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Selecting the superior late-leafing GEE

genotypes of Persian walnut (Juglans regia
L.) using morphological and pomological
evaluations
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Abstract

Background Late-spring frost is one of the major factors limiting and reducing yield of Persian walnut (Juglans regia
L.) in temperate regions, including Iran. Therefore, in the present study, seedling-originated genotypes of walnut were
investigated to identify late-leafing genotypes with high-quality kernels for direct cultivation in orchards or as parents
in breeding programs. In the first step, the variation of the selected trees was investigated in terms of traits related

to phenology, vegetation, and fruit. In the second step, late-leafing trees were identified and their traits related to ker-
nel quality were investigated to identify superior genotypes.

Results Strong variabilities were exhibited among the studied genotypes based on the traits recorded. The geno-
types showed high variation based on dates of leafing, full male flowering date, and full female flowering date,
including very early, early, moderate, and late. After recording the leafing date, 21 late-leaf genotypes were identified
and evaluated to select the superiors among them in terms of kernel quantity and quality. Among them, the val-
ues of nut-related traits ranged as follows: nut length: 30.12-49.74 mm, nut width: 29.31-37.17 mm, nut weight:
8.77-16.47 g, and shell thickness: 1.15-2.25 mm. The values of kernel-related traits ranged as follows: kernel length:
22.35-35.73 mm, kernel width: 21.79-29.03 mm, kernel weight: 3.22-8.17 g, and kernel percentage: 35.08-53.95%.

Conclusions According to the ideal values and situations of commercial characteristics of walnut, twelve promis-
ing late-leafing genotypes (No. 9, 13,32, 33,72, 77,78, 82, 83, 86,92, and 98) were identified and are recommended
for cultivation in orchards.
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Background

One of the most important nut crops is the Persian wal-
nut (Juglans regia L.), which originates from ancient Per-
sia. One of the most important origins and distribution
centers of walnuts is Iran, which has a major role in the
walnut industry in the world and is also one of the walnut

*Correspondence: production centers [1].
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growers to reduce late spring frost damage [2]. The use of
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late-leafing cultivars is one of these strategies to reduce
late spring frost damage [3]. Therefore, the best and most
efficient method to reduce or deal with late-spring frost is
to pay attention to the genetic potential of walnut, based
on which late-leafing cultivars can be identified and
introduced, which is a stable and reliable method [4-6].
Bud-break date determines the late-spring frost dam-
age, so that the sensitivity of opened buds to late-spring
frost is higher than that of half-opened buds, and the sen-
sitivity of half-opened buds is more than that of dormant
buds [7]. In other words, the resistance of flower buds in
fruit trees decreases after the buds break. After this stage
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occurs, if the air temperature drops below zero or near
freezing temperature, late-spring frost damage occurs
[8]. Therefore, according to the correlation between late-
leafing and late-blooming in walnut, finding cultivars
with the above characteristics will reduce late-spring
frost damage.

The late-spring frost causes damage to walnut orchards
every year in temperate regions, including Iran, and the
damage is severe in some years. For instance, in 2018,
the late-spring frost caused damage to walnut orchards
in northern and northeast parts of Iran [9]. Therefore, to
solve this problem, it is necessary to introduce late-leafing

Table 1 Statistical descriptive parameters for morphological traits used to study walnut genotypes

