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Abstract

For grain yield stability analysis, genotype by environment interactions are crucial
in properly identifying and discriminating between varieties and locations. Hence,
this experiment was conducted with the objectives to evaluate the stability of soy-
bean using additive main effects and multiplicative interaction (AMMI), multi-trait
stability index (MTSI), weighted average absolute scores biplot (WAASB), Eberhart
and Russell regression model, and genotype plus genotype by environment interac-
tion (GGE) biplot analysis for grain yield of soybean genotypes and identified stable
genotypes in the different soybean agroecologies of Ethiopia. Twenty-four soybean
genotypes were planted at six soybean environments with RCBD in three replica-
tions in the 2015/2016 cropping season. Stability measures, namely, AMMI, AMMI
stability value, and GGE biplot analysis were used to identify the high-yielding and
stable genotypes across the testing environments. AMMI-1 biplot showed Pawe as
the ideal environment; Bako as a favorable environment; Asosa an average environ-
ment; and the rest namely, Dimtu, Jimma, and Metu as unfavorable environments.
On the other hand, AMMI-2 biplot analysis certain genotypes like Prichard, Spry,
Delsoy 4710, and Croton 3.9 were identified as stable genotypes. Bako and Metu
were identified as the most discriminating environments. Mega environments and
the best yielding soybean genotypes on each mega environment were revealed by
the GGE biplot analysis model. For other multivariate statistics used for this study,
MTSI, WAASB, and regression models, stable and superior varieties for grain yield
were revealed. Through the MTSI, the four genotypes, namely, Liu yue mang, SCS-
1, Clarck-63k, and AFGAT, were found to be stable and superior over the rest tested
genotypes. Overall, the genotypes SCS-1 and AGS-7-1 were stable across soybean
growing environments and are recommended for mega environment production.

Abbreviations: AMMI, additive main effects and multiplicative interaction; ANOVA, analysis of variance; ASV, AMMI stability value; GEI, genotype by
environment interaction; GGE, genotype plus genotype by environment interaction; IPCA, interaction principal component axis; MTSI, multitrait stability
index; PDCAAS, protein digestibility-corrected amino acid score; WAASP, weighted average absolute scores biplot.
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1 | INTRODUCTION

Soybean (Glycine max (L) Merrill) is a self-pollinated diploid
(2n = 4x = 40) species with a genome size approximately
1.115 Gb, the repeat sequences occupy more than 50% of the
soybean genome (Chen et al., 2015). The crop is extraordinar-
ily rich in protein (lysine rich) (~40%) and ~20% oil enriched
with essential fatty acids. It is the world’s foremost provider of
high-quality, nutritionally excellent and inexpensive protein
and dietary vegetable oil for use either as human food or ani-
mal feed (Qin et al., 2022; Sritongtae et al., 2021). According
to Qin et al. (2022), soy-protein is a high-quality protein with
a protein digestibility corrected amino acid score (PDCAAS)
of 1.00, which is close to some of the proteins from ani-
mal sources, such as meat and dairy. Also, soy- proteins
contain well-balanced essential amino acids except for sulfur-
containing ones like methionine. In addition, it can improve
soil fertility through its capability to fix atmospheric nitrogen;
it is an ideal crop in improving and amending soil properties
through nitrogen fixation and the ability to break lifecycles of
pests and diseases in cereal rotation system (Hymowitz et al.,
1981; Morsy et al., 2015).

Soybean is a crop of great promise for most develop-
ing countries faced with extensive malnutrition and food
insecurity (Yirga et al., 2022) and is the most impor-
tant legume crop because of its economic value and
biological features for research (Chen et al.,, 2015). In
the 2021/2022 crop year, soybeans were the leading type
of oilseed in the world before rapeseed (70.62), sun-
flower seeds (57.26), peanuts (50.68), and cottonseeds
(43.5). That year, almost 364 million metric tons of soy-
beans were produced worldwide with an average area
of 129,523,964 hectares (https://www.statista.com/statistics/
267271/worldwide-oilseed-production-since-2008/).

According to Tesfaye et al. (2018), with its diverse envi-
ronmental and climatic conditions, Ethiopia is endowed
with a very large area of land, where soybean can be
suitably produced. The land suitability analysis shows that
soybean is the second among legumes in terms of land
area that is moderately and highly suitable for its produc-
tion in the country, with an estimated 42,067,700 (37.2%)
hectares of land (Nigussie, 2018). It can be grown in
altitudes ranging from 1250 to 2200 m above sea level
(m.a.s.l.). However, it performs well between 1300 and
1700 m.a.s.l. It can also be grown in an area receiv-
ing 450 to 1500 mm annual rainfall. However, to grow
very well, and for optimum yields, soybean requires a
minimum of 500 mm annual rainfall. Temperature rang-
ing from 23°C to 25°C is reported to be optimum for
soybean production. Similarly, it performs well at warm
temperature and medium relative humidity. However, very
high temperature adversely affects pod production and grain
filling.
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Core Ideas

¢ All the soybean agromorphological traits were sig-
nificantly affected by genotype, environment and
GEL

* Analysis of soybean yield stability is critical for
variety use and delination of mega environments.

* The genotype plus genotype by environment inter-
action biplot revealed that the three winning
genotypes across environments.

* For most traits, including the grain yield in the
additive main effects and multiplicative interaction
analysis, the first two interaction principal com-
ponent axes were not only statistically differentbut
accounted for the largest proportions of interaction
sum squares.

* The
three

six environments studied belonged to
mega-environments  throughout  all

soybean-growing environments.

For strong breeding programs for crops like soybean, test-
ing in different environments is very important to ensure
that the selected genotypes perform well in different envi-
ronments within the target area , which is one of the most
reliable methods for detection. This trait is the most stable and
well-tolerated cultivar (Qasemi et al., 2022). However, effec-
tive interpretation and utilization of data in making selection
decisions remains a major challenge to researchers. The adapt-
ability of cultivars to environmental changes is important
for stable crop production across regions and years. Infor-
mation on the GEI leads to a stable genotype assessment
that can be used for general cultivation. Yield is a complex
quantitative property and is strongly influenced by environ-
mental variation. Hence, the selection for superior genotypes
based on yield per se at a single location in a year may be
very effective. The study of genotype by environment interac-
tion (GEI) is crucial for indicating genotypes to each locality
(Hamawaki et al., 2015). Qualifying a new soybean variety
requires desirable traits such as pods per-plant, plant height at
maturity, high protein and oil content, as well as high grain
yield, production stability, and broad adaptability to a variety
of environments.

