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Abstract: Evaluating genetic diversity in walnut (Juglans regia L.) populations is a rapid approach
used by walnut breeding programs to distinguish superior genotypes. The present study identified
the Hamedan province walnut population as one of the richest, most genetically diverse regions in
Iran during 2019-2020. After initial screening, 47 genotypes were selected for further evaluation of
pomological and phenological traits based on International Plant Genetic Resources Institute
(IPGRI) descriptors. Nut and kernel weights among the selected genotypes ranged between 7.15-
21.05 g and 3.0-10.8 g, respectively. Principal component analysis (PCA) categorized genotypes into
three distinct groups while cluster analysis (CA) further categorized genotypes into one of four
groups. Spearman correlation analysis showed a positive correlation (P <0.01) between nut weight
(NWT), nut size, and kernel weight (KW) while a negative correlation (P <0.01) between shell thick-
ness (STH) and packing tissue thickness (PTT) with kernel percentage (KP) was observed. Lastly, 10
of 47 genotypes (TALS, TAL9, TAL10, TAL14, TAL19, TAL22, TB2, TB4, TB6, and RDGHS5) were
considered superior. Superior genotypes were late-leafing (25-40 days after the standard) and dis-
played a lateral bearing (LB) habit with heavy nuts (12.52-16.82 g) and kernels (6.53-8.15 g), thin-
shells (1.06-1.25 mm), and lightly-colored kernels. Cuttings of superior genotypes were then grafted
in the orchard. Detecting superior and late-leafing genotypes in this investigation suggests cultivars
resistant to late-spring frost may soon be isolated.

Keywords: Walnut diversity; germplasm evaluation; late-leafing; pomological characteristics; supe-
rior genotypes

1. Introduction

Genetic diversity, which supports and complements species and ecological diversity,
is the cornerstone of the three levels of biodiversity [20]. Genetic diversity protects species
and ecosystems from sudden changes and allows them to adapt to changing environ-
ments, climates (consider the late-spring frost), and other challenges [20]. The large ge-
netic diversity of walnuts in Iran might be related to the plant's climate variability [38].

Late-spring frost is a primary factor limiting walnut production in Iran and other
temperate zones. Growers have several active and passive strategies used to alleviate the
negative effects of frost damage [10]. A strategy to limit damage severity resulting from
this phenomenon is use of late-leafing cultivars [13]. Therefore, the most efficient way to
deal with late-spring frost is to consider genetic potential, which is a reliable and sustain-
able method [1, 26, 37].

Genetic diversity exploitation and germplasm screening are rapid breeding strategies
utilized to address fruit tree production challenges [43]. Genetic diversity among walnuts
in Iran is both substantial and expected since the country serves as one of the species'
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origins [11, 42]. Thus, Iran is regarded as a rich natural source of walnut germplasm for
development of superior genotypes [42].

Delayed spring budbreak reduces tree damage from late-spring frost. It is highly
likely late-leafing genotypes that are also late-spring frost resistant exist within this vast
germplasm. The natural abundance of rich walnut germplasm in Iran allows breeding
programs to identify and develop late-leafing and standard commercial varieties [13, 41].

The centralized walnut breeding program in Iran was started at the Institute of Hor-
ticultural Sciences Research Institute (HSRI) based on germplasm evaluation in 1983 and
led to the development of Iran’s first two walnut cultivars ‘Jamal’ and ‘Damavand’ (a pol-
linizer) [6]. Only 39 promising late-leafing and lateral bearing (LB) walnut genotypes were
selected from more than 41,000 ha of walnut plantations in different regions of Iran during
the second phase of the breeding program [19]. Phenological and pomological traits for
the selected genotypes were studied until 2018. Then, in 2019, four new cultivars named
‘Persia’, ‘Caspian’, ‘Alvand’, and ‘Chaldoran” were released [18]. In parallel with this
work, other researchers evaluated seed-originated populations across the different re-
gions of Iran [11, 16, 18, 26, 29, 36]. Ebrahimi et al. [11] evaluated a seedling walnut pop-
ulation and introduced 14 genotypes out of 61 late-leafing trees selected. Another breed-
ing trait study led to introduction of the two late-leafing genotypes FaBaAg1 and FaBaAv2
[27]. In Turkey, a hybridization program between the ‘Chandler’ and ‘Maras18’ cultivars
sought to develop late-leafing cultivars with superior nut traits and early harvest dates.
Phenological and pomological evaluations resulted in introduction of the ‘Helete Gunesi’
cultivar with a leafing date (LD) of 22 April, harvest date of 17 September, nut weight
(NWT) of 13.41 g, and a kernel percentage (KP) of 53.39% [40].

