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Abstract Amplified fragment length polymor-

phism (AFLP) analysis is a rapid and efficient

method for producing DNA fingerprints and

molecular characterization. Our objectives were

to: estimate genetic similarities (GS), marker indi-

ces, and polymorphic information contents (PICs)

for AFLP markers in almond cultivars; assess the

genetic diversity of almond cultivars and wild

species, usingGS estimated fromAFLPfingerprints

and molecular characterization; and facilitate the

use of markers in inter-specific introgression and

cultivar improvement. The genetic diversity of 45

almond cultivars from Iran, Europe, and America,

were studied assaying 19 primer combinations. In

addition, several agronomic traits were evaluated,

including flowering and maturity times, self-incom-

patibility, and kernel and fruit properties. Out of the

813 polymerase chain reaction fragments that were

scored, 781 (96.23%)were polymorphic. GS ranged

from 0.5 to 0.96, marker indices ranged from 51.37

to 78.79, and PICs ranged from 0.56 to 0.86. Results

allowed the unique molecular identification of all

assayed genotypes. However, the correlation be-

tween genetic similarity clustering as based on

AFLP and clustering for agronomic traits was

low. Cluster analysis based on AFLP data clearly

differentiated the genotypes and wild species

according to their origin and pedigree, whereas,

cluster analysis based on agronomic data differen-

tiated according the pomological characterization.

Our results showed the great genetic diversity of the

almond cultivars and their interest for almond

breeding.
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Introduction

The almond (Prunus dulcis Miller [D.A Webb] syn

P. amygdalus Batsch) is one of the oldest tree nut
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crops, and today represents the largest production

of any commercial tree nut product. Almond

species grow in regions of the world that are

characterized as having a subtropical Mediterra-

nean climate, with mild wet winters and warm,

dry summers (Kester and Gradziel 1996). These

species originated in central Asia and represent

divergent evolution under xerophytic environ-

ments (Watkins 1976). Related Prunus species are

found growing wild from eastern China to

mountainous areas and deserts of Western

China, Kurdistan, Turkistan, Afghanistan and

Iran (Browicz and Zohary 1996; Grasselly 1976;

Kester and Gradziel 1996; Martı́nez-Gómez et al.

2007). In the year 2004, world production of

almond was approximately 1,530,271 tones, of

which Iran produced 80,000 tones (FAO STAT

Data sources). The major cultivars grown in Iran

are ‘Mamaei’, ‘Shekofeh’ and ‘Azar’, but because

these are self-incompatible (Gradziel and Kester

1998), pollinizer cultivars such as ‘Rabei’, ‘Sa-

hand’ and self-grown seedling genotypes must be

included in orchards.

As Iranian varieties have been poorly charac-

terized thus far, molecular genetic methods offer

means for identifying and characterizing the

relationships between almond cultivars. Similar

studies have been performed on non-Iranian

cultivars and wild species from Asian and Med-

iterranean countries, and Australian and North

America states, using several types of markers

including, isozymes (Arulsekar et al. 1986; Hau-

agge et al. 1987; Cerezo et al. 1989; Viruel et al.

1995); RFLPs (Viruel et al. 1995), RAPDs (Resta

et al. 1998; Bartolozzi et al. 1998; Mir Ali and

Nabulsi 2003), SSRs (Cipriani et al. 1999;

Martı́nez-Gómez et al. 2003a; 2003b; Mnejja

et al. 2004; Xu et al. 2004; Xie et al. 2006);

ISSRs (Martins et al. 2003) and AFLPs (Martins

et al. 2001). These studies find high levels of

variation and heterozygosity. They have been

used to improve the use of different genotypes in

breeding programs and in the design of new

crosses. Presently, the use of PCR-based molec-

ular markers such as Amplified Fragment length

polymorphisms (AFLPs) has created the oppor-

tunity for broad genetic characterization of

germplasm collections. AFLPs have emerged as

a powerful tool for DNA fingerprinting and

molecular characterization and genetic mapping,

and very high repeatability has been indicated in

a wide range of plants, because of their high

polymorphism and abundance (Aranzana et al.

2003; Vos et al. 1995; Zabeau 1993).

On the other hand, we also addressed breeding

programs that were initiated at the Agriculture

and Natural Research Center of Iran, in order to

associate the high quality of Iranian cultivars

with the late flowering, self-fertility and sweet

kernel characters of foreign cultivars. We have

identified Iranian cultivars with good production

and high quality such ‘Mamaei’, ‘Sefied’, ‘She-

kofeh’ and ‘Azar’. While studies of agronomic

and morphological characters have previously

been conducted, these studies were unable to

determine genetic relationships, cultivar unique

identifications, nor characterizations among vari-

eties. For example, historically some known

foreign cultivars were introduced to Iran, but

their original names were lost and then they were

mislabeled as ‘Shahrodi’ cultivars followed by an

Arabic number. No comprehensive molecular

information is available regarding almond culti-

vars grown in Iran. Only Vezvaei (2003) has

reported the isozyme diversity of Asian almond

cultivated in Iran. However, the utility of iso-

zyme analyses has been limited, since levels of

polymorphism were insufficient for genetic char-

acterization and relatedness among closely re-

lated varieties. Thus, the present study aimed to

determine the genetic characterization, diversity

and relatedness among Iranian and some impor-

tant foreign cultivars using AFLP molecular

markers.

The specific objectives of this study were to:

estimate genetic similarities (GS), polymorphism

rates, and polymorphic information contents

(PICs) for AFLP markers among related species

and cultivated genotypes of almond; assess the

genetic diversity of almond cultivars using genetic

similarity of almond cultivars estimated from

AFLP fingerprints and molecular characterization;

and facilitate their use in inter-specific introgres-

sion and cultivar improvement.
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Materials and methods

Plant material

A total of 45 genotypes including 36 cultivated

genotypes and nine wild species were assayed in

this study (Table 1). They included eight almond

cultivars from Iran, 11 from unknown origin, five

from Italy, one from Spain, three from France,

one from Russia, seven from USA, and one

accession of P. communis, P. orientalis, P. scopa-

ria, P. glucea, P. bucharica, P. kuramica, P.

