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Abstract
A total of 60 offspring obtained from controlled reciprocal crosses of ‘Mamaei’ and ‘Marcona’ cultivars of almond along
with parents were evaluated using 31 morphological and biochemical traits of the nut and kernel. According to the results,
attribute values such as shell weight (1.39–5.68g), shell retention (0–5 codes), nut weight (2.16–7.60g), kernel weight
(0.35–2.51g), and double kernel percentage (0–60%) were variable. These traits showed a high coefficient of variation.
Also, the values of biochemical characteristics and compounds of kernel include protein (14.54–25.16%), ash (1.79–4.69%),
oil percentage (47.93–62.94%), soluble carbohydrates (0.64–4.65%), insoluble carbohydrate (3.30–7.13%), and vitamin E
content (71–220mg · 100g–1 FW) were variable in the offspring and parents. Simple correlation coefficients between traits
showed a significant positive or negative correlation between some measured characteristics related to the nut, kernel,
and biochemical characteristics. The principal component analysis (PCA) reduced the evaluated traits to 10 main factors
that explained 74.45% of the total variance. The nut and kernel traits greatly affected the differentiation of cultivars and
genotypes. Cluster analysis at 25 Euclidean distances divided cultivars and offspring into two main groups. Attributes
such as nut length, width, and shape, as well as protein content and kernel taste, effectively differentiated the parents and
progenies. By reducing the Euclidean distance, cultivars and offspring were divided into four main groups. Among the
important factors for separating the main clusters were traits such as the length, width, and thickness of nut, as well as the
weight, length, width, size, and taste of kernel and shell thickness. Finally, 16 offspring, including ‘MarM2’, ‘MarM4’,
‘MarM5’, ‘MarM6’, ‘MarM8’, ‘MarM10’, ‘MarM17’, ‘MMar2’, ‘MMar6’, ‘MMar7’, ‘MMar15’, ‘MMar24’, ‘MMar25’,
‘MMar27’, ‘MMar28’, and ‘MMar33’ with parents ‘Mamaei’ and ‘Marcona’ cultivars, showed relative superiority over
other offspring in terms of morphological and biochemical traits. The identified superior offspring, which were even
superior to the parents in some important almond breeding traits, are good candidates for use in almond breeding programs
to achieve improved cultivars.

Keywords Almond · Prunus dulcis L · Offspring · Morphological and biochemical traits · Kernel · Vitamin E · Cluster
analysis

Introduction

Almond (Prunus dulcis L.) is a valuable nut grown in many
temperate and subtropical regions for domestic consump-
tion and export (Yada et al. 2011). P. dulcis L. belongs to
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the genus Prunus, the subspecies Amygdalus of the family
Rosaceae (Ayaz et al. 2020; Zahedi et al. 2020). The almond
kernel contains significant content of protein, amino acids,
fatty acids, carbohydrates, vitamins, and minerals (Barreca
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et al. 2020). Iran, with a cultivated area of 79392ha, is con-
sidered one of the most important producers of almonds,
and with an annual production of about 164,348 tons, it
ranks third in the world after the United States and Spain
(FAO 2021).

In successful breeding programs, the identification and
evaluation of superior germplasm are essential. They are
a necessary step in preserving hereditary reserves, which
is the fundamental basis for genetic research and breeding
programs. The breed and production of cultivars depend on
the careful selection between plants, which depends on the
identification of cultivars and their diversity (Hajnajari et al.
2019; Hajivand et al. 2020; Valaei and Bernousi 2020).

In almond breeding programs, the relationships between
the traits and their correlations should be determined. The
significant correlation between characteristics indirectly
helps select important attributes, facilitating and accelerat-
ing breeding programs (Hansche et al. 1972). Studies have
shown that the genetic diversity in the germplasm resulting
from almond crosses in different parts of Italy will lead to
valuable sources of genes (Rigoldi et al. 2015).

A total of 137 accessions from 18 wild almond species
native to Iran showed that the weight and width of the nut
as well as the weight of the kernel had a higher coefficient
of variation (45.8%) than the other studied traits and rich
sources of new germplasm of almond help improve crop
yield (Sorkheh et al. 2009). A reduction in the fruit size,
pollen-ovary self-incompatibility, and bitter taste of the ker-
nel are the most common barriers to germplasm use in wild
almond species (Sorkheh et al. 2009).

The quantitative and qualitative characteristics of fruit in
the 50 superior almond genotypes and ‘Tuono’ cultivar were
investigated (Estaji et al. 2013, 2014). The results showed
that the studied genotypes had significant differences with
each other in terms of all studied traits and characteristics,
such as nut size, shriveling of kernel, length, and thickness
of the kernel, softness of shell, and marking of outer shell
had the largest share of difference between genotypes (Es-
taji et al. 2013, 2014). Study of 94 almond offspring and
their parents showed that traits such as fruit length and dry
weight most change and dry kernel weight and nut thickness
showed the least differences among other characteristics.
On the other hand, estimating the percentage of heritabil-
ity for oil content was the parents’ average (Turkmen et al.
2020).

The ‘Mamaei’ is an almond variety native to Iran. In
terms of growth habit, it has a spreading, and fruiting habit
is on a 1-year branch. Flowering time is early to medium
(compared to ‘Ferragnes’ as very late flowering cultivar),
and it has big flowers, white color and is self-incompatible
(Imani and Shamili 2018b). The softness of shell in this
variety is hard (difficult to break, need hammer), the size of
fruit is large, shape of fruit and kernel is elongated. Also, in

this cultivar, the color of kernel is bright yellow, percentage
of kernel is 40–45%, double kernel is more than 50%, and
quality and vitamin E of kernel are high and better than
other Iranian almond cultivars. ‘Mamaei’ yields are medium
to high, about 2–2.2 tons per hectare.

The ‘Marcona’ variety originated in Spain. The growth
habit of this cultivar is semi-upright, strong vigor, flowering
time is intermediate to late (compared to ‘Tardy nonpareil’
an extremely late flowering cultivar), with small flowers,
self-incompatible, and mixed fruiting habit (1-year branch
and spur) (Imani and Shamili 2018b; Pérez-Sánchez and
Morales-Corts 2021). The softness of shell in this variety is
hard (difficult to break, need hammer), fruit shape is round,
kernel percentage is 32–35%, the percentage of double is
0–2%, and kernel color is brownish yellow. The average
yield of ‘Marcona’ is 2.5–3 tons per hectare (Imani and
Shamili 2018b; Pérez-Sánchez and Morales-Corts 2021).
Based on Mendelian inheritance, it is possible to create
progeny with superior fruit and kernel traits in the mutual
crossing of two cultivars, ‘Mamaei’ and ‘Marcona’.

Also, many studies addressing the morphological and
biochemical characterization of almond cultivars have been
undertaken in Iran and different countries mainly located
around the Mediterranean basin by Sepahvand et al. (2014),
Imani and Shamili (2018b), Rasouli et al. (2019), Kho-
jand et al. (2022),Montero-Riquelme (1993), Felipe (2000),
Cordeiro et al. (2001), Kodad (2008), Kodad and Socias i
Company (2008), Vargas et al. (2009), Kodad et al. (2013),
and Pérez-Sánchez and Morales-Corts (2021).

Multivariate statistical methods are needed to evaluate
cultivars and genotypes based on quantitative and quali-
tative properties and relationships. Multivariate statistical
method is a statistical technique that simultaneously ana-
lyzes data with more than one statistical variable (Todde
et al. 2016). Among these methods, factor and cluster anal-
ysis are more valuable. Factor analysis method can put the
number of traits evaluated in effective groups. In cluster
analysis, individuals in a cluster have many similarities in
terms of the studied features, and individuals in separate
clusters are more heterogeneous in terms of traits (Estaji
et al. 2013).

This study aimed to evaluate 60 almond offspring re-
sulting from the controlled reciprocal crossing of ‘Mamaei’
and ‘Marcona’ cultivars with parents and the relationships
between their important morphological and biochemical
traits. Also, the selection of superior offspring compared
to other progeny and parents, based on the evaluated fea-
tures, to be used in almond breeding programs was another
target of this research.
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Materials andMethods

Plant Material

This research was carried out in the Kamal Abad collection
of the Seed and Plant Breeding Research Institute (SPBRI),
affiliated to the Ministry of Agriculture Jihad of Iran, dur-
ing 2019–2020. The study investigated 60 almond offspring
obtained from controlled reciprocal crosses between ‘Ma-
maei’ and ‘Marcona’ cultivars (Table 1) with parents. The
method of naming the offspring (5 years old) was conducted
based on the first letters of the maternal and paternal parents
(Mamaei: M and Marcona: Mar).