The province of Hamedan in western Iran is the largest producer of walnuts. Like
other provinces in the country, walnut trees are located in traditional open-pollination
orchards. Therefore, considerable genetic diversity within breeding traits, especially LD,
can be found in this population. A primary anthropogenic issue in this region is many
worldwide is late-spring frost. Our primary objective in this study is to identify a reliable
method for identification of superior and late-leafing walnut genotypes by exploiting the
genetic diversity within the region. With these data, we hope to identify and develop pop-
ulations resistant to or unaffected by late-spring frost.

2. Materials and Methods
2.1. Plant materials

This research was conducted from 2018 to 2019 in the Hamedan province of Iran, a
leading center of walnut genetic diversity. Pre-evaluations were made on 180 trees among
30-50 year old genotypes from the main walnut-producing areas of Hamedan, including
Tuyserkan, Razan and Korzan based on phenotypic traits (Fig. 1). The geographical lo-
cation and climatic conditions for these areas were reported (Table 1 and Fig S1 a-c)
(https://www.worldweatheronline.com, http://www.sinamet.ir). The early selection
looked for a certain height, form, location from another tree, and locales with Late-spring
frost. A total of 47 genotypes were chosen for further evaluation of phenotypic and pom-
ological qualities. These genotypes were named based on region (Table 2).
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Superior genotypes

Figure 1. Map of walnut germplasm evaluation locales in Hamedan, Iran and superior genotypes
in this research.

Table 1. Environmental conditions for the regions of Hamedan province where walnut genotypes were selected for study.

High Temp Low Temp Annual Temp
Origin Altitude Annual Rainfall
. Latitude  Longitude average average average
(City) (m) (mm)
(€ (C°) (C)

Tuyserkan 34°54'98"  48°45'37" 1780 355 17.75 7 12.35

Razan 35°39'14"  49°03'37" 1850 338 16.33 5.58 10.95

Korzan 34°35’30"  48°21'10" 1790 361 18.08 7 12.54

Table 2. Names and origins of the 47 walnut accessions evaluated in this study.

Origin Origin Origin Origin
Genotype . Genotype . Genotype . Genotype .

(City) (City) (City) (City)
TAL1 Tuyserkan TAL19 Tuyserkan TB11 Tuyserkan KG5 Korzan
TAL2 Tuyserkan TAL20 Tuyserkan TAL12 Tuyserkan KG6 Korzan
TAL3 Tuyserkan TAL21 Tuyserkan TAL13 Tuyserkan KG10 Korzan
TAL4 Tuyserkan TAL22 Tuyserkan TB2 Tuyserkan KG16 Korzan
TAL5 Tuyserkan TAL23 Tuyserkan TB3 Tuyserkan KG18 Korzan
TAL6 Tuyserkan TAL24 Tuyserkan TB4 Tuyserkan KG19 Korzan
TALS Tuyserkan RD1 Razan TB5 Tuyserkan KG26 Korzan
TAL9 Tuyserkan RD2 Razan TB6 Tuyserkan KG27 Korzan
TAL10 Tuyserkan RD3 Razan KG1 Korzan KG70 Korzan
TAL11 Tuyserkan RD4 Razan KG2 Korzan KG111 Korzan
TAL14 Tuyserkan RDGH5 Razan KG3 Korzan KG373 Korzan
TAL15 Tuyserkan TB1 Tuyserkan KG4 Korzan

