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Abstract

Changing climatic conditions and the emphasis on the cultivation of genetically stable and resilient varieties as well as
efficiently managing water and mineral resources require the commencement of appropriate research already at the stage of
plant breeding. For this purpose, breeders must have the necessary tools not only in the form of an experimental network, but
also statistical tools that enable the correct interpretation of the obtained results. In the presented research, the additive main
effects and multiplicative interaction (AMMI) model, supplemented with cluster analysis, was used to assess the stability and
yielding level of 26 spring wheat genotypes, in six locations. The main reason for the yield variability in studied genotypes
was environmental factor (89%). In spite of differential conditions in the experimental network locations, the studied envi-
ronments, which had a similar effect on the genotypes, in the growing season of 2021, were grouped. The AMMI stability
value (ASV), yield stability index (YSI) and genotype selection index (GSI) coefficients were used to evaluate the studied
genotypes. Based on the analyses, the following genotypes were selected for further breeding work: STH 21-03, STH 21-09

and KOH 18279, as stable and widely adapted.
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Introduction

Common wheat (Triticum aestivum) is one of the key species
whose yield-building potential and stability are largely taken
into account in the global strategy of feeding the popula-
tion (Grote et al. 2021). The growth and development of
cultivated plants, and in particular the yield potential, are
influenced by multiple abiotic and biotic factors, as well
as human activities (cultivation and fertilization). These
aspects, along with genetic conditions, affect the shape
and size of the genotype—environmental interaction (GEI)
and thus the yield stability of a variety. This consistency
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in the response to a complex set of factors, combined with
the ability to maintain a relatively high mean for yield, is
a prerequisite for broad genotype adaptation (Madry et al.
2006b). Varieties with higher adaptability are preferred in
agricultural practice. It is also a condition for registration by
Research Centre for Cultivar Testing (COBORU) in Poland,
because the new variety should have a satisfactory economic
value, which in practice means an appropriate level of yield-
ing throughout the country.

Extensive climatic changes related to the occurrence of
periodic droughts and rising temperatures as well as the lack
of constant environmental conditions at the experimental
environments require the breeder to create varieties that are
prepared for the unprecedented changes. The key aspect
is the development of an experimental network enabling a
comprehensive study of breeding materials: on the one hand,
environmentally diverse, in order to study the interactions
taking place, and on the other, allowing for a more com-
plete disclosure of genotypic differences not burdened by
the influence of other factors (Annicchiarico 1997; Gauch
and Zobel 1997).
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An effective statistical tool for the analysis of the above-
mentioned issues is the additive main effects and multi-
plicative interaction (AMMI) model (Gauch 2006; Zobel
et al. 1988). It enables drawing conclusions about the
stability of the studied genotypes and the nature of their
adaptation and allows grouping of objects and locations
on the basis of the GEI profile (Crossa 1990). According
to Gauch et al. (2008), it is the most suitable method for
plant breeding applications, and its main benefit is faster
progress in yield and other traits.

The aim of the study was to investigate the changes in
the yield level of spring wheat breeding lines and reference
varieties, in response to various environmental conditions.
The scope of the research presented included two aspects:
genotypic and environmental. The stability of genotypes
in terms of yielding was assessed, their hierarchy was
constructed in terms of wide adaptation, and the similar-
ity of the studied genotypes in terms of the GEI profile
was analyzed, also in relation to the COBORU reference
variety. The environmental profile of the research, in one-
year terms, included analysis of the experimental network,
grouping of locations similarly affecting the studied gen-
otypes, identification of environments least influencing
the yield level and allowing more complete disclosure of
genotypic differences.

Materials and methods

The research material was the preliminary spring wheat trial
lines, established in 2021. These were 23 genotypes from
Plant Breeding Strzelce Ltd. Co., IHAR Group, Poland,
and three reference varieties: Harenda, Jarlanka—COBORU
standards and KWS Dorium. The experiment was set up
in the randomized complete block (RCB) system, in three
repetitions and six locations [BOH—Borowo (52° 07’ 12"
N, 16° 47" 19" E), KOH—Konczewice (53° 10" 55"
N, 18° 33" 20" E), KBP—Kobierzyce (50° 58" 17" N,
16° 55" 50" E), MAH—Matyszyn (52° 44' 19" N, 15° 10" 17"
E), SMH—Smolice (51° 42’ 12" N, 17° 10" 10" E), and
STH—Strzelce (52° 18’ 41" N, 19° 24' 22" E)] (Fig. S1).
Plot size to harvest was 10 m%. The experimental results,
grain yield (kg plot™!), were statistically analyzed.