Measurement of Traits

In all, 31 morphological, biochemical, and qualitative char-
acteristics of the nut and kernel were evaluated (Table 2).
A total of 20 fruits were randomly harvested from differ-
ent directions of the tree and used to study the traits. Some
traits were coded based on the descriptor of almond (Gulcan
1985; UPOV 2011) (Table 2). We measured ash by burning
organic matter up to 575°C (Aktas et al. 2015). After mois-
ture measurements, about 2.5g of dry samples were placed
in an electric furnace at 250°C (with 10°C/min intervals).
The temperature held constant at 250°C for 30min and then
increased to 575°C (10°C/min intervals) for 3h and then
cooled down to 100°C. The ash was immediately moved
to a desiccator while cooling to room temperature before
measurements. After weighing, samples were kept in air-

Table 1 List of offspring and their parents evaluated in this research

No. Offspring Abbrevi-
ation

No. Offspring Abbrevi-
ation

No. Offspring Abbrevi-
ation

No. Offspring
and parents

Abbrevi-
ation

1 ‘MarM11-21’ ‘MarM1’ 17 ‘MarM11-19’ ‘MarM17’ 33 ‘MMar13-36’ ‘MMar16’ 49 ‘MMar13-21’ ‘MMar32’

2 ‘MarM11-27’ ‘MarM2’ 18 ‘MMar12-29’ ‘MMar1’ 34 ‘MMar13-46’ ‘MMar17’ 50 ‘MMar13-16’ ‘MMar33’

3 ‘MarM11-14’ ‘MarM3’ 19 ‘MMar12-18’ ‘MMar2’ 35 ‘MMar13-40’ ‘MMar18’ 51 ‘MMar13-19’ ‘MMar34’

4 ‘MarM11-12’ ‘MarM4’ 20 ‘MMar12-27’ ‘MMar3’ 36 ‘MMar13-35’ ‘MMar19’ 52 ‘MMar13-41’ ‘MMar35’

5 ‘MarM11-17’ ‘MarM5’ 21 ‘MMar12-31’ ‘MMar4’ 37 ‘MMar13-33’ ‘MMar20’ 53 ‘MMar13-34’ ‘MMar36’

6 ‘MarM11-15’ ‘MarM6’ 22 ‘MMar12-19’ ‘MMar5’ 38 ‘MMar13-51’ ‘MMar21’ 54 ‘MMar13-4’ ‘MMar37’

7 ‘MarM11-25’ ‘MarM7’ 23 ‘MMar12-23’ ‘MMar6’ 39 ‘MMar13-25’ ‘MMar22’ 55 ‘MMar13-15’ ‘MMar38’

8 ‘MarM11-18’ ‘MarM8’ 24 ‘MMar12-7’ ‘MMar7’ 40 ‘MMar13-37’ ‘MMar23’ 56 ‘MMar13-6’ ‘MMar39’

9 ‘MarM11-30’ ‘MarM9’ 25 ‘MMar12-33’ ‘MMar8’ 41 ‘MMar13-2’ ‘MMar24’ 57 ‘MMar13-32’ ‘MMar40’

10 ‘MarM11-16’ ‘MarM10’ 26 ‘MMar12-28’ ‘MMar9’ 42 ‘MMar13-3’ ‘MMar25’ 58 ‘MMar13-01’ ‘MMar41’

11 ‘MarM11-24’ ‘MarM11’ 27 ‘MMar12-4’ ‘MMar10’ 43 ‘MMar13-24’ ‘MMar26’ 59 ‘MMar13-42’ ‘MMar42’

12 ‘MarM11-31’ ‘MarM12’ 28 ‘MMar12-11’ ‘MMar11’ 44 ‘MMar13-29’ ‘MMar27’ 60 ‘MMar14-1’ ‘MMar43’

13 ‘MarM11-11’ ‘MarM13’ 29 ‘MMar12-32’ ‘MMar12’ 45 ‘MMar13-31’ ‘MMar28’ 61 ‘Marcona’ ‘Marcona’

14 ‘MarM11-23’ ‘MarM14’ 30 ‘MMar12-3’ ‘MMar13’ 46 ‘MMar13-39’ ‘MMar29’ 62 ‘Mamaei’ ‘Mamaei’

15 ‘MarM1-12’ ‘MarM15’ 31 ‘MMar13-23’ ‘MMar14’ 47 ‘MMar13-27’ ‘MMar30’ – – –

16 ‘MarM11-26’ ‘MarM16’ 32 ‘MMar13-47’ ‘MMar15’ 48 ‘MMar13-14’ ‘MMar31’ – – –

MarM stands for the maternal and paternal parents, ‘Marcona’ and ‘Mamaei’, respectively

tight bags under desiccation to avoid the re-absorption of
moisture (Aktas et al. 2015).

Total protein was determined according to Kjeldahl’s
(V50 model, Bakhshi Company, Iran) method (Okay 2002;
El Hawary et al. 2014). Samples were warmed up with sul-
phuric acid to decompose the organic matter via oxidation
to release ammonium sulfate. The solution is then distilled
with sodium hydroxide in order to convert the ammonium
to ammonia. The amount of ammonia (and therefore the
nitrogen) is determined by back titration using boric acid
and sodium carbonate solution using methyl orange as a pH
indicator.

In order to determine the content of soluble carbohy-
drates, 300 g of dried almond kernel samples were poured
into 25ml tubes and the extraction of soluble sugars was
performed using Kochert’s (1987) method. To remove
excess deposits and other waste compounds, 5ml of 5%
ZnSO4 and 4.7ml of 0.3N barium hydroxide were added
to the tubes and vortexed again. Then the tubes were cen-
trifuged at 3000 rpm at room temperature for 20min. At
the same time, 1ml of illuminants and 1ml of standard
solutions were transferred to new 25ml tubes and 0.5ml of
5% phenol solution was added to each of them and shaken
vigorously. Then, 2.5ml of 98% sulfuric acid was added
to the tubes by pressure using a syringe (dispenser). After
45min, the absorbance of the samples was measured at
a wavelength of 485nm by a spectrophotometer (JENUS
model, UV-1200, USA). Finally, the content of soluble
sugars was calculated based on the absorption rate of the
samples and comparing it with the standard.
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Table 2 List of evaluated traits and units of measurement in almond progenies according to the almond descriptor (Gulcan 1985; IPGRI 1985;
UPOV 2011)

No. Variable Abbreviation Unit Description of evaluation method

1 Nut weight NWE g Electronic balance

2 Nut length NL mm Digital caliper

3 Nut width NWI mm Digital caliper

4 Nut thickness NTH mm Digital caliper

5 Kernel weight KWE g Electronic balance

6 Kernel length KL mm Digital caliper

7 Kernel width KWI mm Digital caliper

8 Kernel thickness KTH mm Digital caliper

9 Kernel dry weight KDW g Electronic balance

10 Kernel humidity KHuP % [(W-D) / (W)]× 100

11 Shell weight SWE g Nut weight –Kernel weight

12 Shell thickness STH mm Digital caliper

13 Double kernel percent DKP % Number of double kernels in a sample of 100

14 Ash Ash % Aven

15 Protein Pr % Spectrophotometer

16 Oil Oil % Soxhlet extractor

17 Soluble carbohydrate SoCa % Spectrophotometer

18 Non-soluble carbohy-
drate

NoSoCa % Spectrophotometer

19 E Vitamin E Vit mg · 100g–1 FW HPLC

20 Nut size NS Code 1= Extermely small, 3= Small, 5= Intermediate, 7= Large,
9= Extremely large

21 Nut shape NSH Code 1=Round, 2=Ovate, 3=Oblong, 4= Cordate, 5= Extremely narrow

22 Shell color intensity SCI Code 1= Extremely light, 3= Light, 5= Intermediate, 7= Dark

23 Shell retention SR Code 0=None retained, 5= Party missing, 9=All retained

24 Marking of outer shell MOS Code 0=Without pores, 3= Sparsely pored, 5= Intermediate, 7=Densely
pored, 9= Scribed

25 Softness of shell SSH Code 1= Extremely hard, 3=Hard, 5= Intermediate, 7= Soft, 9= Paper

26 Kernel size KS Code 1= Extremely small, 3= Small, 5= Intermediate, 7= Large,
9= Extremely large

27 Kernel shape KSH Code 1= Extremely oblong, 2= Oblong, 3= Intermediate, 4= Flat,
5= Extremely flat

28 Shriveling of kernel SK Code 3= Slightly wrinkled, 5= Intermediate, 7=Wrinkled

29 Kernel pubescence KPU Code 3= Low, 5= Intermediate, 7=High, 9= Very high

30 Kernel taste KT Code 3= Sweet, 5= Slightly bitter, 7= Bitter

31 Kernel color intensity KCI Code 1= Extremely light, 3= Light, 5= Intermediate, 7= Dark,
9= Extremely Dark

W fresh weight, d dry weight, HPLC high-performance liquid chromatography

In order to measure insoluble carbohydrates, after the
extraction of soluble sugars, the resulting pulp was collected
and dried in an oven (SHD96A, Iran) at 50°C for 2 h. Then,
4.5ml of distilled water and 6ml of 51% perchloric acid
were added to the samples and placed in the refrigerator
for 14h at a temperature of 4°C and the continuation of the
measurement method was carried out in the same way as
the measurement of soluble sugars (Kochert 1987).

The Soxhlet method (Hamilton and Rossell 1986;
Golzari et al. 2013) was used to measure oil percent-
age. After grinding, the almond powder was extracted
using Soxhlet (SX100-G model, Bakhshi Company, Iran)

method (temperature 45°C and solvent pure methanol and
chloroform in the ratio of 50:50). The solvent in the ex-
tracted oil was separated using an oven under vacuum and
the amount of oil was determined.