Many researchers described importance of the GEI in sta-
bility analysis of soybean (Mwiinga et al. 2020; Whaley &
Eskandari, 2019; Gurmu et al., 2009; Agoyi et al.,2017; Happ
et al., 2021). The additive main effects and multiplicative
interaction (AMMI), that considers genotypes and environ-
ments as fixed variables (Ranjkesh & Talubaghi, 2023),
and GGE biplot models can be powerful tools for effec-
tive analysis and interpretation of multi environment data
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structure in breeding programs (Happ et al., 2021; Yan et al.,
2000). In addition, a weighted average of absolute scores
biplot (WAASB) as a linear mixed model-based quantita-
tive stability index was proposed for analysis of GEI through
biplots to select stable genotypes. That means the WAASB
index integrates features of both AMMI and the best lin-
ear unbiased prediction model (BLUP) models into a unique
stability index; BLUP was found to outperform AMMI in
the analysis of four real MET trials (Olivoto et al., 2019).
In Ethiopia, the application of AMMI and site regression
model GGE models for explaining and analyzing the per-
formance of genotypes and the tested environments have
been very frequent among plant breeder in recent years.
Various studies have been conducted in Ethiopia to ana-
lyze the effects of GEI on soybean genotypes (Gurmu et al.,
2009; Asfaw et al., 2009; Adane et al., 2018), but only
a few studies use the GGE biplot model. The studies on
BLUP models and that of its graphics WAASB index has
not been reported so far. Another research work by Lee et al.
(2023) reported that the identification of recommended culti-
vars using the simultaneous selection of MTSI and WAASB
would provide guidance to breeders to select ideal parents
which fit the purpose of rice breeding. In addition, based
on multiple traits, the MTSI index can provide a unique,
robust, and powerful tool to develop better treatment and/or
genotypes helping both breeders and agronomists as also
reported previously (Abdelghany et al., 2021). In addition,
Nataraj et al. (2021) recommend that breeder should apply
MTSI to identify high-yielding, stable, drought-tolerant geno-
types prior to testing them under multiple environments,
which is ultimately required for approving variety in different
environments.

Existence of genotype X environment interaction is one
of the major problems in evaluating and introducing supe-
rior genotypes (Ranjkesh & Talubaghi, 2023). Examination
of GEIcoverage and target genotype stability is aimed to use
different stability statistics for genotypes stability and also the
identification of recommended cultivars using the simultane-
ous selection of MTSI, that valuable to the plant breeders
for the selection of genotypes based on many characters as
being strong and simple selection process (Hussain et al.,
2021) and WAASB (Nataraj et al., 2021), would provide guid-
ance to breeders to select ideal parents which fit the purpose
of soybean breeding. As a result, the current study aims to
evaluate the GEI using AMMI, MTSI, WAASP, GGE-biplot
analysis, and Eberhart and Russell (1966) regression model
for grain yield of soybean genotypes and to identify stable
soybean genotypes in the different agroecologies for breed-
ing and variety testing purpose. Another intention was to
explore the usefulness and unique features of the stability
models, to examine the usefulness of a stability model com-
paring with the five classical model, widely and recently used
models.
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2 | MATERIALS AND METHODS

2.1 | Plant materials, study locations, and
experimental design

2.1.1 | Plant materials

In this study, 24 soybean genotypes, consisting of 12 culti-
vars introduced from the United States and five Ethiopian
Soybean breeding released varieties (AFGAT, Hawassa 04,
SCS-1 and Clark-63k), were used as control cultivars and
various international cultivars. Twenty advanced lines repre-
senting a soybean breeding program and obtained from the
Jimma Agricultural Research Center (JARC/EIAR) were used
in this study (Table 1).

2.1.2 | Study locations

The experiments were conducted at six different loca-
tions across Ethiopia, namely, Dimtu (7°55'0"N,37°20'0"E),
Jimma(7°40'9"N,36°47'6"E), Bako (9° 06 N,37° 09'E), Metu
(8°18'N,35°35'E), Asosa (10°02’N 34034’E), and Pawe
(11019'N,036024'E). These areas represent the highest poten-
tial and the main areas for soybean production in the
country, with different edaphic and environmental conditions.
Table 2 shows the geographical specifications of the study
areas.

2.1.3 | Field layout and experimental design

The experiments in all locations were designed in a random-
ized complete block design (RCBD) with three replications
per environment under rain feed conditions. Sowing was done
late May, 2015 to onset of June, 2015 manually in rows.
The soil preparation was done by one plowing and two har-
rowing rights before grooving and fertilizing the soil. The
experimental plot consisted of four row plots, 3 m long and
0.6 m apart. At maturity, the two middle rows of each plot
were harvested to determine the seed yield in kilograms per
plot (3.6 m?). The experiments were harvested when plants
reached the R8 stage, according to Fehr and Caviness (1977)
scale, in both central lines of each plot, eliminating 0.5 m
of each line row. Subsequently, the grain yield adjusted to
the standared moisture contents of 12.5%. After drying, for
determining the grain yield, the grains from each useful plot
had their mass weighed and extrapolated to kg ha~!. Fer-
tilizer NPS (19% N, 38% P,0s5, and 7% S) and urea were
applied at the recommended amount of 122 and 50 kg ha™!
during sowing and flowering in the test sites, respectively.
Weeds were controlled three times and as necessary. The other
agronomic management practices, namely, pest or diseases
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TABLE 1 Description of the testing genotypes.
Genotype

N° Seed types code Genotypes Seed types/status/origin Seed sources Remarks

1 PI 634193 Gl 5002T Advanced Observation Nursery USA introduction Promising line
2 PI 570668 G2 Ciaric Advanced Observation Nursery USA introduction Promising line
3 PI 633970 G3 Ozark Advanced Observation Nursery USA introduction Promising line
4 PI 603953 G4 Motte Advanced Observation Nursery USA introduction Promising line
5 PI1 595081 G5 Ks4895 Advanced Observation Nursery USA introduction Promising line
6 - G6 UA4805 Advanced Observation Nursery USA introduction Promising line
7 PI 560207 G7 Delsoy 4710 Advanced Observation Nursery USA introduction Promising line
8. PI 553051 G8 Spry Advanced Observation Nursery USA introduction Promising line
9 PI561702 G9 Harbar Advanced Observation Nursery USA introduction Promising line
10 TGX-1892- G10 AFGAT Variety (Check) EIAR/JARC Ethiopia—