The data were analyzed using the additive main effects
and multiplicative interaction (AMMI) model (Gauch and
Zobel 1990), for spring wheat grain yield. The AMMI model
first fits the additive effects for the main effects of genotypes
(G) and environment (E), followed by multiplicative effects
for GEI by principal component analysis (PCA). The results
of the AMMI analysis are presented as biplot graphs. The
AMMI model (Nowosad et al. 2016) is expressed by the
following formula:
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where y,, is the trait mean of a genotype g in environment e,
w is the grand mean, a,, is the mean genotype deviation, f,
is the mean environment deviation, N is the number of PCA
axes retained in the adjusted model, 4, is the eigenvalue of
the PCA axis n, y,,, is the genotype score for the PCA axis
n, é,, is the score eigenvector for the PCA axis n and Q,,, is
the residual, including the AMMI noise and pooled experi-
mental error. AMMI analysis was performed in the R Studio
(http://www.r-project.org/) using the “AMMI” function from
“agricolae” package. The stability of genotypes was assessed
using the AMMI stability value (ASV) coefficient (Purchase
et al. 2000):

SS
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e
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where SSipca; 1s the sum of squares for IPCA1, SSipca, is the
sum of squares for [IPCA2, and the IPCA, and IPCA, scores
are the genotype scores in the AMMI model. The lower ASV
value, the greater the stability of the genotype in the studied
environments. The genotype selection index (GSI)—the sum
of the ASV and yield stability index (YSI) ranking positions
(Farshadfar 2008), was calculated for each genotype.

In order to better understand the relationships between
the studied genotypes and to compare the GEI profiles of the
studied genotypes with the Harenda (a long-term reference
variety used in COBORU, with a high and stable yield level
over the years), cluster analysis was used as a supporting
tool (Hithn and Truberg 2002). Grouping was carried out
using the hierarchical Ward method, and the results were
visualized as dendrogram. Cluster analysis was performed
in the R Studio (http://www.r-project.org/) using package
“factoextra.”

Results

The analysis of variance of 26 genotypes, in six environ-
ments, showed a significant influence of all the analyzed
factors on the yield of spring wheat grain (Table 1). As
much as 89.0% of the total sum of the squared deviations
for the yield means was explained by the main effects of
environments. Such a high value of this parameter indi-
cates a huge differentiation of the environmental averages
of the yield. The expression of the trait was significantly
modified by the conditions in a given environment, which
is evident for the complex polygenic trait, which is the
yield. The main effects of the genotypes explained a simi-
lar level of observed variability (4.3%) to the interaction
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Table 1 . M?in effects anfi Source of variation df. Sum of squares Mean squares F Variability
mteraqlons from qnaly51s explained (%)
of variance for spring wheat
genotypes grain yield Treatments 155 14302 9.23 4785
Genotypes, G 25 62.3 2.49 12.92%#* 4.3
Environments, E 5 1291.8 258.36 142 .47%%% 89.0
GE interactions 125 76.1 0.61 3.15%%% 5.2
GE interaction contribution
IPCA 1 29 36.4 1.26 6.57%%* 47.9
IPCA 2 27 23.1 0.85 4.42% %% 30.3
IPCA 3 25 7.7 0.31 1.59% 10.1
Residuals 44 8.9 0.2 1.05 11.7
Error 300 57.9 0.19

d.f. the number of degrees of freedom, /PCA principal component of interaction

*P <0.05; ***P <0.001

effects of GEI (5.2%). This means that 9.5% of the trait
variation could be used to detect genotypes with narrow
adaptation (Madry et al. 2006a).

PCA showed three significant interaction components.
The first two, explaining a total of 78.2% of the GEI effects
variability, were used to construct biplots in the AMMI
analysis (Figs. 1, 2).

The AMMI method was used to study the structure and
yield level of spring wheat for the breeding program pur-
poses. Based on the ASV values (Table 2) and the inter-
pretation of biplot 1 (Fig. 1), the most stable of the studied
genotypes were: KOH 18293 (0.14), STH 21-03 (0.17),
STH 21-02 (0.21), KOH 19367 (0.25), KOH 19034 (0.28),
KOH 18280 (0.28), KOH 19209 (0.32), STH 21-09 (0.33),
KOH 19174 (0.38), STH 21-08 (0.41), STH 21-04 (0.42).
In the biplot 1 of the first and second main components

(Fig. 1), these genotypes are located in the near distance
from the origin of the coordinate system.