Vitamin E using the device high-performance liquid
chromatography (HPLC) (unicam 200-crystal model, Eng-
land) was measured with an array-photodiode detector
(Çelik et al. 2019). The fluorescence detector was set at
295nm wavelength and 330nm wavelength for excitation
and emission, respectively. The mobile phase consisted of
methanol: distilled water (97:3 v/v). Flow rate was set at
1.05ml min–1. Peaks were determined according to reten-
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tion times compared to the known four standards (Sigma-
Aldrich) (Çelik et al. 2019).

Statistical Analyses

The frequency of traits, descriptive statistics, simple cor-
relation between characteristics, cluster analysis and fac-
tor analysis were performed using SPSS software version
25 according to Rasouli’s et al. (2013) method. To cal-
culate the coefficient of variation, the standard deviation
of each trait was calculated by dividing it by the average
of that trait. Using factor rotation technique and varimax
method, factor analysis was performed. In each main and
independent factor, coefficients of 0.5 and above were con-
sidered significant (Rasouli et al. 2013; Imani and Shamili
2018b). Cluster analysis and grouping of offspring and cul-
tivars were performed using Ward’s method or minimum
variance based on square Euclidean distance and distances
were calculated after data standardization (Rasouli et al.
2013). Also, to compare the parents and offspring data ob-
tained from the measured traits, analyzed in the form of
completely randomized design with three replications using
SAS V9.1 software (SAS Institute Inc., Cary, NC, USA).
Comparing the average data was conducted using Duncan’s
multi-domain test. Finally, the superior offspring were iden-
tified regarding different traits (Azimi 2020, 2023).

Fig. 1 Frequency of shell soft-
ness in the studied offspring and
cultivars of almond. 1=Very
hard, 3= hard, 5= semi-hard,
7= thin, and 9= paper

Fig. 3 Frequency of different
values of nut shape trait in the
studied offspring and cultivars
of almond. 1=Round, 2= oval,
3= rectangular, 4= heart-like,
and 5= too narrow

Fig. 5 Frequency of different
values of kernel size traits in
the studied offspring and culti-
vars of almond. 1=Very small,
3= small, 5=moderate, 7= large
and 9= very large

Results and Discussion

Frequency of Traits

The changes in some of the studied traits in offspring had
a normal distribution. The frequency percentages are shown
in Figs. 1, 2, 3, 4, 5 and 6, respectively. The results showed
that in most of the evaluated traits, such as softness of shell,
marking of outer shell, nut shape, kernel pubescence, kernel
size, and double kernel, the highest frequency distribution
was related to the middle classes. The highest frequencies
were obtained for softness of shell (code 4: semi-hard),
marking of outer shell (code 5: medium), nut shape (code 3:
oblong), kernel shape (code 3: low), kernel size (code 5:
medium), and the percentage of double kernel (between
0–20%), which is consistent with the results of Rasouli
et al.’s (2019) research in some traits. Estaji et al. (2013),
to evaluate the morphological diversity of 50 genotypes of
almonds, investigated 22 vegetative and reproductive char-
acteristics, including kernel, fruit, and tree features. Their
results showed that the highest diversity and coefficient of
variation were reported in the traits of kernel size, mark-
ing in outer shell, shell softness, and percentage of double
kernel, which was consistent with the results of this exper-
iment.

Fig. 2 Frequency of marking of
outer shell in the studied off-
spring and cultivars of almond.
0=No hole, 3= scattered holes,
5=moderate holes, 7= dense
holes, and 9= grooved

Fig. 4 Frequency of different
values of kernel pubescence
in the studied offspring and
cultivars of almond. 3=Low,
5=moderate, 7= high, and
9= very high

Fig. 6 Frequency diagram of
different values of percent of
double kernel in the studied
offspring and cultivars of almond
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Descriptive Statistics of Traits

The numerical average of some important traits measured
in the studied offspring and cultivars is given in Table 3.
According to the results, some characteristics such as shell
weight, nut weight, kernel weight, and percentage of dou-
ble kernel showed high diversity and coefficient of varia-
tion (Table 3). Based on the results, some traits such as
shell weight (1.39–5.68g), shell retention (0–5 codes), nut
weight (2.16–7.60g), kernel weight (0.35–2.51g), and dou-
ble kernel percentage (0–60%) were variable and these traits
showed a high coefficient of variation. These results are co-
ordinated with the findings of Sorkheh et al. (2009), who
reported that the weight and width of the nut as well as the
weight of the kernel had a higher coefficient of variation
in almond species native to Iran. Regarding fruit traits, So-
cias i Company et al. (2017) also observed that the almond
parameters are highly variable depending on the cultivar.

Table 3 Minimum, maximum, mean, standard deviation (SD), and coefficient of variation (CV) of studied traits in almond cultivars and offspring

No. Variable Abbreviation Mean Minimum Maximum SD CV
(%)

1 Nut weight NWE 4.54 2.16 7.60 1.29 28.92

2 Nut length NL 30.21 17.87 39.54 3.47 11.48

3 Nut width NWI 22.19 14.29 30.32 2.85 12.84

4 Nut thickness NTH 15.16 8.09 24.41 2.62 17.28

5 Kernel weight KWE 1.19 0.35 2.51 0.41 36.25

6 Kernel length KL 21.67 16.28 26.79 2.51 11.58

7 Kernel width KWI 12.90 8.39 16.86 1.55 12.02

8 Kernel thickness KTH 7.70 4.57 12.66 1.96 25.47

9 Kernel dry weight KDW 0.84 0.26 1.46 0.25 29.19

10 Kernel humidity percent KHP 47.97 24.89 87.59 14.44 30.11

11 Shell weight SWE 3.28 1.39 5.68 1.05 32.02

12 Shell thickness STH 3.46 2.37 4.69 0.59 17.13

13 Double kernel percent DKP 24.84 0.00 60 0.55 88.91

14 Ash Ash 3.32 1.79 4.69 0.55 16.51

15 Protein Pr 19.95 14.54 25.16 2.55 12.76

16 Oil Oil 57.44 47.93 62.94 3.14 5.46

17 Soluble carbohydrate SoCa 3.45 0.64 4.65 0.86 24.85

18 Non-soluble carbohydrate NoSoCa 5.05 3.30 7.13 0.70 13.86

19 E Vitamin E Vit 125.82 71.00 220.00 36.20 28.77

20 Nut size NS 5.00 1 7 1.49 29.86

21 Nut shape NSH 2.48 1 5 0.82 33.20

22 Shell color intensity SCI 4.77 1 7 1.74 36.46

23 Shell retention SR 1.61 0 5 2.36 146.10

24 Marking of outer shell MOS 5.29 3 9 2.01 38.02

25 Softness of shell SSH 4.42 1 9 1.51 34.17

26 Kernel size KS 4.52 1 7 1.39 30.73

27 Kernel shape KSH 3.61 2 5 0.95 26.21

28 Shriveling of kernel SK 4.58 3 7 1.36 29.78

29 Kernel pubescence KPU 4.48 3 7 1.45 32.24

30 Kernel taste KT 3.13 3 5 0.50 15.83

31 Kernel color intensity KCI 5.10 3 9 1.51 29.66

The range of changes in shell weight was 1.39–5.68%
and the progenies of ‘MarM4’, ‘MMar13’, and ‘M-
Mar14’ had the highest shell weight and the progenies
of ‘MarM17’, ‘MarM9’, and ‘MMar24’ had the lowest
shell weight, respectively (Table 4). The shell of almond is
a function of the ratio of cellulose, hemicellulose, and lignin
as the main components of the shell and is inversely related
to the percentage of kernel. The higher kernel percentage,
the lower shell softness and vice versa (Comas et al. 2019).
The range of changes in nut weight varied from 2.16 to
7.60g and the range of the kernel weight varied from 0.35
to 2.51g (Tables 3 and 4). The diversity index obtained
from both traits was 28.92 and 36.25%, respectively, which
shows that changes in the weight of the nut and kernel
were high among the progenies (Table 3). The mean kernel
weight was 1.19g, with offspring including ‘MMar24’, ‘M-
Mar28’, and ‘MMar27’ having the highest kernel weight,
while ‘MarM4’, ‘MarM16’, and ‘MMar6’ had the lowest
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Table 4 Some important nut and kernel characteristics of almond cultivars and offspring were examined

No. Offspring and
parents

NWE
(g)

NL
(mm)

KWE
(g)

SWE
(g)

DKP
(%)