No Trait Unit Min Max Mean sD CV (%)
Vi Leafing date Code 1 7 4.54 1.72 37.78
V2 Full male flowering date Code 1 7 3.27 1.50 4572
V3 Full female flowering date Code 1 7 4.30 1.59 37.05
V4 Tree height Code 1 5 287 1.39 48.57
V5 Tree growth habit Code 1 5 1.55 0.94 60.65
V6 Tree growth vigor Code 1 5 3.19 1.23 3840
V7 Leaf color Code 1 3 2.58 1.02 39.53
V8 Terminal leaflet shape Code 1 5 3.53 0.93 26.37
V9 Leaf length mm 2848 5111 36.77 3.86 10.50
V10 Leaf width mm 20.82 33.63 26.38 261 9.87
V11 Petiole length mm 4.75 10.98 748 1.09 14.58
V12 Leaflet number Number 5.00 8.90 6.70 0.81 12.15
V13 Terminal leaflet length mm 12.96 27.25 16.98 2.09 12.30
V14 Terminal leaflet width mm 6.76 12.59 948 1.16 12.26
V15 Harvest date Code 1 9 4.24 2.26 5330
V16 Yield Code 1 5 3.53 1.50 4249
V17 Nut shape Code 1 7 2.18 1.88 86.01
V18 Nut length mm 29.04 49.74 35.75 341 9.54
V19 Nut width mm 27.57 37.99 31.79 237 745
V20 Nut weight g 6.26 1647 11.52 207 18.00
V21 Shell thickness mm 0.89 254 149 0.28 19.05
V22 Shell hardness Code 1 7 3.80 1.53 4037
V23 Shell texture Code 1 3 1.80 0.98 54.67
V24 Shell color Code 1 5 1.84 1.10 59.89
V25 Shell seal Code 1 5 1.19 0.71 59.50
V26 Shell surface serration Code 1 3 144 0.83 57.71
V27 Kernel length mm 20.21 3573 26.87 251 9.34
V28 Kernel width mm 21.17 30.63 2591 1.98 7.65
V29 Kernel weight g 2.83 8.17 549 1.01 18.49
V30 Kernel color Code 1 7 218 1.99 9147
V31 Kernel vein Code 1 5 1.84 1.23 67.07
V32 Ease of kernel removal from nuts Code 1 5 1.65 1.16 70.30
V33 Kernel filled Code 1 5 4.31 1.03 2392
V34 Kernel plumpness Code 1 5 323 1.12 34.67
V35 Kernel shriveling Code 1 5 1.67 1.03 61.38
V36 Kernel percentage % 3441 60.01 47.85 5.10 10.66
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cultivars [3]. Walnut has been propagated through seeds
in Iran for a long time and also has the dichogamous
habit, which has increased its genetic diversity [10].
Therefore, the existence of a large genetic diversity of
walnut in Iran is of great help to the breeders so that they
can identify and introduce superior late-leafing cultivars
and genotypes [3]. Therefore, the evaluation of walnut
germplasm in Iran is of great importance.

Walnut is of great importance in horticulture and its
genetic material is of great interest in conservation strat-
egies and breeding programs [11]. Breeders pay a lot of
attention to native walnut genotypes because among
them, individuals with suitable and desired characteris-
tics can be found and promising genotypes can be identi-
fied [5]. Then, the promising genotypes may be applied
to improve the economic characteristics of walnut in the
breeding programs [6].

Successful plant breeding programs are highly
dependent on their genetic diversity. Investigat-
ing and determining genetic diversity is very impor-
tant. Morphological characteristics are prerequisites
for any food product and provide useful information
regarding the designing and development of equip-
ment used during various unit operations, such as
handling, transportation, sorting, separating, packing,
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and processing of fruits [5]. Considering that Iran is
an important source of walnut populations, evaluat-
ing these populations to find genotypes with desired
traits such as late-leafing is very important. Therefore,
in the present study, seedling-originated genotypes
of walnut were investigated to identify late-leafing
genotypes with high-quality kernels for cultivation in
orchards and also as parents in the breeding programs
of walnut.

Material and methods

Plant material

In total, 105 genotypes of walnut seedling-originated
trees were selected from the Khalajestan area in Qom
province, Iran, and were investigated for three consecu-
tive years (2020, 2021, and 2022) with the goal of selec-
tion of superior late-leafing genotypes in terms of kernel
quantity and quality. The selected genotypes were mature
(12-14 years old) and healthy and had a full crop. The
Khalajestan area is located at 34°09’42'N latitude,
50°06 23"E longitude, and an altitude of 925 m above sea
level. The average annual temperature of this area is 18.20
°C and its annual rainfall is 148 mm. In the first step, the
variation of the selected trees was investigated in terms

Table 2 Frequency distribution for the measured qualitative morphological characteristics in the studied walnut genotypes

Frequency (no. of genotypes)

Trait 1 3 5 7 9
Leafing date Very early (8) Early (29) Moderate (47) Late (21) -
Full male flowering date Very early (21) Early (51) Moderate (31) Late (2) -
Full female flowering date Very early (5) Early (43) Moderate (41) Late (16) -
Tree height Low (29) Moderate (54) High (22)

Tree growth habit Spreading (77) Upright (27) Very upright (1) - -
Tree growth vigor Low (15) Moderate (65) High (25) - -
Leaf color Light green (23) Green (82) - -

