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brkovic@institut-tamis.rs (P.B.); roljevic@institut-tamis.rs (S.R.N.)

2 Faculty of Ecological Agriculture, Educons University, Vojvode Putnika 87, 21208 Sremska Kamenica, Serbia;
olivera.nikolic@educons.edu.rs

3 Institute for Vegetable Crops Smederevska Palanka, Karad̄ord̄eva 71, 11420 Smederevska Palanka, Serbia;
vperisic@institut-palanka.rs (V.P.); klukovic@institut-palanka.rs (K.L.)

4 Institute for Forage Crops Kruševac, 37251 Globoder, Serbia; snezana.babic@ikbks.com
* Correspondence: matkovic.stojsin@institut-tamis.rs

Abstract

The identification of wheat genotypes with balanced grain yield, stability, and antioxidant
response to abiotic stress is crucial for creating adaptable varieties in changing climates. The
research was conducted as a multi-environment trial (MET) across six environments (three
localities over two seasons), and included 15 wheat genotypes (bread wheat lines, standard
varieties and two spelt wheat lines). This study integrates AMMI and GGE biplot analyses
with antioxidant profiling across growth stages to identify genotypes combining yield sta-
bility and stress tolerance. Lines KG-4/1, KG-11/1 and the variety Pobeda were identified
as high-yielding and stable genotypes, with KG-11/1 ranked as an “ideal genotype” and
KG-4/1 achieving the highest grain yield on MET level (6.48 t ha–1). Specific adaptation
of genotypes KG-40/1 and Renesansa indicates their potential for targeted breeding in
particular environments. Antioxidant parameters (TPC and DPPH• scavenging activity) at
early growth stages were positively correlated with grain yield, indicating that they can
serve as suitable biochemical markers for selecting stress-tolerant, high-yielding wheat
genotypes. This comprehensive approach, which includes the analysis of grain yield stabil-
ity/adaptability and antioxidant parameters, is adequate for the evaluation of promising
lines that may be suitable genetic resources in climate-resilient wheat breeding programs.

Keywords: adaptability; stability; G × E interaction; yield components; DPPH scavenging;
total phenolic content; abiotic stress

1. Introduction
Wheat (Triticum spp.) is one of the most important crops and has played a significant

role in the development of human civilization. Today, wheat is a staple food for approx-
imately 40% of the human population, providing about 20% of the protein and calories
on a daily basis [1,2], making it essential for ensuring global food security [2]. Wheat is
particularly important in developing countries, where it is the primary source of food
for about 2.5 billion people [1]. Given the predictions that the global human population
will reach 9.4 billion by 2050, the demand for this crop is expected to increase by about
60% [3]. However, meeting the growing demand for wheat will not be possible through the

Agronomy 2025, 15, 2684 https://doi.org/10.3390/agronomy15122684

https://doi.org/10.3390/agronomy15122684
https://doi.org/10.3390/agronomy15122684
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0009-0005-1937-2167
https://orcid.org/0000-0003-3431-289X
https://orcid.org/0000-0002-3306-5850
https://orcid.org/0000-0001-9049-120X
https://orcid.org/0000-0001-8910-716X
https://orcid.org/0000-0002-1356-2577
https://orcid.org/0000-0002-3139-0289
https://doi.org/10.3390/agronomy15122684
https://www.mdpi.com/article/10.3390/agronomy15122684?type=check_update&version=1


Agronomy 2025, 15, 2684 2 of 29

expansion of arable land, but rather will have to be based on improving grain yield per unit
area [4,5]. According to Reynolds et al. [6], wheat grain yield will need to increase by 50%
in the coming decades. Therefore, to achieve this goal, it is necessary to increase its grain
yield potential [7,8]. At the same time, global wheat production is increasingly affected
by biotic and abiotic factors, which negatively affect plant growth and development [9].
Among abiotic factors, drought and temperature are the two most critical ones, leading to a
decrease in wheat grain yield [10–12].

The primary goal of any plant breeding program is to create genotypes that are
characterized by high yield, broad adaptability, resistance to biotic and abiotic stress factors,
and good quality for end use [13,14]. Creating such varieties is a major challenge for
breeders, especially because it is a slow process that largely depends on the available
genetic variability within the population [15]. Effective selection requires an understanding
of the nature and extent of variation within a population [16], as well as knowledge of
the relationships between grain yield and its components, while taking into account the
influence of genotype, environment and their interaction on the phenotypic expression of
these traits [17–20]. Genotype × environment interaction (GEI) describes how different
genotypes behave in different growing conditions, primarily in different localities and
growing seasons [21]. As a result, plant breeders are constantly searching for genotypes
that have high yield potential and low GEI [22,23]. In this context, conducting multi-
ecological trials (METs) is of great importance, as they provide the basis for selecting
genotypes adapted for cultivation in wide geographical areas (broad adaptability), as well
as in specific environmental conditions (specific adaptability) [23–26]. Accordingly, it is
therefore very important to evaluate prospective breeding lines through MET, as a way to
adapt to changes in the environment [27,28].

Agromorphological traits are often used as key indicators of phenotypic variability and
serve as selection criteria in improving crop yield [29,30]. However, for a comprehensive
assessment of the adaptability of genotypes, it is important to study the physiological
and biochemical responses of plants [31–34], as well as their interrelationship with grain
yield [31]. Abiotic stress occurring during wheat development leads to the accumulation
of free radicals, or reactive oxygen species (ROS), which can cause oxidative damage in
plants, resulting in reduced plant growth and lower grain yield. In response, plants activate
complex mechanisms, including the synthesis of antioxidant compounds [32,34]. Phenolic
compounds represent important bioactive components responsible for neutralizing free
radicals, while the DPPH• scavenging test is often used as an indicator of the overall
antioxidant activity of plants. The intensity and duration of stress directly affect the degree
of activation of defense mechanisms in the plant. For this reason, the assessment of plant
responses to stress at different growth stages is crucial for the creation of varieties with
improved tolerance to adverse environmental conditions [35]. Additionally, integrating
antioxidant traits with yield stability analyses enables a more accurate assessment of overall
genotype adaptability [36].

The study aimed to: (i) assess yield stability and adaptability using a multivariate
approach; (ii) identify genotypes with specific or broad adaptability; (iii) determine rep-
resentative testing environments; and (iv) evaluate whether antioxidant parameters can
serve as markers of stress resilience.

2. Materials and Methods
2.1. Plant Material and Experimental Design

In this study, 15 hexaploid wheat (Triticum spp.) genotypes were analyzed: 10 promis-
ing bread wheat (Triticum aestivum ssp. vulgare) KG-lines (KG-4/1, KG-9/1, KG-11/1,
KG-16/1, KG-21/1, KG-30/1, KG-33/1, KG-40/1, KG-41/1, and KG-43/1), realized in



Agronomy 2025, 15, 2684 3 of 29

Centre for Small Grains and Rural Development in Kragujevac; three bread wheat varieties
used as standards: NS 40S, Renesansa, and Pobeda, developed at the Institute of Field
and Vegetable Crops in Novi Sad. Additionally, two KG-lines of spelt wheat (Triticum
spelta ssp.), KG-54-7/3-5 and KG-54-7/3-2, were included to increase the variability of the
analyzed germplasm and to test their yield potential in different environments, considering
that spelt wheat is cultivated on small areas in Serbia but holds specific significance in
nutrition as an alternative cereal (Table 1).

Table 1. Wheat genotypes used in study.

No. Genotype 1 Pedigree Institution

1. KG-4/1 Pobeda × Aleksandra

Center for Small Grains and Rural
Development, Kragujevac

2. KG-9/1 Cipovka × Aleksandra
3. KG-11/1 Oda × Aleksandra
4. KG-16/1 Planeta × Aleksandra
5. KG-21/1 Srna × Aleksandra
6. KG-30/1 Evropa 90 × Kruna
7. KG-33/1 Zenit × Kruna
8. KG-40/1 Milica × Kruna
9. KG-41/1 Kruna × Venera

10. KG-43/1 Aleksandra × Ana Morava

11. NS 40S (standard) NA 694 × NSA 88-3141 Institute for Field and Vegetable
Crops, Novi Sad12. Renesansa (standard) Jugoslavija × NS 55-25

13. Pobeda (standard) Sremica × Balkan

14. KG-54-7/3-5 (spelt) KG-100 × SSK 2001/02 Center for Small Grains and Rural
Development, Kragujevac15. KG-54-7/3-2 (spelt) KG-100 × SSK 2001/02

1 The KG codes refer to wheat lines developed at the Center for Small Grains and Rural Development, Kragujevac.
All lines and varieties used as standards are considered genotypes.

