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Abstract: Soybean [Glycine max (L.) Merrill] is an important crop in southern Africa where it is
cultivated in a wide range of agro-ecologies. Both spatial and seasonal variability is high in the region.
As a result, breeders aim to release varieties with a fine balance of high productivity potential and
stability. Genotype × environment interaction (GEI) limits the selection of superior genotypes in
heterogeneous environments consequently slowing down breeding progress. This study determined
the magnitude of GEI effects and genotype superiority index of soybean genotypes of different ages
across three countries in southern Africa. Forty-two soybean genotypes that were released between
1966 and 2013 were evaluated for two seasons at thirteen diverse locations across the three countries.
Additive main effects and multiplicative interaction (AMMI) and genotype superiority index tools
were used to analyse both productivity and stability performance of these genotypes. The AMMI
analysis showed that grain yield variation due to genotypes, environments main effects and GEI
were highly significant (p < 0.001). Environments explained the greatest proportion (77%) of the
total treatment sum of squares followed by GEI (17.4%) and genotypes (5.6%), justifying the need
for multi-environmental trials over many seasons in this region. The two methods were useful in
discriminating and identifying common productive and stable genotypes of different ages. The
top four high-yielding (>5.0 tha−1) genotypes displayed both stability and genotype superiority
index. These findings have important implications for soybean genotype recommendations, breeding
progress, and strategy.

Keywords: adaptation; AMMI; genotype superiority index; genotype × environment interaction;
soybean; yield stability

1. Introduction

Soybean [Glycine max (L.) Merrill] is an important leguminous crop which is used for
human food and industrial purposes world-wide [1–3]. It is also useful as a supplement
in livestock feed and in improving soil fertility through biological nitrogen fixation [4–6].
Soybean is important as a cash crop, nutrition and food security crop in many countries
including southern Africa. The crop is grown by both the high and low-input farmers
in variable environments. Therefore, productive and stable genotypes are desirable in
soybean production.
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In southern Africa, the exchange and movement of genotypes of field crops such
as soybean across national borders was approved recently. In addition, some local plant
breeding companies operate from multiple representative branches in more than one
country which enables them to market their genotypes widely in the region. Therefore,
genotypes with wide ecological amplitudes are advantageous in such situations. However,
soybean is cultivated in a wide range of agro-ecologies (environments) with varying
edaphic conditions, latitude and management regimes in the region. The crop is exposed to
the influence of genotype by environment interaction (GEI) which can potentially affect the
productivity and profitability of the crop. In addition, GEI can limit genetic progress [7].
Nonetheless, a significant GEI can be exploited for selecting stable genotypes for specific
environments particularly if potential genotypes are evaluated over a range of locations
and years to determine superior and stable genotypes [8,9]. It is generally expected that
new genotypes would be superior for both yield and stability when grown in the region of
their adaptation. This is due to the fact that breeders are expected to derive new genotypes
from elite by elite crosses every year which results in incremental yield performance and
stability over the years. However, this might be com-promised by the quest to balance
mean performance with diversity, especially in public breeding programmes. Therefore,
the objectives of this study were to determine (i) the magnitude of GEI effect on soybean
grain yield; (ii) the stability and adaptation; and (iii) the genotype superiority index (GSI)
(which is equivalent to the cultivar superiority index as indicated below) of elite soybean
genotypes of different ages across three soybean growing countries in southern Africa.

2. Materials and Methods
2.1. Genotypes and Test Environments

Forty-two soybean genotypes, which were released in Zimbabwe during the 1966–2013
period, were utilized in the study. For convenience of the study, the genotypes were coded
and their respective designated names indicated (Table 1). The genotypes largely consisted
of medium maturity types which require about 106–131 days to mature. The field trials
were conducted in three southern Africa countries, namely Malawi, Zambia, and Zimbabwe
over two cropping seasons (2010/2011 and 2011/2012). Five and eight test locations were
used during the 2010/2011 and 2011/2012 cropping seasons, respectively, resulting in a
total of 13 environments (season × location combination). The locations represented the
major soybean production ecologies in the region (Table 2).

Table 1. Soybean genotypes evaluated at 13 test environments in southern Africa.

Genotype Code Designated Name Year of Release Maturity
(Days after Planting) Growth Habit

G1 Sovreign 2012 127 Determinate
G2 Rhosa 1966 106 Indeterminate
G3 Bragg 1972 131 Determinate
G4 Oribi 1973 118 Determinate
G5 Buffalo 1974 125 Determinate
G6 Impala 1977 120 Indeterminate
G7 Kudu 1977 121 Determinate
G8 Sable 1980 123 Indeterminate
G9 SC Sequel 2010 121 Indeterminate

G10 Roan 1985 117 Determinate
G11 Gazelle 1988 117 Indeterminate
G12 SC Satellite 2007 118 Indeterminate
G13 Nondo 1992 126 Indeterminate
G14 SC Sirocco 2007 119 Indeterminate
G15 SCS1 1989 121 Indeterminate
G16 SC Sonnet 1994 124 Determinate
G17 SC Sonata 1997 121 Determinate
G18 SC Score 2003 123 Indeterminate
G19 Viking 1999 119 Indeterminate
G20 Bimha 1999 121 Determinate
G21 SC Scorpio 2000 118 Determinate
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Table 1. Cont.

Genotype Code Designated Name Year of Release Maturity
(Days after Planting) Growth Habit

G22 Nyati 1999 126 Determinate
G23 SC Storm 2000 121 Indeterminate
G24 SC Safari 2001 122 Determinate
G25 SC Siesta 2005 124 Determinate
G26 SC Santa 2005 125 Indeterminate
G27 SC Soprano 1998 125 Determinate
G28 SC Serenade 2006 124 Determinate
G29 SC Soma 1995 129 Determinate
G30 SC Scribe 2007 125 Indeterminate
G31 Nyala 1992 118 Determinate
G32 SC Saga 2008 122 Indeterminate
G33 SC Squire 2008 122 Determinate
G34 Duiker 1982 127 Indeterminate
G35 SC Sputnik 2012 123 Determinate
G36 SC Sepa 2012 127 Determinate
G37 SC Solitaire 1997 120 Indeterminate
G38 PAN 1867 2013 121 Indeterminate
G39 PAN 1856 2005 119 Indeterminate
G41 PAN 891 2008 116 Determinate
G42 SC Spike 2008 127 Indeterminate

Table 2. Physical and weather characteristics of the study locations.