Terminal leaflet shape Wide oval (1) Oval (75) Elliptic (29) -
Harvest date Very early (20) Early (30) Moderate (29) Late (22) Very late (4)
Yield Low (19) Moderate (39) High (47) -
Nut shape Round (74) Wide ovate (2) Ovate (27) Oval (2) -
Shell hardness Paper (10) Soft (51) Moderate (36) Hard (8) -
Shell texture Smooth (63) Moderate (42) - - -
Shell color Light (64) Moderate (38) Dark (3) - -
Shell seal Excellent seal (97) Slightly open (6) Moderate (2) - -
Shell surface serration Low (82) Moderate (23) - - -
Kernel color Light (74) Light amber (8) Amber (15) Brown (8) -
Kernel vein Low (68) Moderate (30) High (7) -

Ease of kernel removal from nuts Easy (77) Moderate (22) Difficult (6) -

Kernel filled Low (2) Moderate (32) High (71) -

Kernel plumpness Low (11) Moderate (71) High (23) -

Kernel shriveling Low (72) Moderate (31) High (2) -
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of traits related to phenology, vegetation, and fruit. In the
second step, late-leafing trees were identified and their
traits related to kernel quality were investigated to iden-
tify superior genotypes. The growth conditions of the
selected trees were monitored in terms of nutrition, irri-
gation, and fighting against pests and diseases and were
well managed.

The characteristics evaluated

In this study, 36 different morphological and pomo-
logical characters were examined in the evaluation
of the selected genotypes (Table 1). In total, 50 leaves
and 50 fruits of each genotype were used to evalu-
ate the traits. A digital scale and an electronic caliper
were used to measure traits related to the dimensions
and weight of different organs, respectively. The for-
mula kernel weight/fruit weightx100 was used to
calculate kernel percentage. Walnut descriptor [12]
was used to estimate qualitative traits (Table 2). The
dates of leafing, blooming of female flowers, blooming
of male flowers, and harvest for each genotype were
recorded. Leafing date was considered when 50% of
terminal buds have enlarged and the bud scales have
split exposing the green leaves [12]. A control geno-
type was considered to record the dates of the traits
related to phenology so that the earliest leafing geno-
type was regarded as the control and the leafing date
of the rest trees was scored based on it. For the fruit
harvest time, the earliest ripened tree was considered
as a control, and harvest date of the remaining trees
was scored based on that tree.

Statistical analysis

For analysis of variance (ANOVA), SAS software [13]
was applied. SPSS software [14] was applied to do
Pearson correlation and principal component analyses
(PCA). In addition, SPSS software was used for multiple
regression analysis (MRA) using stepwise linear method,
the purpose of which was to determine the independent
traits affecting kernel weight. In MRA, 7* and S coeffi-
cients were calculated using regression analysis and were
investigated for different traits related to traits. The r*
coefficient represents the multiple correlation coeffi-
cient and measures the correlation between morphologi-
cal and pomological traits. Also, 8 is the standardized
regression coefficient, which is calculated by MRA for
each trait-related trait. Besides, the PAST software [15]
was used to perform the cluster analysis using Ward’s
method and Euclidean distance and to generate a two-
dimensional plot based on the first (PC1) and second
(PC2) principal components.
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Results and discussion

Assessment of the 105 genotypes studied

The studied genotypes showed significant differences in
terms of measured characters, as revealed using ANOVA
(P<0.01). The range of coefficient of variation (CV) val-
ues for the studied traits varied from 7.45 (for nut width)
to 91.47% (for kernel color) (Table 1). In agreement with
the present results, Kavosi and Khadivi [16] reported the
lowest CV (8.71%) for nut width and a high CV (78.42%)
for kernel color in walnut.

The genotypes showed high variation based on dates of
leafing, full male flowering date, and full female flowering
date, ranging from very early to late. Tree height was low
(29 genotypes), moderate (54), and high (22). Spreading
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tree growth habit was predominant (77 genotypes)
(Table 2).

The range of the leaf length was 28.48-51.11 mm, leaf
width was 20.82-33.63 mm, and petiole length was 4.75—
10.98 mm. Terminal leaflet shape was predominantly oval
(75 genotypes). The range of terminal leaflet length and
width was 12.96 -27.25 mm and 6.76—12.59 mm, respec-
tively (Table 1).