The experimental trial was conducted at three localities: Pančevo (Experimental
Field of the “Tamiš” Research and Development Institute, 44◦56′31′′ N 20◦43′18′′ E, 80 m),
Kragujevac (Center for Small Grains and Rural Development, 44◦02′47′′ N 20◦56′54′′ E,
196 m), and Kruševac (Institute for Forage Crops Kruševac, 43◦34′56′′ N 21◦12′16′′ E, 148 m),
over two growing seasons (2022/2023 and 2023/2024). These localities were selected due
to their diverse agroecological conditions, allowing for a relevant assessment of grain yield
potential, as well as the evaluation of the stability and adaptability of wheat genotypes. At
all three localities, the analyzed wheat genotypes were sown in a randomized complete
block design (RCBD) with three replications. The plot size was 5 m2.

Standard agronomic practices for wheat production were applied at all localities. Basic
tillage was performed after the harvest of the previous crop. Continuous sowing was
carried out mechanically, with an inter-row spacing of 12.5 cm. In the first season, sowing
was performed in the last decade of October to the early November, and in the second
season, sowing was performed somewhat later, depending on the locality. The amount
of fertilizer applied was determined based on the agrochemical analysis of the soil for
each locality (Table 2). At all three localities and in both growing seasons, standard crop
protection measures were applied as needed. Harvest was carried out in both seasons when
grain moisture fell below 14%. In the first season, the harvest was carried out in mid-July
at all localities. In the second season, the harvest was performed earlier than in the first
season at all localities. Detailed information on fertilizer composition, application rates, top
dressing, as well as exact sowing and harvesting dates are provided in Table S1.
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Table 2. Basic chemical analysis of soil at the analyzed localities.

Debth
(cm)

pH in
H2O

pH in
KCl

Humus
(%)

N
(%)

P2O5
(mg 100 g−1)

K2O
(mg 100 g−1)

CaCO3
(%)

Pančevo
0–30 8.27 7.57 3.39 0.20 20.6 25.53 12.59

Kragujevac
0–30 6.93 5.81 3.95 0.20 9.67 19.40 < 0.42

Kruševac
0–30 6.17 5.35 2.14 0.228 8.56 19.24 0.80

2.2. Soil Characteristics of the Experimental Localities

Basic chemical soil analysis was carried out on soil samples collected from all three
localities, at a depth of 0 to 30 cm (Table 2). The soil at the Pančevo locality belongs to
the type of carbonate chernozem, which is developed on loess. The loamy texture gives
these soils favorable physical properties. Chemical analyses showed that the soil at the
Pančevo locality is strongly calcareous (12.59% CaCO3). The soil reaction (pH in KCl) was
7.57, which classifies it as moderately alkaline. The humus content of 3.39% categorizes
this soil as humus-rich. The soil was moderately supplied with nitrogen (0.20%) and rich in
phosphorus (20.6 mg 100 g−1) and potassium (25.53 mg 100 g−1) (Table 2).

The soil at the Kragujevac locality is classified as smonitza. Smonitza belongs to the
group of automorphic soils. According to its mechanical composition, it is considered a
heavy clay soil with a high content of colloidal fractions. This composition in the dry period
leads to the formation of vertical wedge-shaped cracks up to a depth of one meter into
which fine surface soil falls from the surface to the bottom of the crack. In wet conditions,
the clay swells and the cracks close, and additional material at the bottom of the cracks
exerts pressure and the aggregates rise. The high content of clay that swells makes smonitza
sticky and plastic in the wet state, and in the dry state it represents a compact and cracked
mass. Smonitza in the experimental trial in Kragujevac had an acidic reaction (pH in KCl
5.81), a high content of humus (3.95%), and was moderately supplied with nitrogen (0.20%).
The content of available phosphorus was low (9.67 mg 100 g−1), while the amount of
available potassium was optimal (19.40 mg per 100 g−1), Table 2. The primary soil type in
the experimental trial in Kruševac is alluvium in degradation with an acidic reaction. The
key characteristic of these soils is that they are young and undeveloped, typically located
in river valleys. Chemical analysis showed that the soil had a low humus content (2.14%),
was moderately supplied with nitrogen (0.228%), with potassium at an optimal level
(19.24 mg 100 g−1), and a low content of available phosphorus (8.56 mg 100 g−1), Table 2.

2.3. Meteorological Conditions

Meteorological data for the Pančevo and Kruševac localities were obtained from me-
teorological stations located at the experimental fields, while meteorological data for the
locality Kragujevac were obtained from the meteorological station of the Republic Hydrom-
eteorological Service of Serbia [37], located near the experimental field (Figure 1). At the
Pančevo locality in the first growing season, high temperatures and lower precipitation
were recorded at the time of sowing (third decade of 23 October 2022), while in Kragujevac
and Kruševac, at the time of sowing (first decade of 23 November 2022), temperatures and
precipitation were higher than the multi-year average. These agrometeorological conditions
were generally favorable for sowing, as well as for germination and emergence at all three
localities. In the second growing season, during sowing (November) at all three localities,
temperatures were within the multi-year average, while precipitation was extremely high
(twice the average in Pančevo and even three times more in Kragujevac and Kruševac
compared to the multi-year average). Lower precipitation at the last decade of October



Agronomy 2025, 15, 2684 5 of 29

enabled high-quality soil preparation and sowing, while higher precipitation in the third
decade of November, accompanied by average temperatures, had a positive impact on
germination, emergence and initial growth phases at all localities (Figure 1). The period
December–January at all three localities, in both growing seasons, was characterized by
significantly higher temperatures than the average (in Kragujevac, as much as 3.2 ◦C higher
than the multi-year average for December). In the first growing season, precipitation was
higher than the average at all localities, while in the second season, the sum of precipitation
was below the multi-year average. Such weather conditions extended the growth period,
and wheat later entered the dormancy phase. The continuation of the tillering phase in the
first growing season (in February) was accompanied by temperatures within the multi-year
average at all localities. During this period, precipitation was lower than the multi-year
average in Kragujevac and Kruševac, while slightly higher precipitation was recorded in
Pančevo compared to the multi-year average. In the second growing season, during the
tillering phase (February), high temperatures were recorded (twice the multi-year average),
with significantly lower precipitation (in Kragujevac ten times less than the multi-year
average). Such weather conditions determined the early continuation of the tillering phase.
The stem elongation period at the Kruševac locality in the first season was characterized
by slightly lower temperatures and less precipitation compared to the multi-year average,
while in Pančevo and Kragujevac, lower temperatures and higher precipitation than aver-
age were recorded. April in 2024 was characterized with higher temperatures and average
precipitation at all localities, except in Pančevo where less precipitation than average was
recorded (Figure 1). In this growth season, weather conditions led to a shortening of stem
elongation phase, which affected the vegetative growth of wheat across all three localities.

Lower temperatures and reduced precipitation were recorded at the examined locali-
ties during the flowering period in May 2023, with the lowest rainfall observed in Kruševac.
May 2023 was characterized by higher mean temperatures in Pančevo and Kragujevac, and
slightly below average in Kruševac. In June, in the first growing season, temperatures at
all localities were within the multi-year average, with significantly higher precipitation
recorded at the Kragujevac and Kruševac (in Kruševac, the total precipitation in June was
204.4 mm, which is 127.5 mm higher compared with the multi-year average). In the second
growing season, the mean temperature at all three localities was 2 ◦C higher than the multi-
year average. Precipitation in June was lower at the Pančevo locality, while at the other two
localities, it was within the multi-year average (Figure 1). These weather conditions in the
second growing season led to earlier ripening of wheat grains and earlier harvest.

2.4. Agro-Morphological Traits

At full maturity (BBCH 89), grain yield and grain yield components were measured.
From each plot, 10 plants (30 plants per genotype in three replicates) were randomly
sampled for further analysis of grain yield components. Plant height (cm) was measured
from the ground level to the top of the spike, excluding awns. Spike length (cm) was
measured from the base to the top of the main (primary) spike, excluding awns. The
number of grains per spike was obtained by manually counting all grains from the primary
spike. Grain yield was determined by harvesting the entire plot area at full maturity and
expressed in tons per hectare (t ha−1) and adjusted to a moisture content of 14%.

2.5. Biochemical Parameters

To assess antioxidant activity and evaluate plant responses to prevailing environmental
conditions, leaf samples were collected from each plot during three key phenological
stages of wheat development, according to the BBCH scale [38]: tillering (BBCH 23—three
tillers visible), stem elongation (BBCH 36—sixth node detectable), and anthesis (BBCH
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65—full flowering, when 50% of the flowers are open). These growth stages were selected
because they represent critical developmental stages characterized by intense metabolic and
physiological processes, which can significantly affect the levels of antioxidant compounds.
After sampling, the plant material was dried and ground, followed by biochemical analysis
of selected parameters. For extraction, 0.2 g of the powdered plant material was weighed
and 5 mL of methanol (p.a.) was added. The extraction was carried out in the dark for 24 h.
After extraction, centrifugation was performed for 5 min at 8000 rpm (Laboratory mini
centrifuge, NIPPON Genetics EUROPE, Düren, Germany). The prepared extracts were
stored in a refrigerator at +4 ◦C until the time of analysis.

