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ABSTRACT. In bread wheat (Triticum aestivum L.), optimal agronomic practices and variety performance are
crucial for achieving high grain yields. Furthermore, the interaction between physiological and morphological
traits in successive phenological periods in wheat determines grain yield per unit area. Several statistical
analysis techniques provide the opportunity to identify promising genotypes among the genotypes examined and
to evaluate the correlation between the traits together. This contributes to breeders and, therefore, to the
sustainability of food production and food security. Present research was conducted to identify important
breeding traits in winter bread wheat and to demonstrate the performance of genotypes obtained from
hybridization using different statistical and analysis methods (Biplot and scatter plot analysis, PCA). In this
study, a total of 12 [4x(4-1)] hybrid combinations obtained from full diallel crosses of four winter bread wheat
genotypes (Bayraktar 2000, Sénmez 2001, KRL-213, and KRL-210) were grown under field conditions
according to a randomized plot design by three replications. The experiment was terminated when the plants
reached the 3-leaf stage (initiation of tillering) to examine some important selection parameters in the early
seedling stage. According to the results of the variance analyses, the differences between the genotypes in shoot
length, tiller plant, leaf plant!, and shoot dry weight were determined to be statistically significant. According
to the findings of the present study, it may be concluded that the main parameters related to biomass are decisive
in revealing genetic variation. Additionally, results presented that a wide range of genetic variation was
observed between Fi hybrids and their parents, and it was determined that leaf number, shoot length, and dry
weight parameters were the key factors in genotype selection. It has been concluded that the genotypes
highlighted in the research findings can be used in various hybridization studies to improve the desired
characteristics in terms of sustainability, can be recommended to increase the yield and quality-related
parameters that are prominent for bread wheat, and can be evaluated in breeding studies to develop new
varieties.
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INTRODUCTION

Wheat, one of the three main cereals worldwide, is a vital crop, with a total annual
production quantity of 730 million tons. It’s quite high, and a consistent yield makes it crucial
for the sustainability of food security and food supply, and the demand for wheat continues to
increase annually. Wheat ranks first among cool-season cereals globally in terms of both
cultivation and production. Assuming that the global population and food consumption
continue to grow, it is anticipated that wheat will continue to be a strategic crop in the coming
years. When evaluating the global wheat consumption, it is noted that 95.8% of the wheat
used for human food is bread wheat, while the remaining 4.2% is durum wheat [1]. Wheat is
used to produce products such as bread, pasta, bulgur, noodles, and more. These wheat-
derived products constitute a significant portion of the human diet. An ever-growing
population will increase demand for wheat, with yields increasing by a ratio of 60% by 2050,
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representing a mean annual increase of 2% ratio [2]. In order to increase yield for the field on
a plant breeding basis, considering heterosis and heterobeltiosis rates together greatly
increases the ability of breeders to make the right choices [3]. The superiority of hybrids
over their parents in yield and resistance is attributed to the heterotic effects observed in the
F1 generation. It was stated [4] that intermediate parental and superior parental heterosis
values are critical in determining superior hybrid varieties. The main reasons for yield losses
in plant production include climate change, drought, floods, inadequate rainfall (lack of soil
moisture), inappropriate seed sowing time, and ineffective use of fertilizer and irrigation
[5,6,7]. Among these factors, drought stress is a main abiotic-based stress factor that limits
seed yield per unit area of wheat, and it is generally produced in dry agricultural lands,
causing various serious problems in many regions of the world [8,9]. Some studies on the
environmental impacts caused by crop production have reported that irrigation is the most
energy-consuming activity in agricultural arid regions and therefore causes significant
greenhouse gas emissions [10,11]. However, when the interactive effects of the factors
affecting stability in agricultural production are taken into account, as well as their individual
effects, the importance of sustainability becomes clear.

