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ABSTRACT. Triticale is an important source 
of protein in animal nutrition, both as grain 
and silage. Protein is a quality criterion that is 
strongly affected by the environment and 
genetic factors. The objectives of this study 
were to assess genotype–environment (G-E) 
interactions and determine and compare 
stable genotypes to recommend for further 
evaluation. The protein content of 12 
genotypes obtained from 7 environments 
were evaluated using additive main effect and 
multiplicative interaction (AMMI) analysis in 
the 2014–2015 and 2015–2016 growing 
seasons in 4 locations in Turkey. The variance 
of AMMI analysis based on protein content 
showed a significant effect of environment, 
genotype and G–E interaction, with a 93.0, 
2.3 and 4.5% total variation, respectively. 
Partitioning of the total sum of squares 
showed that the effect of environment was a 
predominant source of variation, followed by 
the G–E interaction and genotype effect. 

AMMI analysis showed that the first principal 
component was highly significant at P < 0.01. 
The mean grain protein content varied from 
14.9 to 16.2% among the genotypes and from 
10.9 to 18.8% among the environments. 
AMMI analysis indicated that G3, G12 and 
G1 were quite promising genotypes. G8, 
which was used as a variety candidate in this 
research, was quite stable but had a low 
protein value. In addition, G3, G11 and G12 
had a higher protein content than the standard 
varieties evaluated in this research. G3 had 
both a high protein content and stable 
genotype; therefore, it can be recommended 
to release as a candidate. As AMMI analysis 
indicated, E1 and E7 environments were 
especially suitable for protein studies in 
triticale, while E4, E5 and E6 showed poor 
results and were not suitable environments. 
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INTRODUCTION 
 

Triticale (x Triticosecale Wittmack) 
was developed by long-term breeding 
studies on wheat × rye hybrids utilizing 
marginal and poor agricultural areas to 
increase yield per hectare and to meet the 
food needs of the rapidly increasing 
world population. It is grown in many 
countries, including the USA, Poland, 
Canada and Mexico (CIMMYT'). It was 
initially considered animal feed, but in 
recent years, it has been used as human 
food directly or by mixing with wheat 
flour, with the development of varieties 
or lines with positive agricultural 
characteristics as a result of breeding 
studies (Peña, 2004). Triticale has an 
increasing cultivation area in Türkiye as 
well as throughout the world. Although 
the triticale cultivation area and 
production in the world and in Turkey 
vary depending on the year, the total 
production is 14.7 million tonnes from 
3.8 million hectares of land in the world 
and 228,000 tonnes of production from 
105,000 hectares of land in Turkey 
(FAOSTAT, 2022). 

Triticale is more resistant to adverse 
environmental conditions than other 
grains and less input is used in its 
cultivation (Mamo et al., 2009). With this 
feature, its ability to protect the 
environment comes to the fore compared 
to other products. Triticale is also seen as 
an alternative grain to solve nutritional 
problems (Zhu, 2018). To adequately 
balance food for the increasing world 
population, it is of great importance to 
develop genotypes that give the highest 
yield and quality per unit area, and 
studies on this subject are developing 
rapidly (Kızılgeçi and Yıldırım, 2017). 
Therefore, limited advances have 

increased the demand for new varieties. 
For this purpose, variation is created in 
genotypes, and selections are made. In 
this way, new varieties that are high 
quality, productive, and disease and pest 
resistant can be obtained (Lalević et al., 
2022). 

According to studies conducted to 
improve yield and quality criteria in 
cereal breeding, there is a negative 
relationship between yield and quality 
(Neuweiler et al., 2020). Although plant 
breeders have worked hard to increase 
yield, the quality ratio in total yield has 
not increased to the desired level (Rapp et 
al., 2018). Therefore, when making a 
variety recommendation, quality 
parameters should be examined, in 
addition to yield. Quality parameters are 
not only gen-otypic features but are also 
highly affected by environmental 
conditions (Kilic, 2014). In this sense, 
evaluating them in terms of quality 
characteristics by growing them under 
different environmental conditions and 
identifying superior performers will 
contribute to the selection of breeding 
materials and the development of quality 
varieties in triticale breeding studies 
(Kendal, 2022; Rajičić et al., 2023). 