The best yielding genotype KOH 19678 (7.63 kg) was
the least stable (ASV =1.37) and highly adapted to the con-
ditions of Smolice. The most stable genotype KOH 18293
was on the 14th place in the yield ranking (6.81 kg). As
evident, stability in itself cannot be the basis for selection in
breeding program. The most stable genotype is not always,
or even relatively rarely, the highest yielding genotype. The
coefficient, taking into account both the stability and the
level of yielding, was proposed by Farshadfar (2008). The
genotype selection index—GSI, allows ordering and crea-
tion of transparent rankings of genotypes breeding value.
Genotypes with the lowest GSI coefficient (Table 2), and
thus broad adaptation, were: STH 21-03 (6), STH 21-09
(13), KOH 263 (15), KOH 18279 (16), KOH 18280 (16),
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STH 21-08 (17), KOH 19209 (19), STH 21-04 (19). They
were located to the right of the vertical line, indicating the
overall mean yield of all objects, on the biplot 2 for the first
main component (IPC1) and the mean grain yield (Fig. 2).
Particular attention was paid to the objects: STH 21-03, STH
21-09 and KOH 18279, which, apart from the highest val-
ues of the GSI index (6, 13 and 16, respectively), also had
an average yield above the reference variety Harenda (7.24,
7.22 and 7.29 kg, respectively) (Table 2).

In analyzed growing season, the mean temperatures
in individual months of the trial were similar in all ana-
lyzed environments. The way in which the locations were
grouped reflected the distribution of rainfall, which may sug-
gest a large influence of this factor on the generation of the
observed variability (Fig. 3).

Based on the cluster analysis, the analyzed genotypes
were divided into four homogeneous groups (Figs. 4, 5).
The reference variety Harenda was assigned to cluster no. 1
along with six other genotypes, e.g., STH 21-09 (Table 3).
KOH 18279 was the genotype with the most similar GEI
profile to Harenda. Cluster No. 1 was characterized by the
highest genotypic mean for the yield and average stability,
as measured by the ASV coefficient. The genotypes adapted
to the KBP conditions were grouped there, while at the same
time poorly adapted to the BOH and MAH conditions. The
lowest average ASV coefficient (highest stability) was found
in cluster no. 2, which included objects adapted to the KBP
and KOH conditions, at the same time poorly adapted to
the SMH conditions. Cluster No. 3, including STH 21-03,
was characterized by good adaptation to SMH conditions,
and poor adaptation to KBP conditions. The average ASV
coefficient for this cluster was slightly lower than that of
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cluster no. 4 (higher stability), and the average yield slightly
exceeded cluster no. 2. The objects with the least favora-
ble, from the breeding point of view, ASV parameter values
and average yield, were collected in cluster no. 4. These
were genotypes adapted to the BOH, STH and MAH condi-
tions, and at the same time poorly adapted to the SMH and
KOH conditions. Interestingly, it also contained the Jarlanka
(COBORU quality standard) and KWS Dorium varieties.
Based on obtained results, the experimental network was
analyzed, on an annual basis. The highest mean of yielding
for all genotypes was obtained in KBP (9.42 kg) and the
lowest in BOH (5.05 kg) (Table 2). The largest difference
between the mean yields for genotypes was obtained in SMH
(3.78 kg), and the smallest in STH (1.36 kg). The location
that brought the lowest variability of the interaction effects
was KOH, which was manifested by the shortest vector of
environmental parameters among all the investigated loca-
tions. The yielding of genotypes in this environment was the
best reflection of the yield ordering for the means from the
entire experiment, and thus, best represented the genotypic
means of the studied trait. Due to the weakest GE interac-
tions in KOH, genotypic differences could be revealed. The
location where the strongest GE interactions occurred was
SMH. Here, the greatest differences were observed between
the mean yields of the studied genotypes and in replications.
The environments that group together should reflect the con-
sistency of the influence on the genotypes and thus define the
direction of selection (Cooper et al. 1993). A similar order-
ing of the mean yields was obtained in KOH and KBP as
well as in MAH, BOH and STH—the vectors of the above-
mentioned groups of locations create acute angles (Fig. 1)
(Gauch and Zobel 1997). SMH revealed its distinctiveness.
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Table 2 Genotypic and