NSH
code

SSH
code

KS
code

KSH
code

KCI
code

1 ‘MarM1’ 3.68 27.60 1.11 2.27 10 1 5 5 4 3

2 ‘MarM2’ 5.26 32.97 1.53 3.74 60 3 5 3 2 5

3 ‘MarM3’ 2.98 25.99 1.08 1.90 20 3 7 3 4 5

4 ‘MarM4’ 5.58 33.00 0.79 4.78 0 3 3 5 3 9

5 ‘MarM5’ 6.35 32.13 1.51 4.84 0 1 5 5 5 5

6 ‘MarM6’ 5.88 30.48 1.66 4.22 30 1 1 5 4 5

7 ‘MarM7’ 2.36 26.22 0.88 1.49 20 3 5 1 2 5

8 ‘MarM8’ 5.22 35.87 1.60 3.62 30 3 5 7 2 3

9 ‘MarM9’ 3.80 24.32 1.64 2.16 10 3 5 5 4 5

10 ‘MarM10’ 5.99 29.50 1.68 4.31 10 1 3 5 4 5

11 ‘MarM11’ 5.28 17.87 1.25 4.02 40 1 7 3 4 5

12 ‘MarM12’ 2.97 26.59 1.03 1.94 10 2 5 5 4 7

13 ‘MarM13’ 6.50 31.89 1.25 5.25 0 3 3 7 3 5

14 ‘MarM14’ 4.05 29.07 1.15 2.90 0 2 5 5 3 5

15 ‘MarM15’ 4.15 31.37 0.83 3.31 40 2 1 5 4 5

16 ‘MarM16’ 2.16 27.09 0.35 1.81 20 3 3 1 2 7

17 ‘MarM17’ 3.78 35.45 1.71 2.08 40 2 9 3 4 5

18 ‘MMar1’ 4.62 29.38 1.05 3.57 10 1 5 3 4 5

19 ‘MMar2’ 5.48 30.69 1.62 3.86 20 3 5 5 4 5

20 ‘MMar3’ 4.96 27.39 1.26 3.71 20 2 5 5 4 5

21 ‘MMar4’ 4.12 30.06 0.88 3.24 10 2 5 5 4 5

22 ‘MMar5’ 4.40 29.28 0.91 3.50 30 3 5 5 4 7

23 ‘MMar6’ 2.94 32.29 0.40 2.54 10 3 7 3 2 9

24 ‘MMar7’ 6.97 39.54 1.55 5.43 10 3 3 5 4 5

25 ‘MMar8’ 2.96 29.95 0.69 2.27 50 3 5 3 2 3

26 ‘MMar9’ 2.62 28.16 0.67 1.95 10 3 5 5 3 5

27 ‘MMar10’ 2.79 29.07 0.76 2.03 60 3 5 3 3 7

28 ‘MMar11’ 5.05 29.95 1.05 4.00 20 2 5 3 4 5

29 ‘MMar12’ 2.40 29.84 1.01 1.39 60 3 3 3 5 7

30 ‘MMar13’ 4.80 34.95 0.59 4.21 10 3 3 5 4 7

31 ‘MMar14’ 5.99 27.91 1.62 4.37 0 3 3 7 3 5

32 ‘MMar15’ 5.81 28.94 1.81 4.00 60 3 3 5 3 7

33 ‘MMar16’ 4.33 27.98 1.20 3.13 20 1 5 3 5 3

34 ‘MMar17’ 3.49 29.11 1.45 2.04 60 2 5 5 3 5

35 ‘MMar18’ 3.95 29.75 1.18 2.77 10 2 3 5 3 5

36 ‘MMar19’ 3.82 26.91 1.04 2.78 0 3 5 5 5 3

37 ‘MMar20’ 5.27 26.37 1.32 3.95 10 3 3 5 3 3

38 ‘MMar21’ 4.57 35.47 1.10 3.47 10 3 3 1 3 3

39 ‘MMar22’ 5.10 28.72 0.95 4.15 10 1 3 5 4 5

40 ‘MMar23’ 3.51 26.90 1.06 2.45 0 2 5 5 4 5

41 ‘MMar24’ 5.90 33.20 2.51 3.39 20 3 5 5 3 5

42 ‘MMar25’ 6.50 32.08 1.62 4.88 0 3 3 7 5 5

43 ‘MMar26’ 4.57 32.02 1.01 3.56 10 3 5 5 4 3

44 ‘MMar27’ 7.60 38.18 1.92 5.68 60 3 3 5 2 5

45 ‘MMar28’ 7.13 32.22 2.01 5.12 60 1 1 5 3 3

46 ‘MMar29’ 4.50 29.69 1.07 3.44 10 3 3 5 4 5

47 ‘MMar30’ 3.66 30.88 1.21 2.45 50 5 7 5 3 3

48 ‘MMar31’ 5.30 31.94 1.39 3.91 20 3 5 7 3 5

49 ‘MMar32’ 4.54 29.53 1.12 3.41 10 3 5 5 4 3

50 ‘MMar33’ 5.47 30.95 1.70 3.77 60 3 5 5 5 3
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Table 4 (Continued)

No. Offspring and
parents

NWE
(g)

NL
(mm)

KWE
(g)

SWE
(g)

DKP
(%)

NSH
code

SSH
code

KS
code

KSH
code

KCI
code

51 ‘MMar34’ 3.94 26.53 1.27 2.67 60 3 5 5 2 3

52 ‘MMar35’ 2.81 27.03 1.14 1.67 0 2 7 5 5 5

53 ‘MMar36’ 4.36 30.25 0.85 3.50 0 2 5 5 4 5

54 ‘MMar37’ 3.59 33.39 0.86 2.72 20 3 3 5 3 7

55 ‘MMar38’ 4.07 31.29 1.03 3.04 0 2 5 7 5 7

56 ‘MMar39’ 3.47 29.95 0.78 2.69 10 3 5 3 5 5

57 ‘MMar40’ 3.19 27.69 0.61 2.58 10 1 3 3 5 5

58 ‘MMar41’ 4.06 35.04 1.26 2.80 60 3 5 5 3 5

59 ‘MMar42’ 3.53 29.52 0.81 2.72 20 3 5 5 4 5

60 ‘MMar43’ 2.44 29.26 0.75 1.69 10 3 5 3 5 5

61 ‘Mamaei’ 4.53 36.14 1.48 3.05 60 2 5 3 4 9

62 ‘Marcona’ 6.11 30.11 1.41 4.70 20 3 3 5 2 7

NWE nut weight, NL nut length, KWE kernel weight, SWE shell weight, DKP double kernel percent, NSH nut shape, SSH softness of shell,
KS kernel size, KSH kernel shape, KCI kernel color intensity

kernel weight. The nut and kernel weight during packag-
ing, transportation, and marketing is estimated as the most
important quality trait of the product. Studies have shown
that the most variables that directly and indirectly affect
the weight of the nut include weight, thickness, length, and
width of the kernel, respectively (Imani and Shamili 2018a;
Pérez-Sánchez and Morales-Corts 2021).

The mean percent of double kernel was estimated to be
24.84% (Table 3), with the progenies of ‘MMar41’, ‘M-
Mar33’, and ‘MMar27’ having the highest rate of percent
(60%) of double kernel (Table 4). Double kernels are caused
by fertilization and development of both ovules that are
present in the ovary. Typically, one of the ovules is aborted.
The presence of double kernel depends more on the genetics
of the cultivar. The percentage of double kernel is consid-
ered an undesired trait of almond breeding programs, since
the deformation of the kernels complicates the screening
and grading process (Egea and Burgos 1995; Rasouli and
Imani 2016; Imani and Shamili 2018a; Pérez-Sánchez and
Morales-Corts 2021). Mosavi et al. (2009), to evaluate the
morphological diversity of 55 cultivars and genotypes of
almond, investigated 29 quantitative and qualitative traits
of the nut and kernel. Their results showed that traits such
as nut weight, kernel percentage, percentage of double ker-
nels, softness, and shell thickness had the highest variation
among the traits that were consistent with the results of this
experiment in some cases. Due to the diversity of the stud-
ied traits, selecting different values for a trait is possible.
Also, high-diversity traits can be used to evaluate progenies
for more accurate statistical analysis.

Protein is one of the major chemical components of al-
mond and cultivars with values above 23% has high nutrient
quality (Pérez-Sánchez and Morales-Corts 2021). The range
of protein value in kernel varied from 14.54% to 25.26%.
Its mean content was 19.95%, with values above 23% in

the ‘Marcona’ cultivars and ‘MarM2’, ‘MarM5’, ‘MarM6’,
‘MarM16’, ‘MMar15’, and ‘MMar32’ offspring (Table 5).
This average result agrees with that reported by Kodad
(2017) for Spanish almond cultivars (15.7–21.1% protein
content of the kernel dry weight). Also, these results were
consistent with Pérez-Sánchez and Morales-Corts (2021)
findings that reported average protein content was 21.13%
in almond cultivars grown in the central-western Iberian
Peninsula.

The average soluble-carbohydrate and non-soluble car-
bohydrate content were 3.45% and 5.05%, respectively
(Table 5). These results conformed to Pérez-Sánchez and
Morales-Corts (2021), who reported that the average carbo-
hydrate content was 3.89% in almond cultivars grown in the
central-western Iberian Peninsula. Also, these results for
kernel carbohydrate composition agree with those reported
by Kodad (2017) for Spanish almond cultivars (1.8–7.6%
carbohydrates content of the kernel fresh weight). In this
sense, it is also important to point out that sugars, starch,
and some sugar alcohols are the only carbohydrate forms
present in the almond kernels that can be digested, ab-
sorbed, and metabolized by humans to provide a source
of energy (Kodad 2017; Pérez-Sánchez and Morales-Corts
2021). Also, Schirra (1997) reported that soluble sugars,
while present in relatively low amounts, are sufficient to
make kernels sweet-tasting in almond.