The protein ratio stands out as a 
quality criterion in triticale. The protein 
content generally varies between 12 and 
16% in triticale, depending on genotypes 
and environmental conditions. The 
protein ratio is also affected by envi-
ronmental factors (Pattison and 
Trethowan, 2013), such as 
environmentally dependent growth 
conditions, climate factors, rain, 
temperature during triticale maturation, 
fertilization, rotation applied to the soil, 
disease, and irrigation time and amount. 
The genetic structure has a small but 
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important effect on protein (Güngör et 
al., 2022). Extreme conditions may occur 
that affect the protein ratio in triticale, 
especially in cultivation regions where 
temperature changes are frequent and the 
distribution of precipitation is irregular 
(Tüik, 2021). Since the protein ratio of 
triticale varieties grown in these areas is 
also greatly affected by environmental 
factors, the effect of the environment on 
the protein ratio should be thoroughly 
investigated (Gebeyaw, 2019). 

Today, the data obtained as a result 
of breeding studies have been analyzed 
and evaluated using many different 
methods. The main aim is to clearly 
reveal the sources of variation between 
genotypes, environments and their in-
traction (Hassani et al., 2018). 

Thus, many models are used. One of 
these models is the additive main effect 
and multiplicative interaction (AMMI) 
analysis model. The AMMI analysis 
model presents these effects in more 
detail with interaction principal 
component analysis (IPCA) (Shahriari et 
al., 2018). 

In addition, the graphs created using 
the AMMI model provide researchers 
with the opportunity to visually comment 
on the stability of genotypes and the 
suitability of environments (Ghaed-
Rahimi et al., 2014). Thus, the research 

results are presented with some very clear 
graphs instead of more complex 
numerical data tables. This analysis 
model is emphasized be-cause it is an 
issue that should be considered by both 
researchers and those who want to benefit 
from the re-search results. 

The aim of this study was to (i) 
analyses the effect of GEI on the protein 
content of 12 triticale genotypes using the 
AMMI model, (ii) identify stable triticale 
genotype(s) across environments and (iii) 
detect appropriate genotype(s) for 
different environments based on the 
protein content. 

 
MATERIALS AND METHODS 

 

Experimental location 
This study was conducted in seven 

different locations in the Southeastern 
Anatolia Region under at four locations 
of Turkey. Information about the 
locations where the study was conducted 
is given in Table 1. 

 

Plant materials 
Ten advanced spring triticale lines 

and two standards were evaluated in 
seven environments across two growing 
seasons. The genotypic code and 
pedigree of all genotypes are shown in 
Table 2. 

 

Table 1 – Years, codes and coordinate status of environments 

Years Environments Altitude(m) Latitude Longitude 
Averag. of 

rainfall.(mm) 

2014–2015 
 

E1(Diyarbakır) 613 37° 55' N 40° 14' E 583 
E2(Adıyaman) 670 37° 76' N 38° 27' E 541 

E3(Ceylanpınar) 
367 36° 84' N 40° 05' E 

305 
E7(Ceylanpınar) 217 

2015–2016 
E4(Diyarbakır) 613 37° 55' N 40° 14' E 418 
E5(Adıyaman) 670 37° 76' N 38° 27' E 403 

E6(Hazro) 896 38° 15' N 40° 49' E 744 
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Table 2 – Code, name and pedigree of triticale genotypes 

Code Pedigree of lines and name checks  
Pedigree of lines and name 
checks 

G1 LIRON_2/5/……CTSS04Y……. G7 LIRON_2/5/DIS ….. CTSS02B….…. 
G2 PRESTO//2….CTSS03Y….…. G8 HX87-244/…CTSS03SH……. 
G3 LIRON_2/5/…… CTSS03Y…. G9 HX87-244/…/….. CTSS03S……… 

G4 TURACO/…..…CTSS02B……… G10 
Presto(check) Transitional Zone 
Agr. Res. Inst. 

