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Abstract — Introduction. Iranian almond germplasm is regarded as one of the most diverse and valuable genetics
resources for almond improvement. Materials and methods. In the present study, 155 almond genotypes were eval-
uated to determine the overall degree of variation and to detect superior trees. The variation was observed for traits
related to phenology, morphology, yield and fruit quality. Results and discussion. Nut and kernel traits contributed
most of the total variation but there were also significant differences in flowering and ripening times. The majority
of important correlations were determined between the characteristics representing nut size and kernel size. Cluster
and principal component analyses confirmed considerable diversity in the studied germplasm. Conclusion. Genotypes
MSh11, MSh100, MSh97, MSh24 and MSh126 were the best trees in terms of flowering season, consistently high fruit
set, large nut and kernel size, and low percentage of double kernels. Furthermore, genotypes MSh9 and MSh110 were
very late flowering and could be useful in breeding to improve flowering season of almond.

Keywords: Iran / Prunus dulcis / almond / indigenous cultivars / flowering / fruit set

Résumé — Evaluation d’une collection d’amandiers pour choisir des individus élites d’apres des criteres mor-
phologiques. Introduction. L’iranien est considéré comme 1’une des sources de matériel génétique les plus diverses
et utiles pour I’amélioration de 1I’amandier. Matériel et méthodes. Dans la présente étude, 155 génotypes d’amandier
ont été évalués pour déterminer le degré de variabilité globale et détecter les arbres élites. La variabilité a été observée
pour les caracteres liés a la phénologie, la morphologie, au rendement et a la qualité des fruits. Résultats et discussion
Les caracteres liés a I’amande et a son noyau ont contribué le plus a la variabilité totale. En outre, les génotypes étudiés
ont présenté des différences importantes de dates de floraison et de maturation des fruits. La plupart des corrélations
significatives ont été déterminées entre les caractéristiques liées a la taille de I’amande et celles liées a la taille du noyau.
L’ analyse par cluster et I’analyse en composantes principales ont montré une grande diversité dans le matériel géné-
tique étudié. Conclusion. Les génotypes MSh11, MSh100, MSh97, MSh24 et MSh126 se sont montrés les meilleurs
amandiers en termes de mise a fruits réguliere et productive, dont les criteres culturaux de gros fruits a gros noyaux, de
saisons de floraison régulieres et de faible pourcentage de noyau double peuvent étre distingués. De plus, les génotypes
MSh9 et MSh110 se sont révélés de floraison trés tardive ce qui valoriserait ces géniteurs en croisement pour produire
une population particulierement adaptée ou pour améliorer la période de floraison de certains cultivars.

Mots clés : Iran / Prunus dulcis / amandier / cultivars locaux / floraison / mise a fruit

1 Introduction ecotypes have evolved over time: Mediterranean and Central
Asian [3, 4]. Numerous related wild species are also found
growing in the mountains and deserts of Central Asia from
western China through Iran and Turkey [1]. These native al-

mond species are utilized for oil extraction, soil erosion con-

Almond (Prunus dulcis L.) is one of the most important
nut crops in the world [1]. The marketed product is the edible
seed (the kernel), which is used for direct consumption and for

baked products and confections [1,2]. The cultivated almond
was probably domesticated during the 3™ millennium BC. Two
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trol, reforestation, rootstocks, and as a source of novel genes
in breeding programs [5].

Local and foreign cultivars and clones are grown in
Iran and, because of almond short juvenile phase, sexual
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propagation is still being used by local growers. Accurate char-
acterization of almond seedling cultivars and rootstocks is es-
sential for the identification of clones that will guarantee uni-
formity [6] of commercial orchards.

Morphological characterization of germplasm collections
is the reference for plant breeders wishing to utilize the germ-
plasm in their programs. Characterization of morphological
traits is also essential to document and study the genetic di-
versity within the collection, which can facilitate the establish-
ment of core collections that fully represent the diversity of the
collection [7, 8].