. T Genotype Mean grain IPCl1 IPC2 ASV rASV YSI rYSI GSI

environmental grain yield yield (kg)

means, IPC1, IPC2 and selected

AMMI model parameters Harenda 7.19 -0.47 038  0.83 20 26 6 26
Jarlanka 6.32 0.44 -0.31 0.77 18 43 25 43
KOH 18214 6.56 -0.33 0.05 0.52 15 35 20 35
KOH 18260 6.64 -0.25 -041 0.57 17 35 18 35
KOH 18261 7.01 -0.25 -0.33 0.51 14 23 9 23
KOH 18279 7.29 -0.27 0.26 0.5 13 16 3 16
KOH 18280 6.99 -0.07 0.26 0.28 6 16 10 16
KOH 18293 6.81 0.09 0.03 0.14 1 15 14 15
KOH 19034 6.68 —0.08 -0.25 0.28 5 22 17 22
KOH 19172 7.56 -047 0.47 0.88 22 24 2 24
KOH 19174 6.96 0.04 0.38 0.38 9 22 13 22
KOH 19209 6.96 -0.12 0.26 0.32 7 19 12 19
KOH 19367 6.47 —0.15 —0.05 0.25 4 25 21 25
KOH 19477 6.4 —0.05 -0.47 0.47 12 36 24 36
KOH 19678 7.63 -0.73 -0.75 1.37 26 27 1 27
KWS Dorium 6.3 0.74 -0.52 1.27 25 51 26 51
STH 21-01 6.56 0.6 0.04 0.94 23 42 19 42
STH 21-02 6.76 -0.08 0.16 0.21 3 18 15 18
STH 21-03 7.24 -0.08 -0.11 0.17 2 6 4 6
STH 21-04 7.02 0.25 -0.14 0.42 11 19 8 19
STH 21-05 6.42 0.61 0.19 0.99 24 47 23 47
STH 21-06 6.43 0.5 0.11 0.8 19 41 22 41
STH 21-07 6.7 -0.3 0.27 0.54 16 32 16 32
STH 21-08 7.09 0.24 -0.17 0.41 10 17 7 17
STH 21-09 7.22 -0.21 0.07 0.33 8 13 5 13
STH 21-10 6.98 0.4 0.59 0.87 21 32 11 32
BOH 5.05 0.84 —-0.03
KBP 9.42 -0.57 1.15
KOH 6.66 -0.42 0.44
MAH 52 0.72 -0.39
SMH 8.69 —1.18 —1.04
STH 6.1 0.61 -0.13

The observed correlations between the analyzed locations
were confirmed by grouping the environments, based on the
genotypes GE interaction profiles (Fig. 5), carried out using
the Ward’s method.

Discussion

The literature provides many examples of the AMMI
model application in the studies of GEI shape, for vari-
ous features of high economic importance species, such
as maize (Brankovi¢-Radojcié¢ et al. 2018; Bocianowski
et al. 2019a; Shojaei et al. 2021), wheat (Crossa et al. 1991;
Mahmodi et al. 2011; Verma et al. 2015; Verma and Singh
2021; Bocianowski and Prazak 2022), rapeseed (Nowosad
et al. 2016; Liersch et al. 2020), barley (Nowosad et al.

2018; Bocianowski et al. 2019b) or sugar beet (Abbasi and
Bocianowski 2021). In this study, the AMMI method was
used to examine the structure and level of spring wheat yield
for the purposes of the breeding program.

The distribution of the studied genotypes in the coordi-
nate system of the IPC1 and IPC2 parameters (Fig. 1) indi-
cates their various reactions in response to the conditions in
the studied environments. Madry et al. (2006a) in their work
on the winter wheat yield response to various environmental
conditions also obtained a large variety of responses of the
studied objects. The presented experiences covered one year
of research, which, according to the authors, constitutes a
certain limitation of inference possibility. In breeding prac-
tice, there is a large rotation of objects in trials, every year
different genotypes are tested; therefore, the key aspect is to
have an appropriate network of field experiments. Drzazga
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and Krajewski (2001), in their research on winter wheat,  conditions and their impact on shaping the GEI. In the pre-
concluded that the shape of GEI in an environment depends  sented research, also the level of yielding depended mainly
on particular season conditions, rather than trial location  on the conditions in the environments, especially rainfall.
or genotypes set. They noted the role of a season climatic
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Fig.5 Environments grouping
based on studied genotypes GE
interaction profiles

