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Abstract

Maize (Zea mays L.) production in Ethiopia spans across various agro-ecologies,
encompassing humid highland, humid midland, dry lowland, and humid lowland
areas. Identifying well-adapted and productive genotypes for target production envi-
ronments could be achieved by evaluating new experimental hybrids across various
representative test environments. This study aimed to examine the mean grain
yield performance, grain yield stability, and genotype-by-environment interaction
of quality protein maize (QPM) hybrids evaluated across environments in Ethiopia.
Forty-eight QPM experimental hybrids, along with two commercial check hybrids,
were evaluated across six environments. Analysis of variance for grain yield exhib-
ited highly significant (p < 0.001) differences due to genotype, environment, and
genotype by environment interaction (GEI). Additive main effect and multiplicative
interaction (AMMI) analysis revealed that genotype, environment, and GEI effects
contributed to 4.57%, 78.59%, and 16.84% of the total variation, respectively. The
first two interaction principal component axes (IPCAs) explained 66.29% of the total
variations attributed to GEI sum of squares, indicating that these IPCAs captured
most of the interaction effects. The AMMI stability value identified G5, G19, G22,
and G42 as stable and high-yielding QPM hybrids, while G5 was the most stable
genotype identified by yield stability index analysis. Genotype main effects plus GEI
(GGE) biplot analysis identified G13, G14, and G25 as the most desirable hybrids.
Among the test environments, Holeta was identified as an ideal test environment,
exhibiting the highest discriminating power among the tested hybrids and the most
representative of the test environments. The polygon view of GGE biplot subdi-
vided the testing environments into different groups, mainly represented by Holeta,
and Haramayaand Kulumsa. Among the various analytical models, the GGE biplot

proved to be the most effective and precise tool for identifying high-yielding and

Abbreviations: AEC, average environment coordinate; AMMI, additive main effects and multiplicative interaction; ASV, AMMI stability value; BLUP, best
linear unbiased prediction; DAP, diammonium phosphate; GEL genotype by environment interaction; GGE, genotype main effects plus GEL; IPCA, interaction
principal component axis; METSs, multi-environment trials; PCA, principal component analysis; QPM, quality protein maize; YSI, yield stability index.
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1 | INTRODUCTION

Maize (Zea mays L.) is one of the most important crops in
the world (Gonzalez-Barrios et al., 2019) that is used for fuel,
feed, and food industries like oil, flour, and snacks (Kachapur
et al., 2023). Maize plays a crucial role in global agriculture
as it makes up a significant amount of the cultivated land
worldwide, especially in tropical regions of lower and lower-
middle-income countries (Prasanna et al., 2020). The global
maize production was estimated to be about 1.2 billion metric
ton harvested from nearly 204 million ha of area, with average
productivity of 5.7 t ha~! (Food and Agriculture Organiza-
tion Corporate Statistical DataBase [FAOSTAT], 2024). In
Ethiopia, maize is grown on about 2.6 million ha of land with
estimated annual production of 10.7 million metric ton and
national average yield of 4.0 t ha~! (Food and Agriculture
Organization Corporate Statistical DataBase [FAOSTAT],
2024), showing lower yield as compared to the global average.
Maize production in Ethiopia spans across various agro-
ecologies, encompassing humid highland, humid midland,
dry lowland, and humid lowland areas (Mogesse & Zeleke,
2022). As one of the most widely grown crops by small-
holder farmers in Ethiopia, it serves as a primary staple food
for the country (Seyoum et al., 2019). In the Sub-Saharan
Africa region, including Ethiopia, maize production is con-
strained by drought, low soil fertility, insect pests, diseases,
low input accessibility (particularly improved seed and fer-
tilizers), high cost, and limited usage of agricultural inputs
(Engida, Tarekegne, et al., 2024).

Ethiopia has significant challenges related to food insecu-
rity and poverty, exacerbated by insufficient human nutrition
due to low productivity and slow adoption of nutritious crops
such as quality protein maize (QPM) (Dosho et al., 2022).
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stable hybrids. Results of this study indicated the possibility of developing stable and

high-yielding QPM hybrids suited to representative maize production environments.

Plain Language Summary

The performance of maize varieties can vary depending on where they grow, which
makes it difficult to choose the best ones for wider use. In this study, we tested elite
quality protein maize (QPM) hybrids in six different locations to find high-yielding
and stable hybrids. QPM is a special type of maize that contains more of the essen-
tial amino acids, lysine and tryptophan, which help improve the nutritional value
of maize, especially for people who rely on it as a major food source. Using dif-
ferent analysis methods, we found several QPM hybrids that performed well across
multiple environments, showing strong potential to boost both food production and
nutrition. Among the testing sites, Holeta was identified as the most useful location
for evaluating these hybrids.

Currently, almost all maize varieties cultivated in Ethiopia are
non-QPM genotypes, which are deficient in essential amino
acids such as lysine and tryptophan and expose the peo-
ple consuming maize as a staple food to malnutrition (Nedi
et al., 2016). Worldwide, more than 167 QPM varieties were
released out of which eight were released in Ethiopia (Tefera,
2020). However, the adoption rate of these QPM varieties is
low despite observed nutritional and health benefits for both
humans and animals (Yadesa & Diro, 2023). This indicates
the need for an effective breeding program for the devel-
opment and deployment of high-yield and farmer-preferred
QPM varieties. In view of this, there are crossing programs
and multi-environment trials (METSs) conducted across differ-
ent agro-ecologies in Ethiopia to identify high-yielding and
stable QPM genotypes.

METs play a crucial role in plant breeding programs,
allowing breeders to evaluate superior genotypes and under-
stand their adaptability across various conditions (Alam et al.,
2022). Yield stability and genotype by environment interac-
tion (GEI) across environments can be assessed using several
statistical methods or stability indices, which provide specific
ranking patterns of genotypes in each environment. Thus, it
is advisable to compute all possible statistics to select supe-
rior genotypes based on their yield performance and stability
(Pour-Aboughadareh et al., 2022).

Stability indices, additive main effect and multiplicative
interaction (AMMI) model, and genotype main effects plus
GEI (GGE) biplot methods are among the commonly used
methods to get a better understanding of genotypic stabil-
ity. Stability indices like AMMI stability value (ASV), yield
stability index (YSI), and joint linear regression analysis are
univariate and can be parametric or non-parametric. ASV is
based on the first and second interaction principal component

5UBD 1T SUOWILIOD dAREa1D 3|gedt|dde ay) Aq pausenob ake sajoie YO ‘8sn Jo sajn. Joj AriqiTauluQ AS|IAA UO (SUORIPUOI-PUe-SW)WI0D AB[IM AReIq 1 BU 1 UO//:SANY) SUORIPUOD pue sWB | 3Ul &8s “[G20z/0T/zz] Uo Ariqiauluo AIM  IMEVEINIZ - SSTDDV OINgT - Arba subeq Aq 9520, 266e/200T 0T/I0p/wod A3 1m ARelq 1)Ul U0 SSasIe//:sdny Woij papeojumMoqd ‘v ‘SZ0Z ‘9699692



BEYENE ET AL.

axis (IPCA) scores for each genotype in the AMMI model
(Mahmodi et al., 2011). Lower YSI values indicate vari-
eties that possess high yield and stability (Engida, Yadesa,
et al., 2024). The AMMI model and its associated traits,
including ASV and YSI, have been widely used in METs,
particularly for identifying elite varieties based on yield and
yield-governing parameters (Dang et al., 2024).

A joint linear regression analysis was introduced by Eber-
hart & Russell (1966) to ascertain the average performance of
a genotype in various locations with respect to the mean per-
formance of all genotypes in the same locations. GGE biplot,
which was introduced by Gabriel (1971) and Yan (2001), is a
multivariate tool used to explore GEI. GGE biplot serves as
a valuable tool for comparing genotypes across diverse envi-
ronments. It facilitates the identification of genotype(s) that
excel in a specific environment (specific adaptation) and helps
to determine which environment(s) is/are most favorable for a
given genotype (Yan & Tinker, 2006). Gonzalez-Barrios et al.
(2019) and Matongera et al. (2023) indicated the significance
of GEI in identifying significant crossovers or changes in
genotype rankings in various environments, for identification
of unique winners under circumstances.