G5 Tacettinbey(check) -----Cukurova Univ. G11 LIRON_2/… ……CTSS03Y…. 
G6 DRIRA/2*CMH77A……CTSS02B…….. G12 LIRON_2/5/DIS …..CTSS03Y… 

 

Experimental design 
and treatment details 

The experiments conducted in this 
research were set up with four 
replications in a random blocks trial 
design (RBTD). Each parcel was planted 
in 6 rows with a plot size of 5 × 1.2 m2 
(5 m length, 1.2 m width) and spacing of 
0.20 m between rows, 0.5 m between 
plots and 1 m between blocks. 

 

Cultural practices 
Seeds were sown with a planting 

machine at a rate of 20–22 kg.ha−1. The 
plant depth and soil compaction were 
kept at a minimum. 

With seed planting, 60 kg.ha−1 P and 
N were applied, and during the till-ering 
period, only nitrogen fertiliser and 60 
kg.ha−1 urea were applied. Other cultural 
practices were kept constant for all 
experimental units. 

 

Data collection  
The data on protein ratios obtained 

from the research were made according to 
the AMMI analysis model to determine 
the stability of genotypes according to 
their environments and to test the 
suitability of the en-vironments. In this 
model, principal component analysis 
(PCA) was used to decompose the 
multiplicative effects of genotype–
environment interactions into a series of 
IPCAs (Purchase, 1997). 

Statistical analysis 
The Genstat statistical package 

programme (version 12) was used to 
create this model. AMMI analysis was 
performed according to the method 
presented by Shahriari et al. (2018). 

 
RESULTS 

 

This study aimed to evaluate the 
grain protein content across different 
years. 

However, due to changes in 
environments and locations each year, a 
combined analysis over the years was not 
feasible. 

Instead, the study focused on 
analyzing data based on specific 
environments using AMMI analysis. 

The regression coefficient (bi), 
standard deviation (Sd), and deviations 
from regression (S2di) analyses were not 
provided using the AMMI technique, and 
the inclusion of such data would overly 
lengthen the article and introduce 
semantic complexity. 

AMMI analysis interprets IPCA 
scores based on the percentage effect of 
variation sources. This information, 
along with the stability results, is clearly 
presented through variance analysis, 
IPCA scores, and visual representation in 
Figure 1. 
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Table 3 – The analysis of variance for grain yield using AMMI model 

Source 
Degrees of 

freedom 
Sum of 
squares 

Mean 
square 

F 
% of 

total MS 

% of total 
interactions 

MS 
Total 167 1394.2 8.35 * -  
Treatments 83 1357 16.35 44.72 -  
Genotypes 11 31.4 2.85** 7.81 2.30  
Environments 6 1264.7 210.78** 162.41 92.6  
Block 7 9.1 1.3 3.55 0.66  
Interactions 66 60.9 0.92** 2.53 4.46 61.90 
IPCA 1 16 37.7 2.36** 6.45  14.61 
IPCA 2 14 8.9 0.64ns 1.74   
Residuals 36 14.3 0.4 1.09 -  

Error 77 28.2 0.37 * -  

**: significant at 1% probability level, MS: mean of squares 
 

According to the results of the 
combined analysis of variance, all 
sources of variation and IPCA 1 were 
significant (P < 0.001), while IPCA 2 was 
insignificant (Table 3). 

The presence of variability among 
tested genotypes showed the possibility 
of obtaining desirable protein content. 
The significant variation in GEI indicated 
the possibility of performing stability 
analysis to understand the nature of GEI 
and the performance of the genotypes 
over tested environments. 