Harvest date was highly variable, including very early
(20 genotypes), early (30), moderate (29), late (22), and
very late (4). Yield was low in 19, moderate in 39, and
high in 47 genotypes. Nut shape was predominantly
round (74 genotypes). Nut length ranged from 29.04 to
49.74 mm, nut width varied from 27.57 to 37.99 mm, and
nut weight varied between 6.26 and 16.47 g (Table 1).
Kavosi and Khadivi [16] reported the range of nut length
as 26.41-46.94 mm, nut width as 19.58-36.56 mm, and
nut weight as 5.18-15.88 g.

Shell was paper (10 genotypes), soft (51), moderate
(36), and hard (8). Shell was predominantly excellent (97
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genotypes) (Table 2). Shell thickness varied from 0.89 to
2.54 mm. Kavosi and Khadivi [16] reported the range of
shell thickness as 0.78—2.98 mm (Table 1).

The values of kernel-related traits ranged as fol-
lows: kernel weight: 2.83-8.17 g, kernel length: 20.21—
35.73 mm, kernel width: 21.17-30.63 mm, and kernel
percentage: 34.41-60.01% (Table 1). Kavosi and Khad-
ivi [16] reported the range of kernel length as 20.32—
3478 mm, kernel width as 12.82-29.12 mm, kernel
weight as 1.69-7.52 g with, and kernel percentage as
28.18-59.47%.

Kernel color in the majority of genotypes (74) was light.
Ease of kernel removal from nuts was predominant (77 gen-
otypes) (Table 2). The traits used to study the present germ-
plasm have been previously used in different studies and
were confirmed as suitable tools for the evaluation of walnut
genotypes [16—20]. The variation of kernel in terms of size,
color, and shape in the walnut studied is shown in Fig. 1.

Significant correlations were observed between
some quantitative attributes in the studied genotypes

Table 3 Simple correlations between the quantitative morphological variables utilized in the studied walnut genotypes

No Trait V9 V10 V11 V12 V13 V14 V18 V19 V20 V21 V27 V28 V29

V9 Leaf length 1

V10  Leaf width 0.65** 1

V11  Petiole length 0.59**  034** 1

V12 Leaflet number 0.25**  0.01 -0.33% 1

V13 Terminal leaflet length  0.57**  060**  036**  -0.18 1

V14 Terminal leaflet width ~ 040**  047**  0.21* -0.28**  0.50%* 1

V18  Nutlength 0.12 0.20% 0.02 -0.03 0.20* 0.14 1

V19 Nutwidth 023*  024* 013 0.15 0.16 003  047% 1

V20 Nut weight 0.23* 0.23* 0.14 0.04 0.19% 0.17 0.55* 074" 1

V21 Shell thickness -0.08 -0.03 0.00 -0.19% 0.01 0.19*  -0.03 0.00 027%* 1

V27 Kernel length 0.19*  025** 0.0 0.00 0.22* 0.1 093**  0.53*  062** -006 1

V28  Kernel width 0.30**  032**  021* 0.10 0.23* 0.10 042** 089** 070" -006 055 1

V29  Kernel weight 0.29**  032**  0.24* 0.04 026** 013  0.54** 070** 083* -004 070** 080** 1

", **_Correlation is significant at p <0.05 and 0.01 levels, respectively

Table 4 The traits associated with kernel weight in the walnut genotypes studied as revealed using MRA and coefficients

Dependent trait Independent trait r r B t p

Kernel weight Nut weight 0.838 a 0.70 0.56 872 0.00
Kernel width 0.894 b 0.80 036 4.27 0.00
Nut width 0914 c 084 -0.16 -1.80 0.08
Shell thickness 0.932d 0.87 -0.15 -4.21 0.00
Kernel length 0940 e 0.88 047 4.58 0.00
Kernel plumpness 0.946 f 0.90 0.10 248 0.02
Nut length 0.950¢g 0.90 -0.25 -2.70 0.01
Full female flowering date 0953 h 0.91 0.12 353 0.00
Full male flowering date 09561 0.91 -0.08 -2.46 0.02
Kernel filled 0.958] 0.92 0.08 207 0.04
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(Table 3). Leaf length was highly and positively corre-
lated with leaf width (r=0.65), petiole length (»=0.59),
leaflet number (r=0.25), terminal leaflet length
(r=0.57), and terminal leaflet width (r=0.40), in line
with the previous finding in walnut [16, 19-23]. Nut
weight was highly and positively correlated with shell
thickness (r=0.27), leaf width (r=0.23), leaf length
(r=0.23), terminal leaflet length (r=0.19), nut width
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(r=0.74), and nut length (r=0.55), in agreement with
the previous results in walnut [16, 19-23]. Kernel
weight was positively and significantly correlated with
leaf length (r=0.29), leaf width (r=0.32), terminal
leaflet length (r=0.26), nut length (r=0.54), nut width
(r=0.70), nut weight (r=0.83), kernel length (r=0.70),
and kernel width (r=0.80), in agreement with the previ-
ous results in walnut [16, 19-23].