Height

BOH

The advantage of cluster analysis, based on GEI, has
been discussed before (Lin and Binns 1991; Bull et al. 1992;
Cooper et al. 1993; Crossa et al. 1993; Baril et al. 1994;
Ouyang et al. 1995). By dividing objects and environments
into homogeneous groups, interactions within groups are
minimized. On the basis of the reaction profile of one of the
group’s objects, it is possible to conclude on the behavior of
the others, or to select the best representatives of a group—
e.g., candidates for model varieties. To add to it, one can
limit the set of test environments to the most common of a
group. However, according to Crossa et al. (1993), due to the
existence of many agglomeration algorithms and distance
measures, each of them may give different results. Therefore,
the key aspect is appropriate selection of grouping methods
and parameters.

An attempt to reduce the number of locations in the
experimental network, based on cluster analysis, was made
by Baril et al. (1994). The comparison of environments
grouping results, made independently in subsequent years,
allowed to reduce the number of locations and thus real
savings for the breeding program. Lin and Binns (1991)
describe a method of regional experiences results analyzing,
using jointly cluster analysis and AMMI, for four datasets
previously compiled by other authors. The results suggested
that this approach provides comprehensive information for
breeding purposes. They point out that cluster analysis

MAH
STH
SMH
KBP
KOH

methods can help plant breeders identify general types of
responses among the genotypes tested, but their performance
declines with the number of subjects tested.

The utility of the AMMI method, in the conditions of
Polish plant breeding company, was confirmed as a tool
which enables the selection of stable and widely adapt-
able genotypes. In addition, the method allows for a more
precise prediction of breeding activities effects, in terms
of yield, but also many other traits, and thus more efficient
progress in breeding. The genotypes of particular interest,
in terms of the analyzed issues, turned out to be: STH
21-03, STH 21-09 and KOH 18279. The usefulness of the
Ward cluster analysis was confirmed, as a supplement to
the AMMI model, that classifies genotypes in a transpar-
ent manner, enabling a more complete comparison with
reference variety. Particular attention was paid to cluster
no. 1, in which the genotypes with the GEI pattern clos-
est to the Harenda’s were grouped. Due to the fact that
the presented research covered only one growing season,
the possibilities of drawing conclusions about the general
relationships between the studied environments were lim-
ited, and the experimental network was summarized on an
annual basis. The environments that had a similar effect on
the studied genotypes in terms of yield shaping, in 2021,
were: Koriczewice and Kobierzyce, Borowo, Matyszyn and
Strzelce. Smolice, which was characterized by the strong-
est GEI, revealed its distinctiveness.
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Table 3 Spring wheat genotypes grouping based on the GE interac-
tion profile in the studied environments

Cluster No. Genotype ASV GSI Mean grain
yield (kg)
1 Harenda 0.83 26 7.19
KOH 18214 0.52 35 6.56
KOH 18279 0.5 16 7.29
KOH 19172 0.88 24 7.56
STH 21-02 0.21 18 6.76
STH 21-07 0.54 32 6.7
STH 21-09 0.33 13 7.22
Mean 0.54 23.4 7.04
2 KOH 19367 0.25 25 6.47
STH 21-10 0.87 32 6.98
KOH 18280 0.28 16 6.99
KOH 19174 0.38 22 6.96
KOH 19209 0.32 19 6.96
Mean 0.42 22.8 6.87
3 KOH 18260 0.57 35 6.64
KOH 18261 0.51 23 7.01
KOH 18293 0.14 15 6.81
KOH 19034 0.28 22 6.68
KOH 19477 0.47 36 6.4
KOH 19678 1.37 27 7.63
STH 21-03 0.17 6 7.24
Mean 0.5 234 6.91
4 Jarlanka 0.77 43 6.32
KWS Dorium 1.27 51 6.3
STH 21-01 0.94 42 6.56
STH 21-05 0.99 47 6.42
STH 21-06 0.8 41 6.43
STH 21-04 0.42 19 7.02
STH 21-08 0.41 17 7.09
Mean 0.8 37.1 6.59
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