Table 1 Almond cultivars and wild species assayed including the origin, parentage and main agronomic characteristics

Cultivar Origin Lineage Main characteristics

Shell Compatibility Flowering

Monagha Iran Unknown Soft Self-incomp. Early
Sefied Iran Unknown Soft Self-incomp. Early
Mamaei Iran Unknown Hard Self-incomp. Middle
Rabei Iran Unknown Hard Self-incomp. Middle
Shekofeh Iran Ai · Nonpareil (o.p)a Semi-hard Self-incomp. Late
Azar Iran Ai · Cristomorto Semi-hard Self-incomp. Late
Sangi31 Iran Unknown Hard Self-incomp. Early
Sangi26 Iran Unknown Hard Self-incomp. Early
Bari Italy Unknown Hard Self-incomp. Middle
Filippoceo Italy Unknown Hard Self-incomp. Late
Kapareil USA Nonpareil · Eureka (BC) paper Self-incomp. Middle
Tuono Italy Unknown Hard Self-comp. Late
Moncayo Spain Unknown Hard Self-incomp. Late
Texas USA Unknown Semi-hard Self-incomp. Late
Lauranne France Ferragnes · Tuono Hard Self-comp. Late
IXL USA Unknown Soft Self-incomp. Middle
Primorski Russia Princesse2077 · Nickitsky(BC) Soft Self-incomp. Very late
Tardy Nonpareil USA Mutant of Nonpareil Soft Self-incomp. Very late
Princesse France Unknown Semi-hard Self-incomp. Middle
Genco Italy Unknown Hard Self-comp. Late
Facionello Italy Unknown Hard Self-incomp. Very early
Thompson USA Texas(Mission) · Nonpareil Soft Self-incomp. Late
Ferragness France Cristomorto ·Ai Soft Self-incomp. Late
Ne plus Ultra USA Unknown Soft Self-incomp. Middle
Nonpareil USA Unknown paper Self-incomp. Middle
Shahrodi18 Unknown Unknown paper Self-incomp. Middle
Shahrodi16 Unknown Unknown Soft Self-incomp. Very late
Shahrodi8 Unknown Unknown Hard Self-incomp. Late
18-G-k1 Unknown Almond · peach Semi-hard Self-comp. Early
131-G-k2 Unknown Almond · peach Hard Self-comp. Early
91-G-k3 Unknown Almond · peach Soft Self-comp. Early
58-G-k4 Unknown Almond · peach Soft Self-comp. Early
84-G-k5 Unknown Almond · peach Semi-hard Self-comp. Early
123-G-k6 Unknown Almond · peach Semi-hard Self-comp. Early
52-G-k7 Unknown Almond · peach Hard Self-comp. Early
85-G-k8 Unknown Almond · peach Soft Self-incomp. Middle early
P. scoparia Iran Unknown Hard Self-incomp. Very late
P. communis Iran Unknown Hard Self-incomp. Middle
P. orientalis Iran Unknown Hard Self-incomp. Middle
P. glucea Mediterranean Unknown Hard Self-incomp. Very late
P. tenella Mediterranean Unknown Hard Self-incomp. Very late
P. bucharica Pakistan Unknown Hard Self-incomp. Late
P. kuramica Afghanistan Unknown Hard Self-incomp. Late
P. webbii Mediterranean Unknown Hard Self-incomp. Middle
P. koteschyi Iran Unknown Hard Self-incomp. Very late

a o.p = open pollinated, open pollinated parent unknown; BC –backcross
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webbii, P. tenella, and P. koteschyi. Three intro-

duced ‘Shahrodi’ cultivars with unknown origin

were also investigated. Eight interspecific al-

mond · peach cultivars issued from several back-

crosses with almond cultivars and open pollinated

parent unknown. These genotypes were obtained

from Agriculture and Natural Resources Re-

search Center of Shahrekord, Iran.

Agronomic charactersitics

For two consecutive years (2004, 2005) the fol-

lowing characteristics were recorded in each indi-

vidual using the IPGRI descriptor for Rosaceae

family:

• Flowering intensity (from 0 = null, to

5 = greatest).

• Productivity (from 0 = null to 5 = greatest)

• Time of maturation (Julian date).

• Time of full bloom (Julian date).

• Shell hardness (from 1 = very soft, to

5 = very hard).

• Weight in shell (g).

• Kernel weight (g).

• Percentage of kernel (%).

• Empty nuts (%).

• Double kernels (%).

• Kernels with defects (%).

• Kernel thickness (%).

• Kernel shrivelling (from 1 = smooth, to

3 = wrinkled)

• Kernel flavor (from 1 = bitter, to 3 = sweet).

Total genomic DNA extraction

Total DNA was extracted from young leaves

collected in early spring, following the method

described by Murray and Thompson (1980),

modified by Weising et al. (1995) and adapted to

almond as follows: 1.5 g young leaves were ground

in liquid nitrogen to fine powder and extracted

with CTAB extraction buffer. The mixture was

incubated at 60�C for 1 h, followed by two

extractions with chloroform/isoamyl alcohol

(24:1), Isopropanol was used to precipitate nucleic

acids and the pellet obtained was dissolved in Tris–

EDTA (TE) buffer. Co-precipitated RNA was

removed by digestion with RNaseA. Remaining

impurity was extracted with processed phenol and

chloroform. Total DNA was precipitated using

Sodium acetate and cold ethanol, washed with

10 mM ammonium acetate in 76% ethanol and

dissolved in TE buffer. The purified total DNA

was quantified by gel electrophoresis and verified

by spectrophotometer.

PCR amplification and product electrophoresis

AFLP assays were performed as described by

Zabeau (1993) and Vos et al. (1995). The 19

primers (Table 2) used were synthesized by MWG

(Germany). About 6 ll of 50 ng genomic DNA was

digested with MseI and PstI in 10 · buffer. MseI

and PstI adapter were subsequently ligated to the

digested DNA fragments. Sequencing of the adapt-

ers and adjacent restriction sites served as primer

binding sites for amplifying the selected fragments.