Furthermore, the range of kernel ash varied from 1.79%
to 4.69% and its average content was 3.32% (Table 5).
Also, this result is in agreement with Romojaro et al.
(1977), Saura-Calixto et al. (1981), and Pérez-Sánchez and
Morales-Corts (2021), who reported low variability for this
parameter in Spanish almond cultivars (3.05–3.60%). The
almond kernel is considered a good source of mineral ele-
ments, playing an important role in human health (Kodad
2017).
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Table 5 Some important biochemical characteristics of almond cultivars and offspring were examined

No. Offspring and parents Ash
(%)

Pr
(%)

Oil
(%)

SoCa
(%)

NoSoCa
(%)

E Vit
(mg · 100g–1 FW)

1 ‘MarM1’ 3.25 21.62 58.24 3.44 6.17 91.00

2 ‘MarM2’ 3.02 23.11 52.30 3.23 4.41 140.00

3 ‘MarM3’ 2.48 16.85 56.34 2.96 4.56 117.00

4 ‘MarM4’ 4.16 20.05 58.52 3.85 5.17 83.00

5 ‘MarM5’ 4.69 23.20 56.60 3.24 4.40 155.00

6 ‘MarM6’ 3.62 23.24 55.06 3.06 4.39 169.00

7 ‘MarM7’ 3.66 22.12 62.24 3.12 4.72 93.00

8 ‘MarM8’ 2.96 21.53 57.76 4.21 4.84 86.00

9 ‘MarM9’ 2.57 16.35 56.56 4.11 4.83 74.00

10 ‘MarM10’ 3.80 18.82 47.93 2.44 3.90 112.00

11 ‘MarM11’ 3.98 20.96 58.98 4.13 4.89 120.00

12 ‘MarM12’ 2.63 20.67 56.37 4.29 5.10 96.00

13 ‘MarM13’ 3.11 18.13 58.71 3.40 4.75 112.00

14 ‘MarM14’ 3.48 22.78 58.98 3.35 4.95 131.00

15 ‘MarM15’ 3.12 21.83 60.50 1.74 6.40 220.00

16 ‘MarM16’ 2.84 24.98 62.24 3.44 4.81 103.00

17 ‘MarM17’ 3.00 16.56 60.50 4.45 4.74 110.00

18 ‘MMar1’ 3.66 21.42 60.54 3.50 4.21 127.00

19 ‘MMar2’ 4.01 20.82 59.93 3.73 5.16 163.00

20 ‘MMar3’ 4.07 18.66 59.70 3.54 4.72 106.00

21 ‘MMar4’ 4.06 16.76 55.48 4.01 4.22 71.00

22 ‘MMar5’ 4.21 22.22 53.38 3.69 5.84 110.00

23 ‘MMar6’ 3.33 19.65 56.02 3.81 4.63 92.00

24 ‘MMar7’ 3.06 21.45 55.20 4.10 7.13 84.00

25 ‘MMar8’ 2.65 19.56 58.24 3.45 5.34 117.00

26 ‘MMar9’ 3.22 17.00 52.30 4.65 4.55 170.00

27 ‘MMar10’ 3.34 20.54 58.97 4.34 5.71 109.00

28 ‘MMar11’ 2.68 21.67 59.11 4.21 5.24 88.00

29 ‘MMar12’ 3.33 19.54 60.45 4.30 5.64 96.00

30 ‘MMar13’ 3.02 21.46 58.71 2.09 5.68 172.00

31 ‘MMar14’ 2.48 19.22 55.20 3.16 4.53 107.00

32 ‘MMar15’ 3.58 23.13 59.70 3.78 4.25 130.00

33 ‘MMar16’ 3.18 15.08 58.36 3.30 4.44 82.00

34 ‘MMar17’ 2.37 20.70 62.94 3.87 4.68 110.00

35 ‘MMar18’ 2.96 14.54 61.19 2.15 4.34 123.00

36 ‘MMar19’ 3.37 20.43 59.12 3.71 4.16 150.00

37 ‘MMar20’ 3.74 16.00 62.00 4.13 5.53 107.00

38 ‘MMar21’ 3.22 18.13 53.38 4.36 4.74 92.00

39 ‘MMar22’ 3.89 20.27 56.60 3.78 5.02 141.00

40 ‘MMar23’ 3.46 16.38 55.06 3.60 4.35 172.00

41 ‘MMar24’ 3.34 20.61 58.98 3.40 5.14 96.00

42 ‘MMar25’ 4.57 21.51 56.00 3.54 5.25 192.00

43 ‘MMar26’ 3.53 19.79 57.18 3.17 4.81 118.00

44 ‘MMar27’ 3.54 18.27 57.83 2.67 3.30 210.00

45 ‘MMar28’ 3.52 20.52 57.87 4.51 4.61 85.00

46 ‘MMar29’ 4.20 19.18 49.87 3.26 4.88 92.00

47 ‘MMar30’ 1.79 19.67 55.34 3.60 5.01 165.00

48 ‘MMar31’ 3.92 19.53 54.53 3.47 5.46 183.00

49 ‘MMar32’ 3.57 23.98 54.78 4.45 4.65 112.00

50 ‘MMar33’ 3.00 20.68 62.08 3.17 5.63 172.00
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Table 5 (Continued)

No. Offspring and parents Ash
(%)

Pr
(%)

Oil
(%)

SoCa
(%)

NoSoCa
(%)

E Vit
(mg · 100g–1 FW)

51 ‘MMar34’ 3.40 21.78 60.33 4.15 5.34 173.00

52 ‘MMar35’ 2.56 16.43 53.63 3.82 5.18 89.00

53 ‘MMar36’ 3.41 18.28 56.34 2.10 5.20 135.00

54 ‘MMar37’ 3.09 25.12 52.90 3.46 4.53 211.00

55 ‘MMar38’ 3.08 18.45 58.66 4.24 5.47 117.00

56 ‘MMar39’ 3.12 18.00 60.46 4.51 5.65 129.00

57 ‘MMar40’ 3.31 23.00 59.00 3.76 5.97 141.00

58 ‘MMar41’ 2.97 17.58 60.33 1.99 6.53 120.00

59 ‘MMar42’ 3.38 19.25 53.63 1.02 5.50 114.00

60 ‘MMar43’ 3.15 16.71 54.98 3.93 6.13 166.00

61 ‘Mamaei’ 2.75 15.95 61.30 1.54 4.90 109.00

62 ‘Marcona’ 3.24 25.16 56.02 0.64 6.57 141.00

PR protein, SoCa soluble carbohydrate, NoSoCa non-soluble carbohydrate, E Vit E vitamin

The range of kernel oil percentage from 47.93%
(‘MarM10’) to 62.94% (‘MMar17’) (Table 5). These re-
sults agree with those reported by Kodad et al. (2013) that
the total almond kernel oil content varied from 48.7% to
64.59% in Spanish almond cultivars. Saura-Calixto et al.
(1981) observed that the average kernel oil content was
53.37%. Martínez-Gómez et al. (2002) reported that 12 va-
rieties of almonds contained between 30% and 51% oil.
Khojand et al. (2022) stated that the kernel oil content
changed from 53.67% to 54.26%. In some other studies,
the quantity of P. dulcis oil was determined in the range of
45.9% to 61.7% (Mehran and Filssof 1974; Khojand et al.
2022).

Also, in this study, the highest content of kernel vi-
tamin E was related to ‘MarM4’ (220mg · 100g–1 FW)
(Tables 3 and 5). Furthermore, the range of kernel vita-
min E varied from 71 to 220mg · 100g–1 FW and its average
content was 125.82mg · 100g–1 FW (Tables 3 and 5). Stud-
ies show that the concentration of tocopherol as a precursor
of vitamin E in almond oil depends on the genotype and
climatic conditions of the year under investigation, as well
as the environmental conditions of the region (Kodad 2008;
Kodad and Socias i Company 2008; Vargas et al. 2009;
Kodad et al. 2013). Different results have been obtained
based on different cultivars and genotypes in other coun-
tries (Kodad et al. 2018; Pérez-Sánchez and Morales-Corts
2021).

Simple Correlation Coefficients of Traits

The correlation coefficients between the measured traits in-
dicated positive and negative correlations between some
characteristics. The results of this analysis are shown in
Tables 6, 7 and 8. The weight of the nut showed a signif-
icant relationship with length, and size of the nut, which

is consistent with the results of other researchers (Rasouli
et al. 2013; Khadivi-Khub and Etemadi-Khah 2015; Gouta
et al. 2019). The length of the nut had a significant corre-
lation with the thickness of the nut (r= 0.6), kernel length
(r= 0.65), and kernel width (r= 0.36). Also, the thickness
of the nut showed a positive correlation with the mentioned
properties of the kernel, which was consistent with the re-
sults of Hajivand (2020).

The traits of the kernel showed a positive and signif-
icant correlation with each other. The length of the ker-
nel showed a positive and significant correlation with the
width (r= 0.57), thickness (r= 0.27), as well as weight of
the kernel (r= 0.59), which was consistent with Khadivi
et al. (2019b) experiment (Tables 6, 7 and 8). As expected,
a significant positive correlation between the nut weight
and shell thickness (r= 0.48) and the nut size (r= 0.41) (Ta-
bles 6, 7 and 8). Also, a positive and significant corre-
lation was observed between the nut size and kernel size
(r= 0.48), which was consistent with the results of Mosavi
et al. (2009). In general, the morphological traits of nut and
kernel are significantly related to each other, while these
traits showed no significant relationship with biochemical
parameters. The studies showed no significant correlation
between kernel weight and shell softness; these two factors
act independently (Khadivi et al. 2019b).