Environment Country Year Code Latitude Longitude Altitude (masl) Rainfall 1 (mm)

Rattray Zimbabwe 2010/11 E1 −17.78 31.32 1341 686
Gwebi Zimbabwe 2010/11 E2 −17.81 30.57 1449 712
Lusaka Zambia 2010/11 E3 −15.42 28.11 1300 860

Mpongwe Zambia 2010/11 E4 −13.51 28.15 1219 1000
Bvumbwe Malawi 2010/11 E5 −15.90 35.10 1228 950

Rattray Zimbabwe 2011/12 E6 −17.78 31.32 1341 749
Gwebi Zimbabwe 2011/12 E7 −17.81 30.57 1449 712
Lusaka Zambia 2011/12 E8 −15.42 28.11 1300 700

Mpongwe Zambia 2011/12 E9 −13.51 28.15 1199 800
Bvumbwe Malawi 2011/12 E10 −15.90 35.10 1250 768

Lilayi Zambia 2011/12 E11 −15.53 28.30 1090 688
Trust Zimabwe 2011/12 E12 −17.74 31.05 1527 780

Chitedze Malawi 2011/12 E13 −13.98 33.64 1146 643
1 Rainfall refers to total precipitation over the two seasons (each rainy season begins in November/December
to April of each year) including irrigation; masl = metres above sea level; Rattray = Rattray Arnold Research
Station; Gwebi = Gwebi Variety Testing Centre; Lusaka = Lusaka West Farm; Mpongwe = Mpongwe Development
Centre; Bvumbwe = Bvumbwe Research Station; Lilayi = Lilayi Farm; Trust = Agricultural Research Trust;
Chitedze = Chitedze Research Station.

The environments were characterized by temperatures that ranged from 13.0 ◦C to
30.0 ◦C over the two seasons. The location at the Agricultural Research Trust in Zimbabwe
was the coolest while Bvumbwe Research Station in Malawi, was relatively warm. The
temperatures were generally favorable for the vegetative growth and development of the
crop since stressfully higher temperatures negatively affect pollen viability (and hence
grain yield) [10].

2.2. Experimental Design and Management

The experiment was designed as a 6 × 7 rectangular lattice with three replications for
each test environment. Planting was carried out between the last week of November up
to mid-December across all of the sites and seasons. The experimental unit consisted of
six rows, 5.0 m long and spaced at 0.45 m. In each row, seed was planted at 6.3 cm apart
resulting in a plant population of approximately 350,000 plants ha−1. Assuming that 10%
of the seed did not germinate or was lost due to various factors, then number of established
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plants (or the harvest plant population) was approximately 315,000 plants ha−1. Standard
cultural practices for soybean production that included land or seedbed preparation, hand
planting, weeding, herbicide application and crop protection were applied at each test
environment. Fertilizer (was applied at a rate of 400 kg ha−1 supplying 28 kg ha−1 of N,
68 kg ha−1 of P2O5 and 40 kg ha−1 of K2O. The seed was inoculated with Bradrhizobium
japonicum inoculant. Across all of the trial locations, both pre-emergence and post emer-
gence herbicides were used. Lasso (Alachlor 384 EC) (active ingredient = chloroacetanilide)
and Gramoxone (active ingredient = paraquat) were mixed and applied together as pre-
emergence herbicides at planting at 5.0 L ha−1 and 3.0 L ha−1, respectively. Basagran
(active ingredient = sodium salt of Bentazon) and Bateleur Gold 650 EC (active ingredient
= Sulfonanilide (Flumetsulam)) were applied as post emergence herbicides at 3.0 L ha−1

and 1.2 L ha−1, respectively. Both herbicides were applied within six weeks post emergence
as per recommendation of the manufacturer to control the weeds early. Hand weeding was
carried out just before the canopying stage.

Insect pests, notably the soybean looper (Chrysodeixis includens) that sporadically ap-
peared in the field trials were controlled using Thionex 35 EC (active ingredient = endosulfan)
and Karate 2.5% EC (active ingredient = Lambda-cyhalothrin) which were applied at
400 mL and 266 mL in 200 L of water, respectively. The looper is common in the soybean
crop. The fungicide Shavit (active ingredients = Folpet and Triadimenol), was also applied
on the trials (at a rate of 266 mL per 200 L of water ha−1) as a preventative measure against
soybean rust (Phakopsora pachyrhizi) that was prevalent in the region [11–13]. The initial
spraying was carried out at 50 days after planting followed by two subsequent applications
at 20 day intervals, thereafter.

All of the trials were harvested manually. Due to the variation in duration to maturity,
the harvesting in each experimental unit was carried out at the 95% pod maturity [14].
Consequently, the harvesting at each test location was carried out sequentially. The grain
yield was obtained from a net plot (7.92 m2) consisting of four rows measuring 4.4 m long.
The grain yield was adjusted for moisture content (calculated at 11%) which is the standard
practice in the region.

2.3. Data Analysis

The data sets of the grain yield were subjected to the analysis of variance (ANOVA)
model using the model (Equation (1)) and the additive main-effects and multiplicative
interaction (AMMI) model [15,16] (Equation (2)) in GenStat 14 software (version, 2011) [17]
as follows:

Yger = µ + αg + βe + θge +
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The analysis of variance showed that soybean grain yield was significantly (p < 0.001) 

affected by environments main effects, genotypes main effects and genotype by environ‐

ment interaction (GEI) effects (Table 3). The treatments (genotypes + environments + in‐

teractions) accounted  for 87.7% of  the  total grain yield sums of squares using approxi‐

mately 33.3% of the total degrees of freedom. The genotypes accounted for 4.9% of the 

total sums of squares and 5.6% of the treatments sums of squares. On the other hand, the 

environments explained 67.5% of the total sums of squares and 77.0% of the treatments 

sums of squares. The interactions explained 15.3% of the total sums of squares and 17.4% 

of the treatments sums of squares. Therefore, the environments accounted for more vari‐

ation  than  the  interactions  (genotype × environment  interactions) while  the genotypes 

captured the least variation. The magnitude of the GEI sum of squares was about three‐

fold larger than that for genotypes implying that there were significant differences in gen‐

otypic response to the test environments.   