A specific population of fragments was amplified

from the reaction mixture by adding nucleotides to

the 3¢ ends of the primers in two steps. One

nucleotide was added for the first amplification

step, while three nucleotides were added for the

second amplification step. DNA was PCR-ampli-

fied for 26 cycles using 5 ll of template DNA and

+1 primer (MseI +1 and PstI + 1). The PCR

condition were as follows: an initial denaturation

step at 94�C for 2 min, 26 cycles were run at 94�C
for 60 s, 65�C for 60 s, 72�C for 60 s, and one last

extension step of 5 min at 72�C. The second

amplification step used + 3 primers (MseI + 3

and PstI + 3). The DNA template for the second

amplification step was the PCR product that was

produced by the first step. DNA was amplified for

one cycle at 94�C for 30 s, 65�C for 30 s, and 72�C
for 60 s, then for 12 cycles with a 0.7�C annealing

temperature decrease per cycle, and finally for 23

cycles at 94�C for 30 s, 56�C for 30 s, and 72�C for

60 s. The PCR products produced by the second

amplification step were mixed and denatured with

an equal volume of loading buffer (98% formam-

ide, 10 mM EDTA, 0.05% Xylene cyanol, 0.05%

Bromophenol blue) and heated for 5–10 min at

94�C, chilled on ice then 6 ll of denatured prepa-

ration were loaded on per warmed (50�C) poly-
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acrylamide sequencing gels (Gibco BRL, model S2)

containing 7 M urea in 1 · TBE buffer. Gels were

run for 1.5–2 h at 100 W until the forward running

dye (Bromophenol blue) reached the end of the gel.

The DNA bands were visualized by silver staining

as described by Bassam and Caetano-Anolles

(1993). AFLP bands ranging in length from 67 to

501 bases were scored as present (1) or absent (0).

Data analysis

In the genetic relationship study, only distinct,

reproducible, well-resolved AFLP fragments in the

size range of 67–501 bpwere scored as present (1) or

absent (0), and from band scores a binary data

matrix was constructed. GS were calculated among

all possible pairs of accessions using all scorable

fragments of AFLP markers. A dendogram of

genetic relationship was produced by clustering the

data with unweighted pair group method with

arithmetic average (UPGMA). The co-phenetic

correlation coefficient was calculated, and the

Mantel test (Mantel 1967) was performed to check

the goodness of fit of cluster analysis to the

similarity matrix on which it was used. Simple

Matching similarity (SM) was also used for closer

comparison with previously published results. All

were performed using the NTSYS-pc 2.02 software

package (Rohlf 1998). Bootstrap analysis (1,000

replicates) was performed to assess the relative

support for different groups and the stability of the

dendrogram, using the TREECON software pack-

age version 1.3 (Van de Peer andDeWachter 1994).

The information content of each AFLP marker

was computed as PICi = 1–Spi2 , where pi is the

frequency of the ith band. The average polymor-

phic information content (PIC) was calculated for

AFLP markers across assay units by applying the

formula as above given by Powell et al. (1996).

Each DNA fragment visualized within the gel was

considered as a single dominant AFLP marker

locus. Only polymorphic bands with strong inten-

sity were scored, each marker was identified by the

primer combination and the band number as a

suffix. Markers with molecular weight lower than

100 bp were excluded from the data matrix. The

discrimination power of each AFLP markers was

evaluated by the polymorphism information con-

tent (PIC). Within accession diversity (HS) and

total gene diversity (HT) (Nei 1973) were calcu-

lated within the species and within major groups,

using the POPGENE software. The calculations

were performed using all markers, both mono-

morphic and polymorphic. Finally, the partition-

ing of molecular variance within and among

groups and accessions was calculated by the

AMOVA technique (Excoffier et al. 1992) in

ARLEQUIN software (Schneider et al. 2001). All

significance tests were calculated by performing

1023 permutations.

Results

Variation for AFLP markers

The number of polymorphic bands per AFLP

primer combination ranged between 18 and 60 for

PstI/MseI, with an overall average of 41.11. For

Table 2 Oligonucleotide adapter and primer names and
sequences for 20 selective amplified fragment length poly-
morphism primer combinations (assay units)

Name Sequence

MseI Adapter 5¢-GACGATGAGTCCTGAG
TACTCAGGACTCAT-5¢

PstI Adapter 5¢-GACTGCGTAGGTGCA
GAGCATCTGACGCATCC-5¢

MseI + 1 5¢-GATGAGTCCTGAGTAA/N-3¢
PstI + 1 5¢-GACTGCGTAGGTGCAG/N-3¢
MseI + 3-CCT 5¢-GATGAGTCCTGAGTAA/CCT-3¢
MseI + 3-GCA 5¢-GATGAGTCCTGAGTAA/GCA-3¢
MseI + 3-CGA 5¢-GATGAGTCCTGAGTAA/CGA-3¢
MseI + 3-GCT 5¢-GATGAGTCCTGAGTAA/GCT-3¢
MseI + 3-GTC 5¢-GATGAGTCCTGAGTAA/GTC-3¢
MseI + 3-GCC 5¢-GATGAGTCCTGAGTAA/GCC-3¢
MseI + 3-GAG 5¢-GATGAGTCCTGAGTAA/GAG-3¢
MseI + 3-CAA 5¢-GATGAGTCCTGAGTAA/CAA-3¢
MseI + 3-CAC 5¢-GATGAGTCCTGAGTAA/CAC-3¢
MseI + 3-CAG 5¢-GATGAGTCCTGAGTAA/CAG-3¢
PstI + 3-GCC 5¢-GACTGCGTAGGTGCAG/GCC-3¢
PstI + 3-GCA 5¢-GACTGCGTAGGTGCAG/GCA-3¢
PstI + 3-AGC 5¢-GACTGCGTAGGTGCAG/AGC-3¢
PstI + 3-GTT 5¢-GACTGCGTAGGTGCAG/GTT-3¢
PstI + 3-ACT 5¢-GACTGCGTAGGTGCAG/ACT-3¢
PstI + 3-AAC 5¢-GACTGCGTAGGTGCAG/AAC-3¢
PstI + 3-ACT 5¢-GACTGCGTAGGTGCAG/ACT-3¢
PstI + 3-ACG 5¢-GACTGCGTAGGTGCAG/ACG-3¢
PstI + 3-ACC 5¢-GACTGCGTAGGTGCAG/ACC-3¢
PstI + 3-GTA 5¢-GACTGCGTAGGTGCAG/GTA-3¢
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each of 19 primer combinations, PIC value ranged

between 0.56 and 0.82, whereas, marker indices

ranged between 51.37 and 78.79 (Table 3). In

addition, the number of bands varied from 18 (M-

GTC, P-AAC) to 65 (M-G, P-AAC) with average

of 42.78 bands per assay unit. For separate assay

units, PIC values ranged from 0.56 to 0.82

(Table 3). The mean PIC score for all loci was

0.68. The PIC value provides an estimate of

discriminatory power of a marker by taking into

account not only the number of alleles at locus but

also the relative frequencies of these alleles. The

distribution of PIC scores were nearly uniform

(random) for the 781 polymorphic AFLP markers

(Fig. 1). PIC scores were maximum (0.82) for

96.08 of the AFLP markers.