The results of Tables 6, 7 and 8 show that the thicker the
shell of the nut, the hardness of the shell increases. Dicenta
and Garcia (1992) related the shell of the fruit to the con-
tent of lignin deposited in the endocarp during fruit devel-
opment. They stated that a dominant gene controls softness
of the shell with two alleles (D: very hard shell, d: pa-
per-like shell). Also, a significant correlation was between
the thickness of the shell and kernel pubescence, kernel
color, and the percentage of double kernel. These results
are consistent with the results of Rasouli et al. (2019) and
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Table 6 Pearson’s correlation between studied traits in almond cultivars and offspring

Trait NEW NL NWI NTH KWE KL KW KTH KDW KHP SWE

NWE 1 – – – – – – – – – –

NL 0.402** 1 – – – – – – – – –

NWI 0.312* 0.502* 1 – – – – – – – –

NTH 0.329** 0.611** 0.874** 1 – – – – – – –

KWE 0.698** 0.251* 0.195 0.332** 1 – – – – – –

KL 0.490** 0.676** 0.134 0.232 0.442** 1 – – – – –

KWI 0.620** 0.361** 0.446** 0.469** 0.502** 0.571** 1 – – – –

KTH 0.410** 0.035 0.082 0.246 0.693** 0.275* 0.390** 1 – – –

KDW 0.523** 0.456** 0.176 0.374** 0.766** 0.593** 0.456** 0.562** 1 – –

KHP 0.426** –0.051* 0.003 –0.013 0.416** 0.117 0.276* 0.219 0.040 1 –

SWE 0.961** 0.398** 0.309* 0.277* 0.471** 0.432** 0.569* 0.236 0.347** 0.363** 1

STH 0.484** 0.023 0.379** 0.2500 0.015 –0.006 0.342** –0.140 –0.178 0.260* 0.591**

ASH 0.382** –0.038 0.237 0.137 0.063 0.091 0.387** 0.076 –0.088 0.258* 0.446**

DK 0.133 0.296* –0.051 0.209 0.393** 0.340** 0.148 0.466** 0.490** –0.001 0.011

Pr 0.173 0.031 0.069 0.056 –0.016 0.044 0.165 –0.015 –0.116 0.064 0.219

Oil –0.111 –0.075 –0.001 0.001 0.016 –0.008 –0.018 0.140 0.080 –0.029 –0.144

Trait NEW NL NWI NTH KWE KL KW KTH KDW KHP SWE

SoCa –0.152 –0.180 –0.231 –0.162 –0.018 –0.059 –0.077 0.104 –0.095 0.111 –0.180

NoSoCa –0.128 0.106 0.137 0.176 –0.217 0.096 0.115 –0.142 –0.098 –0.143 –0.074

E Vit 0.126 0.129 0.096 0.075 0.006 0.132 0.191 –0.014 0.092 –0.053 0.152

NS 0.415** 0.444** 0.309* 0.372** 0.285** 0.314* 0.322* 0.061 0.302* 0.131 0.401**

NSH –0.131 0.235 –0.265* –0.093 –0.074 0.176 –0.109 –0.260* 0.009 –0.262* –0.132

SCI 0.026 0.186 0.295* 0.303* 0.044 0.034 0.064 –0.120 0.109 0.029 0.015

SR 0.098 –0.002 0.048 0.041 0.030 –0.016 –0.003 0.111 0.056 –0.055 0.109

MOS 0.076 –0.202 –0.081 –0.192 0.048 –0.266* –0.186 –0.067 –0.030 0.038 0.075

SSH –0.423** –0.210 –0.171 –0.137 –0.090 –0.162 –0.200 0.074 –0.091 –0.103 –0.485**

KS 0.483** 0.155 0.167 0.058 0.370** 0.307* 0.362** 0.016 0.253* 0.374* 0.451**

KSH –0.070 –0.168 0.245 0.161 –0.059 –0.192 0.121 –0.087 0.008 0.056 –0.063

SK 0.028 0.052 0.086 0.083 –0.097 0.055 0.147 –0.118 –0.079 –0.026 0.072

KPU 0.165 –0.077 0.081 0.122 –0.010 –0.044 0.120 0.056 0.068 –0.040 0.207

KT –0.098 –0.213 –0.235 –0.255* –0.022 0.045 0.033 0.017 –0.093 0.181 –0.129

KCI –0.124 0.128 0.141 0.136 –0.258* –0.048 –0.052 –0.217 –0.077 –0.230 –0.052

*, ** significantly different at 5% and 1% of probability levels, respectively

Mosavi et al. (2009). The results showed significant cor-
relation between the percentage of double kernel, nut size
(r= 0.31), nut shape (r= 0.20), and kernel shape (r= 0.30).
A significant positive correlation was between shriveling
kernel and shell retention (r= 0.26) of the kernel. Also, ker-
nel pubescence significantly correlated with kernel shrivel-
ing (r= 0.32) (Tables 6, 7 and 8).

On the other hand, there was a significant negative corre-
lation between softness of shell with nut weight (r= –0.42),
shell weight (r= –0.48), shell thickness (r= –0.32), and pro-
tein percentage (r= –0.28). In other words, the offspring
with hardness shell, nut weight, shell weight, and thick-
ness were less. Also, the percentage of double kernel had
a significant negative correlation with the shell thickness
(r= –0.35) (Tables 6, 7 and 8). Therefore, the offspring with
a higher double kernel percentage had less shell thickness.

These results are somewhat aligned with the findings of
Mosavi et al. (2009), Rasouli et al. (2019), and Khadivi
et al. (2019a).

The high correlation coefficients between morphological
and important traits from the perspective of fruit growing
(such as fruit, kernel, leaf size, and phenology) have been
reported in other species of the genus Prunus such as plums,
peaches, and cherries. Accordingly, it can be concluded that
these traits have a similar effect in determining crop poten-
tial as well as germplasm differentiation. In addition, these
results can be used in breeding programs or identification of
ecotypes of almonds in field studies (Khadivi et al. 2019a).
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Table 7 Pearson’s correlation between studied traits in almond cultivars and offspring

Trait STH ASH DK Pr Oil SoCa NoSoCa E Vit NS NSH SCI SR MOS SSH

STH 1 – – – – – – – – – – – – –

ASH 0.613** 1 – – – – – – – – – – – –

DK –0.353** –0.233 1 – – – – – – – – – – –

Pr 0.235 0.188 0.135 1 – – – – – – – – – –

Oil –0.168 –0.152 0.285* 0.006 1 – – – – – – – – –

SoCa –0.307* 0.043 –0.033 –0.033 0.031 1 – – – – – – – –

NoSoCa 0.142 –0.114 0.141 0.154 0.148 –0.130 1 – – – – – – –

E vit 0.083 0.115 0.048 0.235 –0.049 –0.264* –0.004 1 – – – – – –

NS 0.158 0.006 0.318* 0.072 –0.034 –0.080 0.154 0.123 1 – – – – –

NSH –0.204 0.279* 0.202 0.014 –0.059 0.011 0.171 0.128 0.213 1 – – – –

SCI 0.062 0.087 –0.065 –0.180 –0.097 0.062 0.124 0.031 0.076 –0.128 1 – – –

SR –0.021 0.136 0.084 –0.051 –0.242 0.083 –0.250* –0.001 –0.093 –0.239 0.090 1 – –

MOS 0.014 –0.115 –0.128 –0.182 0.128 –0.143 –0.179 –0.043 0.022 –0.145 0.169 –0.100 1 –

SSH –0.325** –0.230 0.007 –0.285* 0.048 0.214 –0.069 –0.197 –0.320* 0.124 –0.150 –0.101 –0.116 1

KS 0.309* 0.149 –0.168 –0.013 –0.217 –0.095 0.033 0.238 0.411** 0.065 –0.073 –0.209 0.028 –0.199

KSH 0.185 0.171 –0.301* –0.229 –0.054 0.111 0.164 0.031 –0.209 –0.365** 0.304* 0.137 0.163 0.092

SK 0.198 –0.044 –0.040 0.193 –0.138 0.071 0.216 0.213 –0.032 –0.079 0.208 0.265* –0.146 –0.025

KPU 0.428** 0.252* –0.136 0.123 –0.180 –0.161 0.007 0.321* 0.000 –0.145 0.161 0.200 –0.060 –0.109

KT –0.160 –0.074 –0.058 –0.287* 0.156 0.034 0.020 –0.021 –0.089 0.005 –0.118 –0.181 0.028 0.014

KCI 0.223 0.068 –0.063 0.199 0.014 –0.186 0.080 –0.045 0.261* 0.041 0.108 –0.091 –0.009 –0.061

*, ** significantly different at 5% and 1% of probability levels, respectively

Table 8 Pearson’s correlation between studied traits in almond cultivars

Trait KS KSH SK KPU KT KCI

KS 1 – – – – –

KSH 0.080 1 – – – –

SK –0.074 0.177 1 – – –

KPU –0.028 0.091 0.321* 1 – –

KT 0.092 –0.101 –0.113 –0.089 1 –

KCI –0.102 –0.065 0.179 0.173 –0.192 1

*, ** significantly different at 5% and 1% of probability levels, respectively

Factor Analysis

Tables 9 and 10 shows the results of factor analysis, among
which the first, second, and third factors showed the high-
est contribution to the explanation of variance. The relative
variance of each factor indicates the importance of that fac-
tor in the total variance of the studied traits and is expressed
as a percentage. In factor analysis, a total of 10 main and
independent factors, whose eigenvalues were more than 1,
were able to explain 74.45% of the total variance (Tables 9
and 10). Some evaluated traits such as weight, length, width,
thickness and size of nut and weight, length, width, kernel
dry weight, and shell weight, were in the first-factor group,
which explained 21.73% of the variance (Tables 9 and 10).
The traits such as shell thickness kernel, and double kernel
were in the second-factor group, which explained 10.75%
of the variance (Tables 9 and 10). Some of the nut and ker-
nel properties, which were divided into the first and second