Revealing the genetic diversity of germplasm collections
has mainly been based on traditional multivariate statistical
analyses, such as hierarchical cluster analysis, principal com-
ponent analysis, and multidimensional scaling, usually using
horticultural or agronomic data [9]. As a place of origin of the
almond, the genetic diversity of almond germplasm in Iran has
been widely investigated by the use of hierarchical and prin-
cipal component analyses [10—12]. Iranian almond germplasm
is regarded as one of the most diverse and valuable of almond
genetic resources in the world.

In this study, we evaluated 155 genotypes over two
consecutive years with the objectives of: 1) evaluating the phe-
notypic variation of 42 interesting horticultural and morpho-
logical traits and their relationships; 2) studying the extent
of morphological variation amongst the studied germplasm;
and 3) selection of superior genotypes of interest to moder-
ate vigour, flowering time (extension of the blooming season)
and improve kernel yield (both quantity and quality).

2 Materials and methods
2.1 Plant materials

A total of 155 almond accessions from a collection in
Karaj, Iran were evaluated over two seasons. Karaj city is lo-
cated in Alborz province, at 35°56"30”N latitude, 50°5810”E
longitude and 1312 m above the sea level with an annual aver-
age temperature of 13.8 °C and an annual average precipitation
of 260 mm. General orchard management, including irrigation,
nutrition, pest and disease control, was consistent with local
commercial practices. At the beginning of the study (2010),
the trees were eight years old, healthy, and had a full crop.

2.2 Morphological evaluation

During two growing seasons, 42 morphological characters
were studied using the almond descriptors developed by the
International Plant Genetic Resources Institute (IPGRI) [13]
(table I). Measurement of each nut and kernel trait was based
on the mean value of 10 samples. Weight of fruits, nuts and
kernels was measured by an analytical balance with high preci-
sion (0.01 g). Traits such as tree growing habit, tree vigour, leaf
density, fruit shape, kernel color and kernel taste were rated
and coded according to the IPGRI almond descriptor. Horti-
cultural traits evaluated included flowering date (50% flowers
completely open evaluated from March to April and classed
as relatively early, normal, late and very late within this pe-
riod) and ripening date (evaluated from end of July to end
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of September and classed as early, middle, late and very late
within this period). Five cultivars including Mamayi, Sefid,
Azar, Shahrood12 and Tardy-Nonpareil were used as controls
for checking flowering time.

For those traits that can be affected by environmental con-
ditions from year to year, the data resulting from the two-
year study were pooled and the average values were used
for statistical analysis. Analysis of variance was performed
for all morphological traits by SAS software version 6. Rela-
tionships among genotypes were investigated by multivariate
analysis of variance (principal component analysis, PCA) us-
ing SPSS statistics software version 16 (SPSS Inc., Chicago,
IL, USA). The correlation between all variables was also eval-
uated using Pearson’s correlation coefficient using SPSS. Eu-
clidean distance coefficient for pairs of entries (i.e. genotypes)
was computed using NTSYSY-pc (Numerical Taxonomy and
Multivariate Analysis for personal computer) software pro-
gram version 2.00. To better understand the patterns of vari-
ation among genotypes, distance matrix generated from mor-
phological data was used as input data for cluster analysis
based on unweighted pair-group method of arithmetic average
(UPGMA). Scatter plot of the first two principal components
was created by PAST statistics software [14].

3 Results and discussion

The analysis of variance revealed that all traits showed
large differences, indicating a high level of morphological vari-
ation in the 155 genotypes. Therefore, this variability can be
used either in cultivar selection for orchards or parent in breed-
ing programs. This was confirmed by the relatively high coef-
ficient of variation (CV) values established for traits. Among
the measured traits, the highest levels of variation were found
for ease of hulling (CV = 89.7%) while fruit pubescence
showed the lowest differences (CV = 15.9%) among the geno-
types. This degree of variability is similar to that found by
Zeinalabedini et al. [11] who reported a range of 5.9 to 76.1%
for CV for morphological traits in almond germplasm. In
our study, we found good genotype candidates for extending
the blooming season, moderating vigour and improving fruit
quality.