Statistical analyses, such as diallel analysis and principal component analysis, are
performed using data on seed yield and other agricultural characteristics. The relationship
between the examined components is then visualized using the GGE biplot technique.
Whether caused by abiotic stress factors like drought or any biotic stress factors, intensive
plant breeding efforts are essential. Furthermore, while some regions worldwide have a high
number of registered varieties, mitigating the effects of changing yield-limiting factors
through breeding is crucial for sustainability. Identifying different combinations of genotypes
frequently preferred by farmers, revealing components related to quality as well as grain yield
with high adaptability, is crucial for the foundations of agricultural sustainability [4,11]. This
study was purposed to demonstrate the various performances of commonly preferred wheat
genotypes by crossbreeding them and to determine their potential for future research. For this
purpose, some yield-related parameters were examined in winter bread wheat genotypes
obtained through full diallel crossbreeding, and the results were interpreted using various
statistical analysis programs.

MATERIALS AND METHODS

Present research is based on the first author's PhD thesis and was carried out in the trial
field of the Field Crops Department - Faculty of Agriculture - Selcuk University for two
vegetation years between 2023-2024 and 2024-2025 growing seasons. In the first year of the
experiment, four bread wheat genotypes, namely Bayraktar 2000, S6nmez 2001, KRL-213,
and KRL-210, were used for hybridization. Table 1 presents the characteristics of the bread
wheat genotypes that are subjected to diallel combination in the research. The field
experiment was carried out using a total of 12 [4x (4-1)] hybrid combinations derived from
full diallel crosses among the 4 mentioned genotypes and 4 parent genotypes, using a
randomized plot design with 3 replications. Pots were selected with a volume of 3 liters, and
the soil mixture consisted of 65% peat, 25% perlite, and 10% sand. Because the soil material
was dry, the field capacity of the mixture in the pots was calculated before planting, and
water was applied accordingly to ensure that the entire soil mixture reached field capacity.
Sowing of 3 healthy seeds was done by hand at a depth of approximately 3 cm per pot. For
fertilizing, the DAP (Content: 18% N and 46% P205) fertilizer was applied at a rate of 150
kg ha-1 along with the seed planting. The experiment was terminated when the plants had
three leaves (the beginning of tillering) to examine certain parameters during the early
seedling period.
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Table 1. Combinations obtained by diallel hybridization in bread wheat genotypes.

Genotypes Bayraktar 2000 Séonmez 2001 KRL 210 KRL 213
Bayraktar 2000 - X X X
Sonmez 2001 X - X X
KRL 210 X X - X
KRL 213 X X X -

In the research, traits such as shoot length, tiller number, leaf number, weight of fresh
shoot, and dry weight of shoot were studied in order to determine the agro-morphological
characteristics of fully diallel hybrid genotypes and parents in the early seedling period.
Variance analysis of the values obtained from the study was performed in the JMP-17
package program, and Biplot, scatter plot, and PCA (Principal Component Analysis) analyses
were performed in RStudio.

RESULTS AND DISCUSSION

According to the scope of the study, variance analysis (Table 2) was conducted for F:
hybrids and parent genotypes for shoot length, tiller count, leaf count, fresh weight, and dry
weight traits. The results of the variance analysis revealed statistically significant differences
among genotypes for shoot length, tiller count, leaf count, and dry weight traits. However, no
significant differences were found for fresh weight. These results suggest that there is a wide
variation among genotypes for the traits studied, and that biomass-related parameters, in
particular, are more decisive in reflecting genetic differences.

Table 2 presents the mean values and grouping tests for genotypes determined to have
statistically significant differences in variance analysis. It is observed that the variation
between genotypes in terms of shoot length is statistically significant at the 1% level. The
highest value for the shoot length was obtained from the genotype S6nmez 2001 x KRL 210
hybrid combination (15.33). Among the parent genotypes, KRL-210 (14.5) had the highest
shoot length. This result indicates that there is significant variation among genotypes in shoot
length and that some hybrids stand out. This situation revealed that some F: hybrids can
exhibit superior performance by exceeding the mean of their parents.

Table 2. Mean values of the measured traits during the early seedling stage and grouping of
genotypes based on Student’s t-test results.