The prescreening analysis of the 45 selected

accessions and 20 AFLP assay units showed that

19 primers generated strong and reproducible

amplification products, all of which displayed

polymorphism among the cultivars. As highly

polymorphic primers were used for analysis, a

relatively large number of polymorphic AFLP

markers were detected by these primer combina-

tions. Examples of amplification patterns for

molecular characterization obtained by AFLP in

different cultivated genotypes and related species

are shown in Fig. 2.

GS estimates between replicated samples of the

same cultivars of almond from 0.028 to 0.96 with

an average of 0.68. In addition, genetic similarity

values between cultivated genotypes and related

species ranged from 0.50 to 0.96, and the mean,

minimum, and maximum of similarities between

Table 3 Degree of polymorphism and information content for 19 AFLP primer combinations applied to 45 cultivated
genotypes and related species of almond

Primer combination Number of selective
nucleotides

Total number
of bands

Number of
polymorphic bands

POL (%)a PIC+ MI++

M-CAA + P-GCA 3 + 3 43 42 97.67 0.72 70.32
M-CAA + P-GCC 3 + 3 41 40 97.56 0.61 59.51
M-CAC + P-GCA 3 + 3 36 36 100 0.66 66
M-CAG + P-GTA 3 + 3 42 42 100 0.68 68
M-GAG + P-ACC 3 + 3 43 43 100 0.66 66
M-G + P-AAC 1 + 3 65 59 90.76 0.61 55.36
M-CAC + P-GCC 3 + 3 34 33 97.06 0.69 67.97
M-CCT + P-GCC 3 + 3 33 30 90.91 0.68 61.82
M-GCA + P-AAC 3 + 3 39 39 100 0.56 56
M-GCT + P-AGC 3 + 3 30 23 76.67 0.67 51.37
M-GCA + P-ACT 3 + 3 33 33 100 0.73 73
M-GAG + P-AGC 3 + 3 43 42 97.67 0.69 67.39
M-GTC + P-AAC 3 + 3 18 18 100 0.62 62
M-GGG + P-ACG 3 + 3 51 49 96.08 0.82 78.79
M-GCT + P-AAC 3 + 3 62 60 96.77 0.77 74.51
M-CCT + P-GGA 3 + 3 40 40 100 0.61 61
M-CGA + P-GTT 3 + 3 57 57 100 0.72 72
M-GCA + P-AGC 3 + 3 63 55 87.30 0.71 61.98
M-GTC + P-ACT 3 + 3 40 40 100 0.71 71
Mean 42.78 41.11 96.23 0.68 65.42

a Average polymorphic information content for polymorphic bands (see Materials and Methods). Marker index calculated as
MI = POL · PIC (POL is polymorphism percentage)

Fig. 1 Distribution of polymorphic information content
scores for 781 markers among 45 cultivated genotypes and
related species of almond
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almond cultivars and wild species were 0.67, 0.028,

and 0.96, respectively (Fig. 3).

On the other hand, principle-coordinate and

cluster analysis separated genotypes and wild

species into three major groups. The first group

consisted of cultivated genotypes of P. dulcis, the

second of related wild species, and third of P.

tenella as an out group in the dendrogram (Fig. 4).

The first three principle coordinates accounted for

41.56% of the genetic similarity variance. Finally,

the phenogram (Fig. 5) and principle-coordinate

maps show the groups found with both methods.

A total of 813 bands were revealed, of which

781 (96.23%) were polymorphic. The number of

AFLP bands detected by each assay units (primer

combination) depends on primer combinations,

Fig. 2 AFLP fingerprints produced by primer pairs M-GCT + P-AAC (left) and M-CCA + P-GCA (right) for 45 cultivated
genotypes and related species of almond. There is one lane per cultivar for each primer
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sequence and extent of variation in specific geno-

types, therefore, the number of bands varied in

different accessions.

AFLP polymorphism and power

of discrimination

A total of 781 polymorphic fragments were gen-

erated with the 19 primer combinations used. The

number of markers per primer combinations

ranged from 18 to 65 with an average of 42.78.

The most polymorphic primer combinations were

M-CAA + P-GCA, M-CAA + P-GCC, M-

CAC + P-GCC, and M-GAG + P-AGC, which

produced 42, 40, 33, and 42 markers, respectively

(Table 3). The fragments sizes ranged from 67 bp

to 501 bp, with 81.8% of the markers between

100 bp and 400 bp. The distribution of the frag-

ment sizes was skewed towards larger fragments.

This was mainly a result of the fact that fragments

smaller than 100 bp were not included.

The distribution power of each marker was

estimated by the PIC (results not shown). Values

of PIC ranged between 0.56 and 0.82 (the expected

maximum value for a bi-allelic locus), with an

average of 0.68. Hence, a large proportion of

markers have a high discrimination power. In

addition, the discrimination power of each primer

combination was estimated by average of the

discrimination power of each marker used PI-

Cav = SPICi /N was calculated, where PICi is the

PIC value of the ith AFLP marker and N is the

number of AFLP markers generated by a primer

combinations (PC). Loci that are non-polymor-

phic (PIC = 0) in the germplasm of interest were

excluded from this calculation. Because most loci

in the study are polymorphic, this average value

for a set of markers should only slightly overes-

timate the true PICav.

Finally, to provide an objective comparison,

matrices of coephenetic values, generated from

AFLP and morphological data, were compared

using the Mantel test not significant and quite low

correlation between the dendrograms was ob-

tained (r = 0.33, P = 0.9741) after doing 250

random permutation with Maxcomp procedure

from NTSYS program.

Partition of genetic variation and diversity

within and between cultivars

Analysis of molecular variance was performed

twice, separately using geographic origin and

clustering as the grouping criteria. In both cases,

AMOVA demonstrated highly significant varia-

tion (P < 0.001). Genetic variance was found

within cultivars as well as among cultivars

(Table 4): the variance within cultivars accounted

for 45% of the total variance when groups were

based on the clustering pattern and for 64% when

groups were based on geographic origin, while the

population variance contributed only 5.2 and 38.2

for origin and clustering pattern, respectively.

Genetic diversity within cultivars, expressed as

AMOVA mean square deviations, was positively

correlated (r = 0.95; P < 0.001) with percentage

of polymorphic markers detected per cultivar. The

Barttle’s test for population heterosedasticity was

highly significant (B.p = 3.73, P < 0.001) indi-

cating different levels of variability within different

cultivars (Table 4).