The majority of the genotypes were characterized by a
spreading growth habit and strong tree vigour, in agreement
with findings of Zeinalabedini et al. [11] and Colic et al. [15].
Leaf density of most of the genotypes was high. Results of
the full bloom date assessment showed that these genotypes
had significant differences in bloom date, ranging from March
16 to April 9, showing six groups based on flowering date in-
cluding early, middle, middle-late, late, late to very late and
very late within this period. In comparison to the control culti-
vars, most of genotypes were middle-late flowering. Genotype
MSh85 was the earliest to bloom, flowering in middle March
and likely having the lowest chilling requirements among the
studied genotypes. The latest genotype to bloom was MSh110,
flowering on April 9. Also, genotype MSh9 was late to very
late flowering. Given that frost resistance is a major breeding
goal in many production areas owing to cultivated almond very
early flowering time. The possibility of using these genotypes
(MSh110 and MSh9) with a late to very late flowering date as
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Table I. Descriptive statistics for morphological characters among the studied almonds. CV: coefficient of variation = (standard devia-

tion/mean) x 100.

No.  Trait Abbr. Unit Min. Max. Mean
1 Fruit weight Frwe g 4.36 23.81 9.44
2 Nut weight NuWe g 1.28 9.23 2.96
3 Kernel weight KeWe g 0.46 2.28 1.12
4 Nut weight/Fruit weight Nu/FrWe Ratio 0.14 0.53 0.32
5 Kernel weight/Nut weight Ke/NuWe Ratio 0.19 0.97 0.42
6 Kernel weight/Fruit weight Ke/FrWe Ratio 0.05 0.26 0.12
7 Fruit density FrDe Code 1 9 4.61
8 Fruit size FrSi Code 1 9 5.66
9 Fruit shape FrSh Code 1 7 4.50
10 Fruit pubescence FrPu Code 3 7 6.26
11 Kernel pubescence KePu Code 1 7 2.26
12 Kernel shriveling KeS Code 1 7 3.50
13 Double kernels DoKe Code 1 9 1.05
14 Kernel taste KeTa Code 3 7 3.95
15 Shape of nut tip ShNuTi Code 1 5 3.27
16 Marking of outer shell MaOShe Code 3 9 5.25
17 Suture opening of the shell SOSh Code 1 9 2.96
18 Ease of hulling EHu Code 1 9 3.34
19 Nut Shape NuSh Code 1 9 5.99
20 Nut size NuSi Code 1 9 4.75
21 Shell hardness SheHa Code 1 9 5.13
22 Shell color intensity ShCol Code 1 7 4.71
23 Kernel size KeSi Code 1 9 4.87
24 Kernel color intensity KeCol Code 1 9 4.15
25 Canopy diameter CaDi Code 1 9 6.12
26 Tree height TrHe Code 1 9 5.79
27 Tree vigour Trvi Code 3 7 5.94
28 Tree growth habit TrGHab Code 1 9 5.19
29 Tree habit of branches TrHB Code 3 9 6.61
30 Leaf density LDe Code 3 7 6.34
31 Current year old shoot color CYOIShoCo  Code 3 9 5.36
32 One-year old shoot thickness OnYOIShTh  Code 3 7 5.45
33 Leaf blade color LBCo Code 3 7 4.48
34 Leaf serration shape LSerSh Code 1 5 2.00
35 Blooming density BID Code 1 9 7.29
36 Double flower percentage in buds DoFlo Code 1 7 3.17
37 Pistil number PiNo Code 1 5 1.84
38 Petal color PetCo Code 1 7 2.88
39 Location of flower buds LoFloBu Code 1 5 3.86
40 Position of stigma compared to anther ~ PSt Code 1 5 3.21
41 Flowering data FloDa Day 16-Mar 09-Apr -
42 Ripening date RiDa Day Late-July Late-Sep -

commercial cultivars or to develop new cultivars with delayed
flowering would not only reduce frost damage, but reduce dis-
ease damage if flowering was delayed beyond the rainy season.
It would also allow more efficient use of increasingly scarce
insect pollinators [16]. It should be noted that flowering date
is not strictly dependent on chilling requirement. Also, there
were large variations in ripening date (end of July to end of
September) between the studied genotypes.