The impact of environments was 
calculated for 92.6% of all variation, 
compared with 2.3% for genotype and 
4.46% for their interaction (Table 3).  

According to the AMMI analysis, 
variance analysis showed that the protein 
ratio was affected most by location, 
followed by the genotype environment 
interaction, and least by the genotype.  

The multiplicative variance of the 
variance sum of squares due to the 
interaction was divided into two basic 
interaction components, but only one of 
them, the effect of PCAI, was significant. 
PCI and PCII accounted for 61.90 and 

14.61% of the variation in triticale protein 
content values, respectively (Table 3).  

In AMMI analysis, the figure is 
interpreted from two perspectives: the x-
axis expresses the effect of genotypes and 
environment, and the y-axis expresses the 
effect of their interaction (Figure 1). 

The environments in which the 
research was conducted and the 
genotypes used in the research showed 
great variability in terms of both the main 
effect and interaction. The environments 
located in the positive region of the y-axis 
are desirable and, at the same time, highly 
productive, while the environments 
located in the negative region of the y-
axis have low production and are 
undesirable (Kendal and Tekdal, 2016). 
According to these definitions, the 
AMMI (Figure 1) showed that the protein 
content was between 15.0 and 16.5% 
among genotypes and between 10.9 and 
18.8% among environments (Figure 1 
and Table 4). 

Based on the evaluations the protein 
content average among environments, 
E1, E2, E3 and E7 had values above the 
mean (y-axis) in the first growing season 
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(2014–2015), and E4, E5 and E6 had 
values below the mean (y-axis) in the first 
and second growing seasons (2015–
2016). 

The protein content in the 2014–
2015 growing season was higher than that 

in the 2015–2016 growing season in all 
locations. Considering the environments 
as independent of each other, the highest 
protein ratio average was found in E3, 
and the lowest protein ratio was found in 
E6 (Figure 1 and Table 5). 

 

 
Figure 1 – The AMMI model shows the stability 

and adaptability genotypes based on environments 
 

Table 4 – Protein mean values and IPCA scores of genotypes according to six environments 

Genotypes Gen mean IPCAg [1] IPCAg [2] 

G1 15.5 0.3773 -1.1262 
G2 15.5 0.68429 0.30281 
G3 16.5 -0.79356 -0.22052 
G4 16.0 -0.9084 -0.42144 

G5(Tacettinbey) 16.1 -0.59684 0.39734 
G6 15.6 0.43004 0.12386 
G7 15.4 0.35112 0.18264 

G8(Candidate) 14.9 1.05342 -0.01363 
G9 15.8 0.24208 0.30923 

G10(Presto) 16.1 0.09493 -0.10352 
G11 16.2 -0.45094 0.12999 
G12 16.2 -0.48342 0.43943 
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The AMMI graph (Figure 1) is 
described by two curves (vertical and 
horizontal curve indicated by arrow). The 
vertical curve shows the average protein 
ratio, and the horizontal curve, indicated 
by the arrow, shows which genotypes are 
more stable in terms of protein average 
based on two-year values. 

Genotypes located close to the 
horizontal line showing the x-axis and to 
the right of the vertical line showing the 
y-axis indicate that they are stable and 
have high protein values, while 
genotypes located away from the 
horizontal line showing the x-axis and to 
the left of the vertical line showing the y-
axis have low stability and low protein 
content (Yan and Tinker, 2002). 

G8 was near the x-axis and on the 
right of the y-axis, showing that this 
genotype had a stable and low protein 
content. However, G11, G10 and G3 are 
located to the right of the y-axis and near 
the x-axis; therefore, they had favorable 
genotypes across environments. 
Moreover, G1 and G12 were far from the 
x-axis; thus, they were unstable based on 

protein con-tent in different 
environments. AMMI (Figure 1) showed 
that G3 and G11 were favorable, but G6 
and G7 were the poorest genotypes based 
on protein content across the tested 
environments (Table 5). 

