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Abstract.

Almond is an important food resource plant in Iran and over 30 Amygdalus (Prunus) species, subspecies
or ecotypes have been reported in the country. Wild almond species can provide a gene pool of valuable
characteristics for breeding the cultivated almond. The present study deals with a genetic diversity analysis
of three P. scoparia populations by using nuclear ISSR markers, and tries to reveal genetic distinctness versus
admixture of these populations. The three studied populations differed significantly in their molecular
characteristics, allele polymorphism and expected heterozygosity and also showed isolation by distance.
AMOVA test revealed significant genetic differences among the three populations (p<0.01). The Mantel
test showed that genetic distance between the populations correlates with their geographical distance.
Furthermore, Bayesian model-based clustering manifested a good separation of the populations at k = 3.
However, according to the reticulation analysis, these populations were not completely isolated and some
degree of gene exchange has occurred among them. The coalescence analysis also revealed horizontal gene

transfer and gene exchange among these populations.
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Introduction

The genus Prunus L. (family Rosaceae) forms a mono-
phyletic group descended from some Eurasian an-
cestors (Bortiri & al. 2001). It contains about 200
economically important species, used as sources of
fruit, nuts, oil, timber, and for ornamental purposes
(Reynders & Salesses 1990). Members of this genus
have been divided into five or six subgenera by various
authors (Lee & Wen 2001; Bortiri & al. 2002; Potter &
al. 2007). These genera are: 1 — subgenus Amygdalus
L., almonds and peaches, with the type species Prunus
dulcis L. (Almond); 2 - subgenus Prunus L., plums and
apricots, with the type species P. domestica (Plum); 3 -
subgenus Cerasus Mill., cherries, with the type species

P. cerasus (Sour Cherry); 4 — subgenus Lithocerasus,
with the type species P. pumila (Sand Cherry); 5 - sub-
genus Padus Mill,, bird cherries, axillary buds single,
with the type species P. padus (European Bird Cher-
ry); and 6 — subgenus Laurocerasus M. Roem., cher-
ry-laurels, mostly evergreen (all other subgenera are
deciduous), with the type species P. laurocerasus (Eu-
ropean Cherry-Laurel) (Lee & Wen 2001; Bortiri &
al. 2002; Potter & al. 2007). Almond originates from
Central to Southwest Asia. These plants show a wide
range of distribution, including in the northeastern-
most parts of Asia (Das & al. 2011). The almond tree
(Prunus dulcis, syn. P. amygdalus, or Amygdalus com-
munis) is a small deciduous tree of the genus Prunus,
of subfamily Prunoideae of Rosaceae. The tree is native
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to Southwest Asia, and grows in Iran and Afghanistan,
and across the Turano-Iranian area. Native species or
wild almonds are generally bitter kernelled due to the
higher levels of cyanogenic glycoside amygdalin. Mu-
tation and seedling segregation resulted in the sweet-
kernelled types (Das & al. 2011). Iran and Anatolia are
the centers of origin of several Amygdalus species con-
sidered by some (Browicz & Zohary1996; Kester & al.
1991; Kester & Gradziel 1996; Etemadi & Asadi 1999;
Ghahreman & Attar 1999; Sorkheh & al. 2009) as po-
tential subspecies or ecotypes diverging from the pa-
rental species and adapted to different environmental
conditions. The endemic forms occur in Iran either in
the form of small, thorny bushes (subgenus Lycioides),
or of taller, tree-like shrubs which grow in colonies
(subgenus Spartioides and the colonies of Amygda-
lus scoparia on the southwestern flank of the Zagros)
(Zohary 1963; Ladizinsky 1999).

Besides taxonomic interest in the wild almond spe-
cies (Khatamsaz 1983), they have breeding values too.
They can provide an enlarged gene pool of important
characteristics, such as late blooming, self-fertiliza-
tion and resistance to drought, salinity and low winter
temperatures, as well as resistance to abiotic and biot-
ic stresses (Sorkheh & al. 2009).

Molecular markers such as isozyems (Vezvaei
1994), Amplified Fragments Length Polymorphism
(AFLPs) (Shiran & al. 2009), Inter Simple Sequence
Repeats (ISSR) (Shahi-Gharahlara & al. 2011), EST
and genomic SSRs (Tahana & al. 2009; Liu & al. 2012),
a combination of nuclear and chloroplast SSRs (Zein-
alabedini & al. 2008), RAPD (Random Amplified Pol-
ymorphic DNA), and SSR markers (Nikoumanesh
& al. 2011; Martinez-Gémez & al. 2003. Shiran & al.
2007) and RAPD and ISSR markers (Martins & al.
2003) have been used to study the species relationship
and diversity in Prunus. In the present study though
we have used ISSR nuclear markers to investigate for
the first time the intra- and inter-population genet-
ic diversity in three P. scoparia populations, and have
tried to present the populations” genetic structure as
well as the possible gene exchange among them.