In most genotypes, the flower buds were mainly on spurs,
whereas distribution was mixed in some genotypes, in agree-
ment with findings of Zeinalabedini et al. [11] and Colic
et al. [15]. The dominance of genotypes with light pink petal
color was observed, while some of them had white flowers.
Most of the genotypes had intermediate flower size. In terms

of bloom density, the genotypes were classified into four cate-
gories with most having high density. Oblong nut shape, inter-
mediate shell color intensity, intermediate marking of the outer
shell, and semi-hard shell were observed in most genotypes.
Slightly wrinkled kernel shriveling was dominant and agreed
with results of Zeinalabedini ef al. [11] and Colic er al. [15].
Kernel pubescence was low in most genotypes. Kernel taste
was predominantly sweet. One genotype showed a high per-
centage of double kernels (MSh35).

Nut weight varied from 1.28 to 9.23 g. Colic et al. [15]
reported nut weight with a range of 2.53 to 6.00 g for almond.
In the present study, kernel weight ranged between 0.46 and
2.28 g. Zeinalabedini et al. [11] recorded kernel weight from
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Table II. Agronomic and important fruit traits for superior almond genotypes in this investigation.

Flowering Nut weight  Kernel weight Kernel weight/ Double Ease of Shell
Genotype data (2) (2) Nut weight (ratio)  kernels  hulling hardness
MSh2 Middle-late 4.48 1.88 0.42 No Easy Soft
MSh9* Late to very-late 3.21 1.10 0.34 No Easy Moderate
MShl11 Late 6.35 2.28 0.36 No Moderate  Moderate
MSh20 Late 5.18 1.76 0.34 No Easy Moderate
MSh24 Late 4.41 1.60 0.36 No Moderate  Moderate
MSh25 Middle-late 6.35 1.55 0.24 No Easy Hard
MSh45 Late 5.63 1.51 0.27 No Hard Hard
MSh87 Middle-late 4.30 1.53 0.36 No Easy Hard
MSh92 Late 1.66 1.55 0.93 No Moderate  Soft
MSh97 Middle-late 9.23 2.26 0.24 No Easy Hard
MSh100 Middle-late 4.73 1.78 0.38 No Moderate  Moderate
MSh104 Middle-late 3.11 1.63 0.52 No Moderate  Soft
Msh110*  Very-late 3.53 1.21 0.34 No Easy Hard
MSh126 Late 3.40 2.03 0.60 No Moderate  Soft
MSh133 Late 1.56 1.51 0.97 No Moderate  Soft
MSh153 Late 5.60 1.58 0.28 No Easy Hard

* These two genotypes were considered especially for flowering date.

0.50 to 2.30 g, while Colic et al. [15] recorded 0.62 to 1.29 g
for this trait.

Determining relationships between various traits can help
breeders set goals for parental partner selection and breed-
ing [10]. Strong correlations were observed between many
of the studied traits (table III). Tree canopy was correlated
with tree height, tree vigour, growth habit, branching habit and
leaf density which corresponds with results obtained by oth-
ers [10, 12, 17]. The existence of close correlations between
leaf density and canopy size indicates that more leaves lead to
stronger aerial growth. This correlation could be considered as
a relevant relationship for selecting vigorous rootstocks suit-
able for dry environments where strong growth is needed at
the beginning of the seasonal life cycle to induce and main-
tain appropriate vigour in scion, and also for reaching to an
appropriate size for budding and/or grafting as soon as possi-
ble in nurseries [12]. The flowering date was highly and pos-
itively correlated with nut and kernel weights, in agreement
with findings of Zeinalabedini ez al. [11]. This could be inter-
preted as the tendency of late-season cultivars to have heavier
and well-filled nuts and kernels. Furthermore, a positive cor-
relation was observed between nut weight and kernel weight
(r = 0.60) which is in accordance with the findings of oth-
ers [10, 11,17, 18]. On the basis of the strong positive corre-
lations among nut and kernel traits, it could be concluded that
these characters have an equal effect on determining cultivar
cropping potential. In addition, shell hardness was negatively
correlated with nut weight (» = —0.63) which is in agreement
with former results [11, 19].