As a result of this analysis, the 
genotypes that were preferred and should 
be selected across environments showed 
the following order: G3 > G12 > G11 > 
G5 and G10 (Table 6). 

As shown in Table 6, genotypes that 
had a high protein ratio in the first or 
second order and were stable for each 
environment or more than one 
environment could be selected. AMMI 
analysis is an analysis model that can 
convey extremely important results on 
the graph supporting it, with different 
PCA solutions used to evaluate the data 
obtained from studies conducted in 
different environments, determine the 
most stable and preferred variety 
candidates and the most suitable 
environments, and support the accuracy 
of the results.

 
Table 5 – The Protein content of genotypes in 7 environment (%) 

Genotypes E1 E2 E3 E4 E5 E6 E7 Mean 

G1 17.8 16.9 18.8 11.8 13.6 11.9 17.5 15.5 
G2 17.5 16.9 17.7 13.8 14.2 11.7 17.2 15.5 
G3 18.0 18.4 20.5 13.4 15.5 10.5 19.1 16.5 
G4 17.5 18.6 20.2 13.4 13.4 10.2 18.6 16.0 

G5 (Tacettinbey) 18.3 17.8 19.3 14.0 14.1 10.1 19.1 14.8 
G6 17.4 17.3 17.6 13.1 14.4 11.4 18.1 15.6 
G7 18.2 16.8 17.7 12.9 13.9 10.7 17.2 15.3 

G8(Candidate) 17.7 17.2 16.7 12.8 13.0 11.6 15.9 15.0 
G9 18.3 16.6 18.7 13.6 14.9 11.1 17.9 15.8 

G10(Presto) 18.1 17.1 19.2 13.6 14.8 11.4 17.8 16.1 
G11 18.3 17.6 19.9 14.1 14.3 10.6 18.2 16.2 
G12 18.1 17.9 19.7 14.4 14.5 10.4 18.4 16.2 

Mean 17.9 17.4 18.8 13.4 14.2 10.9 17.9 15.7 
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Table 6 – The first four AMMI selections for per environments, variance and IPCA scores 

Environments Score 1 2 3 4 IPCAe [1] IPCAe [2] Variance 

E1 0.4456 G10(S) G3 G12 G11 0.11836 0.313 17.9 
E2 -0.4308 G3 G4 G11 G12 -0.23271 0.933 17.4 
E3 -11.422 G3 G4 G11 G5(S) -0.58810 1.536 18.8 
E4 0.0807 G12 G5(S) G11 G9 107.850 0.642 13.4 
E5 0.2205 G12 G3 G11 G5(S) 0.29791 0.737 14.2 
E6 14.759 G1 G8(Can) G2 G10(S) -0.66586 0.538 10.9 
E7 -0.6497 G3 G4 G12 G11 -0.00809 0.935 17.9 

Lower IPCA1 score indicates higher environmental stability 
 

DISCUSSION 
 

Studies conducted in multiple 
environments enable the determination of 
the most superior genotypes for each 
environment or more than one 
environment. Due to the risk of traits in 
changing environments, different 
statistical methods (GGE, AMMI) are 
used to reveal the effects of genotype, 
environment and genotype–environment 
interactions in a broad way and remain 
usable in many plants (Goyal et al., 2011; 
Shahriari et al., 2018). Moreover, AMMI 
and GGE models have been used to 
determine the effect of genotype, 
environment and genotype–environment 
interactions on the protein ratio (Akcura 
et al., 2016; Has-sani et al., 2018; Oral et 
al., 2018; Yan and Tinker, 2006). AMMI 
analysis is used to identify superior 
genotypes and their stability under 
multiple environmental conditions and to 
identify the most ideal and favorable sites 
(Tekdal and Kendal, 2018). In this study, 
AMMI analysis indicated that G3 was 
stable, while G3 and G11 were the best 
based on protein content in the tested 
environments. However, the protein ratio 
fluctuated according to year and environ-
mental factors. Even in different years, 
some environments (E3 and E7) had high 
protein values, while some environments 
(E6) had low protein values. Some 