Different phylogenetic analyses have been used to
show the species/populations genetic affinity and to
group the accessions (species, populations, individu-
al trees) (for example, Shiran & al. 2007; Zeinalabedi-
ni & al. 2008; Shiran & al. 2009, Liu & al. 2009). A
phylogenetic tree relating to the sequences of a single
locus, known as gene tree, which usually shows great

discordance (both in topologies and branch lengths)
has been compared with a phylogenetic tree obtained
from multilocus sequence due to deep coalescence
(Maddison 1997; Maddison & Knowles 2006). Tech-
niques have been developed to show horizontal gene
transfer (HGT) and gene duplication/loss (Legendre &
Makarenkov 2002), as well as coalescence. Therefore,
in the present study we use a combination of genet-
ic diversity analysis, population structure, reticulation
and coalescence analyses to deal with the obtained da-
ta and for better understanding of genetic diversity in
P. scoparia plants in Iran.

Material and methods

Plant material

Seventy-five wild almond trees (P. scoparia) grow-
ing in three different geographical regions of Iran
were used in present study. Trees were collected from
Khorasan-Jonoobi (Birjand), Fars (Firoozabad), and
Tehran (Koohdasht), respectively. Ten leaves were
randomly taken from each tree and used for DNA ex-
traction. The total genomic DNA was extracted by the
CTAB method of Murray & Thompson (1980), with a
modification described by de la Rosa & al. (2002). The
quality of extracted DNA was examined by running
on 0.8 % agarose gel.

ISSR assay

Ten ISSR primers - (AGC)5GT, (CA)7GT, (AGC)5GG,
UBC 810, (CA)7AT, (GA)9C, UBC 807, UBC 811,
(GA)9A, and (GT)7CA commercialized by UBC (the
University of British Columbia) — were used. PCR re-
actions were performed in a 25 pl volume containing
10 mM Tris - HCl buffer at pH 8; 50 mM KCl; 1.5 mM
MgClI2; 0.2 mM of each ANTP (Bioron, Germany);
0.2 uM of a single primer; 20 ng genomic DNA and 3
U of Tag DNA polymerase (Bioron, Germany). Ampli-
fication reactions were performed in Techne thermo-
cycler (Germany) with the following program: 5 min
initial denaturation step 94°C, 30 s at 94°C; 1 min at
50°C and 1 min at 72°C. The reaction was completed
by final extension step of 7 min at 72°C. Amplification
products were visualized by running on 2 % agarose gel,
followed by ethidium bromide staining. Fragment size
was estimated by a 100 bp molecular size ladder (Fer-
mentas, Germany). The experiment was triplicated and
constant ISSR bands were used for further analyses.
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Data analysis

The obtained ISSR bands were treated as binary charac-
ters and coded accordingly (presence = 1, absence = 0).
Dice, as well as Nei’s genetic distance (Weising 2005;
Freeland & al. 2011), was determined among the trees
and used for grouping of the genotypes by Unweight-
ed Paired Group Method with arithmetic average (UP-
GMA) and Neighbor Joining (NJ) clustering methods,
after 100 times of bootstrapping (Freeland & al. 2011).
Similarly, an ordination plot was made, based on Prin-
cipal Coordinate Analysis (PCoA), and Multidimen-
tional Scaling (MDS) (Podani 2000), by using PAST ver.
2.17 (Hammer & al. 2001) and DARwin ver. 5.

Genetic diversity parameters were determined in
each population. These parameters represented per-
centage of the allelic polymorphism, allele diversi-
ty (Weising 2005), Nei’s gene diversity (H), Shannon
information index (I) (Weising 2005; Freeland & al.
2011), number of effective alleles, and percentage of
polymorphism. AMOVA (Analysis of Molecular Var-
iance) test (with 1000 permutations), as performed in
GenAlex 6.4 (Peakall & Smouse 2006), was used to
show molecular difference among the populations.
Mantel test (Podani 2000) was applied to study the as-
sociation between molecular distance and geographi-
cal distance of the populations.