Studies on grain yield performance and stability of QPM
have been reported by Mebratu et al. (2019), Ruswandi
et al. (2022), Bankole et al. (2023), Pereira et al. (2023),
and Engida, Tarekegne et al. (2024) in Sub-Saharan Africa
regions. Each of these studies identified promising QPM
hybrids for the target environments using various GEI anal-
yses and stability models. The objective of this study was to
examine the nature and extent of GEI and grain yield stabil-
ity, and to identify high-yielding QPM hybrids suitable for
commercial production in Ethiopia.

2 | MATERIALS AND METHODS

2.1 | Germplasm

The germplasm used in the study consisted of 50 hybrids that
included 48 elite three-way cross QPM experimental hybrids
and one QPM and another non-QPM commercial checks.
The experimental hybrids were jointly developed by Ambo
Agricultural Research Center and the International Maize
and Wheat Improvement Center (CIMMYT) highland maize
breeding program based in Ethiopia. The hybrids were pre-
viously evaluated in preliminary yield trials and selected for
their high performances with respect to mean grain yield
and other agronomic characteristics. The commercial checks,
AMHS852Q (QPM) and Jibat or AMHS851 (non-QPM), are
medium-maturing (about 170 days to maturity in highland
environments such as Ambo) three-way cross hybrids and
widely adopted to the highland and transitional highland
maize-growing agro-ecologies of Ethiopia (Figure 1).
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Core Ideas

e The test environment explained the largest por-
tion (78.59%) of the total variation for grain yield,
followed by genotype by environment interaction
(GEI) (16.84%) and genotypes (4.57%).

* Quality protein maize (QPM) hybrids with high-
yielding potential were identified across environ-
ments.

* Based on yield stability index (YSI) analysis, G5,
G12, G20, and G26 with low YSI values were iden-
tified as more stable, while genotype main effects
plus GEI (GGE) biplot analysis revealed G13, G14,
and G25 as the most stable hybrids.

* GGE biplot was the most effective model for iden-
tifying high-yielding and highly stable hybrids.

* Holeta was the most discriminative and represen-
tative test environment.

2.2 | Environments and experimental design

The 50 hybrids were evaluated across six environments in
Ethiopia (Table 1) during 2022 main cropping season. Fertil-
izer rates in each environment were used based on site-specific
recommendations (Abakemal et al., 2016). Each entry was
planted in a single row plot measuring 5.25 m in length, with
plants spaced 25 cm and rows spaced 75 cm apart. Two seeds
were planted per hill and thinned to one plant per hill after
three to four leaf stages, with a final plant density of 53,333
plants ha~!. Fertilizers were applied at the recommended rates
of 150 kg ha~! diammonium phosphate (DAP) and 200 kg
ha~! urea. Band application of phosphorus fertilizer in the
form of DAP was applied at planting time. Urea fertilizer
was applied in two splits, the first half was applied as a side
dressing 35-40 days after planting, and the second half was
applied prior to the flowering stage. The hybrids were estab-
lished using a 5 X 10 alpha-lattice experimental design with
two replications at each environment. Although data were
recorded for various agronomic traits, only grain yield was
used in this analysis. At each environment, the total grain
weight from harvested ears of each plot was used to calcu-
late grain yield per hectare after adjusting to 12.5% moisture
content (Mebratu et al., 2019).

2.3 | Data analysis

Analysis of variance (ANOVA) was performed using a lin-
ear mixed model, treating both genotype and GEI as random
effects in the best linear unbiased prediction (BLUP) model.
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FIGURE 1
environments in Ethiopia.

Map showing the geographic locations of the experimental sites used for the study sites across different highland maize production

TABLE 1 Description of the testing sites used to evaluate the quality protein maize hybrids.
Altitude Annual rainfall Temperature

No. Environment (masl) Latitude Longitude (mm) min (°C) max ("°C)

1 Ambo 2225 80°57' N 38°7'E 1115 11.7 25.4
2 Holeta 2400 9°00’' N 38°30'E 1065 6.4 22.1
3 Kulumsa 2200 8°5'N 39°10'E 1078 10.0 23.0
4 Jimma 2300 7°40' N 36°50" E 1700 13.4 23.2
5 Adet 2240 11°17'N 37°43'E 1091 18.2 25.3
6 Haramaya 2020 9°26'N 2°3'E 728 8.99 25.15

Treating these effects as random allows for the estimation of
variance components, which are essential for predicting geno-
typic values and assessing stability and adaptability across
environments (Piepho, 1994). The mixed linear model utilized
was as follows:

Y=Xf+Zu+e,

where Y is the vector of observations, u is the genotype + GEI
effect, X and Z represent the matrix comprising f, u, and Y,
and ¢ is the vector of random errors, f is the data vector of
the fixed unknown effect, which is the average value of the
block in each environment. Estimation was compared with the
BLUP model (Piepho, 1994).

The joint linear regression, AMMI, and GGE biplot models
were performed using the statistical program GEA-R (Flores
et al., 2014; Pacheco et al., 2015).

2.4 | AMMI analysis

In addition to partitioning the total variation into genotype,
environment, and GEI effects, AMMI analysis was used to
further partition GEI effects into IPCAs. In this analysis, the
significance of genotype mean squares was tested using GEI
mean square as the error term, while GEI mean squares were
tested using pooled error to assess the significance of the
variances. AMMI model analysis was performed as follows
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(Mahmodi et al., 2011):

n

Yl] =M+gl+€j = Z)’kaikY/’k +eij’
k=1

where Yj; is the yield of ith genotype in the jth environment,
g is the mean of ith genotype minus the grand mean, 4; is
the square root of the eigenvalue of the principal component
analysis (PCA) axis k, a;; and Y, are the principal component
values for PCA axis k of the ith genotype and the jth environ-
ment, respectively, and e is the residual. The environments
and genotype PCA value are expressed as unit vectors by the
square roots of the 4;, that is, environments of PCA value,
292 Yy; 0.5 genotype PCA value = ,%a;,.

2.5 | AMMI stability value

The relative contribution of the principal component axes
(IPCAL1 and IPCA?2) scores to the interaction of sum squares
was used to observe the ASV for each genotype. The higher
ASYV, either positive or negative, indicates the genotype was
more adapted to certain environments, whereas a low ASV
score represents a genotype that was more stable across vari-
ous environments (Mahmodi et al., 2011). ASV and YSI were
performed as suggested by Mahmodi et al., 2011, using the
following equation.

2
ASV = \/[(%> (IPCA1 score)] + (IPCA2 score )2,

where ASV is AMMI stability value, SS is sum of squares,
IPCA1 and TPCA2 are the first and second interaction
principal component axes, respectively.

2.6 | YSI analysis

YSI was calculated as YSI = RASV + RGY, where RASV
is the ranking of ASV and RGY is the ranking of genotypes
across all test environments (Mahmodi et al., 2011).

2.7 | GGE biplot analysis

GGE biplot analysis was performed to assess the variation
due to genotypes and GEI for grain yield (Yan, 2001). The
GGE biplot was constructed using the first and second prin-
cipal components (PC1 and PC2) derived from subjecting
environment-centered yield data. The GGE model used was

Agrosystems, Geosciences & Environment s

50f16

as follows:
Yij - (ﬂ + ﬁj) =4 éil”ljl + 12552’1}2 + &,

where Y;; is the measured mean of genotype i in environment j,
u is the grand mean, fj is the main effect of environment j, y +
Bj is the mean yield across all genotypes in environment j, 4;
and 4, are the singular values for PC1 and PC2, respectively.
&, and &;, are eigenvectors of genotype i for PC1 and PC2,
respectively. 77;; and 77,; are eigenvectors of environment j for
PCI and PC2, respectively. ¢;; is the residual associated with
genotype i in environment j.

The METs data for GGE biplot analysis were environment-
centered (“centering = 2”) and used to perform the which-
won-where pattern and relationship among test environments.
An average environment coordinate (AEC) was used to iden-
tify an ideal test environment as well as high-yielding and
stable hybrids (Yan & Tinker, 2006). The GGE biplot analy-
sis was performed using the adjusted hybrid means for the 48
experimental hybrids and the two commercial checks across
all test environments.

2.8 | Joint linear regression analysis

A joint linear regression of the genotype means on the envi-
ronmental mean as an independent variable was carried out
following the Eberhart and Russell (1966) model. Accord-
ing to this model, stable genotypes were identified as those
with high mean grain yields, regression coefficients (b;) of 1.0
and deviation from regression (Szd,-) = 0 (Eberhart & Russell,
1966). A joint linear regression model used was as follows:

where Yj; is the observed performance of the ith hybrid in
Jjth environment, y; is the mean performance of the ith hybrid
across all environments, bi is the regression coefficient of the
ith hybrid observed on the environmental index (stability char-
acters), and I] is the environment index (the deviation of the
mean of environment j from overall mean). §;; is the deviation
from the regression ith hybrid in the jth environment.

