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Abstract Persian walnut (Juglans regia L.) is the world’s
most widely grown nut crop, but large-scale assessments
and comparisons of the genetic diversity of the crop are
notably lacking. To guide the conservation and utilization
of Persian walnut genetic resources, genotypes (n = 189)
from 25 different regions in 14 countries on three conti-
nents were sampled to investigate their genetic relation-
ships and diversity using ten microsatellite (SSR) loci.
The SSRs amplified from 3 to 25 alleles per locus, with a
mean value of 11.5 alleles per locus. The mean values of
observed and expected heterozygosity were 0.62 and 0.73,
respectively. Based on Nei’s genetic identity, accessions
from Bratislava (Slovakia) and Antalya (Turkey) showed
the lowest similarity (0.36), while accessions from Algeria
and Tunisia as well as accessions from Debrecen (Hungary)

and Trnava (Slovakia) had the highest similarity (0.97).
Two populations from Iran (Alborz and Ardabil) had the
highest number of private alleles (7 and 5), but they were
quite different as they also had the lowest genetic identity
when compared to the remaining populations as well as to
each other. Although overall differentiation among regions
was relatively low (FST = 0.07), cluster analysis grouped
accessions generally but not completely according to geog-
raphy. STRUCTURE software confirmed these results and
divided the accessions into two main groups, separating
accessions collected from Europe and North Africa from
those from Greece and the Near East. Results indicate the
presence of a likely center of diversity for Persian walnut in
Eastern and Southeastern Europe. They also provide infor-
mation that can be used to devise conservation actions.
Notably, the genetic diversity of threatened populations
from two regions in Iran should be conserved.
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Introduction

Persian walnut (Juglans regia L.) is a member of the
Juglandaceae valued for its edible nut and its timber.
The species has a long history of cultivation. It is believed
that the use of the species originated in the mountains of
Eastern and Central Asia, but an exact location is not
known. The seeds were subsequently traded along the
Silk Road and other trade routes by ancient tribes and
conquerors (McGranahan et al. 1998; Bayazit et al.
2006; Pollegioni et al. 2015), as was also the case for fruit
species such as apple (Cornille et al. 2012). Today walnut
is grown in over 60 countries throughout the temperate
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regions of the globe and is harvested from both cultivated
orchards and wild populations (Avanzato et al., 2014).
While trees in orchards are clearly cultivated, it is gener-
ally unknown to what extent the trees in forests have been
planted and/or selected by humans.

Walnuts are monoecious and heterodichogamous, favoring
outcrossing over selfing. Watanabe et al. (2016) noted that
heterodichogamy is an adaption designed to promote out-
breeding and was directly related to future seed set. Until
recently, Persian walnut was nearly always propagated by
seed (Ebrahimi et al. 2011), which allowed each geographic
region to maintain a diverse population. Comparison of genet-
ic diversity and the similarities of geographically separated
populations could shed light on the dispersal and distribution
of this species over time (Pollegioni et al. 2014).

SSR loci for Juglans and specific primers to amplify them
have been characterized and used to discriminate among
Juglans genotypes (Woeste et al. 2002; Dangl et al. 2005;
Topcu et al. 2015), to describe hybridization among conge-
ners, and for analysis of genetic diversity and population
structure of cultivated Juglans populations (Foroni et al.
2007; Aradhya et al. 2010; Ebrahimi et al. 2011; Pollegioni
et al. 2011, 2014; Pop et al. 2013; Dogan et al. 2014; Vahdati
et al. 2015). Most of these studies focused on genotypes col-
lected for studies of local or regional genetic variability or
from breeding populations; studies of diversity and
relatedness across continental scales are rare. For example,
Foroni et al. (2007) and Vahdati et al. (2015) studied J. regia
at the provincial scale, Ebrahimi et al. (2011) and Dogan et al.
(2014) worked on walnut genotypes at national scale,
Aradhya et al. (2010) and Pop et al. (2013) worked on acces-
sions collected in a germplasm collection, while Pollegioni
et al. (2014) expanded the area of sampling across numerous
Asian countries. Therefore, to our knowledge, no published
information exists about the relationships between Persian
walnut accessions at a continental scale.

The objective of our study was to examine and com-
pare the genetic diversity and structure of walnut geno-
types collected from Iran, which may be where walnut
was first cultivated, with samples from the Middle East,
the Near East, Europe, and the North African side of the
Mediterranean basin. Continental scale comparisons of
J. regia genetic diversity are needed because germplasm
exchange and germplasm conservation are now interna-
tional. By deepening our understanding of the genetic
diversity and structure of walnut on continental scales,
comparing regional germplasm pools, and identifying re-
gions of unusual diversity and similarity, our results will
provide data to support additional germplasm collection
and the designation of areas of special concern for con-
servation. The results are also expected to benefit breeders
who wish to know about sources of genetic variability
that differ from their current germplasm.