Model-based clustering was carried out to eluci-
date the genetic structure of the populations by using
STRUCTURE ver. 2.3 (Pritchard & al. 2000). We resort-
ed to an admixture ancestry model under the correlated
allele frequency model. The Markov chain Monte Car-
lo simulation was run 20 times for each value of K (2-6)
for 10° iterations, after a burn-in period of 10°. All oth-
er parameters were set at their default values. Data were
scored with dominant markers and analysis following
the method suggested by Falush & al. (2007). STRUC-
TURE Harvester web site (Earl & von Holdt 2012) was
used to visualize the STRUCTURE results, and also to
apply the Evanno method (Evanno & al. 2005) for iden-
tifying the proper number of K (Evanno & al. 2005).

Reticulation was carried out by T-REX (Tree and
Reticulogram Reconstruction) ver. 3, and DARwin
ver. 5, which infer reticulogram from a distance ma-
trix (Legendre & Makarenkov 2002). Coalescence
analysis was performed for molecular data after 1000
times reiteration (Liu & al. 2009), as suggested for SSR
polymorphic data by Wilson & Balding (1998) and
performed in Mesquite (Maddison & Madison 2011),
and deep coalescence, gene duplication and extinction
were determined.

Results

Genetic diversity analysis

All 10 SSR primers produced 145 bands in the stud-
ied 72 trees. Therefore a data matrix of 72 x 145 was
formed for further analysis. The number of alleles
varied from 1.08 (Khorasan-Jonoobi, Birjand) to 1.56
(Tehran, Koohdasht) (see Table 1), while the num-
ber of effective alleles varied from 1.26 to 1.39. Al-
though we did not see any common allele in these
populations, they should have specific (private) al-
leles, ranging from six in Pop. 2 to 18 in Pop. 3. This
latest population also showed the highest percentage
of allelic polymorphism (74.48 %) and expected hete-
rozygosity (0.20), while the lowest values occurred in
Pop. 1 (46.90 % and 0.15, respectively). The AMOVA
test showed some significant genetic differences
among the three populations (p<0.01) and revealed
that 48 % of the total genetic variation was among the
populations variation, while 52 % was within the pop-
ulation variation. This result clearly shows the oc-
currence of intra- as well as inter-population genetic
differences in Prunus scoparia, which will be further
supported by the following tree analyses.

Results of UPGMA and NJ clustering after boot-
strapping were alike and, therefore, the NJ tree is dis-
cussed bellow (Fig. 1). In general, three distinct clusters
are formed, with high bootstrap values supporting their

Table 1. Genetic diversity parameters in the studied P. scoparia populations.

Population Na Ne I He UHe PP NDB NPB
Birjand Mean 1.083 1.262 0.236 0.157 0.160 46.90 % 89 16
Firoozabad Mean 1.352 1.368 0.327 0.217 0.222 65.52% 101 6
Koohdasht Mean 1.566 1.394 0.351 0.232 0.237 74.48 % 119 18
Total Mean 1.333 1.341 0.305 0.202 0.206 62.30 % 103 13.33

Na = No. of different alleles, Ne = No. of effective alleles = 1 / (pA2 + q*2), I = Shannon’s Information Index = -1* (p* Ln (p) + q*
Ln(q)), He = expected heterozygosity = 2* p* q, UHe = unbiased expected heterozygosity = (2N / (2N-1))* He, PP = Polymorphism
Percentage, NDB = No. of different bands, and NPB = No. of private bands.
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genetic distinctness, as also suggested by the AMOVA
test. Intra-population genetic diversity is evident in each
population (major clusters); for example, in the first clus-
ter of the population from Khorasan-Jonoobi (Birjand),
three subclusters are formed (indicated by arrows 1-3)
indicating the genetic differences among 24 studied trees
in this population. The other two populations also reveal
subclusters due to genetic diversity in the studied trees.

Fig. 1. NJtree of P, scoparia trees (numbers above branches indicate
bootstrap values; arrows indicate subclusters formed in one popula-
tion). Populations’ abbreviations: g = Khorasan-Jonoobi (Birjand),
b =Fars (Firoozabad), e = Tehran (Koohdasht). Numbers indicate
population individuals.

Both MDS PCoA plots have grouped the Prunus
scoparia trees into three distinct groups, so we pre-
sent here only the PCoA plot (Fig. 2). Separation of
trees of three populations supports the above-men-
tioned clustering result, but also offers a better visual-
ization of the three populations. In NJ tree, the popu-
lations of Tehran (Koohdasht) and Fars (Firoozabad)
are placed close to each other, which suggests cer-
tain genetic similarity, but in the PCoA plot, although
these two populations are placed on the left side of the
plot and far from the population of Khorasan-Jonoo-
bi (Birjand), they are positioned at the top and bot-

Cooediate 2

tom parts of the plot, which indicates their genetic
difference. The Mantel test showed a positive signifi-
cant correlation between the genetic distance and ge-
ographical distance among the populations (p<0.01).