The application of AMMI model for partitioning of GEI showed that the first six mul‐

tiplicative terms of AMMI were significant (Table 3). However, IPCA1 explained 46.1% of 

the total interaction sum of squares using about 10.6% of the total interaction degrees of 

freedom. When IPCA2 was fitted, the two IPCAs explained 58.5% of the total interaction 

variation using approximately 20.8% of the total interaction degrees of freedom. When the 

third  IPCA was added,  the model explained 69.1% of  the  total  interaction using about 
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the total interaction variation using approximately 39.9% of the total interaction degrees 

of freedom. The IPCA5 and IPCA6 were significant and accounted for less than 10% of the 

sum of squares of the interactions. On the other hand, multiplicative axis from IPCA7 to 

IPCA9 including the residual captured mostly noise. 

The model selection was based on firstly the proportional contribution of each IPCA 

to genotype × environment interaction and the ratio of noise sum of squares to residual 

sum of squares. The proportion of noise sum of squares for AMMI3 to its residual sum of 

squares was almost 1.0 making AMMI3 the most suitable model. In addition, the sum of 

ηen + ρge + εger, (AMMI model) (2)

where:
Yger = the grain yield level for genotype g in environment e for replicate r
µ = the grand mean
αg = genotype mean deviations (mean minus the grand mean)
βe = the environment mean deviations
N = the number of singular value decomposition (SVD) axes retained in the model
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of the seed did not germinate or was lost due to various factors, then number of estab‐

lished plants  (or  the harvest plant population) was approximately 315,000 plants ha−1. 
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emergence as per recommendation of the manufacturer to control the weeds early. Hand 

weeding was carried out just before the canopying stage. 

Insect pests, notably the soybean looper (Chrysodeixis includens) that sporadically ap‐

peared in the field trials were controlled using Thionex 35 EC (active ingredient = endosul‐

fan) and Karate 2.5% EC (active ingredient = Lambda‐cyhalothrin) which were applied at 

400 mL and 266 mL in 200 L of water, respectively. The looper is common in the soybean 

crop. The fungicide Shavit (active ingredients = Folpet and Triadimenol), was also applied 

on the trials (at a rate of 266 mL per 200 L of water ha−1) as a preventative measure against 

soybean rust (Phakopsora pachyrhizi) that was prevalent in the region [11–13]. The initial 

spraying was carried out at 50 days after planting followed by two subsequent applica‐

tions at 20 day intervals, thereafter.   

All of the trials were harvested manually. Due to the variation  in duration to ma‐

turity, the harvesting in each experimental unit was carried out at the 95% pod maturity 

[14]. Consequently, the harvesting at each test location was carried out sequentially. The 

grain yield was obtained from a net plot (7.92 m2) consisting of four rows measuring 4.4 

m long. The grain yield was adjusted for moisture content (calculated at 11%) which is the 

standard practice in the region.   

2.3. Data Analysis 

The data sets of the grain yield were subjected to the analysis of variance (ANOVA) 

model using  the model  (Equation  (1)) and  the additive main‐effects and multiplicative 

interaction  (AMMI) model [15,16] (Equation  (2))  in GenStat 14 software  (version, 2011) 

[17] as follows: 

Yger = μ + αg + βe + θge + Ɛger, (ANOVA model)    (1)

Yger = μ + αg + βe + N∑n=1 ʎnϛgn ηen + ρge + Ɛger, (AMMI model)  (2)

where: 

Yger = the grain yield level for genotype g in environment e for replicate r 

μ = the grand mean 

αg = genotype mean deviations (mean minus the grand mean) 

βe = the environment mean deviations 

n = the singular value for SVD axis η
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One AMMI biplot was plotted and IPCA1 scores were plotted against genotype and 
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3. Results 

The analysis of variance showed that soybean grain yield was significantly (p < 0.001) 

affected by environments main effects, genotypes main effects and genotype by environ‐

ment interaction (GEI) effects (Table 3). The treatments (genotypes + environments + in‐

teractions) accounted  for 87.7% of  the  total grain yield sums of squares using approxi‐

mately 33.3% of the total degrees of freedom. The genotypes accounted for 4.9% of the 

total sums of squares and 5.6% of the treatments sums of squares. On the other hand, the 

environments explained 67.5% of the total sums of squares and 77.0% of the treatments 

sums of squares. The interactions explained 15.3% of the total sums of squares and 17.4% 

of the treatments sums of squares. Therefore, the environments accounted for more vari‐

ation  than  the  interactions  (genotype × environment  interactions) while  the genotypes 

captured the least variation. The magnitude of the GEI sum of squares was about three‐

fold larger than that for genotypes implying that there were significant differences in gen‐

otypic response to the test environments.   

The application of AMMI model for partitioning of GEI showed that the first six mul‐

tiplicative terms of AMMI were significant (Table 3). However, IPCA1 explained 46.1% of 

the total interaction sum of squares using about 10.6% of the total interaction degrees of 

freedom. When IPCA2 was fitted, the two IPCAs explained 58.5% of the total interaction 

variation using approximately 20.8% of the total interaction degrees of freedom. When the 

third  IPCA was added,  the model explained 69.1% of  the  total  interaction using about 

30.6% of the total interaction degrees of freedom. The first four IPCAs explained 76.6% of 

the total interaction variation using approximately 39.9% of the total interaction degrees 

of freedom. The IPCA5 and IPCA6 were significant and accounted for less than 10% of the 

sum of squares of the interactions. On the other hand, multiplicative axis from IPCA7 to 

IPCA9 including the residual captured mostly noise. 

The model selection was based on firstly the proportional contribution of each IPCA 

to genotype × environment interaction and the ratio of noise sum of squares to residual 

sum of squares. The proportion of noise sum of squares for AMMI3 to its residual sum of 

squares was almost 1.0 making AMMI3 the most suitable model. In addition, the sum of 

= the genotype singular vector values for SVD axis n
θge = the interaction residuals
ρge = the AMMI residuals
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each test environment. Planting was carried out between the last week of November up 
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six rows, 5.0 m long and spaced at 0.45 m. In each row, seed was planted at 6.3 cm apart 

resulting in a plant population of approximately 350,000 plants ha−1. Assuming that 10% 

of the seed did not germinate or was lost due to various factors, then number of estab‐

lished plants  (or  the harvest plant population) was approximately 315,000 plants ha−1. 

Standard cultural practices for soybean production that included land or seedbed prepa‐

ration, hand planting, weeding, herbicide application and crop protection were applied 

at each test environment. Fertilizer (was applied at a rate of 400 kg ha−1 supplying 28 kg 

ha−1 of N, 68 kg ha−1 of P2O5 and 40 kg ha−1 of K2O. The seed was inoculated with Bradrhi‐

zobium japonicum inoculant. Across all of the trial locations, both pre‐emergence and post 

emergence herbicides were used. Lasso  (Alachlor  384 EC)  (active  ingredient =  chloro‐

acetanilide) and Gramoxone (active ingredient = paraquat) were mixed and applied to‐

gether as pre‐emergence herbicides at planting at 5.0 L ha−1 and 3.0 L ha−1, respectively. 