10F released
11 PI 594675 Gl1 Graham Advanced Observation Nursery USA introduction Promising line
12 PI 559932 G12 Manokin Advanced Observation Nursery USA introduction Promising line
13 PI 559932 G13 Ks3496 Advanced Observation Nursery USA introduction Promising line
14 - G14 Clarck-63k Variety (Check) EIAR/JARC Ethiopia
—released
15 PI1 533050 Gl15 Choska Advanced Observation Nursery USA introduction Promising line
16 PI 594669 G16 Liu yue Advanced Observation Nursery USA introduction Promising line
mang
17 PI 594675 G17 Huang dou Advanced Observation Nursery USA introduction Promising line
No-1
18 PI 594675 G18 Hs93-4118 Advanced Observation Nursery USA introduction Promising line
19 PI1 614153 G19 Croton 3.9 Advanced Observation Nursery USA introduction Promising line
20 - G20 SCS-1 Advanced lines CIMMYT- Promising line
Zimbabwe
21 PI1 639740 G21 LDOO-3309 Advanced Observation Nursery USA introduction Promising line
22 PI1 612157 G22 Prichard Advanced Observation Nursery USA introduction Promising line
23 PI1 633610 G23 Desha Advanced Observation Nursery USA introduction Promising line
24 Hawassa-04 G24 AGS-7-1 Variety (Check) EIAR/JARC Ethiopia—
released

Abbreviations: EIAR, Ethiopian Institute of Agricultural Research; JARC, Jimma Agricultural Research Centre.

control, were applied as recommended for each respective
location.

2.1.4 | Phenotypic data collection

For this study, we considered nine quantitative traits (direct
and positively contributing traits with yield) such as days
to flower (DTF, days), days to maturity (DTM, days), plant
height (PH, cm), hundred seed weight (HSW, gm), branches
per plant (BPP), number of seeds per plant (NSPP), num-
ber of pods per plants (NPP), harvest index (HI%), and yield
(Kgha~!). However, data were recorded according to soybean
classification and descriptors by IBPGR (1984). Data were
collected from 10 randomly selected plants from each plot.

2.2 | Statistical analysis

2.2.1 | Analysis of variance
Each environment underwent an individual analysis of vari-

ance (ANOVA), which was followed by a joint analysis of
variance using the statistical model shown in equation (1):

Yk =p+B/Ej+G+E; +GE; +g; )

where Y, represents the i'h genotype in the j environ-
ment and the j block;
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p is the overall mean;

B/E; corresponds to the block within the j'" environ-
ment and in the k" block;

G, is the effect of the j/* genotype;

E; is the effect of the j environment;

GE,; is the effect of the interaction of the i'" genotype
with the j* environment; and g is the effect of
experimental error.

2.2.2 | Mean performance and stability
indices based on multiple traits

Weighted average of absolute scores (WAASB)

The genotypic stability of each genotype was quantified by the
WAASB from the singular value decomposition of the matrix
of best linear unbiased predictions for the GEI effects gen-
erated by a linear mixed-effect model (Olivoto et al., 2019),
estimated as indicated in eEquation (2):

p P
WAASi= ) |IPCAy X EP{|/ Y EP,  (2)
k=1 k=1

where is the weighted average of absolute scores of the
i'" genotype;

is the score of the k" genotype in the k’* Interaction
Principal Component Axis (IPCA);

and is the explained variance of the kth IPCA for
k=12..., p, considering p = min(g — 1;e — 1).

The genotype with the lowest WAASB value is considered
the most stable, showing the least deviation from the average
performance across environments (Olivoto et al., 2019).

The multi-trait stability index
To estimate the multi-trait stability index (MTSI) (Olivoto
et al., 2019), equation (3) below was used as follows:

MTsti = [ Y5, = 1(F-F)2f0s.  ®

where MTSI is the multi-trait stability index for the i’”
genotype,

F;; is j™ score of the i genotype,

and F; is the j*" score of ideotype.

The genotype with the lowest MTSI is, therefore, closer
to the ideotype and hence has a high mean performance and
stability for all variables studied. The stability analyses of
the multi-environment trial data using MTSI and WAASB

HABTEGEBRIEL and ABEBE

indexes were conducted using the metan package (Olivoto &
Licio, 2020) of the R 4.2.2 software.

2.2.3 | The AMMI models

X

Yj=p+g+e + Z MOkt €ijps 4)
k=1

where Y, _ Obserbation of the r'” replicate of the i'"
genotype in the environment,

p = the overall mean,

g;= main effect of the genotype,

e;= main effect of the j'* environment,

x = matrix rank{ge},;,

Ay = the singular value for principal component &,

6, = the eigen vector score for genotype i and component
k, and

Yjx= the eigen vector score for environment j and

componenet k,

AMMI stability value

Since AMMI does not provide a quantitative measurement,
it is necessary to quantify and rank genotypes based on their
yield (Purchase, 1997). AMMI stability value (ASV), length
of genotype, and environment markers of the origin in a two-
dimensional plot of [PCA1 sores against [IPCA2 scores were
calculated according to Purchase (1997) as:

ASV

(IPCAL1 score)’ + [IPCA2 score]? , (5)

IPCA1 Sum squares
PCA2 Sum squares

where IPCA1 = interaction principal component axis 1;
IPCA2 = interaction principal component axis 2. According
to Purchase (1997), genotypes with lower values of the ASV
are considered to be more stable.