2.2. Pomological and phenological traits

Morphological and pomological characteristics were assessed based on IPGRI (Inter-
national Plant Genetic Resources Institute) descriptors [2, 22, 26]. These features included
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LD and LB, NWT, nut size (i.e., nut length (NL), nut width (NWI), and nut diameter (ND)),
shell thickness (STH), packing tissue thickness (PTT), ease of removal of kernel halves
(ERKH), shell seal (SS), kernel weight (KW), KP, kernel color (KC), and shape of nut base
(SNB) (Fig. 2). In order to evaluate leafing time as one of the main traits in this study, the
early-leafing genotype was selected as the reference standard. The LD for this genotype
was March 15. Twenty nuts were harvested from each genotype and evaluated for 2 years
to generate pomological and trait data.
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Figure 2. Dry fruit of persian walnut (juglans regia).

2.3. Taste panel

In addition to selecting for breeding traits, kernel taste (KT) is also a valuable consid-
eration. Nut taste varies widely among walnut genotypes. A group of five panelists con-
ducted tests that included kernel brittleness (KB) and KT 3 months after harvesting. Pan-
elists were then asked to give a score of 0-10 to any sample tested for the above properties
[21, 45]. A score of 10 was given for samples that were tasty and also displayed brittle
kernel.

2.4. Grafting of superior genotypes

After a 2-year primary evaluation (2018-2019), 47 superior genotypes were selected
for detailed pomological and phenological assessment. Of these, 10 superior genotypes
were selected based on key breeding traits such as NWI (> 12.5 g), KW (> 6.5 g), KP (>
48%), STH, KC, ERKH, late-leafing, LB (> 75%), KT, and PB. Cuttings from superior gen-
otypes were prepared in September and grafted onto seed rootstock in the Pakdasht re-
gion of Tehran province under the same growth conditions.

2.5. Statistical analysis

Pomological and phenological data were evaluated for 2 years. Descriptive statistical
analyses were performed using Excel (Version 2019) and SPSS (Version 22) software with
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additional interpretive analyses being completed with R (RStudio 2022). Coefficients of
variation (CV = SD/mean *100) were estimated as the indicator of variability. Using factor
analysis and Varimax rotation methodology [23], factor separation was performed. Factor
coefficients of 0.4 and above were considered significant for each main independent fac-
tor. CA and genotype segregation into groups were performed using the Ward method of
minimum variance based on Squared Euclidean distances calculated after standardization
of data [34]. The R software package was used to construct the dendrogram while Spear-
man’s correlation coefficient was employed to evaluate each genotype for correlations be-
tween pomological and phenological traits. Principal component analysis (PCA) was per-
formed using SPSS software in tandem with the R software package.

3. Results and Discussion
3.1. Description of genotype characteristics

Selection of specific phenotypic features for domestication results in cultivated spe-
cies. Recently, breeding techniques have been successfully exploited and knowledge of
phenotypic heterogeneity has been applied in crop species to produce novel cultivars.
Leafing date (LD), yield, and kernel percentage (KP), for example, have all been employed
as selection factors in walnut breeding efforts [1]. The accession with the earliest leafing
date was used to define LD in this study. Walnut production in temperate zones is often
hampered by the advent of cold temperatures in late-spring. As a result, delay in bud
break increases the chances of crop and canopy survival in harsh years [5, 14].

