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Abstract

Dry bean is the second most important legume crop in South Africa due to its high protein content. GGE- Biplot was used to
evaluate genotype x environment interaction (GEI) and stability performance of dry bean genotypes during 2011 and 2012
growing seasons. Eight dry bean genotypes were planted at different locations in the Limpopo province, South Africa with
different agro-climatic characteristics. The genotypes used were OPS-RS1, Jenny, Kranskop, DBS310, OPS-RS4, DBS 360,
OPS-RS2 and OPS-RS5. The ANOVA analysis results for grain yield, number of pods per plant and number of seeds per
plant revealed that the environment contributed more to the total variation followed by GEI and finally genotype. According
to GGE biplot for grain yield, OPS- RS1 was regarded as the more stable genotype and had the highest mean yield, DBS 360
had the highest mean number of pods per plant and DBS 310 produced the highest mean number of seeds per plant. The GGE
biplot methodology clearly presented the GEI relationship among environments and genotypes.

Keywords: G x E, GEI, number of pods per plant, number of seed per plant, stability analysis.
Abbreviations: ANOVA _analysis of variance, GEI_genotype by environment interaction, PCA_Principal Component Analysis,

SVD_singular value decomposition.
Introduction

In South Africa dry bean is the third most important legume

crop, with its domestic consumption (129 thousand tonnes)
exceeding its production (65 thousand tonnes per annum).
This implies that the local market is only able to supply 51%
of the local consumption requirements while the balance is
met through imports. To address food security challenge, the
world relies on the development of highly productive and
stable varieties of especially leguminous crops. Therefore
variety trials are routinely conducted in order to compare a
number of genotypes in multiple environments for multiple
traits resulting in genotype by environment by trait three way
data. Variety trials provide essential information for selecting
and recommending crop cultivars (Yan and Tinker, 2006).

Many stability indices have been proposed, as reviewed by
Lin and Binns (1994), and Yan and Kang (2003). Several
researchers have published books and symposium
proceedings to document the advances in the study of GE
(Annicchiarico, 2002; Yan et al., 2007; Ding et al., 2008;
Gauch et al., 2008; Yang et al., 2009; Alwala et al., 2010 ;
Yan, 2014 ). Several studies concentrated more on
quantification of GE and some are more concerned about
matching genotypes with environments.

The gap between the two can be bridged by the use of
biplot analysis methodology. According to Yan and Tinker
(2006), a biplot is a scatter plot that approximates and
graphically displays a two-way table by both its row and
column factors such that relationships among row factors,
relationship among the column factors, and the underlying
interactions between the row and column factors can be
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visualized simultaneously. The first application of biplot to
agricultural data analysis was done by Bradu and Gabriel
(1978), using data from cotton. The term “GGE biplot” was
proposed to address the questions relative to genotype (G) by
environment (E) data (Yan et al., 2000). The term “GGE”
was used to emphasize the understanding that G and GE are
the two sources of variation that are relevant to genotype
evaluation. The GGE biplot is an effective method based on
principal component analysis (PCA) to fully explore Multi-
environmental data (Rao et al., 2011). The GGE biplot is
constructed by plotting the first principal component (PC1)
scores of the genotypes and the environments against their
respective scores for the second principal component (PC2)
resulting from singular value decomposition (SVD) of
environment (Yan et al., 2007). The GGE biplot is an
effective tool for mega-environment analysis (Yan and
Holland, 2010), genotype evaluation and environmental
evaluation (Ding et al., 2007). The most attractive feature of
the GGE biplot is the “which-won-where” pattern of a
genotype by environment dataset (Yan and Tinker, 2006). In
“which-won-where” a polygon is first drawn on genotypes
that are the furthest from the biplot origin so that all other
genotypes are contained within the polygon. Then the
perpendicular lines to each side of the polygon are drawn
starting from the biplot origin. The genotypes located at the
vertices of the polygon performed either the best or the
poorest in one or more environments (Yan and Tinker, 2006).
The “which-won-where” graphically displays the interaction
between genotypes and environments, showing which



genotype is best for which environment (Akinwale et al.,
2014). The GGE biplot has been reported to be effective for
GE interaction in oat (Yan et al., 2010), sorghum (Rao et al.,
2011), wheat (Mohammadi and Amri, 2012; Rad et al,,
2013), wheat-barley (Farshadfar et al. 2012), and chickpea
(Farshadfar et al., 2013). The GGE biplot was used to
genotypes ideal for production across drought, Striga and low
nitrogen environments (Badu-Apraku et al., 2010) and was
also used to identify mega environments for evaluating maize
cultivars in West Africa (Badu-Apraku et al., 2011).