224 | The GGE model

The model from GGE biplot (Yan, 2002) based on the singular
value decomposition of the first two principal components is
in Equation 6:

X
Yy=pte; z MYk + €ijrs 6)
K=1
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Y;;,— Obserbation of the r'” replicate of the i'® genotype in

. »
the environment, p = the overall mean, g
. . =
Ay = the singular value for principal component k, 2 . s x
€= Thelmean effect of the j/* environment, i _ 5 - *‘5 *8 o = 3 -
x = matrix rank{gge};; when {gge},;=g; + ge;; Z8 ¢+ 3333 &R S
o, the eigen vector score for genotype i and componenet
k, v;i= the eigenvector score for environment j and compo-
nent , and ¢;;, = the error for the genotype i and environment B
i i = ¥ ¥
J and replicate r. = = X o o o
- EBEECE R
Ay & N o~ = o = e N
2.4.5. Eberhart and Russell regression model -
iz
*
-G ¥ ox
= s~ % %
TS o <+ o~ % I} )
R
Yij=lli+bilj+52dij = IS ST =P
where Y ] is the mean performance of the jth variety (I =1, 2, = E’_
3...,n)in the j‘henvironment; = 8 % %
o = 3% % %
is th f the i'™" variet 11 the envi ts; TEe & _ b 2
W, is the mean of the i'" variety overall the environments; EEERz 95 ax<q
bi is the regression coefficient which measures the response g Zaa B 22 2 28 2 4
of it variety to varying environments; 5
Szdi]- is the deviation from regression of i'" variety in the g =
jMenvironment, and E 8 g : .
. . . . . - ¥ % %
I, is the environmental index of the j! environment. o EL S 5 B &L %5 0 9 o
J = 228 A QO 9 & = 0
qw) Z 28 n -~ 4 & ~ & —~ o
=
8
3 | RESULTS AND DISCUSSION 5 3
L
g =
3.1 | Combined analysis of variance z 5 E . B g
= Q2 = ok %% 2
= &
) BEsEE2aaSy s
The combined analysis of variance (Table 3) for all traits § Z B <\ — © n oo F & :
under study showed a very highly significant interaction for ; 3
environment (p < 0.001); a significant interaction (p < 0.05) g §
for number of seeds per plant for other traits found a § o % §
. . . . ) S = % * 5
very 'h1g'h1y significant interaction (p < 0.0.01). TI.IC 1.re'su1ts E E E § - *2 -3 - § g‘)
also indicated the GEI effects were very highly significant & SEEdZxrgd oS %:
(p < 0.001) for days to flowering, number of seeds per plant, = g
number of branches per plant, 100 seed weight (gm), and g g g S
. . S =
harvest index (%) and days to maturity, number of pods per 5 B o % ;“ 5
. e . . = @ S = % * % 5 2
plant are significantly different at p < 0.001 and plant height g £ - E N o % O &
=1 ) ] N Y T o o O P
(cm) at p < 0.05. The results also showed that all the agro- g sl g8 % = § 5 5 S 8¢5 § i
morphological traits were significantly affected (p < 0.05) to % B E
very highly significantly different (p < 0.001) by genotype, 2 o E
environment, and GEI (Table 3). = RS N A
. . = Tn 28 =& %8
In the studies, Atnaf et al. (2013) and Mwiinga et al. (2020) = £ 3
. . . . . . =
reported a higher contribution of GEI to total variation with E g =
. =
values of 60%, 41%, and 35%, respectively. The extent of the g s <
environment’s influence in regulating grain yield expression © o o z =
<
was demonstrated. The conclusion was that settings had a o S g N % - ‘é’ % 4 g
= & 2
greater influence on phenotypic value, which had an impact E g % . é . >Z< _‘5 S 3 -§ k é
. . . = S 2 Ay - = 2 &
. g O d > 4 £ .
on selection effectiveness and breeding progress E sSszZ22H8835¢5 § z
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FIGURE 1 (A)Biplots principal component analysis (PCA) versus means yield (Kg ha™!) for 24 soybean genotypes grown in six

environments in 2015/2016 cropping season, and (b) biplots of PCA axis II versus axis I for yield.

3.2 | Additive main effects and multiplicative
interactions

According to AMMI analysis for grain yield, the first
two interaction principal components have taken the largest
portions (70.34%) of the interaction sum squares with
50.3% and 20.04% respectively (Table 3). The AMMI
model integrates the analysis of variance into a unified
approach (Gauch & Zobel, 1996). IPCA scores of geno-
types in the analysis are an indication of the stability
of a genotype over the environments (Guach & Zobel,
1997).

The combined analysis of variance (ANOVA) of 24 geno-
types at six locations according to AMMI model 2 is shown
in Table 5. The ANOVA showed that a highly signifi-
cant (p < 0.01) between environments, genotypes, and GEI
for grain yield. The IPCAI axis was very highly signifi-
cant (p < 0.001) for grain yield, while IPCAII axis was
significant (p < 0.05). IPCAI and IPCAII axes explained
50.30% and 20.04% of the total GEI, while the remain-
ing 29.66% were shared between the other IPCAs. This
indicates that the AMMI model 2 is the most perti-
nent, which provides the intended information for this data
set.

The AMMI model summarizes patterns and relationships
of genotypes and environments. Figure 1A shows the AMMI
model 2 biplot of grain yield for six locations. The IPCAI
score plays a major role in GEI (Purchase, 1997), so they
should be plotted against the IPCAII scores to further explore
the adaptations. Genotypes closer to zero or center of the
figure are more stable. Figure 1A indicates the IPCAI and
IPCAII score for grain yield to further explore further adap-
tations. The further away from zero the IPCA score for the
environments is the more interaction the environment has with

the genotypes, thus making difficult to choose genotypes for
that environment.

In AMMI biplot 1 showing main effects means on the
abscissa and principal component (IPCA) values as the ordi-
nates, genotypes (environments) that appear almost on a
perpendicular line have similar means and those that fall on
the almost horizontal line have similar interaction patterns.
Genotypes that group together have similar adaptation while
environments which group together influences the genotypes
in the same way. Genotypes (environments) with large IPCAI
scores (either positive or negative) have high interactions
whereas genotypes (environments) with IPCAI score near
zero have small interactions.

Genotypes having a zero IPCAI score are less influenced
by the environments and adapted to all environments. Since
IPCALI scores of varieties Graham, LD00-3309, Hs93-4118,
ks3496, and Spry were close to zero, they were the most stable
genotypes across these environments (Figure 1A). However,
the mean yield of genotype Spry was higher than the remain-
ing genotypes; hence, it is more preferable since it had a mean
yield above average, but the rest four genotypes have mean
below average. In summary, a stable variety might not be the
highest yielding. These results are in line with Asfaw et al.
(2009).

The environments having a small score had small interac-
tion effects indicating all genotypes performed well in these
locations. Pawe (E6) was relatively close to zero than other
locations, it was more stable, but its mean yield is third
compared with the rest locations; it might not be the best
location with respect to yield. Generally, genotypes and envi-
ronments with IPCAI scores of the same sign produce positive
interaction effects, thus higher yield of the genotype at that
particular location, whereas combination of the IPCAI scores
of the opposite sign produces specific negative interactions. A
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TABLE 4 The first and second interaction principal component axes (IPCA), grain mean yield, and various yield stability statistics investigated

in soybean genotypes over rain feed conditions.