Genotypes Shoot length Number of Number of Fresh shoot Dry shoot
(cm) tillers (piece) leaves (piece) weight (g) weight (g)
= KRL 213 11.0 b-d** 2.33 a-c** 12.00 ab** 0.94 0.18 ab**
g " KRL 210 14.5 ab 2.33 a-c 10.00 be 1.08 022 a
&~ Bayraktar 2000 10.23 cd 333a 14.00 a 0.77 0.17 ab
Sonmez 2001 12.23a-c 2.00 b-d 9.00 be 0.70 0.08 c-e
Mean of Parents 11.99 2.50 11.25 0.87 0.16
- KRL 213 x KRL 210 14.50 ab 2.00 b-d 7.00 cd 0.65 0.16 a-c
E KRL 213 x 9.73 cd 2.67 ab 6.67 cd 0.37 0.06 de
2 Bayraktar 2000
= KRL 213 x Sonmez 7.67d 0.67 ¢ 6.67 cd 0.26 0.03e
2001
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KRL 210 x KRL 213 14.40 ab 2.00 b-d 7.67 cd 0.67 0.16 a-c
KRL 210 x 9.23 cd 1.33 c-e 6.33 cd 0.47 0.08 c-e
Bayraktar 2000
KRL 210 x Sonmez 11.67 a-c 2.00 b-d 7.00 cd 0.49 0.10 b-e
2001
Bayraktar 2000 x 9.73 cd 2.00 b-d 8.00 cd 0.29 0.03e
KRL 213
Bayraktar 2000 x 10.17 cd 2.00 b-d 8.33 b-d 0.53 0.08 c-e
KRL 210
Bayraktar 2000 x 10.17 cd 1.33 c-e 6.00 cd 0.46 0.08 c-e
Sonmez 2001
Sénmez 2001 x KRL 11.83 a-c 2.00 b-d 7.67 cd 0.66 0.10 b-e
213
Sénmez 2001 x KRL 1533 a 1.00 de 6.00 cd 0.58 0.14 a-d
210
Sénmez 2001 x 12.50 a-c 2.00 b-d 733 cd 0.51 0.14 a-d
Bayraktar 2000
Mean of Hybrids 1141 1.75 7.06 0.50 0.10
LSD (% 1)** 4.49 1.48 4.58 0.61 0.10
(% 5)* 3.34 1.10 3.40 0.45 0.07

**: 1% statistically significance level, *: 5% statistically significance level

It is reported in the literature that shoot length is an important parameter closely related to
morphological development and yield, and is used as a reliable criterion, especially for young
plant development [12, 13]. Given this knowledge, the genotypes highlighted in the study can
be used in selections for shoot development and biomass increase in breeding programs.
Related research has shown that shoot length in winter wheat ranged from 38.00 to 85.62
cm2, depending on plant density [14], which is a wide range. As is well known, cultural
practices have significant effects on yield and yield components and have been reported to
consistently increase many traits, including straw yield and root-shoot biomass, as well as
root length [15]. On the other hand, abiotic stress factors elicit significant plant responses.
For example, in one study, salt-based stress markedly decreased shoot length in wheat
genotypes. Foliar applications did not significantly affect this parameter under saline
conditions. A similar response was observed for genotype differences [16].

Table 2 shows that there are statistically significant differences at the 1% level between
genotypes in terms of the number of tillers. The highest tiller number was found in the
Bayraktar-2000 genotype among the parent genotypes, and among the hybrid genotypes, the
KRL 213 x Bayraktar 2000 (2.67) hybrid combination had the highest tiller number.
Although there were differences between genotypes in terms of tiller numbers, the genotypes
with the highest values stood out clearly. When the literature on the subject was reviewed, it
was emphasized that the effective qualified tiller number in wheat plants is a 1/3 basic
component of the unit area yield of wheat plants, and that having the optimum tiller number
is essential for obtaining higher seed yields from wheat plants [17]. In a uniform growing
environment, the growth characteristics of wheat plants show lower variability, and no
statistically significant differences occur in traits such as tiller number, plant height, pigment,
and biomass [18]. It has been stated that the interaction between sulfuric acid levels and
salinity levels has complex effects on tillering in wheat plants [19]. Additionally, tillering
status is an important agronomic characteristic in winter wheat plants and enables the
development of extra shoots that contribute significantly to the seed yield of plants [20].