Basagran (active ingredient = sodium salt of Bentazon) and Bateleur Gold 650 EC (active 

ingredient = Sulfonanilide (Flumetsulam)) were applied as post emergence herbicides at 

3.0 L ha−1 and 1.2 L ha−1, respectively. Both herbicides were applied within six weeks post 

emergence as per recommendation of the manufacturer to control the weeds early. Hand 

weeding was carried out just before the canopying stage. 

Insect pests, notably the soybean looper (Chrysodeixis includens) that sporadically ap‐

peared in the field trials were controlled using Thionex 35 EC (active ingredient = endosul‐

fan) and Karate 2.5% EC (active ingredient = Lambda‐cyhalothrin) which were applied at 

400 mL and 266 mL in 200 L of water, respectively. The looper is common in the soybean 

crop. The fungicide Shavit (active ingredients = Folpet and Triadimenol), was also applied 

on the trials (at a rate of 266 mL per 200 L of water ha−1) as a preventative measure against 

soybean rust (Phakopsora pachyrhizi) that was prevalent in the region [11–13]. The initial 

spraying was carried out at 50 days after planting followed by two subsequent applica‐

tions at 20 day intervals, thereafter.   

All of the trials were harvested manually. Due to the variation  in duration to ma‐

turity, the harvesting in each experimental unit was carried out at the 95% pod maturity 

[14]. Consequently, the harvesting at each test location was carried out sequentially. The 

grain yield was obtained from a net plot (7.92 m2) consisting of four rows measuring 4.4 

m long. The grain yield was adjusted for moisture content (calculated at 11%) which is the 

standard practice in the region.   

2.3. Data Analysis 

The data sets of the grain yield were subjected to the analysis of variance (ANOVA) 

model using  the model  (Equation  (1)) and  the additive main‐effects and multiplicative 

interaction  (AMMI) model [15,16] (Equation  (2))  in GenStat 14 software  (version, 2011) 

[17] as follows: 

Yger = μ + αg + βe + θge + Ɛger, (ANOVA model)    (1)

Yger = μ + αg + βe + N∑n=1 ʎnϛgn ηen + ρge + Ɛger, (AMMI model)  (2)

where: 

Yger = the grain yield level for genotype g in environment e for replicate r 

μ = the grand mean 

αg = genotype mean deviations (mean minus the grand mean) 

βe = the environment mean deviations 

ger = the error term and
N∑n=1
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Therefore, the percent level of noise in the GE interaction component was estimated
as follows:

[100 × (Interaction DF × EMS)]/Interaction Sum of Squares (SS)

where:
Interaction DF = interaction degrees of freedom
EMS = the expected error mean square for the AMMI ANOVA
Interaction SS = interaction sum of squares.
One AMMI biplot was plotted and IPCA1 scores were plotted against genotype

and environment means. The stability coefficients displaying genotype superiority index
(GSI) were also computed in GenStat 14th Edition [17]. The GSI is similar to the cultivar
superiority index [18]. The stability of the genotypes across the environments was estimated
by the GSI which is a measure of both productivity and stability hence a favourable tool to
identify the desirable genotypes for deployment and use in breeding new genotypes for
the region.

3. Results

The analysis of variance showed that soybean grain yield was significantly (p < 0.001)
affected by environments main effects, genotypes main effects and genotype by environ-
ment interaction (GEI) effects (Table 3). The treatments (genotypes + environments +
interactions) accounted for 87.7% of the total grain yield sums of squares using approxi-
mately 33.3% of the total degrees of freedom. The genotypes accounted for 4.9% of the total
sums of squares and 5.6% of the treatments sums of squares. On the other hand, the envi-
ronments explained 67.5% of the total sums of squares and 77.0% of the treatments sums of
squares. The interactions explained 15.3% of the total sums of squares and 17.4% of the
treatments sums of squares. Therefore, the environments accounted for more variation than
the interactions (genotype × environment interactions) while the genotypes captured the
least variation. The magnitude of the GEI sum of squares was about three-fold larger than
that for genotypes implying that there were significant differences in genotypic response to
the test environments.

Table 3. Analysis of variance for full AMMI model for grain yield (kg ha−1) of 42 soybean genotypes
evaluated across three countries in southern Africa.

Source DF SS Mean Square %Total SS % Treatment % Interaction
Explained Explained SS Explained

Treatments 545 3,795,437,270 6,964,105 *** 87.7
Genotypes 41 210,926,715 5,144,554 *** 4.9 5.6
Environments 12 2,922,339,401 243,528,283 *** 67.5 77
Block 26 62,836,136 2,416,774 ***
Interactions 492 662,171,153 1,345,876 *** 15.3 17.4 1.00
IPCA1 52 305,345,002 5,872,019 *** 46.1
IPCA2 50 82,263,682 1,645,274 *** 12.4
IPCA3 48 70,168,338 1,461,840 *** 10.6
IPCA4 46 49,375,483 1,073,380 *** 7.5
IPCA5 44 41,744,444 948,737 *** 6.3
IPCA6 42 29,959,161 713,313 ** 4.5
IPCA7 40 21,735,111 543,378 3.3
IPCA8 38 20,014,050 526,686 3.0
IPCA9 36 16,705,469 464,041 2.5
Residuals 252 113,274,204 449,501 2.6
Error 1066 469,556,239 440,484
Total 1637 4,327,829,645 2,643,757

**; *** = significant at p ≤ 0.01; p ≤ 0.001, respectively; IPCA, interaction principal component axis terms 1 to 9; DF,
degrees of freedom; SS, sum of squares.

The application of AMMI model for partitioning of GEI showed that the first six multi-
plicative terms of AMMI were significant (Table 3). However, IPCA1 explained 46.1% of
the total interaction sum of squares using about 10.6% of the total interaction degrees of
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freedom. When IPCA2 was fitted, the two IPCAs explained 58.5% of the total interaction
variation using approximately 20.8% of the total interaction degrees of freedom. When
the third IPCA was added, the model explained 69.1% of the total interaction using about
30.6% of the total interaction degrees of freedom. The first four IPCAs explained 76.6% of
the total interaction variation using approximately 39.9% of the total interaction degrees of
freedom. The IPCA5 and IPCA6 were significant and accounted for less than 10% of the
sum of squares of the interactions. On the other hand, multiplicative axis from IPCA7 to
IPCA9 including the residual captured mostly noise.

