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Abstract
The genetic diversity and genotypes structure of walnut (Juglans regia L.) are essential to understand and manage genetic
resources of this species, as well as for further progress in breeding programs. ISSR markers were used to assess the genetic
diversity of 66 individuals’ trees from 11 accessions, representing the main cropping area of walnut belonging to two ranges types
of Mountain in Morocco: middle and high Atlas. Eleven ISSR primers rendered a total of 135 bands (91%) with 0.88 polymorphic
information content. The utilization of 123 polymorphic bands revealed a high level of genetic variation within and among the
examined accessions. The multi-locus values of Ht and Hs were 0.25 and 0.20, respectively. The AMOVA analysis showed that
71.30% of total genetic variability is accounted within accessions and 28.70% between accessions. This was congruent with the
coefficient of genetic differentiation (GST=0.16). Bayesian model-based clustering approach identified three gene pools that were
not correlated with mountain range type. This is the first application of ISSR markers for the assessment of genetic diversity in
Moroccan germplasm of walnut. This information will be useful to define conservation strategies and improvement programs of
this species.
Keywords: Walnut, ISSR, efficiency, genetic differentiation, geographic group; bioclimatic group.
Abbreviations: ISSR_Inter Simple Sequence Repeats; Hs_The diversity within accession; Ht_The total gene diversity; GST_The
coefficient of gene differentiation.

Introduction
Common or Persian walnut (Juglans regia L.) is an
economically important tree species, cultivated throughout
the temperate regions of the world for its timber and
nutritious nuts (Amiri et al., 2010; Karimi et al., 2014; Vischi
et al., 2017; Shamasbi et al., 2018). Its natural origin is
extended from the Carpathian Mountains of Eastern Europe
to the Southern Caucasus, northern Turkey, Iran, Tian Shan
province of western China, Himalayan states of India, Sikkim,
and Bhutan (Zohary and Hopf, 1993; Angmo et al., 2013).
The global production of walnut was approximately 3.83
million tones with an area of 1.18 million hectares. China
had become the leading world producer with 50.27% of total
global production, followed by United States of America with
14.92%, Iran with 9.12% and Turkey with 5.48% (FAOSTAT,
2018). Walnuts are included in FAO list of priority plants
because of its nutritive value (Gandev, 2007). They have
been a staple food proving energy, protein, essential acids,
vitamins and minerals. A wide diversity is available in walnut
germplasm throughout the world, which has not been
studied yet (Noor Shah et al., 2018). In Morocco, walnut is a
traditional fruit crop and its first introduction is attributed to
the Romans (Germain, 1992). Walnut tree produces only 12
937 tones with an area of 7459 hectares (FAOSTAT, 2018),
widespread in mountainous areas with an altitude between