The objectives of this study was to (i) Evaluate the stability
performance of the South African dry bean genotypes under
different environmental conditions of the Limpopo province
using GGE biplot methodology, (ii) examine the relationship
among test environments, (iii) examine the relationship
among genotypes and (iv) determine the relationship between
genotypes and environments.

Results

Combined ANOVA for dry bean yields, number of pods per
plant and number of seeds per plant for 2011and 2012

The environments which were included in both seasons were
treated as different environments since the performance of
the genotypes differed significantly within the 2 years. It
resulted in 6 tested environments. The combined analyses for
dry bean yields, number of pods per plant and number of
seeds per plant showed a highly significant (P<0.01)
difference among environments, genotypes and GEI (Table
1). In terms of dry bean yields, number of pods per plant and
number of seeds per plant, the following were observed: the
environment (E) effect accounted for 70%, 71% and 78% of
the total sum of squares respectively. The genotype (G) effect
accounted for 5%, 4% and 3% of the total sum of squares
respectively. The GE effect accounted for 22%, 21% and
18% of the total sum of squares respectively. The presence of
GEI resulted in a change in genotype ranking across the
environments.

Principal component analysis (PCA) for dry bean yields,
number of pods per plant and number of seeds per plant for
201land 2012

Principal component analysis was performed on yield,
number of pods and number of seeds per plant. The first two
principal components accounted for 96.88% of the variation
with 63.68 and 33.20 % for PC1 and PC2 respectively (Table
2). The first component was positively related to number of
pods per plant and number of seeds per plant but negatively
related to yield. The second component was related to yield.

GGE-Biplot analysis for dry bean yields, number of pods
per plant and number of seeds per plant for 2011and 2012

The partitioning of GEI through GGE biplot analyses showed
that the first two principal components (PC1 and PC2)
accounted for 77.5, 81.4 and 85.5 % of the total variation for
yield, number of pods per plant and number of seeds per
plant, respectively (Figs 1a-c) .

“Which- won- where” for dry bean yields, number of pods
per plant and number of seeds per plant

The vertex genotypes for yield were G7, G4, G3, G6, G5 and
G2 with G4 performing the best at E5 while G7 was the best
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at E6 and G3 at E3 (Fig 1a). The pattern suggests that the
target environment may consist of two mega-environments
and that different genotypes should be selected to be planted
in each of them. The vertex genotypes for number of pods per
plant were G2, G5, G6, G4 and G7 with G6 being the best at
E4, G2 was the best at E2 while G4 was the best at E3 (Fig
1b). The target environment may consist of four mega-
environments. The vertex genotypes for number of seeds per
plant were G7, G2, G3, G6 and G4 with G4 being the second
best at E5 and G7 being the best at E2 and E3 (Fig 1c). The
target environment may consist of three mega-environments.

Relationship among dry bean genotypes

The distance between two genotypes approximates the
Euclidean distance between them, which is a measure of the
overall dissimilarity between them (Yan and Tinker, 2006).
The presence of an acute angle between two genotypes
suggests that they responded similarly, that the difference
between them is proportional in all environments and that the
difference between genotypes contributed more to G than to
GE. The presence of an obtuse angle suggests that the
performance of the first genotype was good and for the
second one poor. The presence of a right angle suggests that
genotypes responded independently to different environments
and the difference contributed mostly to GE. The results for
yield indicated that genotypes G4, G3 and G1 are positively
correlated since there is an acute angle between them (Fig
2a). Genotypes G3 and G5 are not correlated due to the right
angle between them. . Genotypes G3 and G7 are negatively
correlated due to the obtuse angle between them. The results
for number of pods per plant indicated that G1, G4 and G6
are positively correlated, G2 and G7 are not correlated and
G2 and G5 are negatively correlated (Fig 2b). The results for
number of seeds per plant indicated that G1, G4, G5 and G6
are positively correlated, G7 and G3 are not correlated and
G7 and G6 are negatively correlated (Fig 2c). The results for
the measured traits indicated that there were similarities
among genotypes with three or more similar genotypes.