Table 5 Eigenvalues of the principal component axes from the PCA of the morphological characters in the studied walnut genotypes

Component
Trait 1 2 3 4 5 6 7 8 9 10 1
Leafing date -0.02 0.15 0.23 0.64° -0.04 0.06 -0.02 -0.09 -0.30 0.00 -0.05
Full male flowering date 0.09 -0.14 -0.14 0.68° 0.02 0.21 -0.10 -0.08 0.05 0.21 -0.13
Full female flowering date -0.02 0.14 -0.09 0.71° -0.14 -0.14 0.22 -0.07 -0.03 -0.04 -0.12
Tree height 0.19 0.28 -0.02 -0.18 0.06 0.12 -0.09 0.69° -0.14 0.06 0.02
Tree growth habit 0.13 0.12 -0.12 -0.04 0.02 0.03 0.07 0.81° -0.03 -0.06 -0.21
Tree growth vigor -0.01 -0.09 -0.08 -0.04 0.08 0.03 0.15 -0.15 0.10 0.04 0.82°
Leaf color 0.00 0.09 0.13 011 0.09 -0.16 -0.01 0.21 0.28 062° 0.17
Terminal leaflet shape 0.02 031 -0.04 -0.05 0.04 0.07 -0.03 0.29 0.14 -0.72° -0.05
Leaf length 0.19 0.778 -0.13 0.08 -0.01 -0.12 -0.13 0.27 0.01 -0.12 0.15
Leaf width 017 0.77° -0.07 0.14 0.04 0.08 -0.10 0.17 0.13 -0.07 -0.04
Petiole length 0.15 0.69° -0.06 -0.15 0.08 -0.16 0.05 -0.22 0.00 -0.15 0.02
Leaflet number 0.13 -0.26 -0.19 0.30 -0.12 -0.24 -0.31 048 0.10 -0.07 0.27
Terminal leaflet length 0.10 0.778 -0.01 -0.07 0.05 0.12 0.07 0.12 -0.10 -0.03 -0.12
Terminal leaflet width -0.01 0.68° 0.19 -0.04 -0.01 0.21 0.09 0.03 -0.11 037 -0.02
Harvest date 0.07 -0.16 0.06 0.72° 0.04 -0.01 0.04 0.07 0.03 0.00 0.23
Yield 0.00 0.17 -0.06 0.01 0.03 -0.02 -0.03 0.16 -0.39 0.40 0.54
Nut shape -0.03 0.04 0.05 0.08 -0.06 0.85° 0.07 0.03 -0.05 -0.04 -0.07
Nut length 057 0.05 -0.04 -0.03 -0.05 0.73° 0.00 0.06 -0.02 -0.11 0.09
Nut width 0.91%* 0.08 -0.04 0.07 -0.12 -0.02 0.07 0.09 0.06 0.04 -0.04
Nut weight 0.84** 0.10 034 0.01 0.19 0.16 -0.04 0.10 -0.03 0.01 0.01
Shell thickness 0.02 0.07 0.78° -0.05 -0.09 0.07 -0.23 -0.18 -0.09 -0.03 0.00
Shell hardness -0.04 -0.13 0.81° 0.08 0.10 0.05 -0.06 -0.14 0.04 0.12 -0.09
Shell texture -0.02 0.04 0.05 0.09 -0.02 0.03 0.87° -0.07 0.14 0.13 0.08
Shell color -0.06 0.00 0.17 -0.02 -0.15 -0.19 0.16 -0.21 045 0.15 038
Shell seal -0.11 0.06 -0.03 -0.01 0.04 0.08 0.00 -0.09 0.72° -0.03 -0.01
Shell surface serration 0.13 -0.07 -0.14 0.04 -0.07 0.06 0.85° 0.02 -0.06 -0.11 0.10
Kernel length 0.68** 0.10 -0.09 -0.03 0.05 061 0.00 0.04 0.05 -0.17 0.10
Kernel width 0.90%** 0.19 -0.09 0.07 0.05 -0.09 0.06 0.08 0.05 0.04 -0.04
Kernel weight 0.86** 0.19 0.01 0.01 033 0.09 0.03 0.10 0.01 -0.07 0.01
Kernel color 0.19 -0.04 0.01 -0.10 -0.25 -0.23 0.29 0.10 0.59 -0.06 -0.05
Kernel vein 0.30 -0.09 -0.07 -0.09 -0.24 0.01 -0.14 0.02 0.54 0.10 0.04
Ease of kernel removal from nuts 0.06 -0.06 0.85° -0.01 -0.08 -0.12 0.18 0.11 0.03 0.04 0.01
Kernel filled 0.19 0.18 -0.04 -0.14 0.78° -0.04 -0.15 -0.01 -0.10 -0.07 -0.05
Kernel plumpness 0.14 0.09 0.16 0.04 0.80° -0.15 -0.03 0.12 -0.09 -0.09 0.11
Kernel shriveling 0.04 0.14 0.21 0.02 -0.68° -0.12 -0.07 0.06 0.07 -0.24 -0.01
Total 4.27 3.30 248 2.16 213 2.11 1.98 1.92 1.85 1.50 1.45
% of Variance 12.19 942 7.07 6.17 6.07 6.02 5.66 548 529 430 4.13
Cumulative % 12.19 2161 28.68 34.85 4093 46.95 5260 58.08 6337 67.66 7179