800 and 1800 m and under different environments (Lansari
et al., 2001). The tree can be found in humid and warm
conditions in the north of Rif Mountain, in the Atlas chain
(High and Middle Atlas Mountains) and in arid regions of
Southeastern Morocco. More than half of the plantings
resulted from the prevailing way of seed propagation
practiced by farmers, since grafting is less adopted (Kodad et
al., 2014; Lansari et al., 2001). Recent researches have been
conducted on the high nutritional value of walnut (Yerlikaya
et al., 2012; Akbari et al., 2014), its beneficial effects on
human health and high antioxidant capacity (Carvalho et al.,
2010) and high w-3 and w-6 fatty acid concentration (Tapia
et al., 2013), mainly due to increase in world demand for
walnuts (FAOSTAT, 2018). To comply with this rising
demand, the study of genetic diversity of walnuts has gained
increasing interest, to provide useful information for the
management of genetic resources and rational use of
populations in breeding programs, focused on the
development of new, high-yielding cultivars which are more
adapted to drought conditions (Mahmoodi et al., 2013;
Aiqing et al., 2014; Karimi et al., 2014; Vischi et al., 2017;
Noor Shah et al., 2018; Shamasbi et al., 2018). Walnut is
highly divergent due to its open-pollination and seed
propagated method. Therefore, utilization of molecular
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markers that are not affected by environment factors is
recommended to enhance the exploration of diversity
among genetic resources.
Several types of molecular markers are employed for
assessment of genetic diversity and relationships in walnut,
including Isozymes (Foroni et al. 2001; Vyas et al. 2003),
RFLPs (Restriction Fragment Length Polymorphisms)
(Fjellstrom and Parfitt, 1995), RAPDs (Randomly Amplified
Polymorphic DNAs) (Nicese et al. 1998; Fatahi et al. 2010; Li
et al. 2007), AFLP (Amplified Fragment Length
Polymorphisms) (Kafkas et al., 2005; Bayazit et al. 2007),
SNPs (Single Nucleotide Polymorphic) (Ciarmiello et al.,
2011), SSRs (Simple Sequence Repeats) (Ross-Davis and
Woeste, 2008; Pollegioni et al. 2009; Karimi et al. 2010) and
ISSRs (Inter Simple Sequence Repeats) (Potter et al., 2002;
Pollegioni et al 2003; Malvolti et al. 2010; Miltiadis et al.
2010). However, RAPDs have low reproducibility, RFLPs are
time-consuming and labour-intensive, SSRs require the
knowledge of the flanking regions for the development of
species-specific primers and, AFLPs and SNPs have high cost
(Reddy et al., 2002). Whilst, the ISSR markers are
hypervariable, highly reproducible, fast, inexpensive and do
not require any prior sequence information of amplified
locus (Zietkiewics et al., 1994; Reddy et al., 2002). ISSR is a
kind of DNA sequences confined by two inverted SSR
composed of the same motives, which are amplified by a
unique PCR primer. ISSR-PCR detects the levels of variation
in microsatellite regions and gives multi-locus schemes,
which are very iterative, plentiful and polymorphic in plant
genomes (Agostini et al., 2008; Yu et al., 2011). Moroccan
walnuts have been poorly characterized for their diversity.
There is only one study on phenotypic variability of few
Southeastern populations conducted by Kodad et al. (2014).
Nevertheless, the morphological characteristics often do not
result in a clear diagnosis due to effects of different
environmental conditions. Therefore, conservation of
genetic resource strategies has become imperative to
preserve local walnut germplasm. Thus, identification and
characterization of the collected genotypes constitutes an
attractive task to examine level and distribution of genetic
diversity in this crop. In this work, ISSR markers have been
used to provide useful information to establish efficient
strategies for conservation of genetic resources and
improvement programs of juglans regia. These markers have
been utilized for tree improvement programs and
conservation of crop genetic resources (Martins et al., 2003;
Kaumar et al., 2009; Ajal et al., 2014, Ben Tamarzizt et al.,
2015). To our best knowledge, this is the first report on the
use of ISSR markers to examine genetic diversity and
structure in Moroccan walnut germplasm, although this
technique has previously been applied to the species juglans
regia L. in other countries (Malvolti et al., 2010, Ebrahimi et
al., 201; Aiqing et al., 2014). In the present article, we report
the use of some markers in assessing genetic diversity and
structure of 11 walnut accessions originating from Middle
and High Atlas Mountain in Morocco. Besides, we evaluate
the efficiency of ISSR for walnut diversity study.