Genotype Grand mean
N° Code Genotypes (Kgha™1)
1 Gl 5002T 2319
2 G2 Ciaric 2385
3 G3 Ozark 1815
4 G4 Motte 2337
5 G5 ks4895 2121
6 G6 UA4805 1981
7 G7 Delsoy 4710 1871
8 G8 Spry 1909
9 G9 Harbar 1926
10 G10 AFGAT(Check) 2903
11 Gl1 Graham 2027
12 G12 Manokin 2000
13 G13 ks3496 1880
14 Gl14 Clarck-63k(Check) 2770
15 G15 Choska 1641
16 G16 Liu yuemang 1656
17 G17 Hang dou No-1 1623
18 G18 Hs93-4118 2003
19 G19 Croton 3.9 1656
20 G20 SCS-1 2853
21 G21 LD00-3309 1554
22 G22 Princhard 1558
23 G23 Desha 2072
24 G24 AGS-7-1(Check) 2522

Rank IPCAI IPCAIL ASV Rank YSI
7 -10.71 14.67 22.44 16 23
5 -14.42 6.57 23.78 17 22

18 5.30 3.72 9.18 7 25
6 -15.66 -17.05 30.10 23 29
8 8.63 3.88 14.22 11 19

13 4.99 -3.08 8.49 6 19

17 6.25 -1.72 10.05 8 25

15 3.24 1.62 5.39 3 18

14 10.07 3.46 16.33 12 26
1 -28.11 -8.55 45.35 24 25

10 0.36 4.80 4.83 2 12

12 -8.15 3.02 13.26 10 22

16 -2.55 5.59 6.90 5 21
3 -14.54 -7.84 24.33 18 21

21 16.97 5.00 27.35 20 41

19 15.77 -12.34 27.87 21 40

22 5.04 -28.54 29.63 22 44

11 2.17 4.44 5.61 4 15

20 13.20 -3.02 21.13 15 35
2 -11.07 6.55 18.72 14 16

24 0.92 391 4.18 1 25

23 16.52 -0.36 26.18 19 42
9 4.92 7.04 10.51 9 18
4 -9.16 8.20 16.67 13 17

Abbreviations: IPCAL Interaction principal component one; IPCAIIL Interaction principal component two; YSI, yield stability index.

TABLE 5 Ranking of four additive main effects and multiplicative interaction (AMMI) selections per environment for grain yield (Kg ha™').

Genotype ranking
N° Environment Mean (Kg ha™1) IPCA score 1 e 3rd 4t
1 Asosa 2973 —5.28 G20 G10 Gl4 G24
2 Bako 2830 —40.22 GI10 G20 Gl4 G2
3 Dimtu 1557 28.09 G20 G5 Gl4 G24
4 Jimma 1426 25.46 G20 G5 G24 Gl4
5 Metu 1268 -9.13 G10 Gl4 G4 G17
6 Pawe 2201 1.07 G20 G10 Gl4 G24

Abbreviation: IPCA, interaction principal component axis.

genotype showing high positive interaction in an environment
has the ability to exploit the agroecological and agro-
management conditions of the specific environment and is
therefore best suited to that environment. In this case, G15,
G22, G16, and G19 are suited for Jimma, while G20 is suited
for Asosa.

AMM 2 biplot presents the spatial pattern of the first
two IPC axes of the interaction effect corresponding to the
genotypes and helps in the visual interpretation of the GEI
pattern and identifies genotypes or environments that exhibit
low, medium, or high level of interaction effects. IPCAI and
IPCAII of grain yield accounted for 50.30% and 20.04% of
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Which-won-where view of the GGE biplot
Scaling = 0, Centering = 2, SWP =3
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FIGURE 2 “Which-won-where” or “Which is best for what”
pattern of genotype plus genotype by environment interaction (GGE)
biplot based on 24 soybean genotypes evaluated in six soybean

agro-ecologies of Ethiopia.

Mean vs. Stability
Scaling = 0, Centering =2, SVP =1
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FIGURE 3 Genotype plus genotype by environment interaction

(GGE) biplot showing the ranking of 24 genotypes (G1-G24) for both
mean yield and stability based on the “average environment coordinate”
(AEC).

the interaction, respectively. The stability of a genotype or an
environment is determined by the end point of its vector from
the origin (0,0). Genotypes near the origin are non-sensitive
to environmental interactive forces, hence may be considered
stable ones and those distant from origin are sensitive and
have large interactions. Genotypes G22, G8, G7, G19, and

HABTEGEBRIEL and ABEBE
Ranking Genotypes
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FIGURE 4 The genotype vector views to show similarity among
genotypes in their performances in them individual environments.

G12 were closer to the origin than any of the other genotypes;
hence, they are most stable (Figure 1B). In AMMI-2 biplot,
the environment scores are joined to the origin by the side
lines. Environments with short spokes (length of arrow lines)
do not exert strong interactive forces. Those with long spokes
(Iength of arrow lines) exert strong interaction. Metu (Mt) and
Bako (Bk) having longer spokes exert high interaction while
Asosa (As), Pawe (Pw), Dimtu (Dt), and Jimma (Jm) having
shorter spokes produce a relative weak interaction.

The graph space (Figure 1B) are divided into IV quadrants
from lower yielding environments in quadrant I and I'V to high
yielding in quadrants II and III. In addition, quadrant II is
considered as the ideal environment. So, from the graph in
Figure 1B, Asosa (As), Bako (Bk) and Pawe (Pw), which is in
quadrant I1, are ideal environments, while quadrant III charac-
terizes in high yielding environment with unstable genotypes,
in this quadrant Metu (Mt) is found. Similarly, quadrant I
characterized stable genotypes and low yielding and in con-
trast quadrant IV unstable genotypes with the low yielding
environment.