(a) 

(b) 

(c)

Figure 1. Mean monthly air temperature and total monthly precipitation during the 2022/2023 and
2023/2024 growing seasons at three localities: (a) Pančevo, (b) Kragujevac, and (c) Kruševac.

2.5.1. DPPH Radical Scavenging Activity

The free radical scavenging ability was tested by a modified method according to
Molyneux [39], using the stable DPPH (2,2-diphenyl-1-picrylhydrazyl) radical. The princi-
ple of the method is based on the reduction in the DPPH radical (DPPH•) to its reduced
form (DPPH-H), which results in a color change from violet to yellow. The free DPPH
radical, with an unpaired electron, exhibits maximum absorption at 517 nm. An aliquot
of 40 µL of the plant extract was added to 2 mL of DPPH reagent, previously diluted
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with methanol until its absorbance was 0.70 ± 0.01. The mixture was vortexed and then
incubated in the dark at room temperature for 30 min. In the presence of the extract acting
as a hydrogen donor, the stable DPPH radical is reduced to DPPH-H, resulting in the loss of
the violet color. After incubation, the absorbance was measured at a wavelength of 517 nm
using a UV/VIS spectrophotometer (Shimadzu UV-1800, Shimadzu USA Manufacturing,
Canby, OR, USA). The free DPPH radical scavenging activity was calculated using a trolox
calibration curve and expressed in milligrams of trolox equivalent (TE) per gram of dry
plant material (mg TE g−1 d.m.). All measurements were performed in triplicate.

2.5.2. Total Phenolic Content

The total phenolic content (TPC) in plant extracts was determined by the
Folin–Ciocalteu method according to Singleton and Rossi [40]. For the analysis, an aliquot
of 20 µL of plant extract was used, to which 0.2 mL of Folin–Ciocalteu reagent diluted
with distilled water in a ratio of 1:9 was added, then 2 mL of distilled water and 1 mL
of 7.5% sodium carbonate. In an alkaline medium, phenolic compounds reduce the
Folin–Ciocalteu reagent, which contains phosphomolybdate and phosphotungstate, form-
ing a blue complex. The intensity of the blue color is proportional to the concentration of
total phenols in the sample. After incubation of the reaction mixture for 25 min in a water
bath at 45 ◦C, the absorbance of the mixture was read at a wavelength of 765 nm using a
UV/VIS spectrophotometer (Shimadzu UV-1800, Shimadzu USA Manufacturing, USA).
The total phenol content was calculated using a gallic acid calibration curve and expressed
in milligrams of gallic acid equivalents per gram of dry matter (mg GAE g−1 d.m.). All
measurements were performed in triplicate.

2.6. Statistical Analysis

Analysis of variance (ANOVA) was performed using the stats package in R version
4.3.2 (R Project for Statistical Computing, R Foundation for Statistical Computing, Vienna,
Austria, [41]) to assess the effects of factors and their interactions on the analyzed traits
(agromorphological and biochemical parameters). The assumptions of ANOVA, including
normality and homoscedasticity, were checked using the Shapiro–Wilk test (stats pack-
age, [41]) and Levene’s test (car package, [42]), and both were satisfied. Differences between
factor levels were tested for significance using the Tukey HSD test implemented in the
agricolae package [43] at the 1% and 5% significance levels.

To assess the stability of genotypes and genotype × environment interaction (GEI)
for grain yield, the Additive Main Effects and Multiplicative Interaction (AMMI) model
was applied. This method combines analysis of variance (ANOVA) for additive effects
and principal component analysis (PCA) for multiplicative interaction effects, providing a
detailed understanding of the performance of genotypes across environments [44]. The
AMMI1 biplot displays the main effects of genotype and environment (mean values) on the
x-axis against the values of the first axis of the principal components of interaction (IPCA1)
on the y-axis. The AMMI2 biplot is created based on the values of the first interaction
principal component axis (IPCA1) on the x-axis and the values of the second interaction
principal component axis (IPCA2) on the y-axis, which together explained over 70% of the
GEI, allowing for a more detailed evaluation of the interaction pattern. Both AMMI1 and
AMMI2 biplots were generated using Microsoft Excel based on the results of the AMMI
analysis obtained in R version 4.3.2 [42] using the metan package [45]. In addition, in order
to rank the genotypes based on their stability, AMMI stability values (ASVs) were calculated
according to the formula proposed by Purchase [46]. This analysis takes into account both
principal component interaction axes (IPCA1 and IPCA2) from the AMMI analysis.
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With the aim of identifying genotypes with high yield and stability in different agroe-
cological conditions (environments), as well as defining potential mega-environments, a
GGE biplot analysis (Genotype plus Genotype by Environment interaction) was performed.
The first two principal components, explaining over 70% of the total variation, were used
to construct a series of biplot analyses, such as: Mean vs. Stability, Which-Won-Where, Dis-
criminative vs. Representativeness, and Ranking Genotypes. This analysis was performed
using the metan package in R [45].

Principal component analysis (PCA) was applied to explore the relationships between
agro-morphological traits and biochemical parameters across localities. The analysis in-
cluded phenotypic data from 15 genotypes evaluated at three localities. Nine variables,
representing agro-morphological traits and biochemical parameters, were included in the
analysis and are visualized as vectors on the PCA biplots. Before the analysis, all variables
were standardized by centering on their mean and scaling to unit variance to remove
the effects of different measurement scales. This analysis was performed using R version
4.3.2, applying singular value decomposition (SVD) on the standardized data matrix. The
results were graphically presented to visualize the distribution of data per locality and
the contribution of each variable to the principal components. PCA biplots (PC1 vs. PC2)
were generated using the factoextra package [47] in R to visualize data structure in two
dimensions. Given that three principal components (PC1, PC2, and PC3) with eigenvalues
greater than 1 were identified, a 3D plot was created using the Plotly library (4.11.0) in
R [48].

3. Results
3.1. Phenotypic Variability of Yield and Yield-Related Traits

Analysis of variance indicated statistically significant effects of genotype, locality,
year and their interactions on all examined traits (plant height, spike length, number of
grains per spike, and grain yield) (Table S2, Figure S1). For plant height, the highest
mean square value (MS) was recorded for the year factor (MS = 16,403.4), indicating the
dominant influence of seasonal variations, primarily temperature and precipitation during
vegetative phases, on this trait (Table S2). Significantly higher values were recorded in the
first season (102.2 cm) compared with the second season (86.6 cm) (Figure 2a). When it
comes to localities, the highest value was observed in Kruševac (99.0 cm), and the lowest
in Pančevo (91.4 cm), on average for both seasons (Figure 3a). The spelt wheat genotypes
KG-54-7/3-5 (G14) and KG-54-7/3-2 (G15) had the highest plant height in both seasons
and all localities, whereas genotype KG-41/1 (G9) showed the lowest plant height in the
2023/2024 season and KG-33/1 (G7) in Kragujevac locality (Figures 2a and 3a). The most
pronounced changes in height between seasons, were recorded by genotypes Renesansa
(G12), KG-41/1 (G9), and KG-30/1 (G6) (Figure 2a). Line KG-33/1 (G7) had the greatest
contribution to the genotype × locality (Figure 3a).

Spike length was the most influenced by the factor of genotype (MS = 59.01), which
indicates that this trait is more genetically determined (Table S2). The highest values
of this trait were observed in genotypes of spelt wheat (over 13 cm), while the lowest
spike length (7.0 cm) was measured in line KG-33/1 (G7). Spike length was significantly
(p < 0.05) higher in the first season (9.7 cm) than in the second (8.8 cm) and tended to
be higher in Kragujevac (9.6 cm) and Pančevo (9.3 cm) compared to Kruševac (8.8 cm)
(Figures 2b and 3b). The genotype × locality interaction was significant for this trait
(F = 4.482) (Table S2), where the largest contribution was achieved by lines KG-40/1 (G8)
and KG-41/1 (G9). The least variation in spike length across localities was observed for
line KG-33/1 (G7) (Figure 3b).



Agronomy 2025, 15, 2684 9 of 29

(a) (b) 

(c) (d) 

Figure 2. Phenotypic variation in plant height (a), spike length (b), number of grains per spike
(c), and grain yield (d) in relation to genotype, year, and their interaction. G1—KG-4/1, G2—KG-9/1,
G3—KG-11/1, G4—KG-16/1, G5—KG-21/1, G6—KG-30/1, G7—KG-33/1, G8—KG-40/1, G9—KG-
41/1, G10—KG-43/1, G11—NS 40S, G12—Renesansa, G13—Pobeda, G14—KG-54-7/3-5, G15—KG-
54-7/3-2; Note: Different small letters indicate significant differences (p < 0.05) in the average values
of genotypes within each year; Different capital letters indicate significant differences between years
based on overall means.