The relationship among environments

The results for yield indicated that E3 and E4, E3 and E2, E6
and E5 are positively correlated since the angle between them
is an acute angle (Fig 3a). The environment E5 and E4 are
not correlated since the angle between them is a right angle.
The environments E6 and E2 are negatively correlated since
the angle between them is an obtuse angle. The results for
number of pods per plant indicated that E6, E1 and E4 are
positively correlated (Fig 3b). The environment E6, E5 and
E2 are negatively correlated. The results for number of seeds
per plant indicated that E3, E1 and E2 are positively
correlated (Fig 3c). The environment E5 and E2 are
negatively correlated. For yield and number of pods per plant
the most discriminating (informative) environment is E2
since it had the longest vector from the biplot origin. E1 was
the least discriminating environment for yield since its vector
is the smallest. For number of pods per plant E3 was the least
discriminating environment. For number of seed per plant the
most discriminating environment was E2 and the least
discriminating was E3.

Performance of genotypes in specific environments

The yield performance of G8 at E6, G7 at E3 and G3 at E2



Table 1 Combined analysis of variance for pods per plant, seeds per plant and yield for all locations for all the years
Mean squares

Source DF Pods per plant Seeds per plant Yield
REP 2 1.090 0.925 0.189**
ENV 5 305.5** 4081** 17.39**
GEN 7 11.12** 115.36** 0.909**
ENV*GEN 35 13.25** 137.18** 0.772**
Error 94 59.15 56.03 0.032
**: significant at p<0.01
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Fig 1. “Which genotype won where” for yield (a), number of pods per plant (b) and number of seeds per plant (c) for 2011 and 2012
based on the symmetrical scaling. Red numbering (E1 to E6) indicates environments and blue genotypes (G1 to G8).
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Table 2. Eigenvalue and eigenvectors from the three principal components axis for 2011 and 2012.

Parameter PC1 PC2 PC3
Eigen values 1.91 0.99 0.09
% variance 63.68 33.20 3.12
Cumulative % 63.68 96.88 100
Characters Eigenvector

Yield -0.124 0.987 0.106
Pods 0.697 0.162 0.698
Seeds 0.706 0.012 0.708
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Fig 2. Similarities among dry bean genotypes for yield (a), number of pods per plant (b) and number of seeds per plant (c) for 2011
and 2012. Red numbering (E1 to E6) indicates environments and blue genotypes (G1 to G8)
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Fig 3. Relationship among environments for yield (a), number of pods per plant (b) and number of seeds per plant (c) for 2011 and
2012. Red numbering (E1 to E6) indicates environments and blue genotypes (G1 to G8).
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Fig 4. Performance of each dry bean genotype in each environment for yield (a), number of pods per plant (b) and number of seeds
per plant (c) for 2011 and 2012. Red numbering (E1 to E6) indicates environments and blue genotypes (G1 to G8).
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Fig 5 Ranking dry bean genotypes based on mean performance for yield (a), number of pods per plant (b) and number of seeds per
plant (c). Red numbering (E1 to E6) indicates environments and blue genotypes (G1 to G8).

were above average since the angle between them is <90°.
The yield performance of G2 at E5 was poorer than average
because the angle between them is >90° (Fig 4a). The number
of pods per plant of G1 at E5 and G6 at E6 were above
average. The number of pods per plant of G5 at E2 was
poorer than average because the angle between them is >90°
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(Fig 4b). The number of seeds per plant of G1 at E5 and G5
at E6 were above average. The number of seeds per plant of
G6 at E5 was near average since the angle is about 90°. The
number of seeds per plant of G4 at E2 was poorer than
average because the angle between them is >90° (Fig 4c).