Materials and methods

Plant materials

Our study incorporated 189 adult walnut trees grown locally
in each of 14 countries and 25 regions. We sampled four
locations each from Hungary, Slovakia Turkey, and Africa
(Algeria, Libya, Morocco, and Tunisia), three from Iran and
Western Europe (the Netherlands, Italy, and Spain), two from
Central Europe (Germany and Greece), and a single location
from Iraq (Table 1). Fifty-seven J. regia accessions of Asian
origin were compared with 107 adult walnut genotypes that
originated from Europe/Africa. Mature, healthy leaves were
selected from trees at least 1 km apart, to avoid consanguinity,
and then dried with silica gel. The location of each sample was
recorded along with detailed population information (Table 1,
Fig. S3). Accessions sampled from Asia boasted trunk diam-
eters greater than 50 cm and were estimated to be at least
80 years old. We attempted to collect a minimum of ten sam-
ples (with these characteristics) per site; however, remote lo-
cation and low density populations hindered success at some
sites. Therefore, the number of samples collected per region
was not equal. To obtain genetic diversity information and for
comparison with Asian and European samples, 25 elite geno-
types, previously collected at the plant research station repos-
itory (Casablanca, Morocco) were also included in this study
(Table 1).

Genomic DNA extraction, PCR amplification, and PCR
product analysis

A CTAB buffer (Doyle and Doyle 1987) was used to extract
genomic DNA from leaves dried with silica gel. PCR was
performed using ten pairs of fluorescently labeled SSR
primers (WGA1, WGA9, WGA27, WGA32, WGA69,
WGA89,WGA118,WGA202,WGA276, andWGA321) that
amplified loci shown to be highly polymorphic (Woeste et al.
2002; Dangl et al. 2005). PCR conditions followed those de-
scribed in Ebrahimi et al. (2011). The PCR products were
separated using an ABI 3130xl genetic analyzer (Applied
Biosystems Inc., Foster City, CA, USA) with a 36-cm capil-
lary array and a POP7 matrix (ABI). One standard sample
(Chandler cultivar) was included in each plate to assist scoring
across arrays. Allele sizes were scored using Genemapper 3.7
NT software (Applied Biosystems).

Data analysis

The number of alleles observed (A), effective number of al-
leles (AE), observed heterozygosity (HO), expected heterozy-
gosity (HE), Shannon’s information index (I), Nei’s genetic
distance, and Nei’s genetic similarity (Nei, 1972) were calcu-
lated using POPGENE version 1.31 software (Yeh et al.
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1997). Polymorphic Information Content (PIC) and FNull es-
timation were computed by CERVUS version 2.0 (Marshall
et al. 1998) software. Number of alleles within a given pop-
ulation or allelic richness were used as measures of a pop-
ulation’s potential for breeding. Number of alleles per locus
was highly dependent on population size, hence allelic rich-
ness was computed using rarefaction with HP-Rare soft-
ware (Kalinowski 2005). Subsequently, the Inverse
Distance Weighted (IDW) interpolation function imple-
mented in the GIS software ArcGIS 9.3 (ESRI, Redlands,
CA, USA) was used to infer allelic richness outside the
sampled sites and regions.

Cluster analysis was carried out using Nei’s genetic distance,
and a dendrogram was constructed using Mega software version
6 (Tamura et al., 2012) with bootstrap values. Principal coordi-
nate analysis (PCoA) was conducted using GenAlEx 6.5
(Peakall and Smouse 2012). Analysis of molecular variance
(AMOVA) of the germplasm set was performed based on Nei’s
(Nei 1972) distance matrix using the program GenAlEx 6.5
(Peakall and Smouse 2012). The number of private alleles and
rare alleles were estimated using GenAlEx 6.5. Genetic structure
analyses were performed with the program STRUCTURE 2.3.4
with 10 runs and 100,000Markov ChainMonte Carlo (MCMC)
repetitions after a burn-in period of 100,000 interactions for each

Table 1 Walnut accessions and source information

ID City Country Latitude Longitude Elevation (m) Type of materials Provider

1-10 Constantine Algeria 36.3602° N 6.6424° E 694 Selected seedlings Plant Research Station-Morocco

11-17 Cologne Germany 50.58° N 6.58° E 91 Selected seedlings Landscape and Park

18-27 Budapest Hungary 47.4979° N 19.0402° E 96 Selected seedlings Institute of Fruit research at
Budapest, Hungary

28-39 Debrecen Hungary 47.5316° N 21.6273° E 121 Selected seedlings Institute of Fruit research at
Budapest, Hungary

40-44 Miskolc Hungary 48.0964° N 20.7624° E 141 Selected seedlings Institute of Fruit research at
Budapest, Hungary

45-47 Erd Hungary 47.3920° N 18.9045° E 152 Selected seedlings Institute of Fruit research at
Budapest, Hungary

48-52 Ardabil Iran 38.2537° N 48.3000° E 1339 Accession Agriculture Station Research-Iran

53-57 Kurdistan Iran 35.9554° N 47.1362° E 1538 Accession Agriculture Station Research-Iran

58-67 Alborz Iran 35.9960° N 50.9289° E 1341 Accession Agriculture Station Research-Iran