@ Eigenvalues > 0.61 are significant
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The MRA results (Table 4) showed that six traits,
including kernel width, kernel length, nut weight, kernel
plumpness, full female flowering date, and kernel filled
have significant effects on kernel weight, and thus their
fluctuations have a significant effect on increasing or
decreasing kernel weight, in line the previous results in
walnut [16, 19]. Therefore, breeders should pay attention
to the above traits to improve kernel weight in walnut.

The PCA showed 11 PCs which contributed 71.79%
of the total variance (Table 5). For recorded traits, val-
ues more than 0.61 was considered significant. Kernel
weight, kernel width, kernel length, nut weight, and
nut width showed positive correlations with PC1 and
accounted for 12.19% of the total variance. Terminal
leaflet width, petiole length, terminal leaflet length, leaf
width, and leaf length with positive values, were placed
in PC2 with justification of 9.42% of the total vari-
ance. Also, PC3 included ease of kernel removal from
nuts, shell hardness, and shell thickness and explained
7.07% of the total variance. Therefore, the separation
of studied genotypes was mostly influenced by the
above traits. Using PCA, traits and genotypes can be
classified into different groups, and accordingly, the
advancement of breeding programs can be accelerated
[16, 19-21].

The phenotypic similarities and dissimilarities of
the genotypes were analyzed using the bi-plot cre-
ated according to the attributes placed in PC1 and PC2

3.2
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(Fig. 2). The genotypes were spread across the surface
of the plot, and genotypes 58, 59, 78, and 92 showed the
greatest difference with the rest of the genotypes and
were placed outside the oval. By starting from negative
toward positive values of PC1, a gradual increase in terms
of kernel weight, kernel width, kernel length, nut weight,
and nut width was observed in the genotypes. Also, by
starting from negative toward positive values of PC2, a
gradual increase in terminal leaflet width, terminal leaf-
let length, petiole length, leaf width, and leaf length was
observed in the genotypes.

The studied genotypes were classified into two main
groups based on Ward’s cluster analysis (Fig. 3). The
38 genotypes were placed in the first group (I) with the
formation of two subgroups. The second group with 67
genotypes formed two subgroups. The studied geno-
types showed strong variations, which could be due
to dichogamy, high heterozygosity, and propagation
through seeds [24], in agreement with previous find-
ings in walnut [16, 19-23, 25, 26]. Siityemez et al. [27]
studied the phenological differences, genetic diversity,
and population structure of Kaman-1 walnut and its
79 progenies and reported a significant variation both
phenologically and genetically within the walnut acces-
sions. Also, Biikiicii [28] and Siityemez [29] evaluated
phenological differences in walnut genotypes derived
from the open-pollinated seeds and reported a wide
variation in the studied walnut seedling collection.
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Fig. 2 Scatter plot for the studied walnut genotypes based on PC1/PC2
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Table 6 Statistical descriptive parameters for morphological traits used to study late-leafing walnut genotypes identified