Average value of number of grains per spike was slightly higher in the first season
(40.5) compared to the second (38.8), but this difference was not statistically significant
(p > 0.05) (Figure 2c). Locality factor (MS = 1717.39) had the greatest influence on the varia-
tion in this trait, where the highest average value was established in Kragujevac (44.9), fol-
lowed by Pančevo (39.3), and the lowest one in Kruševac (36.3) (Table S2, Figure 3c). Geno-
type G7 had the lowest value of number of grains per spike, while the highest value had
genotype G15 (47.0) (Figures 2c and 3c). The largest contribution to the genotype × year
interaction had genotype G8, which had the highest value of number of grains per spike in
2022/2023 season, with a decrease of 14.1% in the second season (Figure 2c). The greatest
contribution to the genotype × locality interaction regarding the number of grains per
spike was made by genotypes G6, G9, and G12, which had on average more than 25%
lower values in Kruševac compared to those achieved in Kragujevac (Figure 3c).
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(a) (b) 

(c) (d) 

Figure 3. Phenotypic variation in plant height (a), spike length (b), number of grains per spike (c), and
grain yield (d) in relation to genotype, locality, and their interaction. G1—KG-4/1, G2—KG-9/1,
G3—KG-11/1, G4—KG-16/1, G5—KG-21/1, G6—KG-30/1, G7—KG-33/1, G8—KG-40/1, G9—KG-
41/1, G10—KG-43/1, G11—NS 40S, G12—Renesansa, G13—Pobeda, G14—KG-54-7/3-5, G15—KG-
54-7/3-2; Note: Different small letters indicate significant differences (p < 0.05) in the average values
of genotypes within each locality; Different capital letters indicate significant differences between
localities based on overall means.

The greatest influence on the phenotypic expression of grain yield had the locality
factor (MS = 24.09) (Table S2). The grain yield was the highest in Pančevo (6.08 t ha−1),
with no statistical differences (p > 0.05) compared to the yield achieved at Kruševac
(6.05 t ha–1), while a significantly lower (p < 0.05) grain yield was achieved at Kragujevac
(5.17 t ha–1). The lowest grain yield was recorded in genotype KG-41/1 (G9) in Kragujevac,
while the highest grain yield was observed in genotype NS 40S (G11) in Pančevo (Figure 3d).
Grain yield was significantly higher in the second season (6.05 t ha−1) compared to the
first (5.49 t ha−1), with a significant genotype × year interaction (F = 16.570; p < 0.01).
Most genotypes achieved higher values of grain yield in the second season, while KG-
40/1 (G8), Pobeda (G13), and KG-54-7/3-2 (G15) had higher grain yield in the first season
(Figure 2d). Genotype KG-41/1 (G9) contributed most strongly to both genotype × locality
and genotype × year interactions (Figures 2d and 3d).
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3.2. Genotype × Environment Interaction

Given the significant influence of GEI on grain yield variation, a detailed analysis of
interaction effect was conducted using the AMMI model for this trait (Table S3). The largest
share of the total grain yield variation was accounted for by the environment (29.4%), while
a smaller share is explained by the factor of genotype (20.0%). Genotype × environment
interaction explained 23.08% of the total variation in grain yield (Table S3). To better under-
stand the interaction structure, AMMI1 and AMMI2 biplots were constructed (Figure 4).
The AMMI1 biplot presents mean grain yields (x-axes) against the first interaction principal
component (IPCA1), which accounts for 41.02% of the interaction sum of squares. From
the distribution of genotypes and environments on the AMMI1 biplot, an almost equal
influence of the additive and multiplicative parts of variation on the phenotypic expression
of grain yield is observed (Figure 4a).

(a) (b) 

Figure 4. AMMI1 (mean value vs. PCA1) biplot (a) and AMMI 2 (PCA1 vs. PCA2) biplot (b) for
grain yield of analyzed wheat genotypes grown across six environments: E1—Pančevo (2022/2023),
E2—Kragujevac (2022/2023), E3—Kruševac (2022/2023), E4—Pančevo (2023/2024), E5—Kragujevac
(2023/2024), and E6—Kruševac (2023/2024).

The most stable genotype, located close to the x-axis, was KG-33/1, which also showed
low mean grain yield across environments. High stability was also observed in genotypes
KG-54-7/3-5 and KG-16/1, whose average values of grain yield were slightly below the
overall trial mean. On the other hand, high-yielding genotypes, such as KG-11/1, Pobeda,
and KG-4/1, demonstrated moderate overall stability, which makes these genotypes valu-
able genetic resources for breeding programs aimed at improving yield potential and
stability. The most unstable genotype was KG-41/1, with the lowest average grain yield
(Figure 4a). To further explore GEI, an AMMI2 biplot was generated, incorporating both
IPCA1 and IPCA2 axes, which together explained over 70% of the interaction. Additionally,
genotype stability was calculated using AMMI Stability Values (ASVs), which consider
the combined effects of both IPCA1 and IPCA2 (Table S4). Genotypes located close to the
origin, such as KG-33/1, KG-9/1, KG-43/1, KG-21/1, and KG-54-7/3-5, had low values
for both IPCA axes, low ASVs, and were considered highly stable across environments.
Genotype KG-54-7/3-2, which was the farthest from the origin and had the highest ASV,
was positioned close to the vector of environment E3 (Kruševac 2022/2023), indicating
strong adaptation to specific conditions. Also, genotype KG-40/1, with a high IPCA1 and
high ASV, displayed overall instability, but showed specific adaptability in environment E2
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(Kragujevac 2022/2023) (Figure 4b, Table S4). Genotype Renesansa was positioned close
to the vector of environment E5 (Kragujevac 2023/2024), indicating a positive interaction
with that environment. Environments E1 (Pančevo 2022/2023) and E4 (Pančevo 2023/2024)
are positioned closest to each other, indicating that they provide similar conditions for
genotype ranking. Genotypes NS 40S and KG-41/1 were positioned closer to environment
E4 (Pančevo 2023/2024), while genotype KG-16/1 showed a positive interaction with
environment E1 (Pančevo 2022/2023) (Figure 4b).

Table 3 presents the ranking of genotypes across different environments based on
their mean grain yield values. It is evident that, in all environments, one or two of the
tested standard varieties (NS 40S, Renesansa, and Pobeda) were consistently ranked among
the top four genotypes, highlighting their agronomic relevance. Among the tested KG
breeding lines, KG-4/1 demonstrated the most consistent high performance, ranking within
the top four genotypes in the largest number of environments (E1—Pančevo 2022/2023,
E4—Pančevo 2023/2024, E5—Kragujevac 2023/2024, and E6—Kruševac 2023/2024). Also,
KG-11/1 and KG-40/1 were ranked in the top four genotypes in several environments
(Table 3).

Table 3. First four AMMI selections per environment.

Environment 1 Mean
(t ha−1)

IPCA1
Score

Rank of Genotypes
1 2 3 4

E1 5.74 0.005 KG-11/1 KG-4/1 KG-40/1 NS 40S
E2 5.51 1.516 KG-40/1 KG-11/1 Pobeda KG-21/1
E3 5.24 0.146 KG-54-7/3-2 Pobeda Renesansa KG-40/1
E4 6.43 −0.744 NS 40S KG-4/1 KG-16/1 KG-41/1
E5 4.84 −0.925 Renesansa KG-4/1 KG-9/1 NS 40 S
E6 6.87 0.001 KG-4/1 KG-11/1 KG-21/1 NS 40 S

1 E1—Pančevo (2022/2023), E2—Kragujevac (2022/2023), E3—Kruševac (2022/2023), E4—Pančevo (2023/2024),
E5—Kragujevac (2023/2024), and E6—Kruševac (2023/2024).