The model selection was based on firstly the proportional contribution of each IPCA
to genotype × environment interaction and the ratio of noise sum of squares to residual
sum of squares. The proportion of noise sum of squares for AMMI3 to its residual sum of
squares was almost 1.0 making AMMI3 the most suitable model. In addition, the sum of
squares of the first three terms were greater than that of genotypes and highly significant
(p < 0.001). Although AMMI3 was the best model, the biplot analysis was generated from
IPCA1 since it explained 46.1% of the total interaction sum of squares.

The ranking of the first four AMMI selections per environment for grain yield indicated
that the highest (7628 kg ha−1) and lowest (3112 kg ha−1) grain yield per environment was
attained at Mapongwe in Zambia (E4) and RARS in Zimbabwe (E1), respectively (Table 4).
The results also showed that both old and new genotypes were among the top performers
with respect to both yield and stability. The genotype G28, which was released in 2006, was
among the top four ranked genotypes in at least seven environments followed by genotype
G27, which was released in 1998. In addition, genotype G28, attained >5000 kg ha−1 in
at least five environments (Table 5). Nonetheless, only three genotypes (G4, G9 and G33)
among the bottom 21 failed to produce ≥5000 kg ha−1 in at least one test environment
indicating that there was a strong environmental influence on grain yield. In terms of the
GSI, genotype G25 was the most superior followed by genotype G1 while genotype G16
performed the least (Table 5).

Table 4. Ranking of the first four AMMI selections per environment for grain yield.

Environment Environment
Code Season

Mean
(kg ha−1)

Rank

1 2 3 4

Rattray E1 2010/11 3112 G29 G22 G15 G42
Gwebi E2 2010/11 3291 G27 G26 G28 G42
Lusaka E3 2010/11 5717 G27 G26 G28 G37

Mpongwe E4 2010/11 7628 G1 G36 G39 G27
Bvumbwe E5 2010/11 6714 G26 G28 G35 G27

Rattray E6 2011/12 4662 G14 G15 G6 G16
Gwebi E7 2011/12 3617 G16 G23 G28 G21
Lusaka E8 2011/12 3898 G40 G7 G8 G25

Mpongwe E9 2011/12 3300 G22 G16 G28 G7
Bvumbwe E10 2011/12 3941 G28 G25 G21 G8

Lilayi E11 2011/12 4924 G14 G7 G21 G28
Trust E12 2011/12 4476 G16 G31 G5 G26

Chitedze E13 2011/12 3753 G15 G17 G14 G1

Rattray = Rattray Arnold Research Station; Gwebi = Gwebi Variety Testing Centre; Lusaka = Lusaka West Farm;
Mpongwe = Mpongwe Development Centre; Bvumbwe = Bvumbwe Research Station; Lilayi = Lilayi Farm;
Trust = Agricultural Research Trust; Chitedze = Chitedze Research Station.

The biplot of the AMMI-1 showed that genotype G25 had the largest positive (>10)
interaction with the environments while G4 had the largest negative interaction with
environments (Figure 1). Genotype G28 was the overall best performer, combining relative
stability and high yield. In addition, genotypes G15, G25, G28, and G42 were relatively
stable and produced above average yield but genotype G12 was the most stable since
its mean yield was equal to the grand mean. The test environments showed variability
in both main effects and interaction. Environments E3, E4, E5, E6, E11, and E13 were
classified above the mean grain yield of all of the environments whereas the remainder
performed below the average yield (i.e., less than the grand mean yield level). Genotypes
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and environments with the same sign on the IPCA axis interacted positively whereas those
with different signs interacted negatively.

Table 5. AMMI IPCA1 scores and grain yield (kg ha−1) of the top 21 soybean genotypes across
3 countries in southern Africa.

GCN IPCA1 Mean
(kgha−1) E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 CSI

G28 0.5 5208 3594 3839 5497 5155 5827 4905 4126 4628 4395 5436 5618 4127 4056 565,077
G1 7.3 5098 4229 3610 4770 6440 5172 4863 4019 4624 3329 4765 5379 4816 4482 524,178

G25 −3.3 5084 3122 3507 4182 5649 5447 5175 3963 4725 3931 5107 5285 4798 4461 521,833
G15 4.4 5059 3692 3661 5028 5685 4865 5295 4071 4427 3031 4406 5334 4919 4849 579,880
G27 17.8 4937 3148 4264 5854 5915 5650 4718 3645 3543 3772 3264 5558 4805 3539 865,860
G21 −7.3 4924 3323 3439 4785 4590 4649 4930 4121 4547 4212 5022 5655 4158 4081 738,208
G14 −5.0 4868 2502 3280 4464 5147 5068 5754 4014 4181 3117 4704 5880 4160 4512 855,125
G42 2.0 4853 3630 3703 4877 5424 5385 4822 3761 4706 4023 4325 5419 2854 3659 918,895
G16 −21.2 4810 3040 3401 3165 2869 5110 5210 4369 4199 4398 4852 5349 6292 3772 1,292,158
G23 9.5 4801 3408 3688 4959 5133 5362 5132 4295 3371 2762 4025 5206 5033 3541 954,777
G35 10.9 4755 3187 3442 5181 5133 5825 4754 3543 3537 2622 4537 4589 4827 4132 982,732
G22 10.2 4748 3958 3692 4620 5401 4837 4232 3215 3730 4402 3959 4240 5082 3852 989,227
G26 16.9 4729 3384 3926 5742 4837 6039 4264 3704 3360 2641 3644 4753 5266 3414 1,108,735
G18 4.9 4722 3480 3494 4747 5685 4046 4336 3782 4410 3662 3842 5352 4179 3865 945,962
G17 4.2 4684 3206 3622 4253 5661 4258 4943 3493 4349 3017 2902 5263 4909 4516 1,050,160
G11 −5.7 4652 3085 3602 4217 4585 4477 4866 3390 4590 3956 3328 5395 4256 4223 1,037,688
G30 −1.7 4633 3547 3172 4739 3836 5542 5137 3933 3816 2475 4882 4572 4022 4050 1,235,065
G29 17.0 4632 4229 3566 4669 5424 5244 4318 3430 3329 2973 3852 3754 5182 3748 1,211,673
G24 12.1 4613 3557 3435 4459 5653 4764 4606 3771 3352 3207 3897 4639 4698 3434 1,120,157
G32 −0.7 4587 2989 3235 4131 4873 4282 4482 3991 4101 2968 3957 5285 5068 3764 1,094,081
G19 −7.0 4573 2519 3496 3949 4087 5204 4848 3723 4206 3396 3577 5542 4779 3618 1,196,375