68-77 Erbil Iraq 36.2063° N 44.0089° E 420 Accession Agriculture Station Research-Iran

78-87 Tripoli Libya 32.8872° N 13.1913° E 81 Selected seedlings Plant Research Station-Morocco

88-101 Casablanca Morocco 33.5731° N 7.5898° W 57 Selected seedlings Plant Research Station-Morocco

102-105 Wageningen Netherlands 51.9692° N 5.6654° E 9 Selected seedlings Landscape and botanical park

106-109 Bratislava Slovakia 48.1486° N 17.1077° E 134 Selected seedlings Institute of Fruit research at
Budapest, Hungary

110-115 Nitra Slovakia 48.3061° N 18.0764° E 149 Selected seedlings Local orchard and Landscape

116-120 Levice Slovakia 48.2174° N 18.5984° E 190 Selected seedlings Institute of Fruit research at
Budapest, Hungary

121-133 Trnava Slovakia 48.3709° N 17.5833° E 146 Selected seedlings Institute of Fruit research at
Budapest, Hungary

134-143 Sousse Tunisia 35.8256° N 10.6084° E 4 Selected seedlings Plant Research Station-Morocco

144-148 Antalya Turkey 36.8969° N 30.7133° E 64 Accession Institute of Horticulture Research,
Izmir, Turkey

149-154 Diyarbakir Turkey 37.53° N 40.12° E 674 Accession Institute of Horticulture Research,
Izmir, Turkey

155-158 Sirrt Turkey 37.9274° N 41.9420° E 896 Accession Institute of Horticulture Research,
Izmir, Turkey

159-161 Izmir Turkey 38.4237° N 27.1428° E 29 Accession Institute of Horticulture Research,
Izmir, Turkey

162-172 Sykies Greece 40.64944° N 22.95083° E 164 Accession Institute of Horticulture Research,
Izmir, Turkey

173-181 Bologna Italy 44.4949° N 11.3426° E 54 Selected seedlings Plant Research Station-Morocco

182-189 Madrid Spain 40.4165° N 3.70256° W 667 Selected seedlings Plant Research Station-Morocco
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group numberK (whereK has values ranging from 1 to 15). The
optimum value ofKwas obtained by calculating theΔK value to
determine themost likely number of groups (Evanno et al. 2005).
The results from STRUCTURE were processed with the soft-
ware STRUCTURE HARVESTER v.0.6.1 (Earl and VonHoldt
2012) to obtain the most likely K value. The K value estimated
using STRUCTURE HARVESTER also showed a clear peak at
the optimal K value (Fig. S4).

Results

Genetic diversity and population variation

The ten studied SSR loci were polymorphic (Table 2) and
produced 115 alleles in 189 accessions. The average number
of alleles across marker loci was 11.5 but varied greatly across
the loci (SE = 6.5). WGA32, with 25 alleles, was the most
varied, while WGA27, with three alleles, was the least vari-
able. The number of effective alleles ranged from 1.9
(WGA27) to 7.6 (WGA276), with a mean value of 4.2
(SE = 1.6). The average PIC was 0.69 although WGA202
displayed the highest value (0.81). Heterozygosity also varied
across the ten SSR loci and observed heterozygosities (Ho;
0.62 ± 0.12) were less than expected (He; 0.73 ± 0.09) for all
loci. WGA27 revealed the fewest alleles and the lowest HO

(0.43).WGA69 had a significantly lowerHO value (0.56) than
expected (0.81), indicating the likely presence of null allele(s)
for this locus (FNull = 0.18).

Diversity indices varied across regions (Table 3). The
Shannon’s information index (I), indicative of genetic diver-
sity, had an average value of 1.59 (SE = 0.47). Accessions
collected from Debrecen (Hungary) had the highest number
of alleles and number of effective alleles (5.5 and 4.3, respec-
tively), while accessions from Germany had the lowest values
for these two indices (2.7 and 1.8, respectively). This pattern
was also revealed by Shannon’s index (I), which was 1.44 for
Debrecen (Hungary) and 0.73 for Germany.

Twenty-eight private alleles were revealed in 13 accession
groups. The greatest numbers of private alleles were observed
in two populations from Iran (seven alleles, Alborz; five al-
leles, Ardabil), followed by a single population from Sirrt,
Turkey (three alleles). Allelic richness was also interpolated
using the IDW interpolation function in ArcGIS. The resulting
map (Fig. 1) showed alternating regions of higher and lower
allelic richness.

Data generated from Nei’s genetic identity tests indicated
that accessions from Algeria and Tunisia and those from
Debrecen (Hungary) and Trnava (Slovakia) were the most
similar (0.97). Themost dissimilar accessions were those from
Bratislava (Slovakia) and Antalya (Turkey) with value of 0.36
(see Table S1 in Appendix S1). The two populations from Iran

with the most private alleles, Alborz and Ardabil, were also
highly dissimilar (0.42).