Genotype plus Genotype by Environment (GGE) biplot analysis was performed to
assess genotype stability, specific adaptability, and to identify mega-environments. In the
GGE biplots (Figure 5a–d), PC1 and PC2 together explain most of the variation in the data
(72.76% of the total variation). The Mean vs. Stability view of the GGE biplot (Figure 5a),
displays both the mean yield and the stability of genotypes across environments. Genotypes
G1 (KG-4/1), G3 (KG-11/1), and G13 (Pobeda) were ranked as the most productive, as
they are positioned in the direction of the arrow on the Average Environment Coordination
(AEC) abscissa. Among them, G3 (KG-11/1) and Pobeda exhibited the highest stability,
having the lowest projection on the AEC ordinate, indicating their suitability for broad
adaptation across Serbian agroecological zones. Genotype G7 (KG-33/1), which has almost
zero projection onto the AEC ordinate, was identified as the most stable, i.e., it had the
lowest contribution to GEI. In contrast, genotypes G8 (KG-40/1), G11 (NS 40S) and G12
(Pobeda) were high-yielding but low stable, indicating suitability for specific environments
(Figure 5a). In order to identify winning genotypes in specific environments, as well as
to identify megaenvironments, a which-won-where GGE biplot was created (Figure 5b).
Genotypes G1 (KG-4/1), G3 (KG-11/1), G8 (KG-40/1), G15 (KG-54-7/3-2), G14 (KG-54-
7/3-5), G7 (KG-33/1), G9 (KG-41/1), and G12 (Renesansa) are positioned furthest from
the biplot origin in various directions, and form a polygon. Set of perpendicular lines
drown from the origin divided the plot into sectors. The genotype located at the vertex
(top) of the polygon within a particular sector represents the winning genotype in that
sector. In this case, all environments were grouped into three sectors, each associated with
a different winning genotype. The genotype G12 (Pobeda) wins in the sector where the
environment E4 (Pančevo 2023/2024) is positioned, showing potential for targeted breeding.
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Genotype G1 (KG-4/1) performs best in multiple environments (E1—Pančevo 2022/2023,
E5—Kragujevac 2023/2024, and E6—Kruševac 2023/2024), which together form a mega-
environment. This indicates its broad adaptation and potential value in breeding programs
aimed at developing widely adaptable and high-yielding wheat varieties. Genotypes G7
(KG-33/1), G9 (KG-41/1), G14 (KG-54-7/3-5), and G15 (KG-54-7/3-2), positioned within
the sector that does not contain any environment, are characterized by low grain yield at
the trial level. Genotypes G4 (KG-16/1), G5 (KG-21/1), G6 (KG-30/1), G2 (KG-9/1), and
G10 (KG-43/1), positioned near the center of the biplot, exhibit the greatest stability across
the tested environments (Figure 5b).

 
(a) (b) 

 
(c) (d) 

Figure 5. GGE (Genotype + Genotype-by-Environment) biplots for grain yield of analyzed wheat geno-
types grown in six environments: (a) Mean vs. Stability; (b) Which-won-where (c) Discriminativeness
vs. representativeness; and (d) Ranking genotypes. Note: G1—KG-4/1, G2—KG-9/1, G3—KG-11/1,
G4—KG-16/1, G5—KG-21/1, G6—KG-30/1, G7—KG-33/1, G8—KG-40/1, G9—KG-41/1, G10—KG-
43/1, G11—NS 40S, G12—Renesansa, G13—Pobeda, G14—KG-54-7/3-5, G15—KG-54-7/3-2.
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Discriminativeness vs. representativeness view of GGE biplot was created to assess
the environments’ ability to differentiate and represent genotypes (Figure 5c). The E2 envi-
ronment (Kragujevac 2022/2023), with the longest vector, showed the highest capacity for
genotype differentiation based on grain yield. In contrast, the environment E3 (Kruševac
2022/2023), with the shortest vector, had the weakest capacity for genotype differentiation.
The environments E6 (Kruševac 2023/2024), E1 (Pančevo 2022/2023), and E3 (Kruševac
2022/2023) form the smallest angle with the AEC abscissa, indicating that they are more rep-
resentative, better reflecting the average trial conditions and thus are suitable for evaluating
broadly adapted genotypes (Figure 5c). Ranking genotypes GGE biplot (Figure 5d) was cre-
ated to rank genotypes and identify ideal genotypes within the examined set. Genotypes G3
(KG-11/1) is positioned closest to the imagined ideal genotype, which is represented by the
smallest inner concentric circle on the AEC abscissa. Genotypes G12 (Pobeda), G5 (KG-21/1),
and G1 (KG-4/1), are also positioned near the ideal genotype, making them promising
candidates for breeding broadly adapted, high-yielding wheat varieties (Figure 5d).

3.3. Antioxidant Activity Parameters

Figure 6 shows the DPPH• scavenging activity and total phenolic content (TPC) of
15 wheat genotypes at three growth stages, averaged across three localities during two
growing seasons.

(a) 

(b) 

Figure 6. DPPH radical scavenging activity (mg TE g−1 d.m.) (a) and total phenolic content (mg
GAE g−1 d.m.) (b) of wheat genotypes across phenophases (combined data for three localities and
two seasons). Note: Different lowercase letters indicate statistically significant differences between
genotypes within each phenophase, while different uppercase letters indicate significant differences
between phenophases (Tukey’s HSD test, p < 0.05).
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A significantly lower antioxidant activity (p < 0.05) was observed at the anthesis stage
(2.99 mg TE g−1 d.m.) compared to the tillering (3.51 mg TE g−1 d.m.) and stem elongation
stages (3.53 mg TE g−1 d.m.) (Figure 6a). The highest average value of TPC was recorded at
the tillering stage (6.43 mg GAE g−1 d.m.), followed by stem elongation (6.07 mg GAE g−1

d.m.), while the lowest value was recorded at anthesis (4.97 mg GAE g−1 d.m.) (Figure 6b).
Genotype NS 40S had the lowest values for both parameters, followed by genotype KG-41/1
(Figure 6a,b). The highest DPPH• scavenging activity was observed in KG-33/1 during
tillering (3.63 mg TE g−1 d.m.), in Renesansa and KG-11/1 at stem elongation (3.83 mg TE
g−1 d.m.), and in Pobeda at anthesis (3.38 mg TE g−1 d.m.) (Figure 6a). Line KG-4/1 had
the highest TPC at tillering (7.10 mg GAE g−1 d.m.), as well as at stem elongation (6.65 mg
GAE g−1 d.m), together with the line KG-30/1 (6.66 mg GAE g−1 d.m). The highest TPC at
anthesis was measured in genotype KG-11/1 (5.54 mg GAE g−1 d.m. (Figure 6b).

When comparing localities, antioxidant activity, based on both analyzed parame-
ters, differed significantly (p < 0.05) among all three localities, being highest in Kruševac
(3.83 mg TE g−1 d.m. and 7.43 mg GAE g d.m.), followed by Pančevo (3.23 mg TE g−1 d.m.
and 6.04 mg GAE g d.m.), and lowest in Kragujevac (2.97 mg TE g−1 d.m. and 4.01 mg
GAE g d.m.), on average for all phenophases during the trial period (Figure 7a,b).

(a) 

(b)

Figure 7. DPPH radical scavenging activity (mg TE g−1 d.m.) (a) and total phenolic content (mg
GAE g−1 d.m.) (b) of wheat genotypes across localities (combined data for three phenophases and
two seasons). Note: Different lowercase letters indicate statistically significant differences between
genotypes within each locality, while different uppercase letters indicate significant differences
between localities (Tukey’s HSD test, p < 0.05).
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Genotype KG-33/1 showed the highest antioxidant activity in Pančevo (3.40 mg TE
g−1 d.m.), genotype KG-11/1 in Kragujevac (3.30 mg TE g−1 d.m.), while in Kruševac, the
highest value was observed in genotype Pobeda (4.19 mg TE g−1 d.m.). Genotype NS 40S
had the lowest antioxidant activity across all localities, which ranged from 2.54 mg TE
g−1 d.m. in Kragujevac up to 3.48 mg TE g−1 d.m. in Kruševac (Figure 7a). The average
TPC in Pančevo ranged from 5.40 mg GAE g−1 d.m. in genotype NS 40S up to 6.72 mg
GAE g−1 d.m. in genotype KG-43/1. At the Kragujevac locality, the TPC ranged from
3.25 mg GAE g−1 d.m. in genotype KG-41/1 to 4.60 mg GAE g−1 d.m. in genotype KG-
11/1. In Kruševac, the highest TPC was found in genotype Renesansa (8.13 mg GAE g
d.m.), and the lowest one in genotype KG-54-7/3-2 (6.87 mg GAE g−1 d.m.) (Figure 7b).