Population structure

MCMC structure reconstruction of ISSR loci showed
a moderate genetic structure. When Evanno’s ad hoc
estimator of the actual number of clusters was used,
AK indicated modes at K = 3. The percentages of
membership for individuals in each of the three clus-
ters was >66 %.

STRUCTURE analysis showed the highest value of
allele frequency divergence (0.14) between the Popu-
lations 1 (Khorasan-Jonoobi, Birjand) and 2 (Tehran,
Koohdasht), followed by a difference between Kho-
rasan-Jonoobi (Birjand) and Fars (Firoozabad (0.12).
However, the populations of Fars (Firoozabad) and
Tehran (Koohdasht) showed only 0.09 allele frequen-
cy divergence.

The mean value of Fst determined for these popula-
tions was 0.44, 0.52 and 0.32, respectively, which means
moderate values of population differentiation support-
ing our AMOVA and clustering results. A STRUC-
TURE plot of 75 P. scoparia trees clearly showed three
kinds of allelic composition in them (colored differently
in Fig. 3). This indicates that the trees growing in these
geographical regions have got specific combinations of
alleles, possibly due to their local adaptation. Another
point revealed in this plot is a very low degree of ad-
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Fig. 2. PCoA plot of the P. scoparia trees. Populations’ abbre-
viations: g = Khorasan-Jonoobi (Birjand), b =Fars (Firoozabad),
e = Tehran (Koohdasht).

Fig.3. STRUCTURE plot of the P, scoparia trees (each color shows a
separate population, the numbers in brackets indicate the respective
population of each tree). Population code: 1 = Khorasan-Jonoobi
(Birjand), 2 =Fars (Firoozabad), 3 = Tehran (Koohdasht).
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mixture among the studied trees and only few occa-
sions of gene exchange determined among these popu-
lations. However, mention deserves the fact that in each
population some alien alleles exist, which are not from
the other two studied populations (small coloring seg-
ments not present in other populations). For example,
blue colored segments in the populations of Khorasan-
Jonoobi (Birjand) and Fars (Firoozabad), and green
colored segments in Population 3 (Tehran, Koohdasht).
The source of these allelic forms is not known to us but

they might have come from other neighboring almond
populations, or species growing in the vicinity which
are not studied by us, or could be some ancestral alleles
still present in small amount in these populations.

Reticulation and coalescence analyses

A reticulogram of P. scoparia trees also showed gene ex-
change among two populations only (Fig. 4). This clear-
ly testifies to the fact that gene exchange is limited among
the studied wild almond populations, but the reason for

that is yet unknown to us. Also, men-
tion deserves the fact that although
two populations (Fars, Firoozabad)
& Tehran (Koohdasht) show close ge-
netic affinity in the NJ tree, they do
not have allelic exchange. There is
some gene exchange among the trees
of each population.

Coalescence analysis of the mo-
lecular data was carried out to ob-
tain different gene trees later on
retained in the species tree. The dif-
ferent tree topologies produced the
best tree with 0 deep coalescence
and 0 gene duplication/extinction,
which shows that complete agree-
ment between the gene tree and

Fig. 4. Reticulogram of the P. scoparia trees (dashed lines indicate gene exchange/com-
mon alleles). Taxon number: 1-24 = population Khorasan- Jonoobi ( Birjand), 25-48 =

Fars (Firoozabad), 49-72 = Tehran (Koohdasht)

the species/population tree was
achieved (Fig. 5). Tree topology is
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Fig. 5. Gene tree inside the species tree (arrows indicate the horizontal gene transfers).
Taxon numbers: 1-24 = population Khorasan-Jonoobi (Birjand), 25-48 = Fars (Firoozabad), 49-72 = Tehran (Koohdasht).
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much more complicated than the one we observed in
the NJ tree; there are several subclusters formed not
by individuals of the same populations (in contrast to
subclusters formed in NJ tree). For example, taxons
Nos 2 and 13 of the first population are grouped with
taxons Nos 46 (pop 2) and 53 (pop 3); similarly, taxons
Nos 6 and 7 (pop 1) are placed close to taxons Nos 28,
34, 36 and 38 (pop 2), and taxon Nos 61 of pop 3. On
the other side of the tree, taxons Nos 55, 68, 9, 17, 63,
24, and 66 from different populations are separated
from the others with presence of more ancestral form
of allelic combinations. Furthermore, a high level of
horizontal gene transfer (indicated by arrows in Fig. 5)
occurred during the genealogical events in P. scopar-
ia which is possible due to hybridization and gene ex-
change among the trees.