Trait Unit Min Max Mean SD CV (%)
Harvest date Code 1 9 557 2.20 3957
Yield Code 1 5 357 1.29 36.05
Nut shape Code 1 7 2.24 2.14 95.67
Nut length mm 30.12 49.74 35.28 4.58 13.00
Nut width mm 29.31 3717 32.01 1.99 6.22
Nut weight g 8.77 16.47 11.64 2.10 18.05
Shell thickness mm 1.15 2.25 1.58 0.30 18.70
Shell hardness Code 3 7 4.14 1.35 3266
Shell texture Code 1 3 1.95 1.02 52.51
Shell color Code 1 3 1.86 1.01 5452
Shell seal Code 1 3 1.19 0.60 50.59
Shell surface serration Code 1 3 148 0.87 58.99
Kernel length mm 22.35 35.73 2640 3.13 11.86
Kernel width mm 21.79 29.03 26.09 1.82 6.97
Kernel weight g 322 8.17 545 1.11 2034
Kernel color Code 1 7 1.86 1.96 105.22
Kernel vein Code 1 3 1.38 0.81 5833
Ease of kernel removal from nuts Code 1 5 1.76 1.18 66.99
Kernel filled Code 1 5 4.14 1.20 28.86
Kernel plumpness Code 1 5 3.10 1.18 38.03
Kernel shriveling Code 1 5 1.76 1.18 66.99
Kernel percentage % 35.08 53.95 46.64 4.20 9.00

Assessment of the late-leafing genotypes identified

After recording the leafing date, 21 late-leaf genotypes
were identified and evaluated to select the promising gen-
otypes among them in terms of kernel quantity and qual-
ity. Among them, the CV ranged from 39.57 (in harvest
date) to 105.22% (in kernel color). The values of nut-related
traits ranged as follows: nut length: 30.12-49.74 mm, nut
width: 29.31-37.17 mm, nut weight: 8.77-16.47 g, and
shell thickness: 1.15-2.25 mm. The values of kernel-related
traits ranged as follows: kernel length: 22.35-35.73 mm,
kernel width: 21.79-29.03 mm, kernel weight: 3.22-8.17 g,
and kernel percentage: 35.08-53.95% (Table 6). The ideal
values for quantitative commercial characteristics of wal-
nut are as follows: nut weight: 12.00-18.00 g [25], shell
thickness: 0.70-1.50 mm [30], kernel weight: 6.00-10.00 g,
and kernel percentage>50.00% [31]. Also, the ideal situ-
ations for qualitative commercial characteristics of wal-
nut are as follows: paper/soft and well-sealed shells [25],
uniform and light kernel color [31], and ease of kernel
removal from nut [31]. Thus, according to the ideal values
and situations of the above commercial characteristics of
walnut, twelve promising late-leafing genotypes (No. 9, 13,
32,33,72,77,78, 82, 83, 86, 92, and 98) were identified and
are recommended for cultivation in orchards. Siityemez
et al. [32] introduced ‘Helete Giinesi, as a new walnut cul-
tivar with late leafing, early harvest date, and superior nut

traits in Turkey. Also, Biikiicii [33] studied 74 F1 progenies
obtained from ‘Chandler’x ‘Sutyemez 1’ walnuts in Turkey
and reported that the progenies studied are a valuable gene
pool for walnut breeding programs. Panahi [34] studied
pomological traits related to the fruits of walnut and iden-
tified 24 superior genotypes with ideal values that can be

L
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Fig. 4 The nuts and kernels of the promising late-leafing walnut
genotypes selected
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Table 7 Eigenvalues of the principal component axes from the PCA of the morphological characters in the late-leafing walnut
genotypes identified