3.2.1 | AMMI stability value

The ASV measure was proposed by Purchase et al. (2000) to
cope up to the fact that the AMMI model does not make a
provision for a quantitative stability measure. In this method,
as described by Purchase (1997) was calculated for each
genotype in order to identify the stable one. Depending on
this method, genotype with least ASV score is the stable;
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TABLE 7

Traits

Number of seeds per plant
Number of pods per plant
Days to maturity

100 Seed Weight (gm.)

Number of branches per plant

Days to flower

Plant height (cm)
Harvest index (%)

Factor

FA 1
FA 1
FA 2
FA 2
FA 2
FA 3
FA 3
FA 3

Xo

72.7
38.9
108
16.6
3.55
47.9
53.6
0.440

Xs

72.9
38.3
108
18.2
3.75
46.7
50.6
0.434

SD
0.242
—0.604
—-0.495
1.69
0.195
-1.19
-3.01
-0.00657

SD (%)
0.333
-1.55
-0.458
10.2
5.49
-2.48
-5.62
-1.49

h? SG

0.278 0.0672
0.546 -0.330
0.896 -0.444
0.896 1.510
0.821 0.160
0.483 -0.999
0.906 -2.730
0.217 -0.00143

SG (%)
0.0924
-0.847
-0.410
9.140
4510
-2.090
-5.090
-0.324

Note: Xo, mean of genotype; Xs, mean of selected genotypes; SD, selection differential; G, selection gain; h?,broad sense heritability.
Selected genotypes: G5, G15, G1 and G11.

TABLE 8

tested in six across locations in Ethiopia.

Sources of variations
Genotype (GEN.)
ENV. + (GEN x ENV)

ENV. (linear)

GEN x ENV (linear)

Pooled deviation

Total

G1

G2

G3

G4

G5

G6

G7

G8

G9
G10(Check)
G11

G12

G13
G14(Check)
G15

G16

G17

G18

G19

G20

G21

G22

G23
G24(Check)

Pooled error

Degree of freedom

23
120
1
23
96
143

S S N N S N Y SO T SO O O O O O O O O

276

* #% and *** = significance at 0.05, 0.01, and 0.001 level.

Sum squares
90884568.52
752777625.22
481000078.87
165313381.97
106464164.39
843662193.75
4395915.93
14229243.43
973341.62
4653410.06
49324991
191603.33
137813.95
56360.73
222549.79
3392776.59
694503.47
924851.47
617671.96
3869870.17
1113418.32
59998913.80
2260632.73
454019.69
480681.76
462677.98
1399273.25
847566.18
598141.72
3995676.53
633045756.28

oren_ 13 of 19

Estimation of selection differential, heritability, and indicators based on multi-trait stability index (MTSI) for agronomic traits.

Indicators Goal
Increase 100
Increase 0
Increase 0
Increase 100
Increase 100
Increase

Increase

Increase

Combined analysis of variance and Eberhart and Russel’s (1966) analysis for soybean genotypes on mean grain yield (kg ha™')

Mean square
3951502.98%**
6273146.88
481000078.87
7187538.35%%*
1109001.71
5899735.62
1098978.98 ns
3557310.86 ns
243335.40 ns
1163352.51 ns
123312.48 ns
47900.83 ns
34453.49 ns
14090.18 ns
55637.45 ns
848194.15 ns
173625.87 ns
231212.87 ns
154417.99 ns
967467.54 ns
278354.58 ns
14999728.45%*
565158.18 ns
113504.92 ns
120170.44 ns
115669.50 ns
349818.31 ns
211891.55 ns
149535.43 ns
998919.13 ns
2293644.04 ns
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TABLE 9 Average performance of 24 soybean genotypes tested across six environments for grain yield.
Regression

Ne. Genotype Mean yield coefficient (b;) s’d; RMS R?

1 Gl 2319 1.144131 —398221.7 ns 494.18372 0.86
2 G2 2385 0.773540 4212223 ns 889.10827 0.46
3 G3 1815 1.016154 —683436.2 ns 232.53932 0.96
4 G4 2337 0.427036 —376763.8 ns 508.45136 0.44
5 G5 2121 1.062433 —723443.9 ns 165.53783 0.98
6 G6 1981 1.051614 —748581.1 ns 103.17281 0.99
7 G7 1871 0.840815 —753063.5 ns 87.50046 0.99
8 G8 1909 0.981464 —759851.3 ns 55.95669 1.00
9 G9 1926 1.071796 —746002.2 ns 111.19297 0.99
10 G10(Check) 2903 0.622689 —481816.6 ns 434.15157 0.70
11 Gl11 2027 0.951228 —706672.7 ns 196.42690 0.96
12 G12 2000 0.919208 —687477.1 ns 226.67297 0.95
13 G13 1880 0.785696 —713075.4 ns 185.24338 0.95
14 G14(Check) 2770 0.769722 —442058.8 ns 463.67315 0.75
15 G15 1641 1.154644 —671763.2 ns 248.70982 0.96
16 G16 1656 3.632344 %% 4235361.5%** 1825.72533 0.82
17 G17 1623 0.429924 —576162.0 ns 354.38779 0.62
18 G18 2003 0.984805 —726713.0 ns 158.81850 0.98
19 G19 1656 0.868595 —724491.2 ns 163.41524 0.97
20 G20 2853 0.942714 —725991.5 ns 160.32571 0.97
21 G21 1554 0.500942 —647941.9 ns 278.81428 0.78
22 G22 1558 0.956203 —693917.5 ns 216.99541 0.96
23 G23 2072 1.101154 —714702.9 ns 182.29124 0.98
24 G24(Check) 2522 1.011148 —431575.0 ns 471.14969 0.84

Note: Variance of by: 127424.7; variance of b;: 0.1144438. b,= regression coefficient; S>d; = deviation from regression.

accordingly, genotype G21 followed by G11 and GS8 in the
third place were the most stable, respectively, while geno-
types G10, G4, G17, G16, and G15 were undesirable. This
result was also similar to the three genotypes’ grain mean
yield rank. This method illustrated in Table 4 shows the ASV
for 24 genotypes compared with mean grain yield.

The greater the IPCA scores (negative or positive), the more
specifically adapted a genotype is to certain environment. The
closer the IPCA scores to zero, the more stable the geno-
type over the tested locations. The further away from zero the
IPCA score for the environments is, the more interaction the
environment has with the genotypes, thus making difficult to
choose genotypes for that environment.

3.2.2 | Yield stability index

Yield stability index (YSI) incorporates both mean yield and
stability in a single criterion. The low values of YSIselected
as the desirable genotypes with high mean yield and stability.