The difference in leaf number among genotypes was found to be statistically significant at
the 1% level (Table 2). The Bayraktar 2000 genotype had the highest leaf number, followed
by KRL-213, one of the parent genotypes. Hybrid genotypes had lower leaf numbers than all
parent genotypes. Some genotypes showed significant superiority in leaf number. This trait,
particularly because of its link to biomass, can be used as a selection criterion. Leaf number
plays a critical role in plant development because it is directly related to photosynthetic
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capacity. Indeed, a related report [21] found that genotypes with higher leaf numbers
generally exhibit higher photosynthetic efficiency and increased yield potential. In wheat
treated [22] with LED light, leaves developed mostly in the first 30 days, reaching a daily leaf
count of 0.24. On the other hand, although differences in leaf growth rate and duration
occurred between treatments, the total number of leaves per plant remained constant during
the flowering period, reaching a value of eight leaves per main stem. Wheat plants had leaf
numbers per plant between 7.667 and 13.170 under several irrigation levels [23]. Another
study [24] reported a positive correlation (r = 0.56) between the number of leaves and the
number of median roots in wheat. According to another report [25], the number of leaves
ranged between 2.60 and 4.70, depending on chemical and chemical + biological
management techniques.

In the present research, the fresh weight parameter was found to be statistically
insignificant, as indicated in Table 2. In other words, there were no statistically significant
differences in fresh weight among genotypes. This suggests that environmental factors or
measurement variations may have been influential. Therefore, fresh weight is more strongly
influenced by environmental factors than by genetic differences. In this study, fresh weight is
not a decisive criterion for distinguishing between genotypes, but it can be significant when
evaluated in conjunction with other biomass measures. In a study [26] investigating the
relationship between genetic variation and stem morphology in wheat, significant differences
were reported among wheat genotypes in plant height, fresh and dry weights per plant, and
mechanical characteristics of the stem. A similar report [27] revealed that shoot fresh weight
in wheat ranged from 1.58 g pot-1 to 6.67 g pot-1 owing to the effects of salt, zinc, and
phosphorus. According to the findings of a study [28] on arsenic stress in wheat, chlorophyll
content in wheat seedlings, as well as some growth factors such as shoot and root length,
decreased significantly due to increased oxidative stress in plants subjected to 75 mg/L and
150 mg/L amounts of the “As” element. A decrease in shoot fresh weight was observed in
plants treated with 75 mg/L and 150 mg/L, with ratios of 17.6% and 46.1%, respectively, and
fresh weight of plant roots also decreased with ratios of 28.5% and 60.1%, respectively,
compared with the control group.

Statistically significant differences were identified between genotypes for dry weight at
the 1% level. An examination of Table 2 revealed that the highest dry weight value was
found in the hybrid genotype KRL-210, while among the hybrid genotypes, KRL-213 x
KRL-210 had the highest value. Dry weight is considered one of the parameters that best
reflects the true biomass potential of a plant. Indeed, the study concluded that genotypes with
outstanding dry weight could be strong candidates for advanced breeding programs targeting
biomass and yield increases. In a study [29] on biochar application, which is important for
sustainability, it was determined that the amount of proline, a stress indicator, decreased in
wheat shoots, and the dry weight values of roots and shoots, which are closely related to plant
growth and unit area productivity, increased. In another study [30], the effects of combined
applications of plant growth-inducing rhizobacteria (Pantoea conspicua) and biochar obtained
from rice straw to reduce Cr stress (control + 2-dose application) in wheat plants grown under
controlled conditions were investigated. At the end of the study, shoot dry weight was 0.095
g, while with Cr applied at 75 and 150 ppm, this value decreased by 0.074 g and 0.055 g,
respectively. Following rhizobacteria inoculation, shoot dry weight was determined as 0.097
g and 0.083 g, while with biochar application, these values were determined as 0.093 g and
0.077 g. Depending on the results of the combined implementation, the highest shoot dry
weights were determined as 0.105 g and 0.096 g under both applied stress treatments,
respectively. An overall evaluation of that research showed that shoot dry weight ranged from
0.055 g to 0.132 g depending on several application factors.
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According to the results of the SCAR plot analysis (Fig. 1), a wide variation was observed
among the genotypes and F: combinations examined for all traits. Shoot length was
concentrated in the range of 10-15 cm, with some genotypes exceeding these values. For
tiller count, most genotypes varied between 1 and 3, with some combinations exhibiting
higher tillering values. Leaf count varied between 5 and 12 among genotypes, with certain
combinations exhibiting significantly higher leaf counts than others. Fresh weight values
were concentrated between 0.2 and 0.8 g, and dry weight values varied between 0.05 and 0.2
g, respectively. It was stated that [31] that in principal components biplot analyses,
relationships between genotypes and the examined traits can be visually seen.
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Fig. 1. Biplot and scatter plot analysis showing genotype—trait relationships at the early seedling
stage.

