod-
erate level of heterozygosity. This conclusion is similar to the 
obtained in several previous studies, on pistachio cultivars, 
focusing on a single country, like Iran (Salehi Shanjani et al., 
2009; Pazouki et al., 2010) or numerous countries and spe-
cies (Ahmad et al., 2003; Mirzaei et al., 2006; Arabnezhad et 
al., 2011). These studies supported low genetic variation in 
cultivated pistachio using several molecular markers includ-
ing SSR markers. In  fact, detecting a low level of polymor-
phism may suggest the presence of a narrow genetic variabil-
ity among cultivated pistachios (Ahmad et al., 2003).

Furthermore, the levels of heterozygosity values, for 
different studied loci, showed that pistachio’s genotype fre-
quencies diverged from Hardy-Weinberg equilibrium. The 
observed deviation from the HWE in our study could be due 
to the limited sample size and the system of mating in pis-
tachio (Templeton, 2006; Kolahi-Zonoozi et al., 2014). Oth-
erwise, any deviation from HWE may indicate a biological 
process like the selection by farmers of a genotype combina-
tion for interesting agronomical traits (Zehdi-Azzouzi et al., 
2015), or else it can be related to the monovarietal crops (or 
monoculture) of mains varieties cultivated in Tunisia (‘Mat-
teur’ and ‘El Guetar’). Alternatively, breeding events and the 
vegetative propagation system of Pistacia species can, also, 
explain this divergence. In fact, the long juvenility imposes 
severe limits on breeding efforts by farmers, who would have 
to wait several years before the fruits can be selected and 
grown. The first farmers avoided this problem by adopting 
vegetative reproduction. Vegetative propagation is the main 
form of reproduction in Tunisian pistachio. These results are 
in agreement with other work on dioecious species as the 
Fig tree (Ficus carica L.) (Chatti et al., 2010) and date palm 
(Phoenix dactylifera L.) (Zehdi et al., 2012).

Genetic differentiation and population structure
Genetic differentiation (Fst) values ranged from 0 to 0.158 

at Ptms-42 and Ptms-31 respectively (Table 2). Furthermore, 
the coefficient (Fis) showed negative values; indicate hetero-
zygote excess compared with HWE expectations. Otherwise, 
Nei’s Gst was typically used for describing the average amount 
of differentiation observed over multiple loci, the multi-locus 
values of Gst were 0.064 (Table 2).

Wright showed that estimates of Fst are important in the 
measure of the genetic differentiation and in the descriptive 
statistics of evolutionary genetics, while Fst is more than just 
a genetic differentiation measurement (Holsinger and Weir, 

Table 2.   Genetic parameters of nine used loci. Na: number of alleles per locus, Ne: Mean effective number of alleles, He: 
expected heterozygosity, Ho: observed heterozygosity, Fst and Fis: Wright’s analysis of hierarchical F-statistics, Ht: total genetic 
diversity and Hs: the mean genetic diversity within population.

Locus Repeat motif Allele size Na Ne Ho He Fst Fis Gst Ht Hs

Ptms-3 (CA) 16 132-140 3 1.268 0.000 0.204 0.037 1.000 0.037 0.212 0.204
Ptms-7 (CA) 15 175-193 5 2.786 0.972 0.620 0.027 0.569 0.027 0.673 0.619

197-201 3 2.057 0.833 0.495 0.135 0.682 0.048 0.569 0.541
Ptms-9 (CA) 7 128 1 1.000 0.000 0.000 - - - 0.000 0.000
Ptms-11 (CT) 13 162-202 4 2.613 1.000 0.604 0.108 0.656 0.108 0.677 0.603
Ptms-12 (CT) 21 137-203 4 2.256 1.000 0.546 0.011 0.831 0.001 0.552 0.546
Ptms-31 (CT) 20 135-203 5 2.961 1.000 0.639 0.158 0.565 0.158 0.759 0.639
Ptms-40 (CTTT) 4 199 1 1.000 0.000 0.000 - - 0.000 0.000
Ptms-42 (CTT) 10 162-201 2 2.000 1.000 0.500 0.000 1.000 0.000 0.500 0.500
Ptms-47 (CTT) 13 146 1 1.000 0.000 0.000 - - - 0.000 0.000
All loci 2.9 1.894 0.581 0.360 0.077 0.609 0.064 0.558 0.522
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2009). Fst is conversely related to the degree of resemblance 
among individuals within populations. If Fst is small, it means 
that allele frequencies within each population are very sim-
ilar (Holsinger and Weir, 2009). In addition, Fst parameter 
is an indirect estimate of gene flow, since Fst = 1 / (4Nm+1) 
(where Nm is the mean number of migrants per generation 
among populations.), Nm increases, Fst decreases, and vice 
versa (Whitlock and Mccauley, 1999). The low values of FST 
indicate high connectivity between populations, and this 
easy connection makes high breeding possible and gene ex-
changes among regions. This can be the result of the rela-
tive proximity of geographical sampling areas for the studied 
accessions (only 110  km apart). Same interpretations are 
cited by Guenni et al. (2016), where Tunisian pistachio culti-
vars from different geographic groups (Kasserine, El-Guetar, 
Gabes, and Sfax), showed a large genetic diversity and low 
level of genetic differentiation between them. These observa-
tions were justified by the high gene flow level (Nm = 1.127).