Individual variability was observed for all quantitatively examined traits (Table 3).
Therefore, genotypes exhibiting different values of a trait could be chosen. PTT had the
largest coefficient of variation (CV =49.93%), whereas LD had the lowest CV (3.22%). The
CV values for NWT, kernel weight (KW), and KP were 11.05, 12.64, and 7.30%, respec-
tively. Arzani et al. [4] and Khadivi et al. [25] reported the highest and lowest CVs for STH
(29 and 31%, respectively) and NWI (10 and 8%, respectively). NWT ranged from 7.15 to
21.05 g among the individual studied walnuts (Table 3). These results were consistent with
those of Shamlu et al. [38]. Sarikhani et al. [37] reported nut weights of 13.2 to 18.8 g while
Mahmoodi et al. [29] reported nut weights of 6.36 to 15.33 g in similar studies. Diverse
average nut weights were described in other investigations as well. For example, Hassani
et al. [18] noted an average NWT of 13.62 g, while Akca and Ozongun [1] reported 15.20
g from Anatolia (Turkey).

Walnut KW and KP ranged from 3.40 to 10.84 g and 30.94 to 69.75%, respectively
(Table 3). Nut size and NWT may affect KP considerably, as indicated by the strong cor-
relations reported [11, 25]. Like NWT, KP is also an indicator of a walnut economic per-
formance in walnut trees [7]. The highest KP seen here (69.75%) was higher than the
63.80% reported by Zeneli et al. [44]. A high KP (> 46%) is a primary walnut breeding
objective [15, 28]. Zeneli et al. [44], Aslantas [5], and Ebrahimi et al. [11] evaluated walnut
germplasms in Albania, Turkey, and Iran, respectively. The authors noted average KP for
superior genotypes to be 63.80% for Albania, 67.14% for Turkey, and 62.18% for Iran.

Ideal walnuts should weigh between 12 and 18 g [9] with an optimal KW of 6.00 to
10.00 g, or at least 50.00% of total NWT [15, 25]. In walnut breeding programs, a highly
desirable KP should be greater than 50.00% [15].

The key objective of this study was to detect late-leafing genotypes with desirable
fruit characteristics and superior trees were selected from all evaluated genotypes. Geno-
types with a LD 25 d after the reference standard (Early-leafing genotype with March 15
LD), LB >75%, NWT > 12.5 g, KW > 6.5 g, KP > 48%, STH < 1.2 mm, packing tissue thick-
nesses (PTT) < 0.22 mm, a light to extra light KC, ERKH, and KT were selected (Table 4).
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Table 3. Descriptive analysis of examined traits in 47 Persian walnut genotypes. (two-year mean values)

Std. De- Vari-

Trait Abbr. Unit Min. Max. Mean L. CV%
viation ance
Nut weight NWT mm 7.15 21.05 13.01 2.54 6.48 11.05
Nut length NL mm 32.59 51.13 38.58 3.74 14.03 15.35
Nut width NWI mm 24.79 41.20 33.98 2.48 6.17 13.66
Nut diameter ND mm 25.00 41.73 34.51 2.98 8.93 14.27
Kernel weight Kw g 3.40 10.84 6.44 1.33 1.77 12.64
Kernel percentage KP g 30.94 69.75 49.69 5.23 27.40 7.30
Shell thickness STH mm 0.80 2.20 1.29 0.26 0.07 12.97
Packing tissue thickness PTT mm 0.04 0.80 0.19 0.12 0.01 49.93
Shape of nut base SNB Code 3.00 9.00 7.56 1.58 2.50 11.17
Ease in removal of kernel
halves ERKH Code 1.00 6.00 2.66 1.54 2.39 17.51
Lateral Bearing LB % 50 100 82.18 12.32 151.9 4.63
Leafing date LD Day 0 40 25.44 9.12 83.20 3.22
Kernel Brittleness KB Code 4 10 8.81 1.36 1.87 5.69
Kernel Taste KT Code 4 10 8.42 1.60 2.56 3.34

One of the most important goals for new cultivars is to improve phenological fea-
tures, particularly LD. Late-leafing genotypes are not only resistant to late-spring frost but
can also grow in mountainous regions where late-spring frosts are common [1]. The su-
perior genotypes selected in this study were mid-leafing and late-leafing genotypes. Ten
genotypes, TALS, TAL9, TAL 10, TAL14, TAL19, TAL22, TB2, TB4, TB6 and RDGHS5, were
considered promising and valuable to future breeding programs. In addition to being late-
leafing, these genotypes also exhibited superior pomological characteristics (Table 4).