3.2.3 | AMMI selections for the highest four
yielding cultivars across six environments

The AMMI model selected four best genotypes in each envi-
ronment and is illustrated in Table 5. The genotype that
appeared in the top four environments in at least six environ-
ments was G14, which is followed by G20 (five env.), G10
(four), G24 (four), and G5 (two). The other cultivars G17, G2,
and G4 appeared only once (Table 4).

3.3 | Analysis of variance for grain yield
from ER’s and AMMI models

The Bartlet’s test revealed homogeneity of error variances
of the individual locations, which indicated the possibility
to perform combined analysis of variance for grain yield
across the six environments. Results of the analysis of vari-
ance based on the AMMI model revealed highly significant
(p < 0.01) differences among genotypes, environments, and
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GETI for grain yield (Table 6). The GEI explained the high-
est proportion (30.36%) of the total sum of squares for
grain yield, followed by genotypes (15.8%) and environ-
ments (9.9%). The mean squares for the first two interaction
principal components (IPCAI and IPCAII) were highly sig-
nificant (p < 0.001), explaining 55.1% and 28.4%, of the GEI,
respectively, for grain yield with cumulative contributions of
83.5%.

The genotype explained the highest proportion (25.23%)
of the total sum of squares for days to 50% flowering, fol-
lowed by GEI (19.79%) and environments (6.94%), whereas
the environments explained the highest proportion (40.08%)
of the total sum of squares for days to maturity, fol-
lowed by genotypes (20.74%) and GEI (10.75%), respectively
(Table 5).The mean squares for IPCAI and IPCAII were
highly significant and explaining 44% and 29.8%, and 48.7%
and 18.7% of the GEI for days to flowering and matu-
rity with cumulative contributions of 73.8% and 67.4%,
respectively.

For the traits like hundred seed weight (gm) and harvest
index (%), the environment explained the highest portion
(50% and 32.49%), respectively; then, genotypes and GEls
which indicated those traits influenced more by environments
than genotypes. On the contrary, traits like plant height (cm)
and number of branches per plant exhibited a large propor-
tion of genotype effect (29.05% and 20.62%) than that of the
environments and/ or the GEISs, respectively. In addition, for
the traits like number of seeds per plants and the number of
pods per plants, the GEIs take the largest proportions (21.37%
and 18.65%), respectively. The mean squares for both IPCAI
and IPCAII were highly significant and explaining 44% and
28.9% for days to flower, 48.7% and 18.7% for days to matu-
rity, 44.3% and 27.2% for plant height, 38.30 and 22.90% for
hundred seed weight (gm), 44% and 22.80% for number of
branches per plants, 50.4% and 23.5% for number of pods
per plant, 48.6% and 24.3% for number of seeds per plant,
81.80% and 8.60% for harvest index (%) with cumulative
contributions of respectively (Table 6).

3.4 | GGE biplot

3.4.1 | The which-won-where pattern

According to Yan et al. (2001), the polygon view of GGE
biplot indicates the best genotypes in each environment and
group of environments. In this situation, the polygon is formed
by connecting the signs of the genotypes that are farthest
away from the biplot origin, such that all other genotypes
are contained in the polygon. In this case, the polygon con-
nects all the farthest genotypes and perpendicular lines divide
the polygon into sectors. Sectors help to visualize the mega-

Agrosystems, Geosciences & Environment  {t6ss 150f 19
environments. This means that winning genotypes for each
sector are placed at the vertex. The pattern on the environment
in the above biplot suggests the existence of three different
mega-environments (Figure 2), but this pattern may not be
repeatable across years (Yan et al., 2000). To confirm the
repeatability of the mega-environment result, there need to be
multiyear data (Yan, 2015).

For studying the possible existence of different mega-
environments in a region, visualization of ‘“which-won-
where” pattern of the Meta environment trial is important as
described by Yan et al. (2000, 2001). The vertex genotypes
in this investigation were G17, G10, G20, G1, G15, and G22.
This means that the vertex genotypes for each sector are the
one that gave the highest yield for the environments that fall
within that sector. Besides, it is evident from the GGE biplot
in Figure 2 that environmental groupings, which suggests the
existence of different mega environments. Thus, based on the
biplot analysis of six environments of the data, the highest
yielding in the environment in five and two are G10, and in
environment Pawe and Asosa, G24. The other vertex geno-
types, G15, G22, and G17, are poor performing in all the six
environments.

3.4.2 | Mean yield and stability performance
of genotypes

Stability can be identified based on concentric circles and also
ideal genotypes are on the center of concentric circles, that is,
high mean and stable. Besides this, good genotypes are close
to ideal genotypes. A genotype is more desirable if it is closer
to the “ideal” genotype (Mitrovia et al., 2012). As illustrated
in Figure 3, an important concept regarding “stability” only
makes sense when accompanied by moderate performance.
According to Figure 3, G14 > G20 > G10 >G24 > G2 > Gl is
stable in their order and more desirable than other genotypes,
where those ranked last, that is, G17, G16, and G21 on their
rank, were unfavorable since there are too far from the ideal
genotypes.

3.4.3 | Comparison among all genotypes

The is the distance between two genotypes approximates the
Euclidean distance between them, which is a measure of
the overall dissimilarity between them (Yan et al., 2006). In
this case, Figure 4 illustrated G2 and G20 are quite similar,
whereas G17 and G10 are very different. This implies that the
dissimilarity is because of the variation in mean yield and or
interaction with the environments. In addition, the biplot ori-
gin represents a “virtual” genotype that assumes an average
value in each of the environment. This “average” genotype
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has zero contributions to both G and GE (Yan et al., 2006)
and inversely genotypes with larger vectors have large contri-
butions to either G or GE or both. In this case, G12 and other
genotypes in the smaller concentric circle are the average
genotypes.

3.5 | Multi-trait stability index and genotype
selection

The ranking of the 24 soybean genotypes based on MTSI val-
ues is presented in Table 6. The nine seed related traits, that is,
number of seeds per plant, number of seeds per plant, number
of pods per plant, days to maturity, hundred seed weight (gm),
number of branches per plant, days to flower, plant height
(cm), and harvest index (%) were used to estimate the MTSI
(Figure 5). Figure 5B shows the ranking of genotypes for the
MTSI presuming 15% selection intensity; four genotypes were
selected, namely, G20, G20, G14, and G16 as the most stable
and out performers out of 24 genotypes in present research
work. The MTSI of 9.90 serve as the cut point (Figure 5, red
circle) considering the selection intensity. The G2 and G16
genotypes were in close proximity to this red circle and may
possibly possess remarkable characters. Therefore, in further
research, it would be attractive to explore the performance of
the genotypes near and close to the base cut point (Olivoto
et al., 2019; Hussain et al., 2021). Besides, FA1 indicated the
highest contribution for genotypes G16, G20,G10, and G14
(Figure 5A).