factor groups, played the most significant role in differen-
tiating the progenies from each other. These two factors
together explained 32.49% of the total variance (Tables 9
and 10). The traits, such as kernel humidity percentage,
were in the third-factor group and explained 8.61% of the
total variance (Tables 9 and 10). In the fourth factor group,
the trait of nut shape and kernel shape were included, which
explained 7.34% of the variance, and characteristics such
as kernel pubescence, shriveling of kernel, and shell re-
tention were in the fifth-factor group and explained 5.67%
of the total variance (Tables 9 and 10). The sixth-factor
group (PC6) included no soluble carbohydrates and mak-
ing of outer shell, which explained 4.71% of the variance. In
the seventh factor group (PC7), protein and oil percentages
were included which explained 4.59% of the total vari-
ance. The eighth-factor group (PC8) included vitamin E,
which explained 4.26% of the variance (Tables 9 and 10).
In the ninth-factor group (PC9), soluble carbohydrate was

K



Evaluation of Quantitative, Qualitative, and Biochemical Traits of Almond Offspring from Controlled Reciprocal Crosses Between... 1537

Table 9 Eigenvalues, percentage of variance, and percentage of cumulative variance of the nine main components in this research

Components Eigenvalues Percentage of variance Percentage of variance cumulative

1 7.172 21.732 21.732

2 3.550 10.759 32.491

3 2.841 8.610 41.101

4 2.423 7.342 48.444

5 1.873 5.674 54.118

6 1.555 4.711 58.829

7 1.516 4.593 63.422

8 1.408 4.268 67.690

9 1.202 3.642 71.332

10 1.031 3.125 74.456

Table 10 Coefficients related first to 10 main components of almond cultivars and offspring

Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10

Nut weight 838.0 0.160 –0.366 –0.145 0.022 –0.158 –0.006 –0.044 0.076 0.004

Nut length 0.596 0.194 0.526 –0.157 –0.049 –0.084 0.223 –0.210 0.036 –0.084

Nut width 0.667 –0.371 0.387 0.258 –0.239 –0.022 –0.135 –0.130 –0.129 –0.150

Nut thickness 0.696 –0.151 0.513 0.277 –0.100 –0.010 –0.108 –0.103 –0.081 –0.064

Kernel weight 0.642 0.541 –0.237 0.240 0.001 –0.088 0.007 0.051 –0.020 0.056

Kernel length 0.577 0.456 0.125 –0.192 0.102 0.218 0.244 –0.021 0.042 0.070

Kernel width 0.807 0.069 –0.079 0.039 0.025 0.361 –0.033 0.072 –0.060 0.067

Kernel thickness 0.402 0.511 –0.180 0.421 0.255 0.004 –0.274 0.108 –0.113 0.125

Kernel dry weight 0.590 0.561 0.106 0.218 0.079 –0.148 0.177 0.202 –0.075 0.128

Kernel humidity per-
cent

0.317 0.109 –0.581 0.041 –0.162 0.194 –0.090 –0.096 0.260 –0.038

Shell weight 0.783 –0.014 –0.358 –0.272 0.027 –0.161 –0.011 –0.075 0.102 –0.016

Shell thickness 0.492 –0.617 –0.285 –0.282 –0.074 0.034 –0.173 –0.020 –0.032 0.179

Double kernel percent 0.194 0.643 0.352 0.033 0.281 –0.069 –0.230 0.179 0.180 –0.049

Ash 0.410 –0.421 –0.398 –0.029 0.139 0.132 –0.166 –0.210 –0.011 0.094

Protein 0.184 –0.140 0.028 –0.430 0.399 0.092 –0.482 –0.048 0.140 –0.254

Oil –0.104 0.258 0.154 0.131 –0.198 0.076 –0.571 0.384 0.155 0.003

Soluble carbohydrate –0.221 0.146 –0.149 0.306 0.168 0.337 0.115 –0.339 0.476 0.043

Non-soluble carbohy-
drate

0.055 –0.150 0.421 –0.209 –0.153 0.487 –0.114 0.321 0.251 –0.068

E Vitamin 0.229 –0.099 0.029 –0.324 0.227 0.034 0.185 0.445 –0.346 –0.371

Nut size 0.517 0.176 0.233 –0.354 0.227 0.034 0.185 0.445 –0.346 –0.371

Nut shape –0.169 0.333 0.361 –0.525 –0.030 –0.117 0.288 –0.101 –0.066 0.059

Shell color intensity 0.209 –0.302 0.212 0.302 –0.117 –0.122 0.375 0.210 0.431 –0.005

Shell retention 0.089 –0.145 –0.084 0.313 0.589 –0.279 0.232 –0.133 0.099 –0.176

Marking of outer shell –0.100 –0.048 –0.270 0.087 –0.419 –0.553 0.024 0.374 0.181 –0.010

Softness of shell –0.392 0.147 0.131 0.386 0.015 0.311 0.069 –0.123 –0.325 0.338

Kernel size 0.457 0.086 –0.329 –0.318 –0.387 0.174 0.299 –0.036 –0.110 –0.051

Kernel shape 0.085 –0.459 –0.095 0.512 –0.180 0.207 0.235 0.239 0.063 –0.100

Shriveling of kernel 0.132 –0.363 0.117 –0.031 0.474 0.257 0.233 0.273 0.286 0.065

Kernel pubescence 0.228 –0.402 –0.114 –0.077 0.436 –0.079 0.098 0.379 –0.198 0.300

Kernel taste –0.194 0.249 –0.289 –0.036 –0.288 0.330 0.053 0.254 –0.068 0.036

Kernel color intensity 0.030 –0.334 0.371 –0.253 0.002 –0.211 –0.124 0.017 0.113 0.630
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Fig. 7 Dendrogram showing re-
lationship between 62 cultivars
and offspring of almond based
on studied traits using clus-
ter analysis by Ward method.
MMarMamaei; Marcona

The First group

The Second group

1

2

3

4

included, which explained 3.64% of the total variance in
the tenth-factor (PC10), the traits of kernel color were po-
sitioned with 3.12% variance (Tables 9 and 10).

Rasouli et al. (2019) reported that the nut and kernel
traits played an important role in grouping of almond geno-
types and cultivars and were effective traits in factor anal-
ysis. Khadivi et al. (2019b) used factor analysis to eval-

uate the morphological diversity of different cultivars of
almonds. They reported the nut and kernel traits as impor-
tant and effective features in this analysis, which is con-
sistent with the study results. Khadivi-Khub and Etemadi-
Khah (2015), in a study investigating the phenotypic di-
versity in the germplasm of selected cultivars of almonds,
reported that factor analysis reduced the evaluated traits to
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three main factors, including the nut and kernel properties
including length, width, and dry weight of the nut and ker-
nel as well as the percentage of double kernel were reported
as effective factors on the differences between the studied
progenies. The results of the present study also show that
the traits of the nut and kernel played the most role in factor
analysis (Imani and Shamili 2018a).

Cluster Analysis

This study performed cluster analysis based on all mea-
sured traits (Table 2) by Ward’s method (Fig. 7). At 25 Eu-
clidean distance, the progenies were divided into two main
groups, which were important factors in differentiating cul-
tivars from each other in this distance, such as the nut
length, width, shape, protein content and protein content,
and kernel taste. By reducing the distance from 25 to eight
progenies were divided into four main groups. The impor-
tant factors for differentiation in this distance were traits
such as the nut length, width, and thickness, kernel weight,
length, width, dry weight, shell thickness, size, taste, pro-
tein content, oil percentage, and vitamin E.

Group 1:

This included the highest number of progenies, i.e., 28 pro-
genies out of 60 progenies studied are in this group, includ-
ing: ‘MMar19’, MMar32, MarM12, MarM14, ‘MMar32’,
‘MMar40’, ‘MarM1’, ‘MMar36’, ‘MMar3’, ‘MMar26’,
‘MMar1’, ‘MMar4’, MMar22, MMar5, ‘MMar29’, ‘M-
Mar42’, ‘MarM4’, ‘MarM7’, ‘MarM16’, ‘MMar6’, ‘M-
Mar10’, ‘MMar12’, ‘MMar39’, ‘MMar43’, ‘MarM9’, ‘M-
Mar16’, and ‘MarM3’. In general, these progenies were
similar in terms of most of the measured traits, especially
the traits related to nut and kernel, and had semi-hard shell,
medium to small size of nut and kernel, light color of shell,
medium percentage of protein, and oil, as well as and low
vitamin E content.