3.4. Relationship Among Analyzed Traits

The analysis of the relationships between the analyzed parameters across localities
was performed using PCA, separately for each season. A PCA biplot (PC1 vs. PC2) and
a 3D plot (PC1 vs. PC2 vs. PC3) were created for each season (Figure 8). The first three
principal components, with eigenvalues > 1, explain most of the total variability in the
data by season (Table S5). In the 2022/2023 season, PC1 and PC2 together explain 67.1% of
the variation (Figure 8a), while PC3 contributes an additional 11.6% (Figure 8b). The PCA
biplot and 3D plot clearly separate localities and traits. The ellipses around the grouped
genotypes indicate variability within each locality, with the highest variability present
in Kruševac, followed by Kragujevac, and the least in Pančevo (Figure 8a). The vector
for grain yield overlaps a sharp angle with the vectors representing the parameters of
antioxidant activity in the phenophase of stem elongation and is positioned within the
genotypes grown at the Pančevo locality. DPPH• scavenging activity and total phenolic
content overlap each other at a sharp angle within each phenophase. The number of grains
per spike is positively correlated with the spike length, and the vectors of these two traits
are located within the Kragujevac locality (Figure 8a). A similar pattern is confirmed by
the 3D plot, but the additional variance explained by the PC3 axis helped to more clearly
reveal certain patterns of correlation between traits. According to this plot, spike length is
positively correlated with grain yield, number of grains per spike and antioxidant activity
parameters in the stem elongation phenophase, while plant height is closely related to
antioxidant activity parameters in the tillering and anthesis phenophases (Figure 8b).

In the second season (2023/2024), the first two principal components explain 50.4% of
the total variability, represented by the PCA biplot (Figure 8c), while an additional 21% of
the variability (PC3) is represented by the 3D plot, which explains 71.4% of the observed
variability (Figure 8d). On the PCA biplot, a clear separation of the Kragujevac locality
in relation to Pančevo and Kruševac was observed. The vectors of the number of grains
per spike, spike length and the parameters of antioxidant activity in the anthesis and stem
elongation phenophases form a mutual sharp angle, which indicates positive correlations
between them. Also, grain yield, plant height, and antioxidant activity parameters in the
tillering phase are positively correlated. On the other hand, in this season, the number of
grains per spike and spike length form an obtuse angle with grain yield, which indicates
a negative correlation between these traits and yield. (Figure 8c). The 3D plot shows a
slightly different pattern of the relationship between the analyzed traits, influenced by
high positive or negative values of the PC3 component of certain traits (Table S5). Unlike
the PCA biplot, the parameters of antioxidant activity in the anthesis phenophase are
more descriptive of the Pančevo and Kruševac localities. Grain yield, plant height, and
parameters of antioxidant activity in the tillering and stem elongation phenophases form a
sharp angle with each other, indicating positive correlations between them (Figure 8d).
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(a) (b) 

(c) (d) 

Figure 8. PCA biplots (PC1 vs. PC2) and 3D plots (PC1 vs. PC2 vs. PC3) illustrating relationships
among wheat genotypes and analyzed traits (PH—plant height, SL—spike length, NGS—number of
grains per spike, GY—grain yield, DPPH—DPPH radical scavenging activity, TPC—total phenolic
content measured at three growth stages: I—tillering, II—stem elongation, III—anthesis) in the
2022/2023 (a,b) and 2023/2024 (c,d) growing seasons. Localities: PA—Pančevo, KG—Kragujevac,
KS—Kruševac.

4. Discussion
4.1. Phenotypic Variability of Agro-Morphological Traits

Many studies have shown that germplasm diversity is of crucial importance in breed-
ing programs aiming to develop new varieties with improved grain yield potential in
different climates [16,26,49,50]. The results of this research indicate a pronounced vari-
ability among the tested wheat genotypes in the phenotypic expression of the analyzed
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grain yield and grain yield components. An additional contribution to the diversity of
germplasm is provided by the two tested lines of spelt wheat (Triticum spelta L.), which are
characterized by specificities in terms of agro-morphological characteristics and grain yield.
Hence, assessment of genetic diversity within germplasm is essential in breeding programs,
as it allows the selection of varieties and lines with better agronomic characteristics under
specific environmental conditions [51].

A significant influence of the analyzed factors (genotype, locality, and year) and their
interactions on the phenotypic expression of the analyzed traits was established. In this
study, spike length varied more among genotypes than among seasons and localities.
Similar results were obtained by Mladenov et al. [52] and Ullah et al. [53], who found a
high proportion of genotypic variance in the total phenotypic variation in spike length.
This is confirmed by the findings of Shamsabadi et al. [54], who reported that spike length
is mainly influenced by additive genes, making it suitable for direct selection of desirable
plants. Genotypes of spelt wheat were characterized by the longest spike length (on average
above 13 cm), and they contributed the most to the share of the genotypic effect in the total
trait variation. Similar spike length values for spelt wheat (12.2 cm on average) were found
by Lacko-Bartošová, M. et al. [55], comparing spelt wheat with einkorn (T. monococcum)
and emmer (T. dicoccon).

Plant height varied significantly among genotypes, localities, and seasons, with envi-
ronmental factors (locality and year) having a greater influence on this trait than genotype.
Similar results were obtained by Matković Stojšin et al. [36], Popović et al. [56], and Ljubičić
et al. [57]. In our research, higher amount of precipitation in the vegetative stages of wheat
development in 2022/2023, favored higher plant growth in all three localities. Spelt wheat
genotypes achieved the highest plant height in both years. Although a tall stem in wheat is
an undesirable trait, due to the increased tendency to lodging, Chrpová et al. [58] stated
that the high plant in spelt wheat has a role as a passive resistance factor to Fusarium
Head Blight. The variety NS 40S was singled out as a high-yielding variety with a very
low plant height value, making it suitable resource for selection aimed at improving plant
architecture and lodging resistance.

Number of grains per spike varied the most under the influence of the locality factor,
where the highest value was recorded at the locality Kragujevac (44.9), followed by Pančevo
(39.3), and the lowest average value in Kruševac (36.3). The interaction of genotype and
year was particularly pronounced for this yield component, where spelt wheat genotypes
showed higher values in the dry season, while the KG-40/1 achieved the highest value
in a more favorable season. This shows that the number of grains per spike is a highly
variable trait, which depends on climatic conditions. According to Serrago et al. [59], the
efficiency of grain formation is reflected in the balance between juvenile spikes growth
and the development of flower buds during stem elongation. Also, the number of grains
per spike depends on the accumulation of dry matter in spikes, which takes place in the
period of 20 to 30 days before flowering [59,60]. The higher number of grains per spike in
Pančevo and Kragujevac, especially during the 2022/2023 season, was largely due to greater
precipitation (102.2 and 109.8 mm, respectively), in the period 20 to 30 days before flowering
(March–April), while lower precipitation (81.7 mm) was recorded in Kruševac during the
same period. Consequently, in addition to genetic factors, environmental factors during
stem elongation, flowering, and fertilization also influence number of grains per spike.

Grain yield is formed during the ontogenetic development of the plant in interaction
with environmental factors [61]. In our study, the locality factor had a dominant effect in
the phenotypic variation in grain yield, expressed through the highest mean square (MS)
value, confirming the significant influence of environmental factors established by many
authors [62–64]. The highest grain yield was achieved at the Pančevo locality (6.08 t ha−1);



Agronomy 2025, 15, 2684 19 of 29

however, it did not significantly differ from the grain yield achieved at Kruševac
(6.05 t ha−1), while the lowest average grain yield was observed at the Kragujevac lo-
cality (5.17 t ha−1). A higher grain yield value was recorded in the 2023/2024 season
(6.05 t ha−1) compared to 2022/2023 (5.49 t ha−1). Although a lower total amount of
precipitation was recorded in the second season (2023/2024), their distribution, combined
with temperature conditions, was more favorable for achieving higher yield in Pančevo
and Kruševac. Therefore, the microclimatic conditions of the locality had a decisive role in
the formation of grain yield. Also, achieving a high grain yield at the locality Kruševac in
the 2023/2024 season, despite poorer soil conditions, can be attributed to exceptional grain
yields in spelt wheat genotypes. This is in line with Sugár et al. [65], who reported that spelt
wheat exhibits good adaptability to adverse climatic conditions and poor soils. In addition,
due to the presence of hulls and the genetic polymorphism of the spelt population, this type
of wheat is resistant to pests and various diseases, which makes it suitable for cultivation
in organic production systems [58,66–70]. The significantly lower grain yield recorded at
Kruševac locality in the 2022/2023 season compared to 2023/2024 was the result of very
heavy rainfall in June 2023 (204 mm), which led to water retention on the surface layer of
the soil, crop failure, and disease occurrence. The significance of the interaction between
genotype and year is reflected in the different grain yield performance of genotypes over
the years. Namely, the genotypes KG-4/1, NS 40S and Renesansa achieved higher grain
yield in the 2023/2024 season, while the genotypes KG-40/1, Pobeda and the spelt line
KG-54-7/3-2 had a higher grain yield in the 2022/2023 season compared to 2023/2024.
These results indicate a complex reaction of genotypes to the combined effects of locality
and year, resulting from differences in climatic conditions in each year and soil conditions
per locality [63].