To assess the overall distribution of genetic diversity within
and between groups, an AMOVA was performed. AMOVA
analysis indicated that variation among groups (Fst) was 7%,
while variation among individuals within groups was 8%, and
the remaining 85% of variation was within individuals
(Table 4). In contrast to our expectation that all accessions
would be from unique seedlings, we found two examples of
identical genotypes. Specifically, the profile of the accession
73 from Erbil (Iraq) was identical to accession 155 from Sirrt
(Turkey), and accession 76 from Erbil (Iraq) was identical to
accession 158 from Sirrt (Turkey).

Population structure

Analyses with STRUCTURE software (at K = 2) identified
two groups that roughly corresponded to a group from Asia
(Iran and Turkey, plus Greece), and a group of European and
North African genotypes (Fig. 2). About 68% (128 genotypes)
of the studied walnut accessions shared >80% membership
with one of two main clusters and were classified as members
of that cluster, while the remaining genotypes (61 accessions)
were admixed. Accessions collected from Eastern Europe
(Hungary, Slovakia) showed a high degree of admixture
(Fig. 4). Of the most admixed genotypes at K = 2
(30 > Q < 70), about half were from Slovakia or Hungary.
The same trend was observed at K = 8 (see below) (Fig. 3),
where 37 of the 49 genotypes that showed pronounced admix-
ture of two populations (Fig. 3, populations four and five,
yellow and pink) were from Hungary or Slovakia. Many
admixed samples in Fig. 3 were complex admixtures that
did not sort strongly into a particular population.

Further analyses using STRUCTURE HARVESTER
showed a second clear peak at K = 8 (ΔK = 30.79). Thus,
the statistical approach of Evanno et al. (2005) may be prob-
lematic in our study, as it most often uses K = 2 as the most
likely number of clusters (Pollegioni et al. 2014). Therefore,
these data were also analyzed based on K = 8 (Fig. 3). Cluster
results showed that the first population (red in Fig. 3) included
12% of accessions and was primarily composed of samples
from the European countries Germany, Hungary, the
Netherlands, and Slovakia, with a single accession from
Algeria. The second population (green) was the smallest one
and included only 15 accessions, mostly from Ardabil, Iran,
but also a few from Iraq (2), Turkey (1), Algeria (1), and
Morocco (1). The third population (dark blue) included acces-
sions fromGreece (9), Iraq (6), and Turkey (4). The fourth and
fifth populations showed almost complete admixture (yellow
and pink), as all accessions in these groups (mostly from
Hungary and Slovakia with a few from Greece and Spain)
had roughly equal Q values for both groups, and none had a
Q value >80%. This complete admixture was also present
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Table 3 Genetic diversity of walnut accessions from different regions using 10 SSRs