Group 2:

Nine progenies out of 60 progenies studied are in this group,
including: ‘MMar18’, ‘MMar20’, ‘MMar35’, ‘MMar34’,
‘MarM13’, ‘MMar14’, ‘MMar8’, ‘MMar9’, and ‘MMar30’.
This group had longer nut and kernel length, medium nut
and kernel size, less shriveling, non-shell retention, high
percentage of humidity and oil. Also, MMar9, which had
the most soluble carbohydrates, was included in this group.

Group 3:

This included progenies ‘MMar11’, ‘MMar38’, ‘MMar2’,
‘MMar25’, ‘MarM5’, ‘MarM15’, ‘MMar13’, and ‘Mar-

cona’ cultivar. The progeny of this group had elongated nut
shape, sweeter taste, medium kernel color and high ash and
oil percentage. ‘MarM15’ progeny with the highest amount
of vitamin E (220mg · 100g–1 FW) and ‘Marcona’ parent
with the highest amount of protein (25.16%) were included
in this group.

Group 4:

Offspring ‘MMar33’, ‘MMar41’, ‘MMar17’, ‘MarM17’,
‘MarM2’, ‘MMar31, ‘MMar37’, ‘MMar21’, ‘MarM8’, ‘M-
Mar24’, ‘MMar7’, ‘MarM6’, ‘MMar28’, ‘MarM10’, ‘M-
Mar15’, ‘MMar27’, and ‘Mamaei’ cultivar were included
in this group. The progeny of this group had the largest
nut and kernel size, round to elongated nut shape, light to
dark kernel color, as well as the highest amount of protein
and insoluble carbohydrates. ‘MMar24’ progeny with the
highest kernel weight (2.51g) and ‘MarM17’ with paper
skin were included in this group. ‘MarM6’ and ‘MMar28’
progenies, which had more similar characteristics, were put
together.

In cluster analysis, individuals in a cluster have many
similarities in terms of the studied traits but fewer sim-
ilarities with individuals in separate clusters in terms of
that trait (Dejampour et al. 2018). In a study, phenotypic
diversity of 100 Iranian seed genotypes of almonds was in-
vestigated (Rasouli et al. 2019). The study results showed
that the properties of the nut and kernel, including the nut
shape, shell softness, and percentage of double kernel were
among the important traits in distinguishing cultivars and
genotypes from each other (Rasouli et al. 2019). In an-
other study, the morphological characteristics of 55 Ira-
nian and foreign almond cultivars were studied in terms of
29 quantitative and qualitative traits of the nut and kernel.
The cluster analysis results divided the studied traits, geno-
types, and cultivars into six main groups. The important
factors in separating the main clusters, such as the present
study, were traits such as fruit length and shape, thickness,
and softness of shell (Mosavi et al. 2009). Although the
measured biochemical characteristics were also effective
in grouping the progeny, and in the meantime, vitamin E
content, oil percentage, and proteins were more effective
traits. Pérez-Sánchez and Morales-Corts (2021) reported in
the central-western Iberian Peninsula the almond cultivars
‘Gorda José’ and ‘Marcelina’ fruits were quite heavy (nuts:
>9.1g; kernels: >1.9g), with very low percentages of dou-
ble kernels (<3%) and high nutritional value (>50% lipids;
>21% proteins). These reports showed the importance of
fruit and kernel traits and their biochemical compounds in
introducing superior cultivars, which aligns with the present
research findings. Furthermore, the PCA and cluster anal-
ysis results showed that agromorphological and chemical
analysis could provide reliable information on the variabil-
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Table 11 Some important traits of the 16 superior offspring selected among the 62 almond cultivars and progenies

Offspring Nut
weight
(g)

Kernel
weight
(g)

Kernel
length
(mm)

Softness of
shell
(code)

Nut size
(code)

Double
kernel
(%)

Kernel color
intensity
(code)

Oil
(%)

Vitamin E
(mg · 100g–1

FW)

‘MarM2’ 5.26 1.53 23.61 Intermediate Large 20 Light 52.30 140

‘MarM5’ 6.35 1.51 22.75 Intermediate Intermediate 0 Intermediate 56.60 155

‘MarM6’ 5.88 1.66 22.62 Extremely
hard

Large 30 Intermediate 55.60 155

‘MarM8’ 5.22 1.60 26.46 Intermediate Large 30 Light 57.76 86

‘MarM10’ 5.99 1.68 22.12 Extremely
hard

Large 10 Intermediate 47.93 112

‘MarM12’ 2.97 1.03 19.97 Intermediate Small 10 Dark 56.37 74

‘MarM17’ 3.78 1.71 20.40 Paper Intermediate 40 Light 60.50 110

‘MMar2’ 5.48 1.62 23.25 Intermediate Intermediate 20 Intermediate 59.93 163

‘MMar7’ 6.97 1.55 26.71 Hard Large 40 Intermediate 55.20 84

‘MMar14’ 5.99 1.62 16.62 Hard Intermediate 0 Intermediate 55.20 107

‘MMar15’ 5.81 1.81 23.46 Hard Intermediate 60 Dark 59.70 130

‘MMar24’ 5.90 2.51 25.65 Intermediate Intermediate 50 Intermediate 58.98 96

‘MMar25’ 6.50 1.62 24.46 Hard Intermediate 0 Intermediate 56 192

‘MMar27’ 7.60 1.92 25.05 Hard Large 60 Intermediate 57.83 210

‘MMar28’ 7.13 2.01 22.48 Extremely
hard

Large 60 Light 57.87 85

‘MMar33’ 5.47 1.70 22.81 Intermediate Intermediate 60 Light 62.08 172

ity in almond genotypes (Pérez-Sánchez and Morales-Corts
2021), which was mainly following the findings of this re-
search in cluster analysis.

Finally, in Table 11, according to investigated important
traits, 16 superior offspring were selected along with their
parents from among the 62 almond cultivars and progeny.
The range of nut weight in the 16 selected superior pro-
genies varied between 3.8g (‘MarM12’) to 7.60g (‘M-
Mar27’) (Table 11). Moreover, the range of kernel weight
ranged from 1.51g (‘MarM5’) to 2.51g (‘MMar24’), dou-
ble kernel percentage from 0 to 60%, oil percentage from
47.93% (‘MarM10’) to 62.08% (‘MMar33’), and vita-
min E content varied from 74mg· 100g–1 FW (‘MarM12’)
to 210mg · 100g–1 FW (‘MMar27’). The results of mean
comparison showed that in the width (30.32mm) and nut
thickness (24.41mm), offspring of ‘MarM17’ and in the
traits of nut length (39.54mm) and kernel weight (2.51g),
‘MMar7’ and ‘MMar24’ were higher than the parents and
other offspring, respectively (Tables 3 and 11, Fig. 8).
While the ‘Mamaei’ parent had longer kernel (26.79mm)
and ‘MarM5’ offspring had wider kernel (16.86mm). Also,
‘MarM15’ offspring had more vitamin E (220mg · 100g–1

FW), ‘MMar33’ offspring had more oil (62.08%) and
‘MarM5’ offspring had more ash among selected superior
progenies (Table 11, Fig. 8). Based on the results, the
change of place between the maternal and paternal parents
did not greatly affect the almond offspring’s important nut
and kernel traits that resulted from controlled reciprocal
crosses between ‘Mamaei’ and ‘Marcona’ cultivars. How-

ever, some offspring were superior to parents in nut and
kernel traits that can be relative to hybrid vigor. This work
constitutes an important step in using superior progeny in
future almond breeding programs to obtain cultivars with
superior nut and kernel quality.

Conclusion

In this research, 60 offspring resulting from controlled
reciprocal crosses between ‘Mamaei’ and ‘Marcona’ as
two commercial almond cultivars, along with their parents,
were evaluated in terms of quantitative, qualitative, and
biochemical traits of nut and kernel, so that the superior
offspring identified be exploited in future almond breeding
programs. The studied progenies showed high phenotypic
diversity and, therefore, can be used as a potential source
of germplasm in almond breeding. According to some im-
portant and commercial traits of almonds such as nut and
kernel weight, nut and kernel size, percentage of shell, oil
content, average carbohydrates content, vitamin E content,
and percentage of double kernel, 16 offspring, includ-
ing ‘MarM2’, ‘MarM4’, ‘MarM5’, ‘MarM6’, ‘MarM8’,
‘MarM10’, ‘MarM17’, ‘MMar2’, ‘MMar6’, ‘MMar7’, ‘M-
Mar15’, ‘MMar24’, ‘MMar25’, ‘MMar27’, ‘MMar28’, and
‘MMar33’ with parents ‘Mamaei’ and ‘Marcona’ cultivars,
were relatively superior to other offspring. Therefore, it is
recommended to use them as parents in breeding programs,
as well as after regional evaluations and observing the
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Fig. 8 Nut and kernel of
superior almond progenies:
a ‘MarM11-15’(‘MarM6’)
b ‘MarM11-17’ (‘MarM5’)
c ‘MarM11-27’(‘MarM2’)
d ‘MMar13-2’ (‘MMar24’)
e ‘MMar13-23’(‘MMar14’)
f ‘MMar13-31’(‘MMar28’)

a b

c d

e f

stability of traits in selected superior offspring, for the use
of breeders and almond producers.
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