bands per primer varied from 6 (UBC818, UBC855) to 19
(UBC841), with an average of 11.18. The percentage of
polymorphism (PPB) of scored fragment ranged from 66%
for UBC855 primer to 100% for UBC807, UBC811, UBC836,
UBC841 and UBC889, with an average of 91%. PIC value
ranged from 0.80 (UBC818) to 0.93 (UBC841) with an
average of 0.88. Moreover, the highest value of EMR (19.00)
and the lowest (4.00) were observed for primers UBC841
and UBC855, respectively, with an average of 10.35. The MI
values varied from 3.45 to 17.63. Primer (UBC841) showed
the highest MI value, whereas primer (UBC855) had the
lowest, with an average of 9.21. The Rp used to determine
the ability of primers to differentiate between accessions,
ranged from 0.70 (primer UBC855) to 9.21 (primer UBC841),
with an average of 4.91.
Genetic diversity analyses
Estimates of genetic diversity of studied accessions are
summarized in Table 2. The number of alleles observed (Na)
at each primer ranged from 1.7 (UBC810) to 2.1 (UBC811)
with a mean of 1.90 alleles per primer. For all samples, the
effective number of alleles (Ne) varied from 1.25 for UBC834
to 1.68 for UBC855, with an average of 1.41 alleles per
primer. The Shannon information index (I) showed a
minimum value (0.28) for UBC834 and a maximum value
(0.58) for UBC855 with a mean of 0.38. The total gene
diversity (Ht), ranged from 0.18 for UBC834 to 0.40 for
UBC855, with an average of 0.25, while the gene diversity
within accessions (Hs) varied from 0.14 for UBC834 to 0.33
for UBC855 (mean 0.20). Nei’s coefficient of genetic
differentiation (GST) was 0.164, meaning that 83.60% of total
genetic variability is accounted among accessions and
16.40% within accessions.
The result of global AMOVA analysis (Table 4) revealed that
the differentiation among accessions was very large
(FST=0.286), indicating that 28.60% of total genetic variability
was distributed among accessions and 71.40% resided
within accessions. This result showed a great level of
variability residing within accessions despite the highest FST
value (0.28), which corresponds to the estimated low value
for gene flow (Nm=0.64).
A hierarchical AMOVA analysis was performed to explore if
there is any genetic differentiation between sampled four
different regions. A low percentage of genetic variation,
13.24%, was revealed among regional group of accessions
(Table 3). When assembling the accessions according to their
bioclimatic type, the results of AMOVA showed only 1.31%
of the ISSR variation between these bioclimatic groups. This
result showed that bioclimatic type does not influence the
genetic structuration of analyzed accessions.
The pairwise FST values and geographic distances between
the 11 accessions are presented in Table 4. Among 55
pairwise FST values, 50 values are significant, indicating that
the accessions are widely different from each other. The
values varied from 0.006 (DEM/AGH; 153) to 0.564
(TAG/AMG; 120), which means that accessions DEM/AGH
are the most genetically similar and TAG/AMG are the most
divergent. The accessions specific FST indices were
determined (data not shown). The finding revealed that the
Imlil accession has the highest value of index (FST= 0.341),
implying that this latter accession is the most divergent from
other studies.

Results
ISSR markers
The eleven ISSR primers revealed a total of 135 bands
ranged from 7 for UBC818 to 19 bands for UBC841 with an
average of 12.27 (Table 1), while the number of polymorphic
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Table 1: Properties of 11 ISSR primers used in this study.
Number of band amplified
ISSR Loci
Sequence (5'-3') Ta °C
Total
Plymorphic
UBC 807
(AG) 8T
45.1
9
9
UBC 810
(GA)8T
44.1
10
7
UBC 811
GA(AG)7C
46.1
10
10
UBC 814
(CT) 8A
44.4
10
8
UBC 818
(CA) 8 G
43.5
7
6
UBC 834
(AG) 8YT
47.6
15
14
UBC 836
(AG) 8YA
48.3
17
17
UBC 840
(GA) 8YT
46.5
14
12
UBC 841
(GA)8YC
47.1
19
19
UBC 855
(AC) 8YT
45.5
9
6
UBC 889
(AC) 7
34.3
15
15
Average
12,27
11,18
Y = (C,T)

PPB (%)

Pic

EMR

MI

RP

100
70
100
80
85
93
100
85
100
66
100
91.00

0.84
0.88
0.86
0.87
0.80
0.87
0.91
0.92
0.93
0.86
0.91
0.88

9
4.9
10
6.4
5.14
13.07
17
10.29
19
4
15
10.35

7.59
4.3
8.64
5.58
4.12
11.38
15.51
9.46
17.63
3.45
13.61
9.21

3.79
2.0
2.0
4.67
7.09
4.06
8.27
7.67
9.21
0.70
4.52
4.91

Fig 1. UPGMA dendrogram of 66 Moroccan walnut trees based on ISSR markers.