Mean performance and stability of dry bean genotypes

The genotype G4 had the highest mean yield, followed by G1
because they are on the far right hand side of the biplot
towards the pointing arrow of the AEC abscissa (Fig 5a). The
genotype G2 is regarded as consistently the lowest yielding
genotype since it is positioned on the far left side of the
biplot. The double-arrowed line is the AEC ordinate; it points
to greater variability (poorer stability) in either direction.
Thus, G4 and G1 are highly stable since they are positioned
very near to the AEC abscissa with near zero PC2 scores and
G7 was highly unstable since it is positioned very far away
from AEC abscissa and has very high PC2 scores. The
number of pods per plant analysis revealed that G5 had the
highest mean number of pods per plant and G7 had the lowest
mean number of pods per plant (Fig 5b). The most stable
genotype was G3 and G2 was unstable. The number of seeds
per plant analysis indicated that G7 had the highest mean
number of seeds per plant and G6 had the lowest number of
seeds per plant (Fig 5¢). The most stable genotype in the
number of seeds per plant was G5 and the most unstable was
G4.

Discussion

Multi-environmental trials are very important for breeders in
order to measure stability of different genotypes. The
presence of GEI complicates the selection process as GEI
reduces the usefulness of genotypes by confounding their
yield performance through minimizing the association
between genotypic and phenotypic values (Farshadfar et al.,
2012). This can cause a genotype to perform well in one
environment, but poorly in another. The combined analyses
of the present study showed highly significant variation for
environment, genotype and GEI for grain yield, number of
pods per plant and number of seeds per plant. For all three
traits environment accounted for 77.4, 87.9 and 85.5 % of the
total variation. This suggests that there were considerable
differences between environments. The domination of
environment has also been reported in studies on sugarcane
(Alarmelu et al., 2015), maize (Munawar et al., 2013) and
wheat (Rad et al., 2013; Mohammadi et al., 2010).

According to Yang et al. (2009) the first two principal
components should account for > 60% of the (G + GE)
variability and the combined (G + GE) effect should account
for > 10 % of the (E + G + GE) variability before claiming
the usefulness of the biplots. Gauch and Zobel (1997) also
concluded that the first two PCA are usually sufficient for
making conclusions on. For this study the first two principal
components (PC1 and PC2) accounted for 77.5%, 81.5% and
85.5 % of the total variation of yield, number of pods per
plant and number of seeds per plant respectively. Therefore
biplots were used to evaluate the date further.

“Which-won-where” is one of the most attractive features
of the GGE biplot, which graphically addresses the crossover
GE, mega-environment differentiation, and more specifically
adaptation (Rakshit et al., 2012). It also facilitates the
identification of superior genotypes and the test environment
that permit the detection of such genotype (Okonye et al.,
2008). The genotypes on the vertices of the polygon
performed either the best or the poorest in one or more
environments (Yan and Tinker, 2006). The vertex genotypes
for yield were G7, G4, G3, G6, G5 and G2 with G4
performing the best at E5 while G7 was the best at E6 and G3
at E3. The vertex genotypes for number of pods per plant
were G2, G5, G6, G4 and G7 with G6 being the best at E4
while G2 was the best at E2. The vertex genotypes for
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number of seeds per plant were G7, G2, G3, G6 and G4 with
G4 performing best at E5 andG7 being the best at E2 and E3.
The environments within the same sector share the same
winning genotype and environments in different sectors share
different winning genotypes. The identification of best
cultivar for each location using “Which-won- where” was
previously reported in proso millet (Zhang et al., 2016) and
cotton (Xu et al., 2014).

The cosine angle between the vectors of the two
environments approximates the correlation between them
(Yan and Rajcan, 2002). The presence of the acute angle
between E3 and E4, E3 and E2, E6 and E5 suggests that the
same information about the genotypes can be obtained from
one of the two environments. Environments like E2, E3 and
E4 can be replaced by one environment in future yield trials
without losing much information about the genotypes.
Similary, for number of pods per plant and number of seeds
per plant, environments like E6, E1 and E4 and E2, E3 and
E1 respectively can be replaced by one environment in future
trials. The identification of the relationships among test
environment using GGE biplot has been reported in wheat-
barley (Farshadfar et al., 2012).

According to Yan and Tinker (2006), the performance of a
genotype is better than the average if the angle between its
vector and the environment’s vector is < 90°; It is poorer than
average if the angle is >90° and it is near average if the angle
is about 90° . The yield performance of G8 at E6, G7 at E3
and G3 at E2 were above average since the angle between
them is <90°. The number of pods per plant of G1 at E5 and
G6 at E6 were above average. The number of seeds per plant
of G1 at E5 and G5 at E6 were above average. The number
of seeds per plant of G6 at E5 was near average since the
angle is about 90°. The visualization of the performance of
genotypes in each environment using GGE biplot was
reported in barley (Jalata, 2011).