ID Country, regions Number A AE (I) HO HE Nei NPA

1 Algeria 20 4.2 ± 1.3 3.06 ± 0.84 1.19 ± 0.27 0.62 ± 0.16 0.69 ± 0.09 0.66 ± 0.09 2

2 Germany 14 2.7 ± 0.7 1.83 ± 0.30 0.73 ± 0.18 0.44 ± 0.18 0.47 ± 0.11 0.44 ± 0.10 –

3 Hungary, Budapest 10 4.4 ± 1.8 3.48 ± 1.75 1.26 ± 0.41 0.57 ± 0.23 0.70 ± 0.12 0.66 ± 0.11 1

4 Hungary, Debrecen 12 5.5 ± 3.1 4.33 ± 2.25 1.44 ± 0.52 0.73 ± 0.16 0.75 ± 0.14 0.71 ± 0.13 1

5 Hungary, Miskolc 5 3.9 ± 1.1 3.17 ± 1.11 1.19 ± 0.37 0.66 ± 0.21 0.71 ± 0.19 0.63 ± 0.17 –

6 Hungary, Erd 3 3.3 ± 1.2 2.93 ± 1.19 1.08 ± 0.33 0.67 ± 0.27 0.75 ± 0.13 0.62 ± 0.11 –

7 Iran, Ardabil 5 3.7 ± 1.1 2.97 ± 1.04 1.11 ± 0.40 0.56 ± 0.25 0.67 ± 0.22 0.60 ± 0.20 5

8 Iran, Kurdistan 5 3.2 ± 1.0 2.55 ± 0.74 0.97 ± 0.39 0.62 ± 0.26 0.62 ± 0.23 0.56 ± 0.21 1

9 Iran, Alborz 10 4.0 ± 1.1 3.05 ± 0.83 1.19 ± 0.27 0.69 ± 0.20 0.68 ± 0.10 0.65 ± 0.10 7

10 Iraq 20 4.7 ± 1.8 3.59 ± 1.00 1.33 ± 0.35 0.67 ± 0.19 0.73 ± 0.11 0.70 ± 0.11 1

11 Libya 20 3.9 ± 1.0 2.89 ± 0.67 1.14 ± 0.23 0.61 ± 0.14 0.67 ± 0.09 0.64 ± 0.08 1

12 Morocco 26 4.4 ± 1.4 3.21 ± 0.87 1.24 ± 0.29 0.67 ± 0.16 0.69 ± 0.09 0.67 ± 0.09 2

13 Netherlands 10 3.3 ± 1.4 2.66 ± 0.84 1.02 ± 0.32 0.60 ± 0.25 0.66 ± 0.11 0.60 ± 0.10 –

14 Slovakia, Bratislava 4 3.6 ± 1.4 2.68 ± 1.09 1.03 ± 0.43 0.60 ± 0.21 0.64 ± 0.21 0.56 ± 0.19 –

15 Slovakia, Nitra 6 4.0 ± 1.5 3.29 ± 1.13 1.21 ± 0.38 0.72 ± 0.18 0.72 ± 0.15 0.66 ± 0.13 –

16 Slovakia, Levice 5 3.2 ± 1.1 2.55 ± 0.94 0.98 ± 0.33 0.56 ± 0.31 0.63 ± 0.13 0.57 ± 0.12 –

17 Slovakia, Trnava 13 5.6 ± 2.4 3.67 ± 1.23 1.40 ± 0.39 0.62 ± 0.17 0.72 ± 0.11 0.69 ± 0.11 2

18 Tunisia 20 3.9 ± 1.2 2.79 ± 1.07 1.07 ± 0.36 0.60 ± 0.21 0.62 ± 0.18 0.59 ± 0.17 –

19 Turkey, Antalya 5 3.7 ± 1.6 2.70 ± 1.45 1.01 ± 0.48 0.52 ± 0.30 0.60 ± 0.22 0.54 ± 0.20 1

20 Turkey, Diyarbakir 6 3.9 ± 1.6 2.97 ± 1.34 1.09 ± 0.50 0.43 ± 0.21 0.63 ± 0.24 0.58 ± 0.22 –

21 Turkey, Sirrt 4 3.6 ± 1.4 3.14 ± 1.20 1.12 ± 0.47 0.47 ± 0.36 0.70 ± 0.26 0.62 ± 0.23 3

22 Turkey, Izmir 3 3.4 ± 1.1 2.97 ± 1.05 1.09 ± 0.37 0.53 ± 0.32 0.74 ± 0.18 0.62 ± 0.16 –

23 Greece 22 4.9 ± 2.1 3.85 ± 1.49 1.37 ± 0.45 0.71 ± 0.21 0.72 ± 0.17 0.70 ± 0.16 1

24 Italy 18 3.3 ± 0.7 2.35 ± 0.35 0.97 ± 0.15 0.64 ± 0.20 0.60 ± 0.07 0.57 ± 0.07 –

25 Spain 16 3.9 ± 1.1 2.75 ± 0.66 1.11 ± 0.25 0.68 ± 0.18 0.66 ± 0.10 0.62 ± 0.10 –

Mean ± SD 11.3 ± 7.1 4.7 ± 1.4 3.24 ± 0.76 1.22 ± 0.23 0.62 ± 0.07 0.67 ± 0.07 0.65 ± 0.8 1.12 ± 1.72

N no. of accessions from each location, NA no. of observed alleles, NE effective number of alleles, I Shannon’s Information Index, HO observed
heterozygosity, HE expected heterozygosity, Nei Nei’s (1972) expected heterozygosity, NPA number of private alleles, SE standard error.

Table 2 Information about the ten SSR markers (Woeste et al. 2002) and diversity indices from evaluation of 189 J. regia accessions from different

Locus Number Type of repeat SR (bp) A AE PIC HW (I) FNull HO HE ARA

WGA1 189 (GA)5 176–192 10 3.6 0.68 * 1.49 0.08 0.61 0.73 6

WGA9 189 (GA)16 231–249 7 3.3 0.64 NS 1.31 0.07 0.59 0.70 3

WGA27 189 (GA)30 205–209 3 1.9 0.37 NS 0.70 0.06 0.43 0.48 1

WGA32 189 (CT)19 157–229 25 4.2 0.74 NS 1.97 0.09 0.63 0.76 21

WGA69 189 (GT)13 157–193 10 5.1 0.78 *** 1.78 0.18 0.56 0.81 5

WGA89 189 (GA)4 211–226 8 3.2 0.62 NS 1.25 0.07 0.60 0.69 5

WGA118 189 (GA)18 183–293 9 3.7 0.69 * 1.48 0.06 0.65 0.73 4

WGA202 189 (GA)20 198–295 17 5.9 0.81 * 2.08 0.08 0.71 0.83 11

WGA276 189 (GA)14 159–195 18 7.6 0.86 NS 2.34 0.06 0.77 0.87 13

WGA321 189 (GA)14 224–247 8 3.7 0.69 NS 1.47 0.04 0.68 0.73 4

Mean - 11.5 4.2 0.69 1.59 0.08 0.62 0.73 7.3

SE 6.5 1.6 0.13 0.47 0.04 0.09 0.11 6.26

N accession size, SR allele size range (bp), A no. of obtained alleles, AE no. of effective alleles, PIC Polymorphic Information Content, HW exact test of
Hardy-Weinberg equilibrium, I Shannon’s Information Index, FNull null allele frequency estimated, HO observed heterozygosity, HE expected
heterozygosity, Nei Nei’s (1972) expected heterozygosity, ARA number of rare alleles, SE standard error, NS non significance