To illustrate a synthetic representation of the genetic vari-
ability distribution of the considered accessions, a multivari-
ate analysis (FCA) was performed. The three first dimensions 
of factorial correspondence analysis represented, respectively, 
29.95%, 16.37% and 14.86% of the total genetic variability. 
These observations gave an idea about a genetic diversity, 
which structured according to species (Figure 1). Moreover, 
the cultivars of Pistacia atlantica (Battoum), originating from 
Gafsa and Sidi Bouzid, were clearly different from Pistacia 
vera accessions. However, Gafsa cultivars represented a larger 
scale distribution compared to the other regions and showed 
an overlap between them (Figure 1). We noted also that El 
Guetar and Sidi Bouzid ecotypes were clearly separated from 
each other (Figure 1). This result supported the dispersion of 
cultivars exposed by the NJ tree (Figure 2).

In fact, the dendrogram classified the 42 studied acces-
sions into two major clusters. The first one (I) contained all 
Sidi Bouzid genotypes, some varieties of Gafsa (GF8, GF9 and 
GF10) and Bottoum’s cultivars. The second cluster (II) rep-
resented the totality of El Guetar genotypes with some va-
rieties of Gafsa (GF1 and GF2). Topological NJ dendrogram 
showed that groupings of Tunisian varieties were made inde-
pendently of the sex of the trees, but depending on their geo-
graphical origin. Indeed, El-Guetar varieties and Sidi-Bouzid 
ones are clearly separated from each other.

However, Pistacia atlantica (Battoum) cultivars belonged 
to the same sub-cluster and they were obviously detached 
from the P. vera ecotypes. Foreign cultivar Irani introduced in 
the Tunisian pistachio plantations was not significantly sep-
arated from the autochthonous ones (Figure 2). Therefore, 
considered together, the factorial correspondence analysis 
and the NJ tree showed, in the first part, the presence of a 
geographical distribution of Pistacia vera in Tunisia and the 
significant differentiation of P.  atlantica (Battoum), in the 
second part (Figure 2).

The STRUCTURE algorithm, using multi-locus genotype 
data to investigate population structure, was run without 
precedent information about the geographic coordinates of 
the samples. This program was run 10 times for every k val-
ue from 1 to 6, with each run including a burn-in period of 
250,000 iterations and a length of 2.106 iterations. Accord-
ing to Evanno et al. (2005), the log likelihood between fol-
lowing k values (ΔK) showed a higher level of clustering at 
k = 2 for the considered pistachio accessions (Figure 3). At 
k = 2, pistachio accessions were clearly differentiated into 
two geographic groups, the first one, named “South” cluster, 
consisted of accessions from El Guetar and some accessions 
originated from Gafsa. The second cluster, named “Center”, 
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Figure  1.    Factorial Correspondence Analysis scatter plot of 42 pistachio cultivars based on the first three principal 
coordinates. Battoum cultivars are represented by arrows. Yellow dots, ‘El Guetar’ varieties; blue dots, Gafsa accessions; white 
dots, Sidi Bouzid accessions.
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FIGURE	2.	 Dendrogram of different cultivar’s groups produced by the Neighbour-joining clustering method and 
based on microsatellites markers. Colour of the branches represent accession/population assignment, red: El-
Guetar (GT) accessions; green: Gafsa accessions (GF/ Battoum1); blue: accessions from Sidi Bouzid region (SB/ 
Matteur1 and Matteur2/ Battoum2 and Battoum3). 
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FIGURE	3.  Estimated population structure based in microsatellites markers using STRUCTURE software. a) Mean 
log likelihood Ln P(X|K) as a function of the number of genetic clusters (K), b) Population structure, each color 
indicates a Group with the same genetic background. Bold lines represent the limit of each population; Population 
1: El-Guetar (red); Population 2: Gafsa (green); Population 3: Sidi-Bouzid (blue). The interrupted line represents 
the limit of the two clusters: Center and South. 
 
 
  

Figure 2.   Dendrogram of different cultivar’s groups produced by the Neighbour-joining clustering method and based on 
microsatellites markers. Colour of the branches represent accession/population assignment, red: El-Guetar (GT) accessions; 
green: Gafsa accessions (GF/ Battoum1); blue: accessions from Sidi Bouzid region (SB/ Matteur1 and Matteur2/ Battoum2 
and Battoum3).