The performance and stability of genotypes were evaluated
by an average environment coordination (AEC) method
(Yan, 2001). The results revealed that G4 was the highest
performing and very stable for yield. For number of pods per
plant G5 had the highest mean and G3 was the most stable.
For the number of seeds per plant G7 had the highest mean
and G5 was the most stable genotype.

Materials and Methods
Site characterization

The locations for 2011 and 2012 were Trichardtsdal
(24°10°0S, 30°23°6E), Dzindi irrigation Scheme (23°01" 45 S
and 30° 26" 30 E), Phalaborwa (23%5°0S, 30°59'4E) and
Tshiombo (22°48°0S, 30°33°0E). In 2012 the Trichardtsdal
site fell out while Tshiombo came in. Trichardtsdal is situated
about 50km from Tzaneen town in Greater Tzaneen local
Municipality (Mopani district), Dzindi irrigation Scheme is
situated about 6km from Thohoyandou town in Thulamela
local municipality (Vhembe district), Tshiombo irrigation
scheme is situated about 30km from Thohoyandou town in
Thulamela local municipality (Vhembe district) and
Phalaborwa Mashishimale is situated about 15km from
Phalaborwa town in Ba-Phalaborwa local municipality
(Mopani district).

Plant material
Eight genotypes of dry beans were planted in the 2011 and

2012 seasons at four locations with different agro-climatic
conditions in Limpopo, South Africa. All the sites were under



irrigation. The genotypes used were Kranskop (G1), OPS-
RS4 (G2), Jenny (G3), OPS-RS1 (G4), DBS 360 (G5), OPS-
RS2 (G6), DBS310 (G7) and OPS-RS5 (G8). The
environments were Dzindi2011 (E1), Trichardtsdal (E2),
Phalaborwa2011 (E3), Dzindi2012 (E4), Phalaborwa2012
(E5) and Tshiombo (E6). A randomized complete block
design with three replications was used at each location. The
plots consisted out of 4 rows each 5 m in length. A within
row spacing of 7.5 cm and between row spacing of 90 cm
were used giving a population of 150 000 plants ha™.

Traits measurements

All the management practices were done according to the
production practices (Liebenberg et al., 2002). Planting and
weeding was done by hand. Data were collected from the two
middle rows to border effects. Harvesting was done when the
plant had reached maturity and natural drying was done.
Yield was expressed at 10% seed moisture. The following
data were collected at harvest 100 seed weight, number of
seeds per pod, number of pods per plant, these were
measured from 10 randomly selected plants per plot during
maturity in the two middle rows. The moisture content,
unshelled and shelled grain weight was also collected. The
grain yield data was collected from one square metre in the
centre of the plot.

Statistical analysis

The grain yield data were subjected to separate and combined
analysis of variance (ANOVA) to determine the effects of
environment, genotype and their interactions. The data were
graphically analysed for interpreting the GE interaction using
GGE biplot software (Yan, 2001). The GGE biplot
methodology is composed of two concepts, the biplot concept
and the GGE concept (Yan et al., 2000).

Conclusion

The study revealed a significant GEI which resulted in the
change in ranking and also complicating the selection process
of genotypes. This study revealed the efficiency of the GGE-
biplot methodology for selecting genotypes that are stable
and high yielding. The genotype which performed very high
in terms of yield and was stable is OPS-RS1, while OPS-RS4
was the poorest and DBS310 the most unstable. For the
number of pods per plant, DBS360 had the highest mean
number of pods per plant and DBS310 had the lowest mean
number of pods per plant. The most stable genotype was
Jenny while OPS-RS4 was unstable. The number of seeds
per plant analysis indicated that DBS310 had the highest and
OPS-RS2 the lowest number of seeds per plant. The most
stable genotype in regards to the number of seeds per plant
was DBS360 and the most unstable was OPS-RS1. The
results also suggest that for yield OPS-RS1 can be the best
variety for environments Dzindi2011, Trichardtsdal,
Phalaborwa2011, Dzindi2012, and Phalaborwa2012 while
DBS360 can be selected for Tshiombo. The GGE biplot was
able to reveal similarities and dissimilarities between
genotypes and environments. The correlated environments
can be represented by one environment in future to save costs
and time.
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