LD and LB had the highest variation in this study (Table 3). LD was established using
the early-leafing genotype in each region and basing all study genotypes on this variable.
This study showed superior genotype leafing times to be 25 to 40 d following the reference
standard (Table 4). Although the phenological traits (e.g., LD) depend on environmental
conditions [8], they are highly heritable [17, 32]. Hence, evaluating phenological and other
traits with high heritability can be vital to the success of the germplasm evaluation method
for identification of superior walnut.

STH (0.81-1.25 mm), PTT (0.05-0.13 mm), ERKH, and KC (light-extra light) of the cho-
sen progeny were all within the desirable range for designated superior genotypes with
favorable pomological characteristics. These results are consistent with those previously
obtained to determine superior walnut genotypes [25, 27, 29]. Considerable variation in
nut size and shape was observed across genotypes (Fig. 3).

Table 4. Average of pomological traits (+SE) from 10 superior walnut genotypes in 2018 and 2019.

NWT KW KP NL NWI ND STH PTT
Genotype
(g (g (%) (mm) (mm) (mm) (mm) (mm)
TALS 12.76 +0.82 6.53+041 51.18+1.44 4142+0.79 34.17+0.58 33.87+£0.46 1.08 £0.21 0.21 £0.07

TAL9 14.47 £2.34 779+097 5383+229 4390+0.69 35.06+1.32 3794+1.01 1.20+0.05 0.12 £0.02
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TAL10 14.85+1.33 7.84+087 52.80+1.89 3858+1.09 3471+145 3520+1.35 1.10+0.9 0.24+£0.19
TAL14 16.82+1.29 815+1.40 4845+536 37.58+292 3877+140 40.19+1.09 1.13+0.24 0.18 £ 0.09
TAL19 1572 +1.38 8.07+0.74 51.37+1.62 3732+123 3476+0.75 3644+1.08 1.23+0.03 0.14 £ 0.02
TAL22 15.84 +0.56 798+051 5039+1.45 38.02+046 36.60+038 3836+095 1.19+0.08 0.11 £0.03
TB2 12.77 +1.00 6.87+044 53.83+1.89 4028+3.18 34.23+087 33.38+0.67 1.06+0.12 0.13 £0.02
TB4 13.70 +1.52 756+1.09 5520+£282 4674+1.88 3348+1.17 3280+1.44 1.13+0.06 0.14 £ 0.05
TB6 12.52 +1.30 679070 5424+127 3771+212 3506+1.01 3349+135 1.14+0.21 0.09 £ 0.01
RDGHS5 12.91+0.30 6.55+0.69 50.71+486 3991+1.72 31.82+096 32.63+071 125+0.13 0.10 £ 0.03
Genotype SNB ERKH LB LD KB KT SS KC
TALS 9 2 100 27 (11-Apr) 10 10 Triangular Extra light
TAL9 7 3 80 28 (12-Apr) 9 8 broad elliptic Extra light
TAL10 9 1 100 35 (19-Apr) 10 10 Round Extra light
TAL14 7 3 80 25 (9-Apr) 8 9 Short trapezoid Light
TAL19 9 1 80 25 (9-Apr) 10 10 Round Extra light
TAL22 8 2 80 35(19-Apr) 10 10 Round Light
TB2 9 1 75 34 (18-Apr) 10 10 Elliptic Extra light
TB4 9 1 90 40 (24-Apr) 10 9 Elliptic Light
TB6 8 1 85 36 (20-Apr) 10 10 Short trapezoid ~ Extra light
RDGH5 9 1 80 30 (14-Apr) 9 10 Broad elliptic Light

NW, nut weight; KW, kernel weight; KP, kernel percentage; NL, nut length; ND, nut diameter; STH, shell thickness; PTT,
packing tissue thickness;.