Table 2. Genetic diversity analysis of 11 accessions of Moroccan walnut based on ISSR markers.
ISSR Loci
UBC 807
UBC 810
UBC 811
UBC 814
UBC 818
UBC 834
UBC 836
UBC 840
UBC 841
UBC 855
UBC 889
Average

Simple size
66
66
66
66
66
66
66
66
66
66
66

Na
2.00
1.7
2.1
1.8
1.86
1,93
2
2
1.79
2
1.8
1.9

Ne
1.46
1.25
1.36
1.46
1.56
1.25
1.48
1.48
1.31
1.68
1.39
1.41

I
0.45
0.28
0.37
0.34
0.43
0.28
0.44
0.44
0.31
0.58
0.35
0.38
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Ht
0.29
0.32
0.24
0.26
0.3
0.18
0.28
0.29
0.2
0.4
0.22
0.25

Hs
0.25
0.16
0.22
0.22
0.17
0.14
0.22
0.25
0.17
0.33
0.21
0.20

Gst
0.13
0.13
0.07
0.13
0.31
0.11
0.18
0.10
0.11
0.19
0.07
0.16

Fig 2. Genetic clustering obtained from the STRUCTURE analysis (N = 66). Each individual is represented by a single vertical column,
divided into K colored segments that represent the individual’s estimated proportion of membership to that genetic cluster. Thin
lines separate individuals of different walnut accessions. Individuals are labeled below the Figure.

Table 3. Partition of the ISSR variation in its components for accessions of juglans regia L.
Variance
Source of variation
d.f
Sum of squares
component
Global
Among accessions
10
153.667
1.811 Va
Within accessions
55
247.500
4.500 Vb

Percentage of
variation

F-statistique

28.70
71.30

FST=0.286***

Hierarchical
Among geographic group
Among accessions within group
Within accessions

3
7
55

75.528
78.139
247.500

0.856 Va
1.110 Vb
4.500 Vc

13.24
17.17
69.59

FCT=0.132
FSC=0.197***
FST=0.304***

Among bioclimatic group
Among accessions within group
Within accessions

2
8
55

33.492
120.175
247.500

0.083 Va
1.753 Vb
4.500 Vc

1.31
27.67
71.01

FCT=0.013
FSC=0.280***
FST=0.289***

Total

65

401.167

6.336

Significant (p˂0.05), *** very highly significant, * significant.

Fig 3. Map of Morocco showing locations of the walnut accessions analyzed.
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Table 4. Pairwise FST values and corresponding geographic distances (in km, above diagonal) for 11 accessions of walnut analyzed
by ISSRs.
AMD

AMD
DEM
NAO
ABZ
TAG
AGH
AMG
BER
IML
TBR
ANG

0.009 NS
0.314**
0.103*
0.283***
0.035 NS
0.293**
0.188**
0.272***
0.240***
0.159**

DEM

NAO

ABZ

TAG

AGH

AMG

51

84
132

26
53
98

63
107
84
91

101
153
113
122
51

152
204
97
160
120
71

0.310**
0.177**
0.365**
0.006 NS
0.251**
0.229***
0.340***
0.245**
0.185*

0.376**
0.497**
0.212**
0.513**
0.409**
0.523***
0.492**
0.438**

0.195**
0.054 NS
0.373**
0.286***
0.368**
0.373**
0.310***

0.264**
0.564**
0.470**
0.560**
0.530**
0.497**

0.279***
0.214**
0.313**
0.272***
0.245**

0.197**
0.208***
0.131**
0.168**

BER

184
237
114
196
137
86
49
0.110*
0.040 NS
0.149*

IML

158
105
238
148
218
265
309
345
0.138*
0.203*

TBR

133
187
84
140
103
56
20
62
293

ANG

186
131
263
178
240
286
337
369
30
316

0.125NS

Significant (p˂0.05): *: Significant, ** highly significant, *** very highly significant, NS: no significant.