*significance at P = 0.01
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when the analysis was run for K = 7 (not shown). The sixth
population included accessions collected from Alborz, Iran
(10) as well as both Antalya (5) and Diyarbakir (5) in
Turkey. In contrast with the two previous subgroups, most
of the members of this subgroup had Q values >80%. The
seventh population consisted principally of accessions from
North African countries and also showed a high level of ad-
mixture. The eighth and largest population, nearly 18% of the
accessions, included most of the accessions from Italy, and
some admixed genotypes from Spain (5), Turkey (2),
Germany (2), Slovakia (4), the Netherlands (2), Tunisia (1),
Morocco (4), Algeria (3), Libya (3), Iraq (1), and Iran (3).

Neighbor-joining analysis

Neighbor-joining (NJ) based on a matrix of Nei’s genetic dis-
tance among the 25 sampled locations divided the accessions
into five main branches, and within these branches, additional
sub-clusters of branches (Fig. 4), although bootstrap values
were relatively low. Four of the five main branches appeared
to correspond to seven collection sites in Iraq, Iran, Turkey,

and Greece (Asia and Near East). The fifth main branch
(top~two-third of Fig. 4) was primarily European and North
African. The fifth main branch of European and North African
sources can be seen as divided into four sub-clusters: (1) a
(mostly) Mediterranean/Italian/North African sub-cluster
(names of sources are underlined, top of Fig. 4); (2) a sub-
cluster of mostly Hungarian/Slovakian sources; (3) a mixed
sub-cluster of Northern European, Eastern European, and
Iranian sources (names are double-underlined in Fig. 4); and
(4) a final sub-cluster containing only the four Bratislava
(Slovakia) samples. As an example of the differences among
the clustering methods we used, the four samples of sub-
cluster 4 (Bratislava, Fig. 4) were separated into two different
populations by the K = 8 STRUCTURE analysis (Fig. 3), and
three different sub-branches when neighbor-joining was per-
formed based on individual genotype (Fig. S5), rather than by
the 25 sources (Fig. 4). There were similarities between the
K = 8 model (Fig. 3) and the neighbor-joining model (Fig. 4)
of genotype partitioning; the Ardabil, Iran location (clade 1,
bottom of Fig. 4), corresponded to the second population
(green) of STRUCTURE (Fig. 3), the second and third

Fig. 1 Geographical variation of allelic richness in J. regia across 14 sampled countries

Table 4 Analysis of molecular
variance (AMOVA) using 189
accessions from 25 regions using
ten SSR markers

Source of variation Degrees of
freedom

Sum of
squares

Mean
square

Percentage
variation (%)

P value

Among groups 24 188.976 7.874 7 <0.001

Among individuals within groups 164 604.805 3.688 8 <0.001

Within individuals 189 588.000 3.111 85 <0.001

Total 377 1381.780 100
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branches of the NJ tree (Fig. 4, Antalya and Diyarbakir from
Turkey and Alborz from Iran) were joined in the
STRUCTURE analysis as population six (light blue), and
the fourth clade of Fig. 4 (Iraq, Greece, and Sirrt from

Turkey) was concentrated into the third STRUCTURE popu-
lation (dark blue in Fig. 3).

The NJ analysis showed important areas of overlap with
the K = 8 partition of STRUCTURE. Branch five of the NJ

Fig. 2 Population structure of 189 accessions based on 10 SSR markers (K = 2) and graph of estimated membership fraction for K = 2

Fig. 3 Population structure of 189 Persian walnut accessions based on ten SSR markers (K = 8)
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tree (as described above, the upper 2/3 of Fig. 4, containing
mostly European and North African sources) contained four
sub-clusters. The first sub-cluster, which consisted of mostly
Mediterranean sources (single underline in Fig. 4), was split
into two populations by STRUCTURE, corresponding to pop-
ulation seven (Ochre) and eight (purple). Sub-cluster two of
the NJ tree, which was strongly dominated by Hungarian and
Slovakian samples, was also split into two populations con-
taining individuals almost entirely equally admixed (pink and
yellow, populations four and five in Fig. 3). German and
Levice (Slovakia) samples of sub-cluster three of the NJ tree
(sources double-underlined in Fig. 4) were concentrated by
STRUCTURE into population one (red, Fig. 3). The other
members of sub-cluster three (Netherlands and Kurdistan,
Iran) were scattered by STRUCTURE across multiple popu-
lations, but did not fit well into any of them based on high
levels of admixture. The fourth sub-cluster (Bratislava only)
had a similar fate, as described previously in the example
above. Both the STRUCTURE analyses (K = 2, Fig. 2 and
K = 8, Fig. 3) and the NJ analysis revealed strong separation
between most Turkish, Greek, and Iranian sources and those
from Europe and North Africa. This latter group, based on NJ,
appears to have a major split (Mediterranean versus Eastern
European) but is in general highly admixed. Cluster analysis
of 189 accessions using neighbor-joining showed that al-
though many accessions were grouped into sub-branches
based on their sampling sites, there were some clusters that
contained accessions from different regions (Fig. S4). In gen-
eral, it was difficult to reconcile the NJ tree based on individ-
ual genotypes with the STRUCTURE plots or the phonogram
based on 25 sources (Fig. 4).