4.2. Grain Yield Stability

In the conditions of increasingly pronounced climate changes, the importance of
selecting wheat genotypes that show high grain yield and stability across environments
is increasing. According to Begna [71], environmental factors such as soil type, humidity,
temperature, light intensity, relative air humidity, amount of precipitation, day length, and
implemented agrotechnical practice have an impact on the expression of genes that control
crop traits, resulting in different phenotypic expression of traits by environment. Due to
the fluctuations of these environmental factors, the phenotypic response of genotypes is not
always the same across all environments, which indicates the presence of pronounced GEI,
which further complicates the selection of genotypes [22,71–73]. Hence, analyzing GEI is
essential to assess the stability and broad adaptability of genotypes, and also allows for
recommending genotypes for production in specific areas (specific adaptability) [74,75]. To
identify stable and high-yielding genotypes, it is necessary to conduct multi-environment
trials (MET) [23,26,76–79]. Statistical models commonly used to analyze MET data include
Additive Main Effect and Multiplicative Interaction (AMMI) and Genotype Plus Genotype
by Environment (GGE) biplots [13,77,80–87]. The AMMI model showed that GEI explained
23.08% of the total variation in grain yield, with the first two interaction axes explaining
70.31% of GEI. Similar results were obtained by Ljibičić et al. [57], Wardofa et al. [88],
and Jędzura et al. [89]. Environmental variation, particularly differences in temperature
and precipitation distribution, led to differential genotypic responses. Environments E1
(Pančevo in 2022/2023), E6 (Kruševac in 2023/2024) and E3 (Kruševac in 2022/2023)
contribute the least to the GEI, due to small deviations in genotype performance in these
environments compared to their overall performance. Line KG-33/1 showed the highest
stability but low grain yield, whereas KG/41-1 had both low stability and low grain yield,
making it undesirable for selection. Conversely, genotypes KG-4/1, KG-11/1, and Pobeda,
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combined both high grain yield and low GEI, indicating broad adaptability and suitability
for cultivation across diverse agroecological conditions. High grain yield and pronounced
instability characterize the genotype KG-40/1, suggesting its potential for targeted breeding
under conditions similar to environment E2 (Kragujevac 2022/2023). Likewise, spelt lines
showed a positive interaction with the environment E3 (Kruševac 2022/2023), confirming
their potential for specific adaptation to marginal environments.

The GGE biplot analysis, developed by Yan et al. [90], is very useful tool for assessing
genotypes through their interaction with environment, as well as for identification of
ideal environments for testing genotypes. By interpreting Mean vs. stability GGE biplot,
in accordance with the approach of Yan et al. [90,91], it was observed that among the
high-yielding genotypes, KG-11/1 and Pobeda exhibited the highest stability, indicating
their suitability for broad adaptation across diverse agroecological conditions in Serbia.
Similarly, other studies [76,81,92] also identified high-yielding and highly stable wheat
genotypes, using Mean vs. Stability GGE biplot. Bishwas et al. [81] point out that the
ideal lines are those with the highest grain yield and absolute stability. In our research,
the high-yielding genotypes KG-4/1, KG-40/1, NS 40S and Renesansa are positioned
significantly far from the AEC abscissa, exhibiting instability. However, this instability
may result from their specific adaptability to certain environments [23]. Thus, which-won-
where GGE biplot was created with the aim to identify winning genotypes in specific
environments, as well as to identify mega-environments [93]. Namely, genotype Renesansa
is specifically adapted to the conditions of carbonate chernozem (locality Pančevo) in
the growing season 2023/2024. Bishwas et al. [81], applying this type of GGE biplot,
identified elite wheat lines with specific adaptability under irrigation conditions, as well
as a line that is adaptable in the environment with terminal heat-stressed. Also, Perišić
et al. [83], conducting an experiment with 14 wheat lines and the Pobeda variety as a
standard in Kragujevac, Kruševac and Sombor, identified lines specifically adapted to
the conditions of the given localities. Line KG-4/1 is specifically adapted to the mega-
environment comprising environments E1 (Pančevo 2022/2023), E5 (Kragujevac 2023/2024)
and E6 (Kruševac 2023/2024). Al-Ashkar et al. [62] also identified a mega-environment
that encompassed multiple agroecological environments, including environments with
optimal conditions, as well as those with drought and heat stress conditions. Based on this
result, they conclude that factor of year did not significantly affect the differences between
environments, nor the response of genotypes. Genotypes KG-11/1 and KG-40/1 are the best
in environments E3 (Kruševac 2022/2023) and E2 (Kragujevac 2022/2023), which form one
mega-environment characterized by similar conditions that provided almost equal ranking
of genotypes. Specifically adapted genotypes can be targeted to the prevailing conditions in
a certain area [78], which is why it is very important to carry which-won-where GGE biplot
in breeding programs. According to the level of discrimination vs. representativeness
GGE biplot, environment E2 (Kragujevac 2022/2023) was characterized by the highest
discriminativeness, i.e., the ability to distinguish genotypes based on grain yield. Hence,
this environment can be considered the most suitable for testing genotypic differences. Yue
et al. [79] state that environments with high discriminative power are ideal for identifying
stable genotypes with broad adaptability. On the other hand, Yan et al. [92] reported that
environments with long vectors that form a large angle with the AEC axis cannot be used to
select superior genotypes, but are useful for eliminating unstable genotypes. In accordance
with this, we emphasize that the environments E1 (Pančevo 2022/2023) and E6 (Kruševac
2023/2024) are ideal for the evaluation of genotypes, given that they are both representative
(form a sharp angle with the AEC axis) and discriminative (far from the coordinate origin).
The representativeness of these environments reflects in their role represent as average
conditions among environments, making them typical of the entire experiment. According



Agronomy 2025, 15, 2684 21 of 29

to Yan et al. [92] and Aktaş et al. [94] this type of GGE biplot is more effective for estimating
means compared to the AMMI biplot. By conducting the Ranking genotypes GGE biplot
analysis, the genotype KG-11/1 (G3) was singled out as the closest to the ideal genotype.
This genotype is characterized by high grain yield and high stability. Also, the genotypes
KG-4/1 (G1), KG-21/1 (G5), and Pobeda (G13) are the least distant from the ideal genotype,
which makes them a suitable genetic resource for achieving high grain yield and stability.
Bishwas et al. [81] highlight that the ideal elite wheat line identified using this analysis, can
be a reference in the evaluation of other lines.

Our results show that the combined use of AMMI and GGE biplot analyses provides a
framework for selecting stable and closely adapted genotypes, as well as for identifying
ideal environments for testing genotypes. All of this may be of great importance in
developing plant breeding strategies to address the challenges of climate change.

4.3. Antioxidant Activity

In the era of climate change, improving wheat grain yield is increasingly challenging,
requiring the introduction of new technologies and traits into breeding programs [95]. The
analysis of biochemical parameters has found its application in the selection of genotypes,
especially in induced stress conditions, because they are important indicators of the plant’s
response to stress. Numerous studies aimed at examining the response of wheat to various
biotic and abiotic stresses have confirmed the presence of antioxidant compounds in plants,
as well as variation in their levels depending on the genotype [34,36,96], the intensity of the
stress factor [97–99], and the phase of plant development [36,96,100,101]. Nardino et al. [34]
point out that the assessment of antioxidant activity is important for a more comprehensive
understanding of genotype characteristics and their tolerance to stress they are exposed to.
However, most of the previous research was focused on the investigation of antioxidant
parameters in the early stages of plant development or during grain development stages,
most often under controlled conditions (ex situ) or through the comparison of stress treat-
ment with control. In contrast, this research provides an insight into the reaction of plants
to prevalent environmental stresses in real (in situ) conditions, through MET by analyzing
the production of antioxidant parameters (DPPH• scavenging activity and the TPC) in the
key phenophases of plant development (tillering, stem elongation, and anthesis). Phenolic
compounds, as major non-enzymatic antioxidants, have a high capacity to neutralize free
radicals, i.e., reactive oxygen species (ROS), produced under stress [32,102,103]. The high-
est DPPH• scavenging activity was measured at stem elongation (3.53 mg TE g–1 d.m.),
and tillering phenophase (3.51 mg TE g–1 d.m.), while the lowest was observed at anthesis
(2.99 mg TE g–1 d.m.). This is in agreement with the results of Matković Stojšin et al. [36],
who analyzed the influence of saline soil stress on the DPPH• scavenging activity in differ-
ent phenophases of wheat. The total phenolic content was the highest at tillering, followed
by stem elongation, and lowest at anthesis.