Discussion

The presence of different ISSR allelic forms in the
studied P. scoparia populations indicates genetic poly-
morphism in these genotypes. The occurrence of spe-
cific alleles only in some of the plants/genotypes illus-
trates the occurrence of unique insertion/deletion in
the DNA material of these genotypes. The high lev-
el of genetic diversity and expected heterozygosity re-
ported here is in agreement with the reports of Fathi &
al. (2008). These authors reported a high level of het-
erozygosity and genetic variation among the almond
genotypes and attributed it to cross pollination and
self-incompatibility of the almond.

Nikoumanesh & al. (2011) used RAPD dominant
molecular markers to study the genetic diversity and
relationships among 55 Iranian almond genotypes and
seven related Prunus species. They also observed great
genetic diversity among the genotypes. Similar results
were obtained by Shahi-Gharahlara & al. (2011) with
ISSR molecular markers. These authors studied the
genetic diversity in some Iranian wild Prunus taxa of
subgenus Cerasus and observed high genetic diversi-
ty and genetic distance among the studied species and
accessions.

Shiran & al. (2007) used both RAPDs and SSRs to
study the genetic diversity of Iranian almond culti-
vars and their relationship to important foreign cul-
tivars and three related species. The results demon-
strated extensive genetic variability within the tested
cultivars, and the value of SSR markers developed in

peach for characterization of almond and related spe-
cies of Prunus.

Bayesian model-based clustering though mani-
fested notable separation of the presumed number of
studied populations (k = 3), but some degree of ad-
mixture was observed in all three identified groups
(populations). Geographical distance between these
populations varied between 100-600 km which seems
quite great; thus another interesting question is how
the genetic exchange has occurred among the studied
populations. Zeinalabedini & al. (2008) studied four
wild almond species of Iran, namely P. eleagnifolia, P.
hauskenchtii, P. scoparia, and P. lycioides, by nuclear
and chloroplast SSRs and self-incompatibility (S) al-
lele. They also noticed a genetic exchange between
different wild almond species. Therefore another pos-
sible scenario could be the gene exchange between P
scoparia populations and other wild almond forms
growing in the vicinity, which was not taken in con-
sideration in the present study.

An AMOVA analysis showed significant differ-
ence across the three populations, suggesting that
ISSR markers are useful in the genetic investigation
of wild almond. Such a significant genetic difference
among the populations of P. scoparia may indicate an
occurrence of genetic changes in geographical popu-
lations, in order to adapt to local environmental con-
ditions, as suggested by Liu & al. (2012), who report-
ed infra-specific molecular (SSR) variations in the
Pinus species due to habitat preferences. The Mantel
test also showed that with the increase of geograph-
ical distance between populations, their genetic dif-
ference increased too. Therefore, we have isolation
by distance in the P. scoparia populations, but the re-
ticulation analysis has shown the occurrence of some
gene exchange among these populations. Therefore,
the studied P. scoparia populations are not completely
isolated from each other.

Nikoumanesh & al. (2011) studied the genet-
ic relationships among 55 Iranian almond genotypes
and seven related Prunus species and observed that
grouping of the genotypes correlated with their ge-
ographical origin. Similar results were obtained by
Shahi-Gharahlara & al. (2011), who studied genetic
relationship between some Iranian wild Prunus taxa
of subgenus Cerasus. Shiran & al. (2007) used both
RAPDs and SSRs to study the genetic diversity of Ira-
nian almond cultivars and their relationship to impor-
tant foreign cultivars and three related species. The
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genotypes formed distinct groups based on their ge-
ographical origins or pedigree information. Howev-
er, Martins & al. (2003) used a combination of RAPD
and ISSR molecular markers to study some Portu-
guese Prunus dulcis cultivars and their relationship to
important foreign cultivars, and have obtained a very
heterogeneous grouping of plants which was not relat-
ed to the geographical origin of the studied genotypes.

An AMOVA test revealed a high degree of genet-
ic variation within the population, which was also ev-
ident in the obtained NJ tree. We don't know yet if
within the geographical boundaries of each popula-
tion different microhabitats operate, causing such in-
tra-population genetic differentiation.

The results of the reticulation and coalescence
analyses show the role of the gene exchange among
P. scoparia populations/individuals, which is clearly a
genetic mechanism to improve the gene pool in this
species. Furthermore, the complex picture we see in
the gene tree contained within the species/population
tree, suggests usage of different molecular markers, in
order to understand the path of gene exchange among
the wild almond trees and to illustrate genetic diversi-
ty of these plants in the country.
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