Genetic diversity, expressed as a coancestry

coefficient, among the 45 cultivars ranged from 14

for the comparison of Shahrodi18 and Shahrodi16

to 186 for that of ‘Sangi26’ and P. glucea.

Coancestry coefficients between Iranian and non-

Iranian cultivars ranged were generally higher than

coefficients between other pairs of cultivars, show-

ing that Iranian cultivars were highly heteroge-

neous. Clustering (UPGMA) based on coancestry

coefficients clearly separated the 45 cultivars into

three clusters. Cluster one is an outgroup contain-

ing P. tenella and cluster two contained P. scoparia

and P. glucea. The third cluster exclusively

Fig. 3 Distribution of genetic similarities among 45 culti-
vated genotypes of almond estimated from 781 markers
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Fig. 5 Dendrogram obtained with the similarity Jacard
coefficient pair group method with arithmetical average
clustering algorithm from 781 AFLP markers for 45
almond accessions and related species of Prunus. The value

on the dendrogram gives the stability of nodes estimated
with a bootstrap procedure (no number indicates support
less than 10%)

Fig. 4 Principle-
coordinate map for the
first, second and third
principle- coordinate
estimated for 781 AFLP
markers using the genetic
similarities matrix for 45
cultivated genotypes and
related species of almond

Euphytica (2007) 156:327–344 335

123



consisted of the related species, and P. dulcis

genotypes were clearly separated from all other

cultivars. Clustering of all cultivars based on

Jacard similarity also clearly grouped all plants

in three clusters (Fig. 5).

Gene diversity

The total gene diversity across all accessions (HT)

was 0.157 and the within-accession gene diversity

(HS) was 0.104 (Table 5). The gene diversity among

groups of almond were investigated, thus, five main

groups were grouped. Group 1 was consisted

Iranian accessions, the group 2, contained Italian

and Spanish cultivars, group 3 included accessions

of ‘Shahrodi’ and American, group 4 consisted

France and Russia cultivars and the group 5

contained related wild species of almond. Low HS

relative to HT is consistent with the species being

partially self-compatible in some of cultivars

(Table 1). The values ofHT andHS for group5 that

consist of related species of almond exceed those of

other groups by 33.01 and 37.78%, which indicates

that group 5 contains greater genetic diversity both

among and within accessions.

Although gene diversity estimates are com-

monly used to make comparison between species,

calculations derived from AFLP data should not

be compared across studies, because AFLP over-

estimates numbers of loci and underestimates

numbers of alleles (Caicedo et al. 1999). Because

of these factors and because AFLP can detect

many fragments that occur at low frequency, the

low diversity estimates obtained may be due to the

markers technology used rather that to low genetic

diversity in the species. Thus relative, but not

absolute, diversity estimates from this study

showed be considered reliable.

Genetic similarity and clustering of genotypes

The similarity coefficients for cultivated genotypes

and related species of almond varied from a

maximum of 0.96 (between ‘Nonpareil’ and ‘Shah-

rodi18’) to a minimum of 0.028 (between ‘Mona-

gha’ and P. tenella), with average of 0.68,

indicating the high level of genetic variation that

exists in the almond gene pool. The Mantel

method used for comparing the similarity matrixes

Table 4 Analysis of molecular variance (AMOVA) for 45 almond cultivars based on 781 AFLP markers

Source of variance df Sum of square Variance
component

% of total
variance

Significancea

Groups based on geographical originb

Variance among groups 6 948.6 20.3 30.7 P < 0.001
Variance among cultivars 4 233.1 3.4 5.2 P < 0.001
Variance within cultivars 34 1439.5 42.3 64.1 P < 0.001

Total 44 2621.2 66.1
Groups based on clustering patternc

Variance among groups 4 774.6 10.8 16.9 P < 0.001
Variance among cultivars 10 989.3 24.4 38.2 P < 0.001
Variance within cultivars 30 875.3 28.6 44.9 P < 0.001
Total 44 2621.2 63.7

a Significance of variance component expressed as the probability of obtaining a more extreme random value computed from
nonparametric procedures (1,000 data permutation)
b Seven groups consist of cultivars from Iran, Italy, Spain, USA, France, related species with foreign origin, and cultivars with
unknown origin introduced to Iran as ‘Shahrodi’ cultivars followed by an Arabic number
c Five groups consist of cultivar that obtained from UPGMA clustering method (see the cluster that obtained from AFLP
data marker)

Table 5 Total gene diversity among and within (HT) and
gene diversity within (HS) 45 accessions of almond

HT
a HS

a

All accessions 0.1566 ± 0.0235� 0.1041 ± 0.0099
Group 1 0.1049 ± 0.0273 0.0853 ± 0.0189
Group 2 0.0640 ± 0.0205 0.0333 ± 0.0054
Group 3 0.0635 ± 0.0191 0.0528 ± 0.0137
Group 4 0.0645 ± 0.0244 0.0172 ± 0.0033
Group 5 0.2235 ± 0.0264 0.1778 ± 0.0172

a Average ± standard deviation across all markers
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produced correlation coefficients that were statis-

tically significant for AFLP markers. The co-

phenetic correlation coefficient between dendro-

gram and the original similarity matrix for AFLP

was large and significant (r = 0.99, t = 7.22),

giving a good degree of confidence in the associ-

ation obtained for the accessions.

The dendrograms (Figs. 5, 6) reflect relation-

ships among many of the cultivars in ways that,

depend on their area of diffusion and/or pedigree

information, analogous to reports by Woolley

et al. (2000) and Martı́nez-Gómez et al. (2003b,

2007), which used RAPD or SSR markers, and

found that cultivars originating in Europe and

USA clustered in a separate group. The AFLPs

discriminated most genotypes effectively and sep-

arated cultivated almond from related species.

Another important aspect in cluster analysis is to

determine the optimal number of cluster or num-

ber of acceptable clusters. In essence, this involves

deciding where to ‘‘cut’’ a dendrogram to find the

true or natural groups. An ‘‘acceptable cluster’’ is

defined as ‘‘a group of two or more genotypes

where the within-cluster genetic distance is lower

than the overall mean genetic distance and the

between cluster distances are greater than the

within-cluster distance of both cluster involved

(Brown-Guedira et al. 2000). Some relatively

simple ways of finding the optimal number of

cluster are the D2, upper tail approach (Wishart

1987) and statistical techniques such as bootstrap-

ping, MANOVA (Multivariate Analysis of Vari-

ance), and or discriminate analysis. We used the

MANOVA method, where the optimal number of

clusters or groups occurs when the F value is

highest. In our study this cutting point is 0.45.