PCoA revealed that about 45% of the genotypic variance
could be captured with two eigenvectors (see Table S2 in
Appendix S1). A two-dimensional scatter plot involving all
189 accessions showed that the first two PCoA axes
accounted for 41.4 and 3.8% of the genetic variation among
populations (Fig. 5). Consistent with the fact that most varia-
tion was present within populations and only 7% among pop-
ulations, we observed that accessions from regions largely
overlapped, similar to the representation in Fig. S4.

Discussion

A complication of comparing population genetics studies is
that allelic numbers are marker dependent. However, the com-
parisons presented here are meaningful as several of the mi-
crosatellite markers we used were also used by Foroni et al.
(2007), Ebrahimi et al. (2011), and Pollegioni et al. (2011)
making pairwise comparisons possible. For example,
WGA69 produced 10 alleles in the present study but this locus
had 6 alleles in 59 Turkish genotypes (Dogan et al. 2014), 7
alleles in 31 Iranian genotypes (Ebrahimi et al. 2011), and 10
alleles in 328 seedlings of J. nigra (Zhao et al. 2012). In the
USDA repository, Aradhya et al. (2010) detected 13 different
alleles in 840 J. regia accessions. A secondmarker,WGA276,
was also used in previous studies and produced 18 alleles in
our study, while 5, 16, and 8 alleles were reported by Ebrahimi
et al. (2011), Dogan et al. (2014), and Vahdati et al. (2015),
respectively. The wide geographic range from which our ac-
cessions were drawn, including especially the Iranian collec-
tion, may explain the higher overall number of alleles in this
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Fig. 4 Neighbor-joining dendrogram of 25 groups of J. regia based on Nei’s genetic distance at ten SSR loci
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study compared to other reports on J. regia. Average values of
HO and HE were 0.60 and 0.73, respectively. Variation among
populations essentially resulted from the large variation in the
allele frequency distribution detected.

There were differences among the 25 studied J. regia pop-
ulations for diversity indices (Table 3). Accessions from
Debrecen (Hungary), which were exclusively from a gene
bank, showed the highest values for the majority of diversity
indices. Values for Shannon’s index (I) were also high in
Trnava (Slovakia), and both HO and (I) were high for
Greece. Thus, parts of Eastern and Southeastern Europe may
contain unusually genetically diverse walnuts. Christopoulos
et al. (2010) noted high levels of differentiation among local
populations of J. regia in Greece, and reported that Greek
samples were more genetically diverse than the other interna-
tional cultivars they analyzed. The relatively high levels of
genetic diversity and allelic richness we observed in walnut
genotypes from Greece might reflect the genetic admixture of
Asian and European gene pools, resulting from millennia of
human trade across the Eurasian continent, as also suggested
by Pollegioni et al. (2014). Alternatively, high levels of genet-
ic diversity and allelic richness in Hungary, Slovakia, and
Greece may reflect the presence of a separate center of diver-
sity for walnut in the Carpathian Mountains. Carpathian wal-
nuts are reported to be the most cold-hardy J. regia in the
world (Mitra et al. 1991; Domoto 2002), so aside from a
putative Carpathian center of diversity, it is possible the ex-
treme conditions there resulted in strong selective pressure
that influenced the walnut gene pool of this region.

Thirteen sources of J. regia had at least one private allele.
Accessions from Iran (Alborz, Ardabil) contained the highest
number of private alleles by far (12 alleles). Only 11% of the
accessions came from Iran, but they contained 46% of the
private alleles. In recent decades, most of the wild populations
of walnut in Iran have been used extensively by local peoples
for nut and wood production (Jafari-Sayadi et al. 2012).
Examination of 39 wild populations of Persian walnut in
Asia Pollegioni et al. (2014) reported the highest number of
private alleles (8 alleles) in a wild population from Alborz,
Iran. Surprisingly, this population was one of most sparsely
populated (with only 12 accessions of 926) among the 39
analyzed populations. These authors reported that despite
heavy interference by humans, high levels of genetic diversity
still exist within Persian walnut population across the Asian
range. In Iran, there is a long history of walnut cultivation and
trade, and wide variety of both cultivated and wild forms of
J. regia are found, despite selective cutting, general deforesta-
tion, and forest fragmentation, which has led to decreased pop-
ulation sizes. Luckily, because walnut, unlike many tree crops,
has been propagated by seed almost exclusively throughout its
history (Ebrahimi et al. 2007; Ebrahimi et al. 2011), a high
percentage of the genetic variability of a region is maintained
within walnut individuals (Table 4). So the remaining mature
trees in Alborz and other fragmented forests represent the re-
tention of a valuable genetic resource. This pattern has been
observed in other forest species as well (e.g., Boswellia
papyrifera, Addisalem et al. 2016). Based on these observa-
tions, we suggest that Iran’s J. regia germplasm is unusually
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Fig. 5 BiPlot obtained from PCoA analysis of all accessions showing distribution of walnut samples in two main dimensions
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rich and distinct from the other walnut accessions studied in
this work and merits urgent conservation actions.