research results evaluated by AMMI 
analysis have found that this model can 
be used to show the genotype–
environment effect in a two-way graph. 
The two-way graph provides information 
about the stability of genotypes and the 
suitability of environments (Derejko et 
al., 2020; Gauch et al., 2008; Ghaed-
Rahimi et al., 2014; Goyal et al., 2011). 
It is used to determine the most suitable 
varieties in terms of one or more traits in 
research carried out in more than one year 
and in different environments, to 
determine candidate varieties, and to 
identify and recommend the most suitable 
varieties (Bocianowski et al., 2021). 
Similar to studies on different traits 
(Đekić et al., 2014), in this study, the 
impact of environment on the protein 
content in triticale was higher than the 
impact of genotype and the genotype–
environment interaction. Descriptive and 
representative environments in terms of 
protein content in triticale are good test 
sites for the identification of specific 
cultivars (Bilgin et al., 2018). In addition, 
the GGE biplot analysis have shown that 
genotypes provide insight into both their 
specific and general adaptability and that 
genotypes can be preferred accordingly. 
This study showed that in the four mega-
environment sectors, which consisted of 
different test sites, G4 and G9 were poor 
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genotypes based on protein content, and 
G3 and G11 were favorable among crop 
seasons and environments. G8 (candidate) 

was stable among changing environment 
conditions. Some research results have 
reported that an ideal genotype should 
have both high mean values and stability 
in test environments (Lule et al., 2014; 
Yan and Tinker, 2006). This research 
consisted of more than one year and 
different sites. If there were no significant 
differences between two or more sites, 
these sites were included in the same 
group, and this situation was called the 
mega-environment. In similar studies on 
the same subject, it is recommended to 
conduct the study in only one of the 
environments in the same group, as it 
reduces the cost. The effect of genotype–
environment interaction in a study can 
generally be determined to a high extent 
because of studies conducted in more 
than two mega-environments (Gauch, 
2013; Stoyanov, 2020). The AMMI 
models showed that some genotypes had 
general adaptation to environmental 
condi-tions, while others had specific 
adaptation. Results similar to other 
studies were obtained (Branković-
Radojčic et al., 2018; Ferreira et al., 
2015). AMMI indicated that the 
variability in MET data due to genotype–
environment in-teractions was 
significant. This is a good model to 
evaluate genotypes in terms of both 
stability and protein ratio. However, the 
GGE biplot results visually give a more 
detailed representation by evaluating the 
genotypes from dif-ferent angles with 
more graphics, but the AMMI model, 
along with numerical data, lists both the 
stability values and the genotypes to be 

recommended for each environment 
more easily (Bocianowski et al., 2021). 

 
CONCLUSIONS 

 

AMMI indicated that the protein 
content of triticale genotypes was highly 
affected by the environment, followed by 
genotype–environment interaction and 
genotypic effects. This model was 
effective in identifying the stability states 
of triticale genotypes in terms of grain 
protein content and in determining ideal 
environments. G4 and G9 showed 
specific adaptability, while G8 
(candidate) showed general adaptability 
across test sites. Furthermore, G3 should 
be used in E2, E3 and E7, while G9 
should be used in E1 and E5 and G8 in 
E6. Moreover, G3 and G11 can be 
registered as varieties for studying the 
protein content in test environments. 
These two genotypes were quite 
favorable and ideal among genotypes at 
the test sites. This study demonstrated 
that the AMMI biplot model is very 
useful for determining the most suitable 
environments and stable genotypes for 
traits in studies conducted in different 
envi-ronments and years. This model can 
be used by researchers when evaluating 
different plants and their properties. 
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