Component

Trait 1 2 3 4 5 6
Harvest date -0.07 -0.09 0.07 0.24 0.00 0.87°
Yield 045 0.19 0.00 -0.64° -0.20 -0.18
Nut shape 0.34 -0.50 0.02 -0.10 0.59* -0.22
Nut length 0.80° -0.09 0.23 -0.32 0.36 -0.07
Nut width 0.90° -0.02 0.01 0.21 0.1 0.04
Nut weight 081* 0.07 -0.24 -0.02 -0.05 -0.34
Shell thickness -0.05 037 -0.06 0.31 -0.13 -0.66°
Shell hardness -0.18 0.82° 0.05 -0.20 0.00 -0.31
Shell texture -0.06 0.17 0.08 0.10 0.90* 0.28
Shell color -0.38 0.33 0.68 -0.06 -0.08 0.32
Shell seal 0.01 -0.03 0.45 0.56° -0.15 0.23
Shell surface serration 0.17 -0.03 023 0.10 0.77% -0.07
Kernel length 0.87% -0.13 0.16 -0.31 0.19 0.04
Kernel width 0.83° 0.02 -0.26 -0.07 0.01 0.32
Kernel weight 0.84° -0.15 -0.36 -0.19 -0.14 -0.05
Kernel color 0.22 0.53% 0.34 0.35 -0.01 0.38
Kernel vein 0.08 -0.02 0.73° 0.14 0.18 0.04
Ease of kernel removal from nuts 0.05 0.90% 0.02 0.21 0.05 -0.15
Kernel filled 0.20 -045 -0.52 -0.56° -0.11 0.00
Kernel plumpness 0.28 0.00 -0.74% -0.22 -0.34 0.11
Kernel shriveling -0.09 0.22 0.18 0.73% 0.12 -0.10
Total 496 2.64 257 2.31 220 2.02
% of Variance 23.63 12.56 12.21 11.00 1049 9.62
Cumulative % 2363 36.20 4841 5941 69.90 7952

2 Eigenvalues > 0.53 are significant

PC2
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Fig.5 Scatter plot for the late-leafing walnut genotypes based on PC1/PC2
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cultivated in frost occurrence regions. Khadivi et al. [35]
evaluated 67 seed-propagated walnut trees and reported
a high diversity in the studied germplasm resulting in the
selection of some superior genotypes that can be consid-
ered promising plant materials for future walnut breeding
programs. The nuts and kernels of the promising late-leaf-
ing walnut genotypes selected are shown in Fig. 4.

PCA placed the traits in six components that explained
79.52% of the total variance (Table 7). PC1 accounting for
23.63% of the total variance, was positively and signifi-
cantly correlated with nut length, nut width, nut weight,
kernel length, kernel width, and kernel weight, called fruit
size components which exhibited the greatest effect on
separating genotypes [36]. Shell hardness, kernel color,
and ease of kernel removal from nuts were placed in PC2
and explained 12.56% of the total variance. Shell color,
kernel vein, and kernel plumpness were placed in PC3
and explained 12.21% of the total variance. It has been
reported that fruit-related traits are important for distin-
guishing walnut genotypes from each other [19-23, 37].

Genotypes were spread across the surface of the plot
created based on PC1 and PC2 and showed significant
variations, and genotypes 71 and 91 showed the great-
est difference with the rest of the genotypes and were
placed outside the oval (Fig. 5). The dendrogram cre-
ated through Ward’s method and Euclidean distance
placed the genotypes into three groups (Fig. 6). The first
group (I) contained 2 genotypes, including no. 92 and
78, characterized by the highest values for nut length,
nut width, nut weight, kernel length, kernel width, and
kernel weight. The second group (II) consisted of 8
genotypes, characterized by lower values for nut length,
nut width, nut weight, kernel length, kernel width, and
kernel weight than other groups. The third group (II)
consisted of 11 genotypes, characterized by moder-
ate values for nut length, nut width, nut weight, kernel
length, kernel width, and kernel weight.

In areas with frequent late-spring frosts, walnut yield
is severely reduced. Biikiicii et al. [38] investigated gen-
otypic variation and its association with time of leaf
budburst and flowering-related traits in 188 walnut
accessions and found 16 quantitative trait loci (QTL) with
major effects (R* between 0.08 and 0.23) to be associated
with a minimum of two phenotypic traits each. The pre-
sent study was carried out in one of the most important
areas of walnut production, and then superior late-flow-
ering genotypes were selected to help reduce late-spring
frost damage and increase yield.

Conclusion

One of the major goals of breeding programs in wal-
nut is to identify and introduce superior late-leafing
genotypes in terms of kernel quality so that they can
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escape from the damage of late-spring frost and have
high quality from a commercial point of view. There-
fore, here, a seedling-originated population of walnut
was investigated to achieve the above goal. According
to the ideal values of commercial characteristics of wal-
nut, including fruit yield, nut weight, shell hardness,
ease of kernel removal from nuts, kernel weight, kernel
color, kernel taste, and kernel percentage, 12 late-leaf-
ing genotypes, including no. 9, 13, 32, 33, 72, 77, 78, 82,
83, 86, 92, and 98 were promising and may be suggested
for cultivation in orchards.
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