A strong negative correlation was observed between shell
hardness and the kernel-to-shell weight ratio, agreeing with
findings of Zeinalabedini et al. [11]. This result indicates
that soft-shell cultivars have a tendency to bear larger ker-
nels (with more kernel than shell). Also, kernel pubescence
showed a high positive correlation with wrinkled kernel shriv-
eling (r = 0.50) and a moderate correlation with shell hardness
(r = 0.17). A close relationship between traits could facili-
tate or hinder gene introgression since strong selection for a

desirable trait, could favor the presence of another desirable
trait from this population [11].

Principal component analysis (PCA) was used to identify
the most significant traits in the data set. The aim of PCA
is to reduce the number of traits used to discriminate geno-
types [12]. Previously, PCA has been used to establish genetic
relationships among cultivars and genotypes, to study correla-
tions among tree traits and to evaluate germplasm of different
Prunus species [10,20-24]. Factor loading values greater than
0.65 were regarded as significant. Thus, PCA put all the traits
into 14 components which explained 71.85% of total varia-
tion. The first three components explained 29% of the total
variability observed (table IV). The first component, which ac-
counted for 11.11% of total variation, featured nut weight, ker-
nel weight/nut weight, nut weight/fruit weight, suture opening
of the shell, ease of hulling, and shell hardness. The second
component, which explained 9.71% of total variation, included
kernel weight, fruit weight, fruit size, nut size and kernel size.
Zeinalabedini et al. [11] reported that nut and kernel weights
had the highest loadings in the first two components. Further-
more, Lansari et al. [25], who used a similar analysis to com-
pare kernel, nut, and leaf characters in different almond col-
lections, found that the variables contributing to nut and ker-
nel size were more important than leaf traits. This indicates
that these traits are not only useful for assessment of diver-
sity but also for characterization of almond germplasm. The
third component, featuring 8.18% of total variation, included
tree characters (tree canopy, tree height, and tree vigour) with
the highest factor loadings. This contrasts with the findings of
Nikoumanesh et al. [12] who found that the most important
discriminating characters for their almond germplasm were
characteristics related to leaf and tree. The remaining compo-
nents (PC4-PC14) explained less variability (42.85% of total
variance) and included other variables. On the other hand,
seven traits including fruit shape, fruit pubescence, shell color
intensity, growth habit, leaf density, leaf serration shape and
location of flower buds showed low variation among the stud-
ied genotypes and were not placed in PCs.
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Figure 1. Factor scores of the first two principle components (PCs) for the studied almonds. Numbers in the plot represent genotypes.

Table IV. Eigenvalues and proportion of total variability for the first
three principal components (PC1/PC2/PC3) in the studied almond
genotypes.

Component

Trait 1 2 3
Fruit weight -0.09 0.79%* 0.08
Nut weight —0.66%** 0.64 0.02
Kernel weight 0.04 0.88%* 0.04
Nut weight/Fruit weight —0.82%%* 0.00 -0.05
Kernel weight/Nut weight 0.91%* -0.07 0.05
Fruit size -0.02 0.68%** 0.13
Suture opening of the shell ~ 0.74%* 0.08 -0.12
Ease of hulling 0.68%** 0.04 0.00
Nut size -0.55 0.60%** 0.02
Shell hardness 0.83%* -0.06 0.04
Kernel size 0.05 0.81%* 0.02
Canopy diameter 0.01 0.06 0.91%**
Tree height 0.00 0.04 0.86%**
Tree vigour 0.07 0.02 0.83%%*
Eigenvalue 4.56 3.98 3.35
% of Variance 11.11 9.71 8.18
Cumulative % 11.11 20.82 29.00