Table 5. Geographic and ecological characteristics of walnut accessions used in this study.
Altitude Latitude Longitude
accession
Code Number
Geographic origin
(m)
N
W
Aghbala
AGH 1
32 Km North east of Aghbala
1673
32°32’
5°39’
Naour
NAO 2
Central Naour
1300
32°29’
5°58’
Taghzirte
TAG 3
12 Km East of Tagzirte
650
32 26
6° 12’
Ait Mhamed
AMD 4
20 Km South east of Azilal
1728
31° 25’
2° 28’
Ait Bougamez
ABZ 5
Ait Bougamez Centre
1996
31°38’
6° 28’
Demnate
DEM 6
3 km South east of Demnate
932
31° 43’
6° 58’
Imlil
IML 7
17 km South of Asni
1763
31° 8’
7° 55’
Anougal
ANG 8
40 km South of Amzmiz
1569
31° 9’
8° 15’
Beram
BER 9
5 km South of Midelt
1521
32° 40’
4° 44’
Amouguer
AMG 10
40 km West of Rich
1569
32° 12’
5° 8’
Tabrijjate
TBR 11
70 km East of Imilchil
1831
32° 16’
4° 56’
In contrast, the accession Ait Mhamed showed the lowest
value (FST= 0.218), suggesting that it is the least different
from the rest. The genetic distances between accessions
were not related to their corresponding geographic
distances after Mantel test execution (Mantel t-test= 0.8757,
P = 0.81).

Zone
Middle Atlas
Middle Atlas
Middle Atlas
High Atlas
High Atlas
High Atlas
High Atlas
High Atlas
High Atlas
High Atlas
High Atlas

Rainfall
average (mm)
450
600
700
450
580
350
459
681
210
250
319

clusters (K = 3). The ad-hoc quantity based on the second
order rate of change of the likelihood function (ΔK) (Evanno
et al., 2005) showed an accurate representation of
Moroccan walnut genetic structure of K =3 (ΔK = 4) (Fig. 2).
Individuals with a membership coefficient less than 0.8 were
considered as admixed. 61 individuals among the 66 studied
(92.42%) were assigned to one of the model’s defined
groups. According to this model, walnut trees were assigned
to three genetically different clusters. The first one (red) is
composed of individuals from High Atlas Mountain
accessions, Beram (BER), Imlil (IML), Amouguer (AMG),
Tabrijjate (TBR) and Anougal (ANG) with a membership
coefficient between 0.80 and 0.99, except individuals 2 and
4 from accession Anougal that could be considered as
admixed (coefficients 0.75 and 0.78, respectively). The
second cluster (green) contained individuals belonging to
High Atlas Mountain accessions, Demnate (DEM), Ait
Bougamez (ABZ), Ait Mhamed (AMD) and Anougal (ANG),
and other arising from Middle Atlas accessions, Naour (NAO)
and Aghbala (AGH). They all have membership coefficients
greater than 0.80, except for individual 1 from accessions Ait
Bougamez and Aghbala, which could be assumed to have an
admixed ancestry (coefficients 0.71 and 0.67, respectively).
The smallest cluster (blue) consisted of 11 individuals, with
more than 80% of the assignation probability, originating
from Middle Atlas Mountain accessions, Taghzirte (TAG) and
Aghbala (AGH), and other rising in High Atlas accessions, Ait
Bougamez (ABZ). The individual 3 from Aghbala showed an
assigned probability of 56%, which could be considered as
admixed. Accordingly, the genetic structure of investigated

Cluster analyses
The UPGMA dendrogram, which was constructed based on
the genetic distance matrix, showed that walnut trees were
grouped into three major clusters (Fig. 1). A first minor
cluster (I) was composed of six trees: ANG6, ANG1, DEM2,
ANG5, TBR2 and ABZ2, all originating from High Atlas
Mountain. The second cluster (II) bifurcates in two separate
sub-clusters. The first sub-cluster consisted of five trees:
TBR1, TBR3, TBR5 and BER5 coming from Hight Atlas
Mountain, and NAO6 from Middle Atlas. In the second subcluster, six trees were grouped, namely ABZ4, DEM3, AMG2,
AMD3 and DEM1 from High Atlas and AGH2 from Middle
Atlas. The third cluster (III) contained the rest of the
analyzed trees, in which many sub-clusters could be
identified. The 66 trees of juglans regia analyzed were
revealed to belong to 66 different ISSR haplotypes, reflecting
high intra-accession diversity. The dendrogram showed that
most individuals from a given accession tend to cluster
together and are; therefore, more genetically similar than
individuals from different accessions.
The genetic structure of Moroccan walnut accessions was
further reconstructed by using the model-based Bayesian
clustering approach (Pritchard et al., 2000) with three
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walnut trees within three main gene pools was not
correlated to the mountain range type.