3 | RESULTS
3.1 | Analysis of variances

The ANOVA for grain yield across the test environments
showed highly significant variations (p < 0.001) among the
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TABLE 2 Combined analysis of variance and means for grain yield of quality protein maize hybrids tested across six environments.

Source of variation
Replication
Environment (E)
Genotype (G)
GXxE

Pooled error

CV%

Mean

Minimum

Maximum

Degree of freedom
1

5

49

245

300

Abbreviations: CV, coefficient of variation; ns, non-significant.

***indicate significance at 0.001 probability level.

Sum of squares

Mean of squares

0.57 2.65™
3022.37 604.47%**
175.78 3.58%%*
647.6 2.647H%%
66.68 0.22

6.65

6.99

593

8.26

TABLE 3 Additive main effect and multiplicative interaction (AMMI) analysis for grain yield of quality protein maize (QPM) hybrids tested

across environments.

Degree of
Sources of variation freedom Sum of squares
Environment (E) 5 3025.02
Genotype (G) 49 175.88
GXE 245 648.10
IPCA1 53 284.2
IPCA2 51 147.1
IPCA3 49 94.1
IPCA4 47 85.8
IPCAS 45 39.3
Pooled error 300 66.68

%G x E
Mean squares contribution %G x E cumulative
605.01%%*
3.58 %%
2.64%%*
5.36%** 43.68 43.68
2.88%** 22.61 66.29
1.92%%%* 14.46 80.75
1.82%%s%% 13.19 93.95
0.87+%** 6.04 100
0.22

*#% indicate significance at 0.001 level.

test environments, genotypes, and GEI (Table 2). Grain yield
ranged from 5.93 to 8.26 t ha~! with an overall mean of 6.99
tha~!. The highest yielding hybrids were G50, G13, and G5,
with respective grain yields of 8.26, 7.90, and 7.77 tha—!. On
the other hand, G40 (5.93 tha™!), G44 (5.93 tha!), and G48
(6.10 t ha~!) had lower grain yield. Among the test environ-
ments, Kulumsa (10.1 t ha=!) and Holeta (9.3 t ha~!) showed
the highest mean grain yields, whereas Jimma had the lowest
mean grain yield of 3.6 t ha™!.

3.2 | AMMI analysis

AMMI analysis revealed that the environment accounted for
the largest proportion of the total variation (78.59%), followed
by GEI (16.84%) and genotype (4.57%) (Table 3). Partition-
ing of the GEI effects into IPCA using the AMMI model
showed that the total pattern of GEI variation was explained
by five IPCAs. Accordingly, IPCA1, IPCA2, IPCA3, IPCA4,
and IPCAS5 accounted for 43.68%, 22.61%, 14.46%, 13.19%,
and 6.04%, respectively, of the GEI across environments. The

analysis further indicated that mean squares for all the five
IPCAs were highly significant (p < 0.001).

The list of four top-yielding hybrids and the values of
IPCA1 and IPCAZ2 for each location are presented in Table 4.
Low IPCA scores in AMMI analysis indicate a low contri-
bution to GEI and a high contribution to genotype stability.
Environments Adet, Ambo, and Jimma had low IPCA val-
ues, and hence, contributed to high stability of the hybrid
grain yield (Table 4). Among these environments, Ambo was
the ideal testing location, as it showed the lowest IPCA and
highest mean grain yield.

3.3 | ASV and YSI analysis

In ASV analysis, a genotype with low ASV value is the one
that adapts across environments, while genotype with high
ASV adapts in a specific environment. Among the tested
hybrids, G1, G8, G11, G19, and G35 had lower ASVs,
whereas G40, G43, and G44 had higher ASV values. The
YSI that combines ranking of grain yield with rankings of
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TABLE 4
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Additive main effect and multiplicative interaction (AMMI) analysis based on mean grain yield, the first two interaction principal

component axes (IPCAs) values, and four top-yielding hybrids in each test environment.

Environment Mean IPCA1 IPCA2
Adet 59 -0.32 -0.29
Ambo 7.1 —-0.26 0.009
Haramaya 5.6 —-0.66 0.66
Holeta 9.3 1.0 0.61
Jimma 3.6 -0.32 -0.33
Kulumsa 10.1 0.56 —0.66

ASV identified hybrids with low YSI and high stability.
Hybrids G5, G12, G19, G20, and G26 showed low YSI values
(Table 5).

3.4 | Joint linear regression analysis

According to the Eberhart & Russell (1966) model, geno-
type adaptability can be measured by regression value (bi),
whereas performance stability is measured by deviation from
regression (S2d;). In this study, bi value among the tested
hybrids ranged from 0.18 to 1.47, while deviation from regres-
sion (Szd,-) ranged from 0.02 to 2.61 (Table 6). Hybrids with
relatively good level of stability and high grain yield were
G5 (grain yield = 7.77 ha™!, bi = 1.11 and $?d; _ 0.33), G8
(grain yield = 7.03 ha™!, bi = 1.11 and $?d; _ 0.17), and
G12 (grain yield = 7.52 ha™!, bi = 1.10 and $%d; _ 0.51).
Higher yielding hybrids such as G13, G31, and G50 had bi
values that were highly different from unity or $2d; differ-
ent from zero or both, and hence not desirable in terms of
stability.

3.5 | GGE biplot analysis

3.5.1 | Which-won-where pattern

The “which-won-where” polygon view of the GGE biplot
for the tested hybrids is shown in Figure 2. The PC1 and
PC2 contributed to 64.60% of the G + GEI variation in
grain yield, with individual contributions of 43.32% and
21.28%, respectively. A polygon view was constructed by
vertex hybrids G15, G17, G31, G40, G44, G49, and G50,
which were found far away from the biplot origin such that
all other hybrids were contained within the polygon. The
test environments and genotypes were separated into dif-
ferent groups by the lines originating from the origin that
are perpendicular to the line joining the farthest genotypes.
The vertex hybrids were the highest yielding in the envi-
ronments located within their respective sectors of the GGE
biplot.

1 2 3 4

Gl4 G19 G23 G6

G17 G42 G31 G7

G43 G17 G31 G44
G31 G25 G9 G13
G30 G39 G34 G50
G50 G13 G29 G46

3.5.2 | Mean grain yield and stability of

genotypes

The mean grain yield and stability performance of the tested
hybrids are presented in Figure 3. The genotypes farthest
from origin on the positive side of the AEC abscissa had
higher mean grain yield, and those farthest from origin on
the negative side of the AEC abscissa had lower mean grain
yield. Accordingly, hybrids G13, G14, G25, G31, and G50
(AMHS852Q) had higher grain yield, whereas G40, G44, and
G48 were the lowest yielding hybrids (Figure 3). Among the
high-yielding hybrids, G13, G14, and G25 were the most sta-
ble hybrids, while G31 and G50 were unstable, as shown by
longer projections onto the AEC ordinate.

3.6 | Discriminating power and
representativeness of the test environments

The discriminating power and representativeness of the test
environments are indicated in Figure 4. The discriminating
power of an environment refers to its ability to determine
an ideal test environment, whereas representativeness refers
to the ability of a test environment to represent the mega-
environment. In GGE biplot, the length of the vector estimates
the standard deviation within each test environment and mea-
sures the ability of the environment to discriminate among
the hybrids. In this study, Holeta, Kulumsa, and Haramaya
environments, with longer environmental vectors, were highly
discriminative, whereas Jimma, Ambo, and Adet, with shorter
environmental vectors, were less discriminative and highly
representative (Figure 4).