Overall
Means 3112 3291 4680 5104 5098 4662 3617 3898 3300 3941 4924 4476 3753

LSD0.05 561 520 478 630 850 617 607 620 726 795 521 531 635 655

C.V.
(%) 6.0 10.0 9.0 14.0 12.0 12.0 8.0 11.0 20.0 15.0 16.0 10.0 12.0 12.0

IPCA, interaction principal component analysis 1; E1, Rattray Arnold Research Station, 2010/11; E2, Gwebi
Variety Testing Centre, 2010/11; E3, Lusaka West Farm, 2010/11; E4, Mpongwe Development Centre, 2010/11; E5,
Bvumbwe Research Station, 2010/11; E6, RARS, 2011/12; E7, Gwebi Variety Testing Centre, 2011/12; E8, Lusaka
Farm West, 2011/12; E9, Mpongwe Development Centre, 2011/12; E10, Bvumbwe Research Station, 2011/12; E11,
Lilayi Farm, 2011/12; E12, Agricultural Research Trust, 2011/12; E13, Chitedze Research Station, 2011/12; GCN,
genotype code name.
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Figure 1. AMMI-1 biplot of IPCA 1 scores against grain yield for 42 soybean genotypes and 13
environments. E1, Rattray Arnold Research Station, 2010/11; E2, Gwebi Variety Testing Centre,
2010/11; E3, Lusaka West Farm, 2010/11; E4, Mpongwe Development Centre, 2010/11; E5, Bvumbwe
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4. Discussion

The AMMI analysis of variance for the 42 genotypes that were evaluated across
2 seasons and 13 test environments revealed strong evidence that environment, genotype,
and genotype × environment effects were significantly different from each other. Fur-
thermore, the results revealed that the environment component had larger influence on
the performance of soybean genotypes, indicating the necessity for testing soybean geno-
types at multi-location sites and over years [19]. The huge influence by the environment
illustrated its impact on controlling the expression of grain yield. The bottom line was
that the environments contributed more to the phenotypic value which has affected the
selection efficiency and breeding progress. The presence of GEI complicated the selection
process of superior genotypes and reduced the selection efficiency in a soybean breeding
program [15]. The magnitude of GEI effect was five times larger than that for the genotypes
indicating differences in genotypic responses to test environments. However, although the
environment accounted for the highest variation, one could expect the GEI to be higher
than what was observed since the environments were sampled from three countries thus,
greater variability was expected. Generally, the more variable the environments, the greater
the GEI [16]. Nonetheless, the GEI variation (17.4%) was close to the expected, possibly
implying that most of the genotypes were widely adapted. This was supported by the
clustering pattern of a considerable number of genotypes around the grand mean yield
with IPCA values close to zero.

The results of the study also showed a low GEI in respect of the expected proportion
of the components of the treatment sum of squares (70:20:10). Therefore, genotypes that
combined both high grain yield and stability (G1 and G15) were recommended for culti-
vation in all areas that were represented by the test locations. In contrast, the genotypes
that exhibited high IPCA scores (G2, G4, G5, G7, G16, G17, G18, G31, and G40) were
recommended for specific adaptation. The low IPCA values revealed poor interaction with
the test environments that were used in the study, thus indicating less responsiveness to
environmental changes. However, at least eight genotypes that were grouped in the top
third of the mean yield table could be classified as the best genotypes combining both
high stability and above average yield performance [20]. On the other hand, genotype
G12 which attained the highest stability rating (IPCA score = 0) and combined low GEI
and average yield suggested that it was the most suitable for cultivation across sites and
seasons. However, its low yield potential makes it unattractive to farmers. The genotypes
that showed large interaction with environments were classified as unstable and hence
unpredictable in performance but could be recommended for specific adaptation. The
differences among the test environments and their clustering patterns could be attributed
to differences in latitude, altitude, climatic conditions, duration of the cropping season
as well as seasonal effects. Often, the long duration of the cropping season is correlated
with high yielding potential [21]. However, lengthy cropping seasons can be prone to
meteorological fluctuations as well as the negative effects of soil moisture stress [22–24].
For instance, in both chickpea and soybean, pod abortion increased under terminal drought
stress [25,26]. Most of the environments produced the least interaction effects suggesting
that they were ideal for evaluation and selection since the performance of the genotypes
can be stable. In addition, both the IPCA scores and GSI identified genotype G1 and G25 as
the highest yielding and most stable. Therefore, the two stability parameters could be used
for simultaneously selection for high yield and stability.

The results also showed that the newly released genotypes (which were released
during 2005, 2006 and 2012), were generally superior in performance than most of the
older genotypes, except G15 which was released in 1989. Therefore, it can be argued that
there was sound breeding progress in the region which resulted in a significant build-up of
high allele frequency for adaptation, productivity and stability. The performance pattern
increased significantly since the genotypes from the earlier decades were generally poorly
adapted and unstable as revealed by large IPCA scores and high genotype superiority
indices. However, there are surprises of older genotypes outperforming the most recent
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(2012 and 2013) genotypes. The genotype G28 was found to be relatively best yielding. In
addition, the genotype possesses desirable characteristics which include good quality seed,
high number of nodes per plant and good standability. It is generally large seeded (average
100 seed weight approximately 25.0 g). Although G25 was released in 2005, it attained high
grain yield. However, it is susceptible to soybean rust and frogeye leaf spot (Cercospora
sojina) suggesting that it would be costly to produce where these diseases are endemic.
Based on our pedigree information, both G1 and G25 were derived from high yielding
genetic backgrounds utilizing elite × elite crosses while some of the other subsequent
genotypes were derived from elite × exotic or disease resistant crossing combinations.

The outstanding performance of the genotypes G1 and G25 is partly since both were
derived from parents with a high yielding background. The parents of both genotypes were
selected on the basis of high additive breeding values. The selection of good parents for each
new breeding cycle, that have higher additive breeding value than the previous generation
is critical and optimizes the genetic gain [27]. This approach enhances rapid increase in the
frequency of favourable alleles, which become fixed in the gene pool. Appreciable rates of
genetic gain have been observed in many breeding programs through the application of
elite × elite crossing strategy [28]. Essentially, this strategy can drive the competitiveness of
the soybean breeding program in the region. It is recommended to evaluate the historical
data and use it to create and assemble a core set of high performing lines, such as the top
four genotypes that were identified in the current study. The inconsistent utilization of
the elite × elite crossing strategy partly explains why some older genotypes outperformed
some recently released genotypes. Integration of resistance to new diseases, such as soybean
rust, without a good background check could have compromised mean performance of
new genotypes that were released in the 2010–2013 period.