SNB, shape of nut base; ERKH, ease in removal of kernel halves (1 = very easy; 5= moderate; 9 = very difficult); KB, Kernel
brittleness (1 = non-frangible, 10 = frangible); KT, kernel taste (1 = bitter, 10 = delicious); SS, shell shape; KC, kernel color.
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Figure 3. Kernels and nuts corresponding to some walnut genotypes in this study were obtained
from germplasm evaluation.

3.2. Correlations between traits

Fruit breeders are interested in characterizing pomological traits in walnut breeding
programs that are reflective of high heritability. Understanding the strong relationships
between pomological traits and other characteristics may help guide walnut breeding ef-
forts [3]. Pomological, phenological, and taste data from different genotypes were used
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for correlation analysis based on these beliefs. Spearman correlation analysis indicated a
strong and positive correlation (P <0.01) between NWT, NWI, ND, and KW (Fig. 4). This
finding coincides with results from Sharma and Sharma [39]; Amiri et al. [3]; Sarikhani
Khorami et al. [35] and Poggetti et al. [30]. A slightly positive correlation (P <0.05) was
observed for NL, LD, and PB. These results mirror those reported by Sarikhani Khorami
et al. [35]. A slight positive correlation (P <0.05) was also observed between KT and KW
with KP. The strong negative correlation (P <0.01) noted here between STH and PTT with
KP is in line with the reports of other researchers [26, 29]. An additional negative correla-
tion was observed between ERKH and LD, and KT (Fig. 4).
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Figure 4. Heatmap of Spearman’s correlation coefficients between phenological, pomological and
taste traits within the studied walnut genotypes.

3.3. Multivariate analysis

Principal Components Analysis (PCA) is a multivariate statistical method widely
used for preprocessing and reducing data size and the resulting components are used for
multivariate statistical analysis. The 14 traits considered in this study were divided into 5
groups or factors using factor analysis and Varimax rotation methodology [23]. Factor
analysis revealed that 5 factors accounted for 76.83% of the total variance (Table 5). Influ-
enced by NWT, NWI, ND, and KW, the first main component could explain 32.10% of the
variance; a result consistent with Mahmoudi et al. [29]. The second component, consisting
of STH, PTT, and ERKH, accounted for 17.07% of the total variance (Table 5). LB, LD, and
PTT made up the third principal component and explained 10.81% of variance. The fourth
and fifth factors each explained less than 10% of variance. The fourth factor, at 8.68%, was
related to KT, STH, and LB while the fifth factor, at 7.54%, was characterized by KT and
LB alone.

Results from other researchers have also shown a great majority of the traits within
the first and second factor groups contributed to higher percentages of variance [29, 37].
In this study, the first two primary components accounted for 45% of initial data variation.
Consistent with results from Pope et al. [31] and Rasouli et al. [33], nut and kernel traits
were important first and second component factors.
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Table 5. Loadings for the first five phenological trait factors from walnut genotypes and cultivars.

Factor
Trait
1 2 3 4 5
Nut weight (NWT) 0.842 0.398 -0.043 0.021 0.034
Nut length (NL) 0.530 0.245 0.308 -0.198 -0.164
Nut width (NWI) 0.828 0.200 -0.206 -0.080 0.054
Nut diameter (ND) 0.792 0.281 -0.231 -0.118 0.117
Kernel weight (KW) 0.894 -0.019 -0.120 -0.153 -0.021
Kernel percentage (KP) 0.152 -0.813 -0.166 -0.334 -0.103
Shell thickness (STT) -0.178 0.733 0.196 0.400 -0.056
Packing tissue thickness (PTT) -0.242 0.488 0.421 -0.085 0.221
Shape of nut base (SNB) 0.318 -0.029 0.102 0.315 -0.768
Ease of removal of kernel halves
(ERKH) -0.149 0.481 -0.526 -.282 0.180
Lateral Bearing (LB) 0.043 -0.126 0.722 -0.395 0.232
Leafing date (LD) 0.583 -0.128 0.485 -0.028 -0.059
Kernel brittleness (KB) 0.595 -0.313 0.136 0.302 0.270
Kernel Taste (KT) 0.302 -0.385 -0.033 0.653 0.443
Variability (%) 32.10 17.07 10.81 8.68 7.54
Cumulative (%) 32.10 49.80 60.61 69.29 76.83