3.7 | Relationships of test environments,
ranking of the environments and genotypes

Environmental vectors connected to the biplot origin provide
information on the interrelationships among the test envi-
ronments. An acute angle between two vectors indicates a
positive correlation, an obtuse angle indicates a negative cor-
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TABLE 5§

environments.
Genotype GY (tha™!) GY rank
1 6.52 37
2 6.42 40
3 6.94 32
4 6.95 31
5 7.77 3
6 7.27 19
7 7.29 17
8 7.03 27
9 7.20 21
10 6.43 39
11 6.41 41
12 7.52 10
13 7.90 2
14 7.67 5
15 6.25 46
16 6.57 36
17 7.48 11
18 7.05 26
19 7.10 23
20 7.53 9
21 7.07 24
22 7.57 7
23 7.27 18
24 7.18 22
25 7.58 6
26 7.54 8
27 6.20 47
28 7.03 28
29 7.05 25
30 7.36 13
31 7.70 4
32 6.41 43
33 6.41 42
34 7.34 14
35 6.30 45
36 7.46 12
37 6.49 38
38 6.63 35
39 7.31 16
40 5.93 50
41 6.65 34
42 7.31 15
43 6.33 44
44 5.93 49

OPEN
ACCESS
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Mean grain yield (GY), AMMI stability value (ASV), and yield stability index (YSI) of 50 maize hybrids evaluated across six

IPCA1
0.0269
—0.045
-0.336
-0.272
0.127
0.266
—0.183
0.092
0.320
—0.009
0.001
0.148
0.353
0.215
0.241
—0.271
-0.351
0.236
-0.070
0.172
-0.111
0.273
0.308
—0.120
0.432
—0.117
-0.306
—0.158
0.153
-0.322
0.337
0.255
0.177
0.202
0.068
0.025
0.197
-0.314
—-0.239
—0.816
0.113
0.039
—0.579
—1.00

IPCA2
0.170
0.217
0.232

—-0.077

—-0.040

—0.150
0.104
0.090
0.256

—0.429

-0.124
0.158
0.068
0.139

—0.249

—0.186
0.343
0.075

—-0.004
0.122
0.088

—0.187
0.128
0.213
0.399
0.065

-0.016

—0.049

—0.463
0.041
0.995

—0.146

-0.075
0.024

-0.077
0.433

—-0.087

—-0.018

—-0.382

—0.237

—0.285

—0.239
0.246
0.001

ASV
0.18
0.23
0.68
0.58
0.25
0.53
0.37
0.19
0.67
0.43
0.12
0.33
0.68
0.44
0.53
0.55
0.76
0.46
0.14
0.35
0.23
0.56
0.61
0.31
0.59
0.23
0.59
0.31
0.55
0.62
1.27
0.51
0.35
0.39
0.15
0.4
0.39
0.61
0.59
1.6
0.36
0.25
1.14
1.93

ASYV rank
4
7
41
32
10
27
18
5
40
22
1
14
42
23
28
29
44
25
2
15
8
31
36
12
33
9
34
13
30
38
48
26
16
20
3
24
21
37
35
49
17
11
47
50

YSI

41
47
73
63
13
46
35
32
61
61
42
24
44
28
74
65
55
51
25
24
32
38
54
34
39
17
81
41
55
51
52
69
58
34
48
36
59
72
51
99
51
26
91
99

(Continues)
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TABLE 5 (Continued)

Genotype GY (tha™!) GY rank IPCA1
45 6.99 29 —0.309
46 6.71 33 0.327
47 6.95 30 0.103
48 6.10 48 —0.088
49 7.22 20 0.417
50 8.26 1 0.393

Note: IPCA1 and IPCA?2, interaction principal component axes 1 and 2, respectively.

TABLE 6 Mean grain yield (GY), regression coefficients (bi), and deviation from regression (S2d;) analysis based on the Eberhart & Russell

(1966) model.

Genotype GY (tha™!) Rank bi S%d;
1 6.52 37 0.98 0.17
2 6.42 40 1.13 1.12
3 6.94 32 0.65 0.39
4 6.95 31 0.78 0.78
5 7.77 3 1.11 0.33
6 7.27 19 1.14 1.68
7 7.29 17 0.88 0.30
8 7.03 27 1.11 0.17
9 7.20 21 1.20 0.86
10 6.43 39 0.97 1.29
11 6.41 41 0.98 0.39
12 7.52 10 1.10 0.51
13 7.90 2 1.47 0.35
14 7.67 5 1.25 0.57
15 6.25 46 1.03 1.72
16 6.57 36 0.78 0.88
17 7.48 11 0.71 0.88
18 7.05 26 1.29 0.35
19 7.10 23 0.94 0.35
20 7.53 9 1.28 0.43
21 7.07 24 0.85 0.03
22 7.57 7 1.20 0.49
23 7.27 18 1.30 0.13
24 7.18 22 0.87 0.16
25 7.58 6 1.42 1.21

Agrosystems, Geosciences & Environment  {GGss 9of 16

IPCA2 ASV ASY rank YSI
0.168 0.62 39 68
—0.356 0.72 43 76
0.077 0.21 6 36
—0.345 0.38 19 67
—0.248 0.84 45 65
—0.381 0.85 46 47

Genotype GY (tha™!) Rank  bi S%d;
26 7.54 8 0.84 0.02
27 6.20 47 0.70 1.09
28 7.03 28 0.86 0.28
29 7.05 25 1.19 1.24
30 7.36 13 0.72 0.71
31 7.70 4 1.15 1.11
32 6.41 43 1.11 1.74
33 6.41 42 0.95 1.13
34 7.34 14 1.03 0.71
35 6.30 45 0.89 0.99
36 7.46 12 1.07 1.09
37 6.49 38 1.06 0.92
38 6.63 35 0.76 0.25
39 7.31 16 0.87 1.44
40 5.93 50 0.22 1.32
41 6.65 34 1.17 0.65
42 7.31 15 1.13 0.34
43 6.33 44 0.65 2.51
44 5.93 49 0.18 2.61
45 6.99 29 0.80 0.62
46 6.71 33 1.25 1.38
47 6.95 30 1.12 1.04
48 6.10 48 1.02 0.79
49 7.22 20 1.41 0.95
50 8.26 1 1.43 1.99

relation, and an angle close to 90° shows no correlation among
the environments. Jimma had negative association with most
of the test locations (Figure 5). Similarly, negative correlation
was observed between Kulumsa and Haramaya. On the other
hand, Holeta, Ambo, and Adet had positive associations as
depicted by <90° angle between environmental vectors.

In Figure 6, the small circle at the center of the concen-
tric circle represents the “ideal environment.” It is a virtual
environment with the longest vector and most discriminative

power of all environments. The nearer an environment is to the
ideal environment, the more desirable that environment is for
selecting superior genotypes. In this study, Holeta was an ideal
environment. Figure 7 shows the ranking of the test hybrids
relative to the “ideal hybrid.” An ideal hybrid is defined by
the greatest vector length represented by the center of the
concentric circle with an arrow pointing to it. Hybrids with
closer proximity to the ideal hybrid had highest mean grain
yield and stability. In this study, the most desirable hybrids
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FIGURE 2 A “which-won-where” view of the genotypic main effects plus genotype X environment interaction (GGE) biplot for 48 quality
protein maize hybrids and two commercial checks evaluated across environments.
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FIGURE 3 The mean and stability view of the genotypic main effects plus genotype X environment interaction (GGE) biplot for 48 quality
protein maize hybrids and two commercial checks evaluated across environments.
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FIGURE 4 The genotypic main effects plus genotype X environment interaction (GGE) biplot showing the discriminativeness and

representativeness of the test environments used to evaluate quality protein maize hybrids.
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FIGURE 5 The genotypic main effects plus genotype X

environment interaction (GGE) biplot showing the relationship among
the test environments used to evaluate quality protein maize hybrids.

with the highest mean grain yield and stability as well as with
closer proximity to the ideal genotype were G13, G14, G25,
and G31. G40 and G44 had undesirable performances across
test environments as the hybrids were located far away from
the center of the concentric circles (Figure 7).
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FIGURE 6 The genotypic main effects plus genotype X
environment interaction (GGE) biplot showing ranking of environments
relative to the “ideal environment.”

4 | DISCUSSION

The significant variations observed among the test envi-
ronments indicated that each environment has its own
unique characteristics. Similarly, the variations observed
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FIGURE 7
hybrids relative to an ideal genotype.

among the experimental hybrids for grain yield indicated
the possibility of selecting desirable hybrids. Similar to the
current findings, previous studies reported significant vari-
ations among QPM experimental hybrids for grain yield
(Abakemal et al., 2016; Mebratu et al., 2019). Significant
GETI effects indicated that the hybrids exhibited differential
performance and changes in ranking across environments,
justifying the need for GEI and stability analysis to iden-
tify stable and high-performing hybrids. Engida, Tarekegne
et al. (2024) and Mebratu et al. (2019) also reported the
presence of significant GEI effects in QPM hybrids eval-
uated across diverse environments in eastern and southern
Africa.