Figure 1 shows that all traits examined exhibited distinct distributions among genotypes,
with some F: combinations exhibiting superior performance beyond parental values.
Furthermore, this diversity in trait distribution demonstrates the power of genetic variation
and its potential for use in breeding programs. Biplot analysis is known as a two-way design
table that graphically images the column and row factors. This qualified analysis process
visualizes both the relationships amongst individual rows and also the column factors in
addition to their pairwise interactions. Biplot analysis allows two-way data analysis of
genotypes across multiple traits and environments [32].
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Fig. 2. Principal Component Analysis (PCA) showing genotype—trait relationships at the early
seedling stage.
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PCA analysis implied that a 57.7% ratio for total variance was elucidated over the first
(PC1) and 28.3% by the second (PC2). The first two quantities together represent 86% of the
total, which is a relatively high percentage. Trait inheritance systems, tiller counts, and leaf
spacing clustered in the same direction, demonstrating high contribution rates on PC1. Fresh
and dry weight traits also loaded highly on PCI1, indicating that the biomass parameter
analyses were complete. Shoot length differed from other traits. This indicates that leaf count
and tiller determined the genotypes examined in some methods, and by biomass (fresh/dry
weight) in others.

The graphical representation shows that the parental values of some genotypes are
positioned differently, and this genetic disease diversity was successfully demonstrated by
PCA (Figure 2). PCA and biplot approaches are frequently used and quite successful
approaches by researchers, providing the opportunity to visually evaluate the examined traits
and genotypes simultaneously based on the principle of visually presenting and evaluating the
relationships between the examined parameters, thus having the ability to determine the
positive and negative correlations of the examined traits and the relationship of genotypes
with these traits [33], while it has been stated that PCA has been used successfully in
highlighting important parameters in combined analyses of bread wheat [34]. It is fair that
PCA analysis provides fundamental information regarding which characteristics can be
evaluated together to select genotypes within populations in breeding studies. Indeed, it has
also provided a clearer interpretation of the present research findings.

CONCLUSION

As a conclusion of the present research, parental genotypes and F: hybrids were evaluated
for shoot length, tiller count, leaf count, fresh weight of shoot, dry weight of shoot, and the
resulting data were analyzed using various statistical methods. Analysis of variance results
highlighted statistically important differences amongst the wheat genotypes for shoot length,
tiller count, leaf count, and dry weight. However, fresh weight did not show statistically
significant differences among genotypes. This suggests that biomass-related parameters are
more decisive in reflecting genetic variation. PCA analysis showed that first two components
described 86% of total difference. Tiller number, leaf number, and fresh and dry weight were
particularly significant contributors to the variation, while shoot length represented a slightly
different dimension in distinguishing genotypes. SCAR plot analysis also revealed a wide
distribution across genotypes for all traits, with some F: hybrids exhibiting superior
performance, exceeding their parental means. Overall, this study revealed a wide genetic
variation between F: hybrids and their parents, with shoot length, leaf number, and dry
weight emerging as key determinants for genotype selection. These findings provide a solid
foundation for developing effective selection strategies aimed at improving biomass
accumulation and yield potential in bread wheat breeding programs. From a future
perspective, the primary goal of this research is to identify genetically diverse parental lines
with superior combining ability and to exploit heterotic cross combinations for enhancing
early vigor and biomass-related traits. The integration of these results into breeding programs
will facilitate the rational selection of parents and the design of targeted crossbreeding
strategies, ultimately contributing to the development of high-yielding and stress-resilient
wheat genotypes.
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