The dendrogram consists of three well-

supported clusters, i.e. three groups of plants;

P. dulcis cultivars (cluster I); and P. scoparia and

P. glucea (cluster II) and cluster III divided into

two subgroups, for which subgroup I contains

P. bucharica, P. kuramica, P. webbii and P.

koteschyi and subgroup II contains related species

of Iranian origin, P. orientalis, P. communis and P.

tenella (cluster III). The strength of relationships

varied, as assessed by bootstrapping analysis. In

the dendrogram, there is very strong support for

clustering of cultivars that were closely related by

pedigree or mislabeled. As shown in Fig. 5, the

wild species of P. tenella which belongs to section

Chameamygdalus (Spach), separates from other

cultivated almond and related species, with a

coefficient of 0.96. The wild species of P. scoparia

and P. glucea which belongs to Spartioides group

separates from other cultivars, with a coefficient of

0.47. The third group (cultivated and wild almond)

separated from other cultivars, with a coefficient of

0.36 into two subgroups. Sub-group I is closer to

almond.

The second sub-group consists of P. communis

and P. orientalis. P. orientalis is not an ancestor of

cultivated almonds, belongs to Euamygdalus

group in which cultivated almonds have been

placed, differs morphologically from the rest of the

taxa in being a shrub and in having pubescent

leaves (Ladizinsky 1999), but can be crossed with

other almonds. It separated from other cultivated

almonds with a coefficient of 0.69. The lower

similarity indices and more divergent dendrogarm

branch points of the wild species P. tenella,

included as an outgroup, and other related species

demonstrate the high genetic variability of the

study material.

In the group of P. dulcis cultivars, the main

cluster contained Iranian, American or European

cultivar only, or mixtures of these with foreign

cultivars, indicating a close relationship among

cultivars. The genetic diversity of P. dulcis culti-

vars was high and it was possible to discriminate

all almond cultivars analyzed. Foreign and Iranian

cultivars were found to associate according to their

origin and genotypic relatedness. This further

supported the results regarding Iranian cultivars

and unknown ‘Shahrodi’ cultivars for which

genetic diversity, parental relations, and origins

were unknown and mislabeled. Most of the

Iranian cultivars grouped into the same cluster.

These results have also been confirmed by mor-

phological studies.

‘Azar’, ‘Ferragnes’ and ‘Shekofeh’, were ob-

tained from a cross between ‘Ai’ · ‘Cristomorto’

and ‘Ai’ · ‘Nonpareil’, respectively, and they

grouped into the same subcluster in the resultant

dendrogram. The genetic similarity between

‘Ferragnes’ and the two Iranian Shekofeh and

Azar cultivars were 0.80 and 0.79, respectively and

between ‘Shekofeh’ and ‘Azar’ was 0.81, as may be

expected given their common (French) parent
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(‘Ai’). The two cultivars of ‘Azar’ and ‘Ferragnes’

have both parental cultivars in common

(‘Ai’ · ‘Cristomorto’), yet showed a fairly low

genetic similarity of 0.79, presumably because of

genomic differences in the parental stocks.

Discussion

AFLPs proved to be a powerful tool for finger-

printing and molecular characterization of culti-

vated almonds and related wild species, and they

are also useful for producing genetic maps and

marker-assisted selection in crop plants (Vos et al.

1995). They have virtually eliminated the DNA-

marker bottleneck in almond cultivars. This bot-

tleneck persisted for many years, and had impeded

the use of markers in almond breeding and the

development of a genetic map of almond. The

percentage of polymorphic AFLP fragments was

similar to percentage of polymorphic RFLP

reported by Berry et al. (1994) and Gentzbittel

Fig. 6 Dendrogram
obtained with the
dissimilarity matrix of the
agronomic characteristics
and unweighted pair
group method with
arithmetic average
clustering algorithm for 45
almond accessions and
related species of Prunus.
The value on the cut of
point on dendrogram
gives the optimal
clustering estimated with a
MANOVA procedure
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et al. (1994), whereas 42.8% of AFLP fragments

were polymorphic in cultivated genotypes and

related species of almond.

It should be noted that AFLPs had lower PIC

scores than RFLP. Berry et al. (1994) reported

mean PIC of 0.49 for a selected of 57 RFLP probes

(185 RFLP bands). This is significantly greater

than the mean PIC we estimated for AFLPs (0.68).

PIC score differences between AFLPs and RFLPs

have primary causes (both markers detect DNA

polymorphism caused by restriction-site muta-

tions, insertions, or deletions). The minimum PIC

scores for an AFLP marker (or any bi-allelic

marker) is 0.5, where as the maximum PIC scores

for an RFLP marker is 1.0. Thus for example,

when an AFLP fragment is present in half and

missing in half of cultivated almond and wild

species, the PIC score is 0.5. Roughly 95% of the

AFLP fragments in our study had maximum PIC

scores. The PIC scores for a RFLP marker can be

increased by testing additional restriction enzymes.

The results of this study are consistent with an

earlier study of genetic diversity for RAPD and

SSR markers (Shiran et al. 2007), where culti-

vated almond and wild species were also strongly

separated into groups. These groups reflected the

fundamental heterotic patterns of almond culti-

vars and the widespread practice of producing

new genotypes by crossing cultivated almond

with related species for tree improvement of

almond. We found, like Woolley et al. (2000)

and Martı́nez-Gómez et al. (2003b), a clear

grouping of different almond cultivars according

to geographic origin, but they found, using

RAPD and SSR markers, that cultivars originat-

ing in Europe and USA clustered in a different

group.

The range of the amplified bands sizes in

almond and other Prunus species was also similar

to those reported by Doweny and Iezzoni (2000)

for black cherry and by Cipriani et al. (1999) for

peach, in studies using the same primer pairs.