As a generalization, AMMI analysis showed that 61.9% of the genotypes obtained
IPCA values between −10 and 10, possibly indicating average stability across environments.
This suggested that stability was accumulated over time through breeding, extensive evalu-
ation and selection. This was affirmed further by the observation that the founder genotype
(G2 which was released in 1966) showed poor stability (IPCA score about 30) in comparison
with G28 (which was released in 2006 and IPCA value close to zero). Since yield stability
is heritable and conditioned by additive gene action, simple selection methods could be
applied in breeding programs to advance yield stability and plasticity for cultivation over
a wide range of environments [29,30].

This study was different from previous ones in that it considered the implication of
soybean genotypic age (i.e., when a genotype was released) for both productivity and
stability, both of which can impact on recommendation of genotypes to growers as well
as the breeding and selection of new ones in the region. In addition, the conventional
breeders in the region have not been using modern stability models (AMMI and GSI) to
identify genotypes that combine both high productivity and stability. Instead, they have
been using rank analysis based on the simple arithmetic mean to select and advance new
genotypes. The application of modern tools will help to improve selection accuracy and
identify genotypes that combine both high productivity and stability which is desired in a
region with high levels of variability across sites and seasons. In addition, the information
generated in this study will be useful to soybean breeders aiming to develop sustainable
genotypes adapted to target environments in the region and possibly using the identified
genotypes as reference genotypes in the selection process. Moreover, the stable genotypes
that were identified in this study provided insights into future studies aimed at identifying
the genomic regions that are associated with stability. For instance, a recent study reported
that seven genomic regions in six chromosomes of soybean were associated with genotype-
by-environment interactions thus opening a novel frontier of genomic assisted breeding
aimed at achieving stable performance of soybean [31].
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5. Conclusions

The results of this study showed that both new and old genotypes were among the
top four which displayed a combination of high yield potential (>5.0 t ha−1), dynamic
stability and GSI. These findings have important implications for soybean genotype rec-
ommendations, breeding progress and breeding strategy for the region. These results
suggested that grain yield in soybean could be maximized through selecting genotypes
showing consistently high yield performance across heterogeneous growing environments.
The AMMI analysis revealed the relative magnitude and significance of GEI effects and its
interaction terms in relation to genotype and environmental effects. The results also showed
that GEI was a vital component of soybean yield variation and the biplots provided a good
visualization of the response patterns of genotypes and environments. Two genotypes from
both the AMMI and GSI analysis were classified under the high yielding category. Overall,
the stability measurements demonstrated that >60.0% of the genotypes were, on average,
stable across the 13 test environments while the rest were unstable but suitable for specific
environments. Considering the two analytical methods (AMMI and GSI), two genotypes
(G1 and G25) were among the best and thus could be recommended for cultivation across
the three countries and utilization as breeding stocks in programs that aim to improve both
stability and productivity of soybean.

Author Contributions: Conceptualization, J.D. and H.M., methodology, P.T., validation, E.T.G.,
formal analysis, I.M.; investigation, H.M., writing, E.T.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge the support staff who participated in
the study at all of the test locations in the three countries.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Qin, P.; Wang, T.; Luo, Y. A review on plant-based proteins from soybean: Health benefits and soy product development. J. Agric.

Food Res. 2022, 7, 100265. [CrossRef]
2. Whaley, R.; Eskandari, M. Genotypic main effect and genotype-by-environment interaction effect on seed protein concentration

and yield in food-grade soybeans (Glycine max (L.) Merrill). Euphytica 2019, 215, 33. [CrossRef]
3. Gwata, E.T.; Nziramasanga, N. Seed protein and oil content in Zimbabwean soyabean (Glycine max L.) varieties. Plant Var. Seeds

2001, 14, 125–128.
4. Jandong, E.A.; Uguru, M.I.; Oyiga, B.C. Determination of yield stability of seven soybean (Glycine max) genotypes across diverse

soil pH levels using GGE biplot analysis. J. Appl. Biosci. 2011, 43, 2924–2941.
5. Gwata, E.T.; Wofford, D.S.; Boote, K.J.; Blount, A.R.; Pfahler, P.L. Inheritance of promiscuous nodulation in soybean. Crop Sci.

2005, 45, 635–638. [CrossRef]
6. Mpepereki, S.; Javaheri, F.; Davis, P.; Giller, K.E. Soyabeans and sustainable agriculture: Promiscuous soyabeans in southern Africa.

Field Crops Res. 2000, 65, 137–149. [CrossRef]
7. Mohammadi, R.; Mohammadi, M.; Karimizadeh, R.; Amri, A. Analysis of genotype-by-environment interaction for grain yield of

rainfed durum wheat genotypes in warm winter areas of Iran. J. Crop Sci. Biotechnol. 2010, 13, 267–274. [CrossRef]
8. Abay, F.; Bjørnstad, A. Specific adaptation of barley varieties in different locations in Ethiopia. Euphytica 2000, 167, 181–195. [CrossRef]
9. Ramburan, S.; Zhou, M.; Labuschagne, M.T. Investigating test site similarity, trait relations and causes of genotype × environment

interactions of sugarcane in the Midlands region of South Africa. Field Crops Res. 2012, 129, 71–80. [CrossRef]
10. Boote, K.J.; Allen, L.H.; Prasad, P.V.V.; Baker, J.T.; Gesch, R.W.; Snyder, A.M.; Pan, D.; Thomas, J.M.G. Elevated temperature

and CO2 impacts on pollination, reproductive growth and yield of several globally important crops. J. Agric. Meteorol. 2005, 60,
469–474. [CrossRef]

11. Jarvie, J.A. A review of soybean rust from a South African perspective. S. Afr. J. Sci. 2009, 105, 103–108. [CrossRef]
12. McLaren, N.W. Reaction of soybean cultivars to rust caused by Phakopsora pachyrhizi. S. Afr. J. Plant Soil 2008, 25, 49–54. [CrossRef]
13. Levy, C. Zimbabwe—A country report on soybean rust control. In Proceedings of the VII World Soybean Research Conference;