Detection of phenotypic variation among genotypes and accessions, quantification of
morphological and pomological trait correlations, and investigations of various plant ge-
netic resources have been aided by PCA [24]. This study illustrated correlations among
select walnut genotypes with PCA. Genotype projections on the PC1 (Dim1)/PC2 (Dim2)
plane were based on regression factor scores (Fig 5). The PCA 2-dimension scatterplot
displayed phenotypic variability for the genotypes was dispersed across the entire plot,
emphasizing the fact that these selected genotypes were highly variable. High levels of
phenotypic variability in pomological traits have previously been documented in other
walnut collections [9, 12, 39].
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Figure 5. Principal Components Analysis (PCA) via distance matrix of 47 walnut genotypes from
populations within Hamedan, Iran.

3.4. Cluster analysis (CA)

The optimal number of clusters was calculated using k-means clustering (Fig. 6). Us-
ing the Ward method and Euclidean distance, cluster analysis detected four major clusters
(Fig. 7). The first group consisted of 18 genotypes, which mainly had mid-leafing time,
very high LB, and mostly small fruit size. The second group consisted of 5 genotypes with
lower STH and PTT. The third group consisted of 18 genotypes with late-leafing time,
very high LB, and ideal pomological characteristics. The genotypes in this group usually
had the highest KP and lower efficiency in nut production. Most of the superior genotypes
selected in this study (i.e., TALS, TAL 10, TAL19, TAL22, TB2, TB4, TB6 and RDGH5) were
present in this group. The fourth group consisted of 6 genotypes, with the largest fruit
size belonging to the genotypes of this group that had a mid- to late-leafing time. The
superior genotypes TAL9 and TAL14 were in this group.

Optimal number of clusters
15000 4

:

Total Within Sum of Square

1 2 3 4 5 6 7 8 9 10
MNumber of clusters k

Figure 6. Estimated value of k-means for structure analysis and identification of optimal numbers
of clusters.
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Figure 7. Dendrogram illustrating groupings of the Persian walnut genotypes used in this study.

Use of PCA and CA showed some regionally distinct genotypes clustered into the
same group. However, walnut populations within the Hamedan province of Iran revealed
substantial genetic diversity after primary phenotypic assessment [25]. Clustering of su-
perior genotypes from different regions into the same group may result from the close
geographic distance between the two analyzed regions. Another theory posits the prior
use of these genotypes by Hamedan for walnut orchard development across the province
[37].

4. Conclusions

Genetic diversity of walnuts in Iran is extensive. Evaluating walnut germplasm from
different regions, collecting superior genotypes, and including these individuals in breed-
ing programs can effectively generate new cultivars with desirable phenological and pom-
ological traits. Walnut populations in the Hamedan province, a major walnut production
region in Iran, were studied to isolate superior and late-leafing genotypes characterized
by desirable nut and kernel characteristics. High genetic variation was observed in Ha-
medan’s walnut population in term of different phenotypic characteristics. As a result,
TALS, TAL9, TAL 10, TAL14, TAL19, TAL22, TB2, TB4, TB6, and RDGHS5 were introduced
as superior genotypes with late-leafing and superior pomological qualities. These newly-
categorized superior genotypes have been collected and vegetatively propagated for fur-
ther evaluation. We hope, by continuing this breeding program, to continue efforts to
identify additional late-leafing cultivars with desirable nut traits.
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Figure Slc: Diagram of Maximum, Minimum and Average temperature of Kurzan in 2018 and 2019.
Source: https://www.worldweatheronline.com
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