Genotypes differed in their antioxidant responses during plant development. Rene-
sansa, Pobeda and KG-11/1 showed the highest DPPH• scavenging activity in the stem
elongation and anthesis phenophases. Regarding the TPC, genotypes KG-4/1, KG-21/1,
and Renesansa stood out with the highest values, especially in the phenophases of tillering
and stem elongation. Genotypes differed in their antioxidant responses during plant devel-
opment. Renesansa, Pobeda and KG-11/1 showed the highest DPPH• scavenging activity
in the stem elongation and anthesis phenophases. Regarding the TPC, genotypes KG-4/1,
KG-21/1, and Renesansa stood out with the highest values, especially in the phenophases
of tillering and stem elongation. Melios et al. [104] reported a significant effect of genotype,
environment, and their interaction on the antioxidant properties of durum wheat grains,
identifying a potential superior genotype displaying high and stable TPC and antioxidant
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capacity across various crop management systems. Similar results were reported by Buczek
et al. [105], who investigated the effect of genotype, location, cropping systems, and year
on the content of antioxidant compounds in grains of hybrid winter wheat genotypes.

The highest antioxidant activity of wheat was found at the locality Kruševac, followed
by Pančevo, while the lowest antioxidant activity was found at the locality Kragujevac.
These differences can be attributed to environmental conditions (climatic and soil conditions
during both seasons of the study). Similarly, Buczek et al. [105] reported significant location
× cropping system and location × year interaction, indicating that both crop management
and growing season influenced the accumulation of phenolic compounds and antioxidant
capacity in wheat genotypes across different locations. The low rainfall at Kruševac,
especially in the tillering phase (December–February), created stressful conditions for the
plants, likely inducing increased synthesis of antioxidant compounds to neutralize ROS.
At the locality Kragujevac, a small amount of precipitation during the tillering and stem
elongation phases, combined with unfavorable soil conditions, indicates a negative effect
of prolonged drought stress on the plant’s antioxidant defenses. Chugh et al. [97] reported
that when plants are exposed to drought stress, antioxidant activity initially increases but
decreases with increasing drought stress intensity. Also, Zhang et al. [99], conducting
research on Atractylodes lancea, found that after exposure of plants to drought stress for
more than four days, the activity of antioxidant enzymes continuously decreased. The
same authors explained that the cause of this decrease in antioxidant activity was that the
production of ROS due to long exposure to drought was out of range, and the antioxidant
mechanism of the plant was not able to remove excess ROS. Earlier research by Salekjalali
et al. [106] showed that prolonged and severe drought stress reduced the antioxidant
activity of barley at the late ripening stage. Pančevo, with slightly higher precipitation,
especially during the first season, and more favorable soil conditions, was less stressful for
the plants, resulting in genotypes showing moderate antioxidant response, lower than in
Kruševac but higher than in Kragujevac.

4.4. Relationship Among Agro-Morphological and Biochemical Parameters

Grain yield is a complex trait that is significantly influenced by environmental factors,
as well as by the grain yield components that define it [107,108]. Given that the ultimate goal
of any breeding program is to increase grain yield, understanding the interrelationship of
grain yield and its components is of great importance [109]. By applying two-dimensional
(PCA biplot) and three-dimensional analysis (3D plot), the interrelationships of the ana-
lyzed components of grain yield and the parameters of antioxidant activity of wheat were
examined in relation to different localities across growing seasons. Many authors have
applied PCA with the aim of identifying patterns among traits [29,109–111].

In the first growing season, a positive correlation was established between grain
yield and antioxidant activity parameters measured in the stem elongation phenophase.
In the second growing season, both antioxidant activity parameters measured in the
tillering phenophase showed a positive correlation with grain yield. These findings suggest
that genotypes which responded to prevalent abiotic stresses in the early stages of plant
development by exhibiting higher antioxidant activity, achieved later a higher grain yield.
The positive association between early-stage antioxidant activity and final grain yield
suggests that biochemical markers could support early screening for stress tolerance in
breeding programs. This relationship was most characteristic of the Pančevo and Kruševac
localities, which were characterized by both higher grain yield and higher antioxidant
responses. Shokat et al. [112] examined the correlation between physiological parameters
and parameters of antioxidant activity in wheat leaves exposed to drought stress at anthesis,
and grain yield components, and concluded that certain physiological and biochemical
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parameters can serve as useful selection criteria in the identification of drought-tolerant
genotypes. Similar results were previously obtained by Nikolić et al. [31], examining the
association of physiological parameters in the anthesis phase with physiological parameters
and grain yield in the full maturity phase, highlighting positive correlations between these
parameters. Banjac et al. [19] state that varieties that show stronger ability to “remember”
stress, are those varieties that respond best to stress in the early stages of development,
suffering the least damage, and when re-exposed to the same stress in later phases, they
show a similar adaptive response. Most of the research focusing on stress tolerance of
wheat has been carried out in a certain developmental period; however, plant reactions
vary depending on the phenophase of plant development. Hence, research should be
focused on the responses of plants to stress in different stages of development, as well as
on conducting experiments in several agroecological environments [35]. In this research,
the antioxidant activity parameters are positively correlated within each phenophase. A
positive correlation between the TPC and DPPH• scavenging activity was established
by numerous researchers [55,113]. Based on this result, it can be concluded that phenols
significantly contribute to the antioxidant activity of wheat.

Plant height in the first season had a negative correlation with grain yield, which is
consistent with higher rainfall and more vigorous vegetative growth in all three localities,
where plants could express their full genetic potential in terms of this trait. A negative
correlation between plant height and grain yield in wheat was established by Luković
et al. [29], Sangha et al. [111], and Spanic et al. [114]. On the contrary, in the second season,
a positive correlation between plant height and grain yield was established. Therefore,
the conditions of a reduced amount of precipitation influenced a faster transition from the
vegetative to the generative phase of the plant’s development, as a result of which the stem
shortened. It is also noted that despite the reduced vegetative development in the second
season, the genotypes that exhibited higher plant height managed to better use resources
and achieve a higher grain yield under stress conditions. Accordingly, lines of spelt wheat,
with the highest plant height, showed resistance to unfavorable conditions and achieved a
high grain yield at the Kruševac locality, which contributed to a significant extent to this
pattern of correlations. A positive correlation between plant height and grain yield was
established by Javed et al. [109]. The different pattern of correlations by season indicates
that the association of analyzed traits is shaped to a greater extent by environmental factors.

In both growing seasons, spike length is positively correlated with the number of
grains per spike. This is in agreement with the results of Ullah et al. [53] and Ding et al. [115].
According to the 3D PCA plot in the first growing season, positive correlations of spike
length, number of grains per spike and grain yield were observed. Positive correlations
between the number of grains per spike and grain yield were established by Ullah et al. [53]
and Philipp et al. [116]. Also, Zečević et al. [70], studying different genotypes of spelt
wheat, pointed out that the number of grains per spike is an important component of grain
yield, which affects grain yield potential. However, spike length and number of grains per
spike have a negative correlation with grain yield in the second growing season, which was
characterized by a lower amount of precipitation. As the vectors of these traits are mostly
located within the ellipse of the Kragujevac locality, where the highest values of mentioned
traits were achieved, with the lowest grain yield values, we speculate that the values at the
Kragujevac locality contributed the most to this pattern of relationships between traits. This
result indicates a lower individual grain weight, i.e., poor grain filling, due to abiotic stress,
which was particularly pronounced at the Kragujevac locality. Hence, we can conclude
that grain yield depended more on grain weight/size than on the number of grains per
spike in this season. Genomic studies have shown that genomic regions associated with
grain number overlap with regions affecting thousand grain weight, exhibiting opposite
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phenotypic effects, indicating the existence of a genetically based trade-off between grain
number and grain size [117].

5. Conclusions
Integrating yield stability analyses (AMMI/GGE) with antioxidant profiling provides

a robust framework for identifying genotypes with both agronomic and physiological
resilience. Lines KG-4/1, KG-11/1, and the variety Pobeda represent promising can-
didates for breeding programs targeting climate variability. In contrast, high-yielding
genotypes KG-40/1 and Renesansa showed specific adaptability in certain environments,
making them valuable candidates for targeted breeding to develop regionally adapted,
high-yielding wheat varieties. Spelt wheat KG-54-7/3-2 exhibited specific adaptability
in unfavorable conditions, underscoring its potential for low-input agricultural systems.
Pančevo 2022/2023 and Kruševac 2023/2024 stood out as ideal environments for the
differentiation of genotypes in terms of grain yield, showing good representativeness
and discriminativeness. Antioxidant activity parameters at early growth stages are pos-
itively correlated with grain yield and can serve as biochemical markers for identifying
stress-tolerant and high-yielding wheat genotypes, with the potential application of these
genotypes in future climate-resilient wheat breeding programs.
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Interaction Analysis of Winter Wheat Grown in Environment of Limited Soil Conditions. Plants 2021, 10, 604. [CrossRef]
[PubMed]

58. Chrpová, J.; Grausgruber, H.; Weyermann, V.; Buerstmayr, M.; Palicová, J.; Kozová, J.; Trávníčková, M.; Nguyen, Q.T.; Moreno
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