The existence of significant GEI effect indicates the need
for extensive testing of genotypes across locations to avoid
discarding hybrids that perform well in some but not in all
locations (Uberti et al., 2023). Several findings suggested the
use of complementary methods to assess the grain yield per-
formance and stability of maize genotypes across METs to
improve the reliability in the selection of superior maize geno-
types adapted to and stable in target environments (Abakemal
et al., 2016; Alam et al., 2022; Engida, Yadesa, et al., 2024;
Uberti et al., 2023).

AMMI analysis demonstrated that the environmental
effects explained a larger proportion of the total variation
(78.59%) as compared to genotype (4.57%) and GEI effects
(16.84%) (Table 3). This suggests that the overall variation in
the grain yield performances of the QPM hybrids was largely

The genotypic main effects plus genotype X environment interaction (GGE) biplot showing ranking of quality protein maize

influenced by environmental variables. Similarly, Mushayi
et al. (2020) used the AMMI model and reported highly sig-
nificant variations, with environment accounting for 63.33%,
genotype for 5.83%, and GEI for 15.83% of the total vari-
ation. Contrary to the current findings, Bocianwski et al.
(2024) reported that a larger proportion of the total variation
in grain yield was explained by genotype (35.20%), followed
by environment (25.12%) and GEI (21.18%) in AMMI model
analysis.

High genotype stability is associated with low ASV, which
captures the main effects of genotype and environment, as
well as the significant GEI effects displayed on the geno-
type X environment biplot (Hailemariam, 2022). In this
study, G1, G8, Gl11, G19, and G35 showed lower ASV
values and were the most stable genotypes across the test
environments suggesting grain yield performance of these
hybrids was less influenced by GEI effects. However, hybrids
with higher ASV values, G40, G43, and G44, were unsta-
ble in their performance across environments, indicating
effects of GEI impacted grain yield performances of these
hybrids.

According to YSI analysis, hybrids with low YSI values
and high yield potential are considered stable and desir-
able, whereas those with high YSI value are considered
unstable (Mahmodi et al., 2011). In this study, hybrids G5,
G12, G19, G20, and G26 were identified as more stable
hybrids based on their low YSI values (Table 5). While ASV
focuses solely on genotype stability across the test envi-
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ronments, YSI provides the added advantage of identifying
hybrids that are both high-yielding and stable, indicating its
strength in identifying suitable hybrids in METs. These find-
ings are in strong agreement with the reports of Dosho et al.
(2022), Engida, Yadesa et al. (2024), and Mwendo et al.
(2024).

According to Eberhart & Russell (1966), regression coef-
ficients >1 indicates genotypes with higher sensitivity to
environmental change (below-average stability), with specific
adaptation to high-yielding environments. A Regression coef-
ficient value 1 explains higher resistance to environmental
change (above-average stability), with a tendency to specific
adaptation at low-yielding environments. In this study, 27 out
of 50 QPM hybrids showed a regression coefficient >1, indi-
cating that these hybrids responded to favorable environments
and produced higher grain yield in such environments, while
the remaining 23 QPM hybrids had a regression coefficient
<1, responding to broader environments and having more sta-
bility (Table 6). Based on this analysis, G5, G8, and G12 were
identified as the most promising hybrids in terms of yield and
stability. These results are in conformity with the report of
Shojaei et al. (2022).

In the GGE biplot, the first two PCs explained 64.60%
(PC1 = 43.32% and PC2 = 21.28%) of the total grain yield
variation attributed to genotype and GEI (Figures 2—6). The
“which-won-where” polygon view of GGE biplot (Figure 2)
describes how genotypes and environments interact, exhibit-
ing the existence of crossover GEI, mega-environment identi-
fication, and specific adaptation pattern (Yan & Tinker, 2000).
In addition, GGE biplot was used to determine the best geno-
types in each mega-environment and assess the stability of
tested genotypes. The polygon vertices were represented by
hybrids, G15, G17, G31, G40, G44, G49, and G50. These
hybrids were extremely far from the biplot origin in various
directions, indicating that these hybrids were more responsive
than those within the polygon.

The GGE biplot subdivided the testing environments into
different sectors. Environments grouped in different sectors
had high-yielding hybrids specifically adapted to those sec-
tors. This study identified two main sectors, one represented
by Kulumsa, with G50 as the vertex hybrid, and the other
represented by Holeta and Haramaya, with G31 as the vertex
hybrid (Figure 2). The other test environments, Adet, Jimma,
and Ambo, were located near the biplot origin, indicating
the absence of a dominant hybrid in these environments.
Furthermore, no environment fell within the sectors contain-
ing the other vertex hybrids, suggesting that these hybrids
were not specifically adapted to any of the test environments.
These results are in conformity with the findings of Bankole
et al. (2023), Kunwar et al. (2024), and Omar et al. (2022).
Similarly, several other investigators reported that genotypes
located on the vertices of polygon show either the best or
the poorest performance in one or more test environments

Agrosystems, Geosciences & Environment  {t6ss 13 of 16
(Amelework et al., 2023; Birhanu et al., 2024; Yan & Tinker,
2006; Bocianowski et al 2024).

The mean versus stability view of the GGE biplot (Figure 3)
identifies ideal genotypes with high mean performance and
stability, serving as a benchmark against which the tested
hybrids were ranked (Yan et al., 2007). Similarly, genotypes
with above-average means and those below-average means
were separated by the AEC ordinate. In the current study, G13,
G25, and G14, which had closer proximity to the ideal geno-
type, were identified as the most desirable hybrids. On the
other hand, G40 and G44, located at a farther distance from
the ideal genotype, were highly undesirable. However, high
stability is only desirable when it is clearly correlated with the
best mean yield performance (Singamsetti et al., 2021; Yan &
Tinker, 2006). The findings of this study agree with the results
previously reported by Dang et al. (2024) and Mullualem et al.
(2024).

The ability of an environment to distinguish among geno-
types is referred to as discriminating power, whereas its
capacity to represent the overall mega-environment is known
as representativeness (Yan et al., 2011). In this study,
Holeta, Kulumsa, and Haramaya were highly discriminative
(Figure 4), indicating the effectiveness of these environ-
ments to distinguish among genotypes in terms of grain
yield performances. The discriminating and nonrepresenta-
tive environment can be used for culling unstable hybrids if
the target location is a single mega-environment (Agyeman
& Ewool, 2022). In contrast, Jimma, Ambo, and Adet were
less discriminative but more representative of the overall test-
ing environments. The representative test environments can
be used to select the best yielding genotypes that will perform
consistently across different environments (Engida, Yadesa,
et al., 2024). The findings of this study agree with the results
previously reported by Bankole et al. (2023) and Ma et al.
(2024).

The significant association between test environments indi-
cated similarity in genotype performance between these
environments. Positive associations among Holeta, Ambo,
and Adet (acute angle between the vectors) indicated that
higher-yielding hybrids in one of these environments are
likely to perform similarly in the others. In contrast, the
angles between Haramaya and Kulumsa as well as between
Jimma and Holeta were >90°, indicating negative associa-
tions. This implies that hybrids with high grain yield in one
of these environments may exhibit reduced performance in the
other environments (Figure 5). Obviously, the strong negative
association between environments suggests high crossover
interaction (Yan & Tinker, 2006). The presence of significant
association between environments demonstrated that there is a
possibility of reducing test environments without significantly
influencing the validity of the data. These findings are in har-
mony with the findings of Daemo and Ashango (2024) and Li
et al. (2023). Generally, similarity (covariance) between two
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locations is measured by both the length of their vectors and
cosine of the angle between them (Fekadu et al., 2023; Yan
etal., 2011).

Environments with long vectors and closer to the ideal
environment are useful for evaluating cultivars (Akinyosoye,
2022; Yan et al., 2007). In this study, Holeta was identi-
fied as a highly discriminating environment for the hybrids
tested (Figure 6), indicating the suitability of this environ-
ment for the identification of desirable hybrids. As illustrated
in Figure 7, the most desirable hybrids identified in this study
were G13 and G25 due to their closest proximity to ideal geno-
types, which are the highest yielding and the most stable. In
line with the current study, Mushayi et al. (2020) identified
ideal hybrids using GGE analysis in METs.

Among the different models applied in this study, GGE
biplot was the most effective for identifying high-yielding
and stable hybrids, as it simultaneously integrates mean grain
yield performance and GEI into a single framework. As noted
by Yan et al. (2007), the mean versus stability view of GGE
biplots enables breeders to identify superior genotypes that
combine both high yield and stability, which traditional sta-
bility parameters cannot achieve. In line with this, the hybrids
G13, G25, and G14, identified as superior by the GGE biplot,
also recorded the highest mean yields across the six test loca-
tions, providing strong empirical support for the effectiveness
of the GGE biplot model.