Figure 3.  Estimated population structure based in microsatellites markers using STRUCTURE software. a) Mean log likeli-
hood Ln P(X|K) as a function of the number of genetic clusters (K), b) Population structure, each color indicates a Group with 
the same genetic background. Bold lines represent the limit of each population; Population 1: El-Guetar (red); Population 2: 
Gafsa (green); Population 3: Sidi-Bouzid (blue). The interrupted line represents the limit of the two clusters: Center and South.
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was composed of the accessions from Sidi Bouzid and a few 
samples from Gafsa. Thus, Gafsa cultivars could be the conse-
quence of few introduced genotypes that have been initially 
propagated in El Guetar and Sidi Bouzid regions. Certainly, 
human impact on this region and geographic localization of 
Gafsa farms were the reasons for these observations. It is im-
portant to note that SB7 was the only admixture observed 
in the center cluster, this accession has been introduced 
from south to Sidi Bouzid farms. Sidi Bouzid accessions sig-
nificantly deviated from the El Guetar ones, suggesting two 
different autochthonous origins. Thus, this discrimination 
between cultivars proved the presence of multiple events of 
domestication in the prospected areas. The admixtures ob-
served by STRUCTURE analysis may be a result of cross-pol-
lination and breeding processes. In agreement with Kola-
hi-Zonoozi et al. (2014), only moderate genetic structure was 
observed in 45 commercial cultivars of Iranian pistachio us-
ing microsatellites markers. Although pistachio is dioecious, 
out-breeding and clonally propagation as well as cultivator 
selection pressure for commercial traits, could have led to 
the medium level of genetic structure observed in this and 
in other studies (Ahmad et al., 2003; Arabnezhad et al., 2011; 
Kolahi-Zonoozi et al., 2014). Additionally, the STRUCTURE 
analysis reinforced the results obtained by the Fst estimator 
and phylogenetic reconstruction.

Conclusions
This study is an important step that ensures the conser-

vation and the development of a national database. It could 
be used to plan sampling programs and assist in germplasm 
maintenance. Moreover, co-dominance and high polymor-
phism can determine variation in breeding strategies sys-
tems. SSR markers were also efficient in the establishment 
of genetic relationships between the investigated species. 
In  fact, the revealed alleles were successfully used to dis-
criminate Pistacia atlantica cultivars at the molecular level. 
In addition, the absence of SSR alleles in association with the 
tree’s sex suggested that Pistacia vera has a similar ancestor 
for female and male (‘Dhokkars’) trees.

Nevertheless, the exploitation of additional SSR markers 
and the enlargement of the surveys areas clearly provide 
more precise results. Besides, more molecular markers are 
accessible to investigate pistachio systematic and cultivar 
relatedness. These tools will significantly promote breeding 
programs, genetic conservation, and management of the spe-
cies.
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Table S1.  Allele size and frequency estimated for each SSR locus from three origins of pistachio accessions.

Locus Allele Size
Allele frequency

P. vera
P. atlantica Total

El Guetar Gafsa Sidi Bouzid
Ptms-3 A1 132 0.000 0.000 0.000 0.666 0.166

A2 136 0.050 0.000 0.000 0.333 0.095
A3 140 0.950 1.000 1.000 0.000 0.737 

Ptms-7a B1 175 0.454 0.500 0.500 0.000 0.363
B2 181 0.000 0.000 0.000 0.500 0.125
B3 189 0.000 0.125 0.115 0.000 0.060
B4 191 0.000 0.000 0.000 0.500 0.125
B5 193 0.541 0.375  0.384 0.000 0.325

Ptms-7b B6 197 0.500 0.250 0.500 – 0.312
B7 199 0.000 0.250 0.000 – 0.062
B8 217 0.500 0.500 0.500 – 0.375

Ptms-9 C1 128 1.000 1.000 1.000 1.000 1.000
Ptms-11 D1 162 0.000 0.250 0.500 0.500 0.312

D2 164 0.500 0.250 0.000 0.000 0.187
D3 200 0.000 0.062 0.045 0.333 0.110
D4 202 0.500 0.437 0.454 0.166 0.389

Ptms-12 E1 137 0.500 0.437 0.500 0.500 0.484
E2 139 0.000 0.062 0.000 0.000 0.015
E3 201 0.500 0.437 0.500 0.500 0.483
E4 203 0.000 0.062 0.000 0.000 0.015

Ptms-31 F1 135 0.000 0.000 0.090 0.000 0.022
F2 137 0.500 0.250 0.045 0.000 0.198
F3 139 0.500 0.250 0.045 0.000 0.198
F4 201 0.000 0.250 0.454 0.500 0.301
F5 203 0.500 0.250 0.045 0.000 0.198

Ptms-40 G1 199 1.000 1.000 1.000 1.000 1.000
Ptms-42 H1 162 0.530 0.530 0.530 0.530 0.530

H2 201 0.460 0.480 0.450 0.490 0.470
Ptms-47 I1 146 1.000 1.000 1.000 1.000 1.000

Table S2.  Genetic diversity parameters within each group of pistachio identified on the basis of their geographic origin in 
Tunisia. He: expected heterozygosity, Ho: observed heterozygosity, Fis: the inbreeding coefficient of an individual

Populations He Ho Fis Mean number of allele/locus
El Guetar 0.3092 0.5917 -0.9086 1.7
Gafsa 0.4164 0.6000 -0.3308 2.7
Sidi Bouzid 0.3709 0.6000 -0.5962 2.6