MTSI is an advanced tool used by the breeder to calculate
the distance between an ideotype and genotype which iden-
tifies desirable genotypes for multiple traits (Munda et al.,
2023). More interestingly, the MTSI has been recently used
to help in selecting elite genotypes based on the stability and

mean performance of multiple traits (Olivoto et al., 2019).
With respect to the criteria of MTSI, the genotypes with lower
values of MTSI indicate higher stability based on multiple
traits measured. In terms of feasibility of such index, the selec-
tion of these genotypes would greatly help in improving the
overall mean performance as indicated by the high percent-
age of selection differentials. In a recent study on 46 soybean,
stable soybean cultivars were identified under drought and
salinity conditions based on the criterion of MTSI (Zuffo
et al., 2020).

3.6 | Principal component analysis, factor
analysis, and phenotypic breeding values

The mean of all the genotypes (Xo) as well as the mean of
all the selected genotypes (Xs) were computed. The results
demonstrated that the Xs was higher than Xo for the traits
like number of seeds per plant, 100 seed weight (gm), plant
height (cm), and harvest index (%). The selection differential
was negative for traits like number of pods per plant (—0.604),
days to maturity (—0.495), days to flower (—1.19), plant height
(cm) (—=3.01), and harvest index (%) (—0.00657) and posi-
tive values for number of seeds per plant (0.242), 100 seed
weight (gm) (1.69), and number of branches per plant (0.195)
(Table 7). According to the Robinson et al. (1949) heritability
classification, the heritability of the traits for number of seeds
per plant (27.8%) and harvest index (%) (21.7%) was found
low, medium heritability for traits like number of pods per
plant (54.6%), and high heritability for days to flower (48.3%),
days to maturity (89.6%), 100 seed weight (gm) (89.6%), and
number of branches per plant (82.1%), respectively. Similar
result was obtained by Zuffo et al. (2020) where the heri-
tability values were higher than 78%, indicating success with
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superior genotype selection for most evaluated traits, except
for SDM in drought. Traits were rescaled by assigning all
traits a value between 0 and 100 based on the MTSI/MGIDI
index, which is an ideotype concept, 0 defines the least valued
trait and 100 the most valuable/desirable trait, reflecting the
facilitated definition of ideotypes (Donald, 1968)

3.7 | Weighted average absolute scores (Y X
WAAS) biplot

A'Y X WAAS biplot was created with seed yield on the X-
axis and WAAS values on the Y-axis (Figure 6). The figure
divides the genotypes into four quadrants, allowing simulta-
neous genotype selection with high seed yield and stability
of the variables involved. According to the biplots (Figure 6),
three genotypes, including “Mt” (Metu), “Bk” (Bako), “Dt”
(Dimtu), and “Pw” (Pawe), were the first quadrant’s geno-
types with low productivity and strong discriminative ability
shows greater genotypic instability. Two genotypes, including
“Jm” (Jimma) and “As” (Asosa), are in the second quadrant
with low stability and high grain yield, advising special atten-
tion to the environment to increase grain yield (Huang et al.,
2021). The third quadrant included 13 genotypes having more
stability (due to the low WAAS value) but lesser productivity,
while the remaining 7 genotypes found in the fourth quadrant
had greater stability and fantastic performance for grain yield
production. In the future, research using the genotypic stabil-
ity index WAASB, which was developed in this study, may
be able to provide accurate estimates of stability, enabling
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collaborative interpretation of performance and stability in
a bidimensional plot involving two or more IPCA (Olivoto
et al., 2019) and WAASB statistic was used to better charac-
terize ideal genotypes based on both yield performance and
stability (Pour-Aboughadareh et al., 2021).

3.8 | Eberhart and Russel’s model

Cultivars with high mean (X), unit regression coefficent
(b; = 1.0) has deviations from regression as small as possi-
ble (S, ;= 0). Hence, the definition of a stable variety in this
paper will be one with b = 1.0 and s~a = 0.

The genotype—environment interaction component (GEI)
was elaborated by using the joint regression model of stabil-
ity analysis (Eberhart & Russell, 1966). The mean grain yield
per plot among the genotypes ranged from 1554 to 2903 Kg
ha~!, with an overall genotype mean of 2057.58 Kg ha~!.
The check variety AFGAT gave the maximum grain yield
per plant (2903 Kg ha~!), whereas minimum grain yield per
plot was observed in LDOO-3309 (1554 Kg ha~') (Table 8).
The Eberhart and Russell (1966) regression model has been
widely used in the past few decades mainly because variabil-
ity in performance of any genotype could be subdivided into
predictable (regression) and unpredictable (var-dev) compo-
nents and provided useful information on stable genotypes;
a broader picture in conjunction with high yield could not
be wholly predicted (Alwala et al., 2010). From Table 9, the
genotype G16 is significantly deviated from the regression.

4 | CONCLUSIONS

The main objective and need of breeders, researchers, and
growers who can thrive in various settings is high crop pro-
ductivity. Using different multivariate analyses, such AMMI,
WAASB, GGE biplot, Eberhart and Russell’s model, and
MTSI evaluation, a multi-location study for a season was car-
ried out on 24 germplasm of soybean. Four genotypes (G20,
G20, G14, and G16) were determined to be the best and most
stable for the grain yield attributes by a multi-trait stability
index analysis. The chosen genotypes could be suggested for
commercial production and used in a program to develop new
soybean varieties. Dimtu and Jimma were the two environ-
ments that made up the first mega environment. Asosa and
Pawe were the two environments that made up the second
mega environment. Additionally, the GGE biplot’s discrim-
inating power versus representativeness view has proven to
be a useful tool for assessing test environments. Of the eval-
uated soybean genotypes, environment Bako was the most
discriminating for grain yield, while Metu and Jimma were
the worst at choosing cultivars suited to the entire region.
While, MTSI is a new technique for evaluating stability based
on many variables for larger adaptations, the multivariate
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techniques utilized in the current study are shown to be
extremely effective in identifying superior and stable geno-

types.
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