S | CONCLUSION

The current study revealed a high level of genetic variation
among the tested QPM hybrids for grain yield, indicating the
potential for genetic improvement through effective selection.
The most promising QPM hybrids identified in this study
include G5, G13, G14, and G31. The commercial check G50
(AMHS852Q) was also among the top-yielding hybrids. The
significant GEI effect further justifies the need for genotype
by environment and stability analysis to identify high-
performing and stable hybrids across diverse environments.
The various stability models used in this study showed incon-
sistencies in identifying stable hybrids. However, the GGE
biplot approach proved to be the most effective in selecting
outstanding hybrids based on both grain yield and stability.
The hybrids identified as most desirable through different
views of the GGE biplot had superior grain yield performance
across the test environments. Among the test environments,
Holeta was the most ideal environment for its discriminat-
ing power and representativeness. The present study identified
promising QPM hybrids that could be extensively tested under
farmers’ production conditions for eventual commercializa-
tion to enhance food and nutritional security and improve the
livelihood of maize producers and consumers in Ethiopia and
across East Africa.

BEYENE ET AL.

AUTHOR CONTRIBUTIONS

Diriba Beyene: Conceptualization; data curation; formal
analysis; investigation; methodology; writing—original draft;
writing—review and editing. Dagne Wegary: Concep-
tualization; data curation; formal analysis; investigation;
methodology; resources; supervision; validation; visualiza-
tion; writing—original draft; writing—review and editing.
Bulti Tesso: Conceptualization; data curation; investigation;
methodology; supervision; writing—original draft; writing—
review and editing. Zerihun Jalata: Conceptualization; data
curation; formal analysis; investigation; methodology; super-
vision; writing—original draft; writing—review and editing.
Negash Geleta: Conceptualization; data curation; method-
ology; supervision; writing—original draft; writing—review
and editing. Kasahun Sadessa: Conceptualization; data cura-
tion; formal analysis; investigation; methodology; software;
writing—original draft; writing—review and editing.

ACKNOWLEDGMENTS

The authors would like to acknowledge the Haramaya Univer-
sity, Adet, Kulumsa, Holeta, and Jimma agricultural research
centers and Ambo plant protection research center for provid-
ing experimental sites for the experiments and data collection.
We are also greatful to the International Maize and Wheat
Improvement Center, particularly Ambo maize breeding
program office, for the financial study supports.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data will be made available on request

ORCID

Diriba Beyene ‘2 https://orcid.org/0000-0003-1884-3746
Zerihun Jalata ‘® https://orcid.org/0009-0009-9288-271X
REFERENCES

Abakemal, D., Shimelis, H., & Derera, J. (2016). Genotype-by-
environment interaction and yield stability of quality protein maize
hybrids developed from tropical-highland adapted inbred lines.
Euphytica, 209(3), 757-769. https://doi.org/10.1007/s10681-016-
1673-7

Agyeman, A., & Ewool, M. (2022). Genotype by environment interaction
analysis of grain yield and yield components in provitamin A maize.
Journal of Crop Improvement, 36(1), 1-24.

Akinyosoye, S. T. (2022). Genotype—genotype X environment (GGE)
biplot analysis of extra-early maturing quality protein maize hybrids
for grain yield. Journal of Crop Science and Biotechnology, 25(5),
599-610. https://doi.org/10.1007/s12892-022-00154-4

Alam, M. A., Rahman, M., Ahmed, S., Jahan, N., Khan, M. A., Islam, M.
R., & Alsuhaibani, A. M. (2022). Genetic variation and genotype by
environment interaction for agronomic traits in maize hybrids. Plants,
11(11), 1522. https://doi.org/10.3390/plants11111522

5UBD 1T SUOWILIOD dAREa1D 3|gedt|dde ay) Aq pausenob ake sajoie YO ‘8sn Jo sajn. Joj AriqiTauluQ AS|IAA UO (SUORIPUOI-PUe-SW)WI0D AB[IM AReIq 1 BU 1 UO//:SANY) SUORIPUOD pue sWB | 3Ul &8s “[G20z/0T/zz] Uo Ariqiauluo AIM  IMEVEINIZ - SSTDDV OINgT - Arba subeq Aq 9520, 266e/200T 0T/I0p/wod A3 1m ARelq 1)Ul U0 SSasIe//:sdny Woij papeojumMoqd ‘v ‘SZ0Z ‘9699692


https://orcid.org/0000-0003-1884-3746
https://orcid.org/0000-0003-1884-3746
https://orcid.org/0009-0009-9288-271X
https://orcid.org/0009-0009-9288-271X
https://doi.org/10.1007/s10681-016-1673-7
https://doi.org/10.1007/s10681-016-1673-7
https://doi.org/10.1007/s12892-022-00154-4
https://doi.org/10.3390/plants11111522

BEYENE ET AL.

Amelework, A. B., Bairu, M. W., Marx, R., Laing, M., & Venter, S.
L. (2023). Genotype X environment interaction and stability analysis
of selected cassava cultivars in South Africa. Plants, 12(13), 2490.
https://doi.org/10.3390/plants 12132490

Bankole, F., Olajide, O., & Olaoye, G. (2023). Performance and yield
stability of quality protein maize (Zea mays L.) hybrids under rainfed
condition. Agriculture (Pol’nohospodarstvo), 69(2), 66-76. https://
doi.org/10.2478/agri-2023-0006

Birhanu, C., Mekbib, F., Lule, D., Bekeko, Z., Girma, G., Tirfessa, A.,
Ayana, G., Nida, H., & Mengiste, T. (2024). Genotype by environment
interactions and stability for grain yield and other agronomic traits in
selected sorghum genotypes in Ethiopia. Agrosystems, Geosciences &
Environment, 7(3), €20544. https://doi.org/10.1002/agg2.20544

Bocianowski, J., Nowosad, K., & Rejek, D. (2024). Genotype-
environment interaction for grain yield in maize (Zea mays L.) using
the additive main effects and multiplicative interaction (AMMI)
model. Journal of Applied Genetics, 65, 653—664. https://doi.org/10.
1007/s13353-024-00899-4

Daemo, B. B., & Ashango, Z. (2024). Application of AMMI and GGE
biplot for genotype by environment interaction and yield stability
analysis in potato genotypes grown in Dawuro zone, Ethiopia. Jour-
nal of Agriculture and Food Research, 18, 101287. https://doi.org/10.
1016/j.jafr.2024.101287

Dang, X., Hu, X., Ma, Y., Li, Y., Kan, W., & Dong, X. (2024). AMMI
and GGE biplot analysis for genotype X environment interactions
affecting the yield and quality characteristics of sugar beet. PeerJ, 12,
e16882. https://doi.org/10.7717/peerj.16882

Dosho, B. M., Ifie, B. E., Asante, 1. K., Danquah, E. Y., & Zeleke, H.
(2022). Genotype-by-environment interaction and yield stability for
grain yield of quality protein maize hybrids under low and optimum
soil nitrogen environments. Journal of Crop Science and Biotech-
nology, 25(4), 437-450. https://doi.org/10.1007/s12892-022-00143-
7

Eberhart, S. A., & Russell, W. A. (1966). Stability parameters for com-
paring varieties. Crop Science, 6(1), 36-40. https://doi.org/10.2135/
cropscil966.0011183100060001001 1x

Engida, B. T., Tarekegne, A., Wegary, D., Van Biljon, A., &
Labuschagne, M. T. (2024). Genotype X environment interaction and
grain yield stability of quality protein maize hybrids under stress
and non-stress environments. Cogent Food and Agriculture, 10(1),
2324537. https://doi.org/10.1080/23311932.2024.2324537

Engida, B. T., Yadesa, L., Garoma, B., & Goben, B. (2024). Hybrid
performance and grain yield stability for advanced provitamin A
and quality protein maize hybrids evaluated in Ethiopia. Journal of
Crop Science and Biotechnology, 27, 489-500. https://doi.org/10.
1007/s12892-024-00245-4

Fekadu, W., Mekbib, F., and Lakew, B., & Haussmann, B. I. G.
(2023). Genotype X environment interaction and yield stability in
barley (Hordeum vulgare L.) genotypes in the central highland of
Ethiopia. Journal of Crop Science and Biotechnology, 26, 119-133.
https://doi.org/10.1007/s12892-022-00166-0