published by Aiqing et al. (0.51, 2014). Together with large
differentiation among accessions, there is also an important
variation within accessions which can be explained by the
traditional method of multiplication by seedling used by
farmers. As pointed out by Telles et al. (2003), when gene
flow is restricted, the population tends to have smaller
effective size and greater inbreeding. As a result, a greater
probability of inter-population differentiation may occur.
Moreover, the adaptation of Moroccan walnut accessions to
the local environment should increase this differentiation.
Little amount of genetic variation among regional group of
accessions (13.24%) and between bioclimatic groups (1.31%)
indicates that there is no adaptation of Moroccan walnut
accessions to the local environment and that bioclimatic
type do not have effect on accessions genetic structuration.
The genetic distances between Moroccan walnut accessions
were not associated to their corresponding geographic
distances (Mantel t-test= 0.87, P = 0.81). The same result
was found by Vischi et al. (2017), which did not reveal any
significant correlation between geographic and genetic
distances among walnut populations from the Eastern Italian
Alps. More, Mohsenipoor and Vahdati, (2010) reported that
the geographical proximity of the populations was not
correlated to their level of genetic relatedness.
Nevertheless, Wang and Pei (2008) reported that the Mantel
test has shown a significant correlation between pairwise
genetic distance and geographic distance among nine walnut
populations (r=0.35, P˂0.005). Regarding the accessions
genetic structure, three groups were observed
independently from mountain range type. The genetic
structure of natural populations of Maritime Pine (Pinus
pinaster Aiton) was investigated by isozymes. This was
revealed to be correlated to mountain range type in
Morocco (Wahid et al., 2004). Furthermore, the accessions
clustering was made independently of their geographic
origin and bioclimatic zones, which was confirmed by the
very low amount of genetic differentiation revealed by
AMOVA for among geographic and bioclimatic groups.
Similarly, Arzani et al. (2008) showed that clustering of
walnut genotypes was not correlated to their geographical
location in Iran. In this study, analysis of 66 trees showed 66
ISSR haplotypes, suggesting the existence of high intraaccessions variability.