Variation in the numbers of polymorphic AFLP

markers and the total number of polymorphic

bands were observed (Table 3), allowing differen-

tiation into two groups of species, one group

having high numbers of polymorphic bands (P.

bucharica, P. kuramica, P. tenella, and P. webbii),

the other group with lower (P. scoparia, P. glucea

and other P. dulcis). Differences in amplification

success for AFLP markers observed among related

species and almond cultivars. Result also demon-

strated the possibility of cross-species and conse-

quently the value of markers developed in species

of Prunus for molecular characterization of other

cultivars species within the subgenus. Successful

hybridization between P. dulcis (almond) and P.

bucharica, P. kuramica, P.webbii has been also

reported by different authors (Kester and Gradzeil

1996).

Prunus bucharica and P. kuramica have been

described as the Prunus species most closely related

to almond (Browicz and Zohary 1996; Grasselly

1976), and both species are described as ancestral

species of the cultivated almond, and Kester and

Gradziel (1996) proposed that P. fenzliana is a wild

ancestor of almond. Unfortunately, P. fenzliana

germplasm was not available for this study.

Natural introgression from related Prunus species

to almond has been reported, and Kester and

Gradzeil (1996) suggest that sweet kernel, in

addition to being a natural variant within P.

dulcis, may have been transferred to P. dulcis from

P. bucharica or P. kuramica. Prunus webbeii may

also be the original source of self-incompatibility

in European almond cultivars, including ‘Genco’,

‘Touno’, or ‘Cristomorto’, with natural introgres-

sion of this gene occurring during the centuries of

almond cultivation in the Puglia region of Italy

(Reina et al. 1985).

In this sense, Hesse (1975) and Scorza and

Sherman (1996) described the successful hybrid-

ization between P. dulcis (almond) and P. bucha-

rica, P. kuramica and P. webbii, as was also

reported by Kester and Gradzeil (1996). The

phenetic relationships among almond cultivars

and related species studied here are in general

agreement with previous taxonomic and genetic

studies (Xie et al. 2006). The results of a genetic

study of chloroplast and nuclear DNA sequence

data (Bortiri et al. 2001), which included some but

not all of the species studied here, supported a

sister relationships between those species and

P. dulcis, P. bucharica.

Both almond cultivated and wild species suffer

from a limited gene pool availability for future

breeding progress. Inter-specific gene transfer

among these Prunus species offers a greatly
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expanded genetic diversity for breeders, particu-

larly given the relative ease of initial hybridization

and subsequent backcrossing (Gradziel et al.

2001). Hence, further AFLP analysis of this

germplasm offers opportunities for determining

more precisely genetic relationships and molecular

characterization and could be an important tool

for marker assisted gene transfer. DNA finger-

printing and molecular characterization using

AFLP analysis could be also very useful for the

selection of the most promising progeny from

inter-specific crosses or back crosses, leading to

greatly improved breeding efficiency. Bartolozzi

et al. (1998) reported similarity coefficients among

California almond cultivars/breeding line that

ranged from 1.00 (between ‘Nonpareil’ and ‘Tardy

Nonpareil’) to 0.484 (between ‘NeplusUltra’ and

‘Padre’), using RAPD markers.

The wild species P. communis, which is usually

considered one of the ancestors of cultivated

almonds (Vavilov 1930; Kovaleff and Kostina

1935; Denisov 1988), placed into cluster II. The

degree of similarity between P. communis and

other almond cultivars assessed in the present

study is high enough that it supports the view of

those scientist who concluded cultivated almond

emerged by selection within the species named as

P. communis. An alternate hypothesis (Evreinoff

1958) implies that P. communis arose by hybrid-

ization among P. fenzliana, P. bucharica and other

species. This concept suggested that the taxon

P. fenzliana Lipsky is the most likely wild ancestor

of almond. Nonetheless, our AFLP marker data

also indicated that P. communis is clearly related to

P. dulcis cultivars.

American cultivars and one Russian cultivar

grouped within the same cluster. The presence of

Russian cultivar in a subgroup in which American

cultivars have been placed is easily explained due

to two reasons: first, ‘Primorski’ was obtained

from a cross between ‘Princess2077’ · ‘Nichitsky’,

and ‘Princess2077’ is a French cultivar; and

second, most California almond cultivars origi-

nated from Languedoc area of southern France

(Kester and Gradzeil 1996). This finding is further

confirmed by the presence of S5 incompatibility

allele in Primorski as well as American cultivars

such as ‘Texas’ and ‘Neplus Ultra’ (Kester et al.

1994; Channuntapipat et al. 2003). The France

cultivar of ‘Ferragnes’ was also classified into the

same subgroup as the Iranian cultivars, indicating

their close genetic relationships.

The presence of ‘Shahrodi’ cultivars in Ameri-

can subgroups can be explained. Varieties called

‘Shahrodi’ are mainly the same European and

American varieties that were introduced from

France to Iran in 1976, and their original names

became lost. Probably the two ‘Shahrodi’ cultivars

were ‘Tardy Nonpareil’ (with similarity of 0.91)

and ‘Nonpareil’ (with a similarity of 0.94), respec-

tively. ‘Tardy Nonpareil’ is reported to bloom 7–

10 days after ‘Nonpareil’ and produce lower yield

(Kester et al. 1994). ‘Tardy Nonpareil’ is usually

considered to be a bud sport mutant of ‘Nonpa-

reil’, and in the study of Bartolozzi et al. (1998)

using 37 RAPD markers these two cultivars could

not be separated and there were no differences

between the RAPD patterns of ‘Nonpareil’ and

‘Tardy Nonpareil’. However, in the present study

based on AFLP markers, these two species were

clearly distinguished (with a 0.92 Jacard similarity

level). This result is in agreement with the study of

Martins et al. (2003) and Woolley et al. (2000) that

obtained values of 93.5% (Dice) and 91% (SM

similarity coefficient) between these two cultivars

as based on RAPD/ISSR and RAPD, respectively.

Considering the high similarity coefficient ob-

tained, it is clear that Tardy Nonpareil was derived

from Nonpareil by a mutation in a bud sport that

affected flowering time and growth habit. In the

cluster, Nonpareil and Tardy Nonpareil were

associated with Iranian, ‘Azar’ and ‘Shekofeh’

and ‘Shahrodi’ cultivars also ‘Texas’, ‘IXL’, ‘Ne-

plusUltra’, ‘Kapareil’ and ‘Thompson’ from USA.

This result is in accordance with the results

obtained through application of ISSR and RAPD

(Martins et al. 2001; 2003). Historical reports from

almond development in California suggest that

‘Texas’ (‘Mission’), ‘Nonpareil’, ‘IXL’ and ‘Ne-

plusUltra’ were the seedling selection of an early

American cultivars known as ‘Languedoc’, which

has been reported to have probably originated

from the Languedoc region of France (Wood

1925; Kester and Gradziel 1996; Bartolozzi et al.