** Eigenvalues are significant.

Hierarchical UPGMA cluster analysis allowed the assess-
ment of similarity or dissimilarity and clarified some in-
traspecific relationships in the studied almond germplasm. A
dendrogram was produced with four clusters. The first clus-
ter included most genotypes (146 genotypes). This cluster was
divided into nine subclusters, so that genotypes showed varia-
tion. The second cluster consists of one genotype (MSh85) and
the third cluster contained four genotypes (MSh11, MSh24,
MSh62 and MSh126). Also, four genotypes (MSh70, MSh96,
MSh97 and MSh100) were placed in the fourth cluster and
showed the highest differences from other genotypes.

The scatter plot shows the distribution of almond geno-
types on the PC1 and PC2 plots and the geometrical dis-
tances among genotypes that reflect their relationship in terms

of phenotypic resemblance and morphological characteristics
(figure I). Most of genotypes (149 genotypes) were placed into
group A. Group B consists of three genotypes (MSh11, MSh24
and MSh126). The two genotypes (MSh97 and MSh100) are
in group C and MSh143 into group D.

Proceeding from positive to negative values of PC1, geno-
types were characterized by lower shell hardness and lower
nut weight. Genotypes MSh73, MSh146, MSh142, MSh143
and MSh85, with a high negative value on PC1, had the lowest
shell hardness, the smallest nut (1.28—1.61 g) and the highest
splinting in shell.

Proceeding from negative to positive values of PC2, al-
mond genotypes showed a general increase in fruit, nut and
kernel weight and size. Genotypes MSh11, MSh100, MSh97,
MSh24 and MSh126 had the most positive values on PC2 due
to their large nuts and kernels. The nut and kernel weights for
genotype MSh97 were 9.23 and 2.26 g, and 6.35 and 2.28 g for
MShl1 genotype which represented the maximum values for
these two characters. According to their position on the scatter
plot (figure 1), those almond genotypes with high PC2 scores
could be good progenitors for increasing nut and kernel size.
On the other hand, they can be considered unique and the most
promising for breeding or commercial growing. Also, geno-
types MSh100 and MSh97 were middle-late-flowering; while
genotypes MSh11, MSh24 and MSh126 were late-flowering,
thus likely to avoid spring frosts.

Almond cultivation in Iran has a long historical back-
ground and through cross pollination there are many genotypes
growing in different regions of the country. These genotypes
encompass a vast diversity in many characteristics such as
bloom time. Almonds are among the most heterozygous fruit
crops, and encompass a wide range of socio-economic benefits
from nutritional to ecological ones [1]. For conservation, man-
agement, and utilization of plant materials in genebanks, infor-
mation about the diversity of germplasm collections is of great
importance. The success of any breeding program is highly
dependent on the extent of diversity and knowledge of the
behavior of desirable traits through crosses [19]. To consider
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these facts, in this study we used 42 morphological traits to
evaluate variation in 155 almond genotypes at phenotypic lev-
els. Our results showed that nut and kernel traits are suitable
for characterization of almond germplasm and could appropri-
ately separate our samples into distinct morphological groups.
Corresponding with our findings, other authors [10, 11,17, 18]
showed morphological evaluation to be an efficient tool for
characterization of almond germplasm and for species dis-
tinction. Moreover, in a recent study on sour cherry variabil-
ity [24], fruit characteristics could clearly discriminate among
samples.

4 Conclusions

The knowledge of floral biology, leaf properties and fruit
attributes of the genotypes studied here could be useful
to choose the appropriate ones to be grown under differ-
ent climatic conditions or used as parents in future breed-
ing programs. Genotypes MSh11, MSh100, MSh97, MSh24
and MSh126 were superior in terms of consistent high fruit
set percentages, large nut, large kernel, and low percentage of
double kernel and can be singled out for cultivation. Further-
more, genotypes MSh9 and MSh110 were very-late flowering
and could be useful as a parent to improve flowering season of
cultivars.
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