Food and Agriculture Organization Corporate Statistical DataBase
(FAOSTAT). (2024.). World food and agriculture—Statistical year-
book. FAO. https://doi.org/10.4060/cc2211en

Frutos, E., Galindo, M. P., & Leiva, V. (2014). An interactive biplot
implementation in R for modeling genotype-by-environment interac-
tion. Stochastic Environmental Research and Risk Assessment, 28(7),
1629-1641. https://doi.org/10.1007/s00477-013-0821-z

Agrosystems, Geosciences & Environment %5

15 of 16

Gabriel, K. R. (1971). The Biplot display of multivariate matrices with
application to principal components analysis. Biometrika, 58, 453—
467. https://doi.org/10.1093/biomet/58.3.453

Gonzalez-Barrios, P., Diaz-Garcia, L., & Gutiérrez, L. (2019). Mega-
environmental design: Using genotype X environment interaction to
optimize resources for cultivar testing. Crop Science, 59(5), 1899—
1915. https://doi.org/10.2135/cropsci2018.11.0692

Hailemariam, M. (2022). Adaptability and stability for soybean yield by
AMMI and GGE models in Ethiopia. Frontiers in Plant Science, 13,
950992. https://doi.org/10.3389/fpls.2022.950992

Kachapur, R. M., Patil, N. L., Talekar, S. C., Wali, M. C., Naidu, G.,
Salakinakop, S. R., Harlapur, S. 1., Bhat, J. S., & Kuchanur, P. H.
(2023). Importance of mega-environments in evaluation and identifi-
cation of climate resilient maize hybrids (Zea mays L.). PLoS One,
18, €0295518. https://doi.org/10.1371/journal.pone.0295518

Kunwar, C. B., Basnet, B., Sunuwar, S., Mahato, D. N., Chaudhari,
R., Upadhya, J., & Pokhrel, P. (2024). Multi-model approach for
optimizing cold-wave resilient maize selection: Unveiling genotype-
by-environment interaction and predicting yield stability. CABI
Agriculture and Bioscience, 5(1), 63. https://doi.org/10.1186/s43170-
024-00266-7

Li, Y., Bao, H., Xu, Z., Hu, S., Sun, J., & Wang, Z. (2023). AMMI an
GGE biplot analysis of grain yield for drought-tolerant maize hybrid
selection in Inner Mongolia. Scientific Reports, 13, Article 18800.
https://doi.org/10.1038/s41598-023-46167-z

Ma, C., Liu, C., & Ye, Z. (2024). Influence of genotype X environ-
ment interaction on yield stability of maize hybrids with AMMI
model and GGE biplot. Agronomy, 14(5), 1000. https://doi.org/10.
3390/agronomy 14051000

Mahmodi, N., Yaghotipoor, A., & Farshadfar, E. (2011). AMMI sta-
bility value and simultaneous estimation of yield and stability in
bread wheat (Triticum aestivum). Australian Journal of Crop Science,
5(13), 1837-1184. https://search.informit.org/doi/10.3316/informat.
005709931410019

Matongera, N., Ndhlela, T., van Biljon, A., & Labuschagne, M. (2023).
Genotype x environment interaction and yield stability of normal and
biofortified maize inbred lines in stress and non-stress environments.
Cogent Food and Agriculture, 9(1),2163868. https://doi.org/10.1080/
23311932.2022.2163868

Mebratu, A., Wegary, D., Mohammed, W., Teklewold, A., & Tarekegne,
A. (2019). Genotype x environment interaction of quality protein
maize hybrids under contrasting management conditions in eastern
and Southern Africa. Crop Science, 59(4), 1576-1589. https://doi.
org/10.2135/cropsci2018.12.0722

Mogesse, W., & Zeleke, H. (2022). Hybrid performance and standard
heterosis of maize for grain yield and yield related trait in Eastern
Ethiopia. American Journal of BioScience, 10(2), 44-50. https://doi.
org/10.11648/j.ajbi0.20221002.12

Mullualem, D., Tsega, A., Mengie, T., Fentie, D., Kassa, Z., Fassil, A.,
Wondaferew, D., Gelaw, T. A., & Astatkie, T. (2024). Genotype-by-
environment interaction and stability analysis of grain yield of bread
wheat (Triticum aestivum L.) genotypes using AMMI and GGE biplot
analyses. Heliyon, 10(12), €32918. https://doi.org/10.1016/j.heliyon.
2024.e32918

Mushayi, M., Shimelis, H., Derera, J., & Shayanowako, A. I. T. (2020).
Multi-environmental evaluation of maize hybrids developed from
tropical and temperate lines. Euphytica, 216, Article 84. https://doi.
org/10.1007/310681-020-02618-6

85UB01 SUOWIWIOD SANER1D el |dde auy Aq pausenob a1e sapie YO ‘@SN JO S9N 10} ARIGIT BUIUO A8]IM UO (SUORIPUOD-PUE-SWULBILIOD" A3 1M ARe1q 1 pU1UO//SAIY) SUORIPUOD pUe SWR L 3U1 885 *[5202/0T/22] uo Ariqriauliuo oM  3MEVEINIZ - SS300V OIS - Kb sufeq Ag 9g20, 260e/200T 0T/10p/wa A 1M Aeiq 1 jou U0'SSasTe//:SdRY Woiy popeojumod ‘v ‘G202 ‘96996€9C


https://doi.org/10.3390/plants12132490
https://doi.org/10.2478/agri-2023-0006
https://doi.org/10.2478/agri-2023-0006
https://doi.org/10.1002/agg2.20544
https://doi.org/10.1007/s13353-024-00899-4
https://doi.org/10.1007/s13353-024-00899-4
https://doi.org/10.1016/j.jafr.2024.101287
https://doi.org/10.1016/j.jafr.2024.101287
https://doi.org/10.7717/peerj.16882
https://doi.org/10.1007/s12892-022-00143-7
https://doi.org/10.1007/s12892-022-00143-7
https://doi.org/10.2135/cropsci1966.0011183x000600010011x
https://doi.org/10.2135/cropsci1966.0011183x000600010011x
https://doi.org/10.1080/23311932.2024.2324537
https://doi.org/10.1007/s12892-024-00245-4
https://doi.org/10.1007/s12892-024-00245-4
https://doi.org/10.1007/s12892-022-00166-0
https://doi.org/10.4060/cc2211en
https://doi.org/10.1007/s00477-013-0821-z
https://doi.org/10.1093/biomet/58.3.453
https://doi.org/10.2135/cropsci2018.11.0692
https://doi.org/10.3389/fpls.2022.950992
https://doi.org/10.1371/journal.pone.0295518
https://doi.org/10.1186/s43170-024-00266-7
https://doi.org/10.1186/s43170-024-00266-7
https://doi.org/10.1038/s41598-023-46167-z
https://doi.org/10.3390/agronomy14051000
https://doi.org/10.3390/agronomy14051000
https://search.informit.org/doi/10.3316/informat.005709931410019
https://search.informit.org/doi/10.3316/informat.005709931410019
https://doi.org/10.1080/23311932.2022.2163868
https://doi.org/10.1080/23311932.2022.2163868
https://doi.org/10.2135/cropsci2018.12.0722
https://doi.org/10.2135/cropsci2018.12.0722
https://doi.org/10.11648/j.ajbio.20221002.12
https://doi.org/10.11648/j.ajbio.20221002.12
https://doi.org/10.1016/j.heliyon.2024.e32918
https://doi.org/10.1016/j.heliyon.2024.e32918
https://doi.org/10.1007/s10681-020-02618-6
https://doi.org/10.1007/s10681-020-02618-6

16 of 16 Agrosystems, Geosciences & Environment £

Mwendo, M. M., Mbega, E. R., Ndunguru, J., & Philipo, M. (2024).
AMMI and GGE biplot analysis of maize genotypes for seed yield
across different maize growing location in Tanzania. Cogent Food &
Agriculture, 11(1),2438909. https://doi.org/10.1080/23311932.2024.
2438909

Nedi, G., Alamerew, S., & Tulu, L. (2016). Review on quality pro-
tein maize breeding for Ethiopia. Journal of Biology, Agriculture and
Healthcare, 6, 84-96.