1998). In the present study, the similarity index

showed roughly equal similarity between ‘Texas’

and ‘NeplusUltra’, ‘Nonpareil’ and ‘IXL’ (0.79,

0.78, and 0.76 respectively) and between ‘Neplus-
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Ultra’, ‘Nonpareil’ and ‘IXL’ (0.87, 0.88). The

high similarity index and close proximity in

dendrogram consequently support this relation-

ships and confirming the conclusion of Bartolozzi

et al. (1998) that they are siblings originating from

the same ‘Languedoc’ seed.

Channnuntapipat et al. (2003) reported the

presence of the S7 incompatibility allele in ‘Non-

pareil’, ‘NeplusUltra’ and ‘Mission’, and this

finding further supports that these cultivars are

closely related. Woolley et al. (2000) reported that

‘Mission’ (‘Texas’) was too genetically distant to

belong in this group for American cultivars

(‘Thompson’, ‘NeplusUltra’, ‘Nonpareil’, ‘Tardy

Nonpareil’ and ‘Texas’). Bartolozzi et al. (1998)

produced a dendrogram based on SM similarity

value ranging from 0.55 to 1.00, values roughly

similar to those values we obtained for this group

of cultivars (0.80–0.93) using the same similarity

coefficient. Thus, all of these findings support the

view of Kester et al. (1994) who believed most of

the current California cultivars originated from

progeny of ‘Nonpareil’ and ‘Texas’.

The European cultivars ‘Filippoceo’, ‘Facio-

nello’, ‘Texas’, ‘Moncayo’, ‘Genco’, ‘Princess’ and

‘Ferragnes’ are clustered in the same subgroup.

Somewhat surprisingly, recent self-incompatibility

(S) allele analysis (Channuntapipat et al. 2003)

indicates that ‘Touno’ and ‘Genco’ have the S1Sf

incompatibility/compatibility alleles in common.

The S locus, which controls the gametophytic self-

incompatibility response in almond, has been

reported to be highly polymorphic in nature, and

represents a high multiple allelic series (De Net-

tancourt 1997). Thus, the presence of an allele in

common for ‘Touno’ and ‘Genco’ clearly suggests

a high level of relatedness of these cultivars. The

great diversity found among Iranian cultivars and

the germplasm of Emamieh orchards plants sup-

ports the idea that Iranian cultivars are an

important source of almond genes for exploitation

in breeding programs. The results obtained from

this study would be useful for better management,

identification of cultivars, and also avoiding mis-

labeling of genotypes.

Our results showed great genetic diversity of the

almond cultivars studied. However, the correspon-

dence between the clustering based on AFLP and

that based on agronomic traits was relatively low.

Cluster analysis based on AFLP data cleary

differentiated the genotypes according to their

origin and pedigree information. Main groups

contained genotypes of almond that originated

from American, Europe, Spain and Iran, and

related species. The remaining groups contained

the rest of studied cultivars. In contrast, cluster

analysis based on agronomic data differentiated

some genotypes and wild species according to their

pomological characterization although no appar-

ent clustering by agronomic characteristics (time

of maturity and flowering, self compatibility, fruit

size) was observed due to the guided selection

process.

The UPGMA dendrogarm obtained using mor-

phological characters clearly separated the Euro-

pean and American and Iranian and other

genotypes which of unknown origin. Regarding

differences between genotypes and related species,

out of 16 characteristics studied, all of them

showed significant differences at 1% level. How-

ever, comparison of means for these traits revealed

that in general such differences were not important

from the breeding point of view. The most striking

feature noted was the low flowering intensity and

mean productivity for all the years in the case of

both genotypes and related species, an indication

of tardiness with which the seedling came to

bearing.

Socias i company and Felipe (1988) noted that

descendants resulting from self-fertilization or

crossing between relatives were slow to come into

bearing. For comparative purpose, it is worth

mentioning the study made under similar condi-

tions by Dicenta (1991), of over 2000 individual

from 51 crosses between 12 cultivars. Although the

differences were not pronounced for flowering

intensity, they were larger for productivity, prob-

ably owing to the widespread phenomena of floral

infertility as a result of inbreeding. In fact, our

data on flower intensity are notably higher than

our data of productivity (result not shown). The

result obtained for fruit characteristics in both

almond genotypes and wild species the fourth

leafing, are very similar to those described by

Dicenta (1991) in individual crosses. We believe

that correlation between them could be improved

if there was a more morphological marker ana-

lyzed as was reported by Martı́nez de Toda and
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Saccha (1997) or more primer combination of

AFLP were used.

Working with 16 ryegrass varieties, Roland-

Ruiz et al. (2001) reported correlation values of

r = –0.06 between AFLP and 15 morphological

characters. In comparison with ryegrass, almond

genotypes appear to be environmentally more

stable, as suggested by higher agreement between

phenotypic and molecular analysis. Apparently, in

ryegrass there is much environmental influence

accounting for the morphological variability ob-

served. Therefore, when compared with DNA

fingerprinting, molecular characterization tech-

niques, morphological traits are relatively less

reliable and inefficient for precise discrimination

of closely related genotypes and analysis of their

GS, however, morphological traits are useful for

preliminary, fast, simple, and inexpensive varietals

identifications and can be used as a general

approach for assessing genetic diversity among

phenotipically distinguishable cultivars, although

they are inefficient on account of the time and cost

involved.

Both the morphological and genetic analysis

allowed to separate the Iranian, France, American

materials, except for some cultivars (see the

dendrograms), which clustered with the same

origin in the case of AFLP. The correlation

between the two systems was neither significant

nor very high. Our AFLP and morphology result

suggest that the almond germplasm share a com-

mon genetic background differing, in genotype

and morphology, from the France, American, and

Spanish, varieties used for comparison in this

study. The high degree of polymorphism detected

and the possibility of screening a higher number of

anonymous loci than morphological markers

make AFLP useful for studying genetic diversity,

molecular characterization within the almond

germplasm. To our knowledge, this is the first

report using AFLP markers to assess genetic

variability on these materials. Another type of

molecular markers like microsatellite, which are

highly abundant in the almond genome and shows

co-dominant nature, will certainly contribute to

determine the relationships between Iranian, Euro-

pean, American, and related species of Prunus in

further investigation.
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