Discussion
In general, the ISSRs markers were successfully used to
evaluate the genetic diversity in many tree species (Reddy et
al., 2002), including walnut (Potter et al., 2002; Pollegioni et
al., 2003). In this study, the eleven tested ISSRs primers
revealed a high percentage of polymorphism with an
average of 91%. This finding is higher than that showed by
Malvolti et al. (2010) for Italian walnut (73.8%) and
Christopoulos et al. (2010) for Greek walnut (82.8).
Nevertheless, it is lower than result reported by Aiqing et al.
(2014) for Chinese walnut (92.31). In addition, PIC with an
average of 0.88 was higher than several values reported in
other studies with different markers like the work carried
out for Greek walnut by Christopoulos et al. (2010) (0.28)
using ISSRs markers and for Indian walnut by Shamasbi et al.
(2018) (0.30) using ISSRs markers and Noor Shah et al.
(2018) (0.16) using SSR markers. The MI values with an
average of 9.21 was higher than that obtained in Greek
walnut by Christopoulos et al. (2010) (3.19) using ISSRs and
in Indian walnut by Noor Shah et al. (2018) (0.24) using SSRs,
but lower than that showed by Shamasbi et al. (2018) using
ISSR (28.9) for Indian walnut. In addition, The Rp used to
determine the ability of primer to differentiate provenances,
with an average of 4.91. This value was higher than that
obtained in Indian walnut by Noor Shah et al. (2018) (2.37)
using SSR, but comparable with that published by
Christopoulos et al. (2010) (4.52) for Greek walnut. The
primer UBC841 recorded a PPB value of 100%, which is
higher than PPB reported by Malvolti et al. (2010) for the
same primer in Italian walnut (71.4%). Moreover, this primer
obtained higher values of PIC, MI and Rp, (0.93, 17.63 and
9.21 respectively). Consequently, the UBC841 was the most
informative primer and the primer UBC855 with the low
values of PPB, PIC, MI and Rp (66, 0.86, 3.45 and 0.7,
respectively), were considered as the lowest informative
primer. The high multi-locus value of Ht suggests the
presence of a high level of polymorphism. This value was
higher than that obtained by Aiqing et al. (2014) (Ht=0.13) in
Chinese walnut using ISSR markers.
The high genetic diversity obtained in Moroccan walnut was
in agreement with general trend for all plant species
(Ht=0.30 from 584 entries), long-lived woody perennial
species (Ht=0.28 from 195 entries) and for angiosperms
species (Ht=0.28 from 73 entries) (Hamrik et al., 1992). This
high diversity of Moroccan walnut genotypes may be
attributed to life history traits of this species. The walnut has
unisexual flowers and a monoecious plant, which may carry
out both geitonogamy and cross pollination, but due to
dichogamy, the same tree while self-fertile may not be able
to pollinate itself, which results in frequent gene flow among
individuals and increases the chance of gene recombination
(Aiqing et al., 2014). Depending on the GST value (GST=0.16),
Moroccan walnut accessions were largely differentiated.
This result is lower than GST value found by Aiqing et al.
(2014) (GST=0.50). Likewise, the FST value (0.28) detected in
this investigation showed a great level of differentiation,
which is higher than that published by several walnut
genetic studies (0.18, Wang and Pei, 2008; 0.12, Karimi et
al., 2010; 0.021, Vischi et al., 2017), but lower than that

Materials and methods
Plant material
Eleven accessions of Juglans regia, representing the main
cropping area of this species in Morocco, were sampled on
the basis of the difference in their geographical distances
and altitude (Fig 3, Table 5). Six individual trees were
sampled randomly from each of the 11 accessions. They
belong to two range types of Mountain in Morocco: Middle
Atlas (Aghbala, Naour and Taghzirte accessions) and High
Atlas (Ait Mhamed, Ait Bougamez, Demnate, Imlil, Anougal,
Beram, Amouguer and Tabrijjate accessions). The sampled
young leaves were stored at -80°C pending DNA extraction.
DNA extraction and PCR reactions
Six individuals from each accession were taken at random
for DNA extraction. Genomic DNA from young leaves was
extracted with the method described by Doyle and Doyle
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(1990) slightly modified. DNA concentration were
determined spectrophotometerically and diluted to 10 ng/µl
to carry out PCR amplification.
Eleven ISSR primers had previously displayed reliable
banding patterns (Christopoulos et al., 2010; Aiqing et al.,
2014; Shamasbi et al., 2018) and were used for 66 PCR
amplification of the DNA templates (Table 2). The reaction
mixture, in a final volume of 12.5µl, contained: 15ng of DNA
template, 1x reaction buffer, 1 mM Mgcl2, 0.8 mM dNTPs,
0.8 µM of each primer and 0.75 U of My Taq™ DNA
polymerase. PCRs were run in a Multigene gradient (Labnet,
NJ. USA) thermocycler through 45 cycles, each consisting of:
94°C for denaturation step (45s), determined temperature
for each primer for annealing step (45s) (Table 1), 72°C for
extension step (2 min) and 72°C for a final extension step (7
min). The optimum annealing temperature for each primer
was determined by using the gradient PCR.
The ISSR products were separated by electrophoresis using
1.7% agarose gel submerged in 0.5x TBE buffer and then
stained with 1 µg/µl of ethidium bromide. The DNAs were
visualized under UV light using the Gel Doc system
TM
(Enduro GDS, Labnet). A 1Kb DNA HyperLader™-Bioline
was used for molecular weight estimation of PCR product.