Omar, M., Rabie, H. A., Mowafi, S. A., Othman, H. T., El-Moneim,
D. A, Alharbi, K., & Ali, M. M. (2022). Multivariate analysis of
agronomic traits in newly developed maize hybrids grown under
different agro-environments. Plants, 11(9), 1187. https://doi.org/10.
3390/plants11091187

Pacheco, A., Vargas, M., Alvarado, G., Rodriguez, F., Lépez, M., Crossa,
J., & Burgueiio, J. (2015). GEA-R: Genotype by environment analysis
with R (version 4.0)—User’s manual. CIMMYT.

Pereira, D., Bastos, W., Oliveira, S. D. E., & Flores, M. (2023). Anal-
ysis of the effect of the interaction of genotype and environment on
the yield stability of maize varieties; Genetic Resources for Breeding.
Agronomy, 13(8), 1970. https://doi.org/10.3390/agronomy 13081970

Piepho, H.-P. (1994). Best linear unbiased prediction (BLUP) for
regional yield trials: A comparison to additive main effects and
multiplicative interaction (AMMI) analysis. Theoretical and Applied
Genetics, 89(5), 647-654. https://doi.org/10.1007/BF00222462

Pour-Aboughadareh, A., Khalili, M., Poczai, P., & livoto, T. (2022). Sta-
bility indices to deciphering the genotype-by-environment interaction
(GEI) effect: An applicable review for use in plant breeding programs.
Plants, 11, 414. https://doi.org/10.3390/plants110304 14

Prasanna, B. M., Palacios-Rojas, N., Hossain, F., Muthusamy, V.,
Menkir, A., Dhliwayo, T., Ndhlela, T., San Vicente, F., Nair, S. K,
Vivek, B. S., Zhang, X., Olsen, M., & Fan, X. (2020). Molecu-
lar breeding for nutritionally enriched maize: Status and prospects.
Frontiers in Genetics, 10, 1392. https://doi.org/10.3389/fgene.2019.
01392

Ruswandi, D., Syafii, M., Wicaksana, N., Maulana, H., Ariyanti, M.,
Indriani, N. P., Suryadi, E., Supriatna, J., & Yuwariah, Y. (2022).
Evaluation of high yielding maize hybrids based on combined stabil-
ity analysis, sustainability index, and GGE biplot. BioMed Research
International, 2022, 3963850. https://doi.org/10.1155/2022/3963850

Seyoum, S., Rachaputi, R., Fekybelu, S., Chauhan, Y., & Prasanna, B.
(2019). Exploiting genotype X environment X management interac-
tions to enhance maize productivity in Ethiopia. European Journal of
Agronomy, 103, 165-174. https://doi.org/10.1016/j.€ja.2018.12.011

Shojaei, S. H., Mostafavi, K., Lak, A., Omrani, A., Omrani, S., Mousavi,
S. M. N, Illés, A., Bojtor, C., & Nagy, J. (2022). Evaluation of stabil-
ity in maize hybrids using univariate parametric methods. Journal of

BEYENE ET AL.

Crop Science and Biotechnology, 25(3), 269-276. https://doi.org/10.
1007/s12892-021-00129-x

Singamsetti, A., Shahi, J. P., Zaidi, P. H., Seetharam, K., Vinayan, M. T.,
Kumar, M., Singla, S., Shikha, K., & Madankar, K. (2021). Geno-
type X environment interaction and selection of maize (Zea mays
L.) hybrids across moisture regimes. Field Crops Research, 270,
108-224. https://doi.org/10.1016/j.fcr.2021.108224

Tefera, A. A. (2020). A review on quality protein maize. International
Research Journal of Plant Science, 11(2), 1-6. https://doi.org/10.
14303/irjps.2020.0011

Uberti, A., Rezende, W. M., Caixeta, D. G., Reis, H. M., Resende, N.
C. V., Destro, V., & DeLima, R. O. (2023). Assessment of yield per-
formance and stability of hybrids and populations of tropical maize
across multiple environments in Southeastern Brazil. Crop Science,
63(4), 2012-2032. https://doi.org/10.1002/csc2.20964

Yadesa, L., & Diro, D. (2023). Nutritional and specialty maize pro-
duction, consumption, and promising impact on Ethiopia’s food and
nutrition security: A review. EAS Journal of Nutrition and Food Sci-
ences, 5(05), 142—157. https://doi.org/10.36349/easjnfs.2023.v05105.
003

Yan, W. (2001). GGEbiplot—A windows application for graphical anal-
ysis of multienvironment trial data and other types of two-way
data. Agronomy Journal, 93, 1111-1118. https://doi.org/10.2134/
agronj2001.9351111x

Yan, W., Kang, M. S., Ma, B., Woods, S., & Cornelius, P. L. (2007). GGE
biplot vs. AMMI analysis of genotype by enviroment data. Crop Sci-
ence, 653(April), 641-653. https://doi.org/10.2135/cropsci2006.06.
0374

Yan, W., Pageau, D., Frégeau-Reid, J., & Durand, J. (2011). Assessing
the representativeness and repeatability of test locations for genotype
evaluation. Crop Science, 51(4), 1603-1610. https://doi.org/10.2135/
cropsci2011.01.0016

Yan, W., & Tinker, N. A. (2006). Biplot analysis of multi-environment
trial data: Principles and applications. Canadian Journal Plant
Science, 86, 623-645. https://doi.org/10.4141/P05-169

How to cite this article: Beyene, D., Wegary, D.,
Tesso, B., Jalata, Z., Geleta, N., & Sadessa, K. (2025).
Grain yield stability and genotype by environment
interaction of quality protein maize hybrids in
Ethiopia. Agrosystems, Geosciences & Environment,
8, €70236. https://doi.org/10.1002/agg2.70236

85UB01 SUOWIWIOD SANER1D el |dde auy Aq pausenob a1e sapie YO ‘@SN JO S9N 10} ARIGIT BUIUO A8]IM UO (SUORIPUOD-PUE-SWULBILIOD" A3 1M ARe1q 1 pU1UO//SAIY) SUORIPUOD pUe SWR L 3U1 885 *[5202/0T/22] uo Ariqriauliuo oM  3MEVEINIZ - SS300V OIS - Kb sufeq Ag 9g20, 260e/200T 0T/10p/wa A 1M Aeiq 1 jou U0'SSasTe//:SdRY Woiy popeojumod ‘v ‘G202 ‘96996€9C


https://doi.org/10.1080/23311932.2024.2438909
https://doi.org/10.1080/23311932.2024.2438909
https://doi.org/10.3390/plants11091187
https://doi.org/10.3390/plants11091187
https://doi.org/10.3390/agronomy13081970
https://doi.org/10.1007/BF00222462
https://doi.org/10.3390/plants11030414
https://doi.org/10.3389/fgene.2019.01392
https://doi.org/10.3389/fgene.2019.01392
https://doi.org/10.1155/2022/3963850
https://doi.org/10.1016/j.eja.2018.12.011
https://doi.org/10.1007/s12892-021-00129-x
https://doi.org/10.1007/s12892-021-00129-x
https://doi.org/10.1016/j.fcr.2021.108224
https://doi.org/10.14303/irjps.2020.0011
https://doi.org/10.14303/irjps.2020.0011
https://doi.org/10.1002/csc2.20964
https://doi.org/10.36349/easjnfs.2023.v05i05.003
https://doi.org/10.36349/easjnfs.2023.v05i05.003
https://doi.org/10.2134/agronj2001.9351111x
https://doi.org/10.2134/agronj2001.9351111x
https://doi.org/10.2135/cropsci2006.06.0374
https://doi.org/10.2135/cropsci2006.06.0374
https://doi.org/10.2135/cropsci2011.01.0016
https://doi.org/10.2135/cropsci2011.01.0016
https://doi.org/10.4141/P05-169
https://doi.org/10.1002/agg2.70236

	Grain yield stability and genotype by environment interaction of quality protein maize hybrids in Ethiopia
	Abstract
	Plain Language Summary
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Germplasm
	2.2 | Environments and experimental design
	2.3 | Data analysis
	2.4 | AMMI analysis
	2.5 | AMMI stability value
	2.6 | YSI analysis
	2.7 | GGE biplot analysis
	2.8 | Joint linear regression analysis

	3 | RESULTS
	3.1 | Analysis of variances
	3.2 | AMMI analysis
	3.3 | ASV and YSI analysis
	3.4 | Joint linear regression analysis
	3.5 | GGE biplot analysis
	3.5.1 | Which-won-where pattern
	3.5.2 | Mean grain yield and stability of genotypes

	3.6 | Discriminating power and representativeness of the test environments
	3.7 | Relationships of test environments, ranking of the environments and genotypes

	4 | DISCUSSION
	5 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