Moscardi, F., Hoffmann-Campo, C.B., Saraiva, O.F., Galerani, P.R., Krzyzanowski, F.C., Carrão-Panizzi, M.C., Eds.; Embrapa:
Londrina, Brazil, 29 February 5 March 2004; pp. 340–348.

http://doi.org/10.1016/j.jafr.2021.100265
http://doi.org/10.1007/s10681-019-2344-2
http://doi.org/10.2135/cropsci2005.0635
http://doi.org/10.1016/S0378-4290(99)00083-0
http://doi.org/10.1007/s12892-010-0028-5
http://doi.org/10.1007/s10681-008-9858-3
http://doi.org/10.1016/j.fcr.2012.01.017
http://doi.org/10.2480/agrmet.469
http://doi.org/10.4102/sajs.v105i3/4.55
http://doi.org/10.1080/02571862.2008.10639894


Agronomy 2022, 12, 1147 11 of 11

14. Nleya, T.; Sexton, P.; Gustafson, K. Soybean growth stages. In iGrow Soybean: Best Management Practices for Soybean Production;
Clay, D.E., Carlson, C.G., Clay, S.A., Wagner, L., Deneke, D., Hay, C., Eds.; South Dakota State University, SDSU Extension:
Brookings, SD, USA, 2019; pp. 3–34.

15. Gauch, H.G., Jr. Statistical Analysis of Regional Yield Trials. AMMI Analysis of Factorial Designs; Elsevier: Amsterdam, The Netherlands,
1992; pp. 53–110.

16. Gauch, H.G.; Zobel, R.W. AMMI analysis of yield trials. In Genotype-by-Environment Interaction; Kang, M.S., Gauch, H.G., Jr., Eds.;
CRC Press: Boca Raton, FL, USA, 1996; pp. 85–122.

17. Payne, R.W.; Murray, D.A.; Harding, S.A.; Baird, D.B.; Soutar, D.M. GenStat for Windows (14th Edition) Introduction; VSN
International: Hemel Hempstead, UK, 2011.

18. Lin, C.S.; Binns, M.R. A superiority measure of cultivar performance for cultivar location data. Can. J. Plant Sci. 1988, 68, 193–198. [CrossRef]
19. Gurmu, F.; Mohammed, H.; Alemaw, G. Genotype × environment interactions and stability of soybean for grain yield and

nutritional quality. Afr. Crop Sci. J. 2009, 17, 87–99.
20. Fox, P.N.; Cross, J.; Ramagosa, I. Multiple environment testing and genotype × environment interaction. In Statistical Methods for

Plant Variety Evaluation; Kempton, R.A., Fox, P.N., Eds.; Chapman and Hall: London, UK, 1997; pp. 742–754.
21. Miladinovic, J.; Kurosaki, H.; Burton, J.W.; Hrustic, M.; Miladinovic, D. The adaptability of short season soybean genotypes to

varying longitudinal regions. Eur. J. Agron. 2006, 25, 243–249. [CrossRef]
22. Gao, X.-B.; Guo, C.; Li, F.-M.; Li, M.; He, J. High Soybean Yield and drought adaptation being associated with canopy architecture,

water uptake, and root traits. Agronomy 2020, 10, 608. [CrossRef]
23. Basal, O.; Szabo, A. Physiology yield and quality of soybean as affected by drought stress. Asian J. Agric. Biol. 2020, 3, 247–253. [CrossRef]
24. Teasdale, J.R.; Cavigelli, M.A. Meteorological fluctuations define long-term crop yield patterns in conventional and organic

production systems. Sci. Rep. 2017, 7, 688. [CrossRef]
25. Fang, X.W.; Turner, N.C.; Yan, G.J.; Li, F.M.; Siddique, K.H.M. Flower numbers, pod production, pollen viability, and pistil

function are reduced and flower and pod abortion increased in chickpea (Cicer arietinum L.) under terminal drought. J. Exp. Bot.
2010, 61, 335–345. [CrossRef]

26. Kokubun, M.; Shimada, S.; Takahashi, M. Flower abortion caused by preanthesis water deficit Is not attributed to impairment of
pollen in soybean. Crop Sci. 2001, 41, 1517–1521. [CrossRef]

27. Cobb, J.N.; Juma, R.U.; Biswas, P.S.; Arbelaez, J.D.; Rutkoski, J.; Altin, G.; Hagen, T.; Quinn, M.; Ng, E.H. Enhancing the rate
of genetic gain in public-sector plant breeding programs: Lessons from the breeder’s equation. Theor. Appl. Genet. 2019, 132,
627–645. [CrossRef] [PubMed]

28. Farooq, M.U.; Ishaaq, I.; Maqbool, R.A.; Aslam, I.; Taseer, S.; Naqvi, A.; Mustafa, S. Heritability, genetic gain and detection of gene
action in hexaploid wheat for yield and its related attributes. AIMS J. 2019, 4, 56–72.

29. Sajjad, M.; Saif, M.; Murtaza, A.; Bashir, I.; Shahbaz, M.K.; Ali, M.; Sarfarz, M. Gene action study for yield and yield stability
related traits in Gossypium hirsutum: An overview. Life Sci. J. 2015, 12, 1–11.

30. Spehar, C.R. Diallel analysis for grain yield and mineral absorption rate of soybeans grown in acid brazilian savannah soil. Pesq.
Agrop. Brasil. 1999, 34, 1003–1009. [CrossRef]

31. Xavier, A.; Jarquin, D.; Howard, H.; Ramasubramanian, V.; Specht, J.E.; Graef, G.L.; Beavis, W.D.; Diers, B.W.; Song, Q.;
Cregan, P.B.; et al. Genome-wide analysis of grain yield stability and environmental interactions in a multiparental soybean
population. G3 Genes Genomes Genet. 2018, 8, 519–529. [CrossRef] [PubMed]

http://doi.org/10.4141/cjps88-018
http://doi.org/10.1016/j.eja.2006.05.007
http://doi.org/10.3390/agronomy10040608
http://doi.org/10.35495/ajab.2019.11.505
http://doi.org/10.1038/s41598-017-00775-8
http://doi.org/10.1093/jxb/erp307
http://doi.org/10.2135/cropsci2001.4151517x
http://doi.org/10.1007/s00122-019-03317-0
http://www.ncbi.nlm.nih.gov/pubmed/30824972
http://doi.org/10.1590/S0100-204X1999000600011
http://doi.org/10.1534/g3.117.300300
http://www.ncbi.nlm.nih.gov/pubmed/29217731

	Introduction 
	Materials and Methods 
	Genotypes and Test Environments 
	Experimental Design and Management 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