analyses were done using the package ARLEQUIN version
3.01 (Excoffier et al., 2005). From AMOVA F statistics, gene
flow (Nm) can be approximated through Wright’s island
model (Slatkin et al., 1989) as Nm = 0.25 (1/FST – 1). The
genetic distance matrix between 66 studied walnut trees,
based on Euclidean distance, was used to construct a
dendrogram in MEGA version 3.1 software (Kumar et al.,
2004) using the UPGMA (Unweighted Pair Group Mean with
Arithmetic Average) method. The Bayesian model-based
clustering algorithms implemented in STRUCTURE v.2.3.4
(Pritchard et al., 2000) was used to infer the genetic
structure of Moroccan walnuts. The STRUCTURE algorithm
was run using putative population origin for each individual
as prior information, a model with admixture and correlated
allele frequencies. Each run involved a burning period length
of 70,000 and a number of MCMC (Markov Chain Monte
Carlo) reps after burnin of 1000 iterations for a number of
clusters (K) ranging from 2 to 11 with 10 iterations per K. To
identify the number of K clusters explaining the observed
genetic structure, we used the STRUCTURE Harvester
website (Earl and vonHoldt, 2012), which implements the
Evanno method (Evanno et al., 2005).
Conclusion

Data analyses
Fingerprinting of the Moroccan walnut was carried out using
ISSR markers to obtain molecular data of the national gene
pool. The present study demonstrated that ISSR markers
provide a practical and effective method to estimate the
genetic diversity in this crop. The results led to reveal a great
level of genetic diversity in Moroccan walnut genotypes
which were structured in three gene pools independ of
Mountain range type, geographic origin and bioclimatic
type. The walnut accessions were largely differentiated in
line with limited gene flow. These results could be exploited
for future conservation, breeding program and to develop
the walnut crop, which has an economic importance for
mountain Moroccan farmers.

Since ISSR primers are dominant markers, amplified bands
were scored 1 for presence or 0 for absence. In order to
determine the utility of these polymorphic markers, several
parameters were calculated: the percentage of polymorphic
band (PPB), polymorphic information content (PIC) value
using formula: PIC = 1 – Σpi² (where ‘pi’ is the frequency of
each allele per primer) (Rohlf, 1998), effective multiplex
ratio (EMR) was calculated (Powell et al, 1996), marker index
(MI) measured as product of PIC and EMR and resolving
power (Rp) of each primer was calculated according to
Prevost and Wilkinson (1999). To evaluate the genetic
diversity within and among accessions on the basis of Nei’s
formula, the following parameters are determined:
numbers of alleles (Na), effective number of alleles (Ne), The
diversity within the provenances (Hs), total gene diversity
(Ht), coefficient of gene differentiation (GST) which
calculated according to the following formula: GST = Dst/Ht,
Dst = Ht – Hs and Shannon's Information index (I), using
POPGENE version 1.32 software (1999). The analysis of
molecular variance (AMOVA) was conducted to investigate
the genetic variation among accessions (FST) and within
accessions; and also to research the amount of ISSR
variation partitioned between four geographic groups of
accessions: Beni Mellal (Naour, Aghbala and Taghzirte
accessions), Azilal (Ait Mhamed, Ait Bougamez and Demnate
accessions), Merrakech (Imlil and Anougal accessions) and
Errachidia (Amouguer, Beram and Tabrijjate accessions); and
between three bioclimatic zones of acessions: sub-humid
(Taghzirte and Anougal), semi-arid (Aghbala, Naour, Ait
Bougamez, Ait Mhamed and Imlil) and arid (Amouguer,
Berram, Demnate and Tabrijjate) (Excoffier et al., 1992). The
AMOVA was based on genetic distance calculated by the
number of pairwise differences between haplotypes. The
pairwise genetic differentiations (FST) among the 11
accessions were also generated by AMOVA. Accessions
specific FST indices were also computed to explore which
accessions is more differentiated from one another. These
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