Accessions from neighboring countries were often similar.
Accessions analyzed from Algeria were similar to those from
Morocco, and Hungarian and Slovakian accessions were also
similar, indicating a high level of germplasm exchange between
these countries. German accessions were most similar to those
germplasms from Levice (Slovakia) indicating that the J. regia
cultivated in Germany might have originated elsewhere, or that
Germany and Slovakia share a common, as yet uncollected,
germplasm source. It is worth noting that many of the studied
accessions were not wild populations, so they may have been
affected by the introduction of improved genotypes from breed-
ing programs in other regions, most likely in the form of seeds.
Some germplasm introductions are region-specific, but others are
designed to add genetic diversity from distant and distinct
sources. By comparing walnut genotypes from Iran with some
foreign cultivars, Ebrahimi et al. (2011) observed relatively high
similarities between Iranian genotypes and some international
cultivars and concluded that this reflected plant material
exchange between countries. Similarly, Nicese et al. (1998) re-
ported that BPI-159568^ from the Iranian plateauwasmost likely
in the pedigree of BSerr^, an elite clonal selection from the breed-
ing program in California, based on their genetic similarity.
Foroni et al. (2005) reported a relatively high similarity between
BSorrento^ and two other cultivars (BSerr^ and BHartley^). In
our study, two accessions from Erbil (Iraq) were identical to two
accessions from Sirrt (Turkey), likely the result of clonal propa-
gation and the exchange of scionwood between these two neigh-
bor regions. Many of our samples were taken from germplasm
collections used for breeding (Table 1), and the international
exchange of germplasm explains why genotypes from the same
source in our study were dispersed among multiple populations
(Fig. S5, Fig. 3) and also explains why bootstrap values separat-
ing sources were low (Fig. 4). For example, some accessions
from Kurdistan, Iran, and Izmir, Turkey grouped with
European accessions.

We found a high level of variation within groups (85%) and
only 7% of variation was among groups (Table 4), which is
similar to the level found by Aradhya et al. (2010) (86%),
Christopoulos et al. (2010) (89%), and Wang et al. (2008)
(81% within Chinese walnut populations). Relatively low
levels of differentiation among samples from different regions
can also be seen in the genetic identity matrix (Table S1) and
the NJ analysis (Fig. 4), in which samples from the western
Mediterranean (Algeria, Morocco, Tunisia, Libya, Spain, and
Italy) were clustered. Partitioning of genetic variability within
and among different walnut growing regions can provide use-
ful data for optimizing sampling strategies in walnut cultivar
improvement programs (Christopoulos et al. 2010). On the
other hand, when we analyzed substructures in the NJ tree
(Fig. 4), accessions from different locations within a country
were sometimes strongly separated. This was more likely

when samples were not from germplasm collections, or, per-
haps, when sample sizes were small (Bratislava, Slovakia).
Accessions from Ardabil, Iran, were separated from the other
Iranian accessions. It is noteworthy that Ardabil’s climate is
the coldest in the region and, because of high mountains, the
location is naturally secluded. This natural isolation is a factor
that may restrict pollen flow and seed dispersal.

Conclusion

Accessions of 189 J. regia individuals collected from 25 differ-
ent regions within a total of 14 countries were each analyzed
using ten microsatellites. We observed high levels of diversity
among the collected accessions as a whole and among the col-
lection regions. The mean number of observed alleles was rel-
atively high, and two thirds of these were rare and private al-
leles, which could be used to identify and distinguish local
germplasm in need of conservation. Accessions from Iran had
the greatest number of private alleles with those from Ardabil
being the most distinct. Accessions from Eastern and
Southeastern Europe were also highly diverse compared to oth-
er studied accessions, lending credence to the idea that there are
at least two main different centers of diversity for Persian wal-
nut, one from Southwest Asia and another from the Carpathian
region in Europe. Accessions from Eastern Europe showed the
highest degree of admixture, possibly implying that these re-
gions act as a hybridization zone for Asian and European
J. regia. Cluster analysis divided the genotypes into two main
groups in accordance with their geographical distribution, and
accessions from Asia Minor and Greece were separated from
Europe andNorthAfrica. Because the plant material sampled in
this research was representative of walnut germplasm grown in
different regions of walnut cultivation, the results provide im-
portant new information about the distribution of germplasm
among nations and the importance of maintaining the genetic
diversity within this prized hardwood tree species. Nearly all of
our samples were derived from accession and germplasm that
may or may not have value to breeders based on the tree’s
phenotypes, including nut quality, kernel quality, disease resis-
tance, frost resistance, and phenology. Breeders will need infor-
mation about all these traits before deciding if germplasm from
another location might be useful, and consultation with local
experts is the best way to obtain information about sources
described in this manuscript (Germain 2004).
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