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Abstract

The objective of this study was to determine the magnitude of G x E, and to select promising experimental maize hybrids with high
grain yield and MSV resistance. Fifty genotypes comprising of 45 newly developed single cross hybrids and five standard checks
were evaluated using a 5 x 10 alpha lattice design with two replications across six environments. The Additive Main Effects and
Multiplicative Interaction (AMMI) and the Genotype and Genotype by Environment (GGE) biplot models were used to quantify G x
E interaction. AMMI analysis revealed that genotype, G x E and environmental effects contributed to 12.4%, 17.76% and 52.06% of
the variation in yield, respectively. Experimental hybrid G43 (CML509/CML390) had a relatively high mean grain yield of 6.70 t ha™
and moderate MSV severity of 31.88% across the six testing environments. This hybrid can be recommended for direct production,
or for three-way hybrid development. Hybrids with low MSV severity scores but exhibiting low grain yields could be useful genetic
resources for MSV resistance breeding in maize.

Keywords AMMI analysis, genotype by environment interaction, GGE biplot, maize streak virus, mid-altitude tropics.
Abbreviations: AMMI_Main Effects and Multiplicative Interaction; ASV_AMMI stability values; G x E_genotype by environment

interaction; GGE_Genotype and Genotype by Environment; MSV_maize streak virus; YLD_Grain yield.

Introduction

Maize (Zea mays L., 2n = 2x = 20) is an important cereal crop occur, further complicating genotype evaluation (Yan and
grown for food and animal feed globally. It is a staple food in Tinker 2006; Rashidi et al., 2013; Badu-Apraku et al., 2014).
most sub-Saharan countries including Tanzania, where it is Test sites that are highly discriminating and representative
grown on about 45% of the total cultivated land (Barreiro- of the growing environments provide superior assessments,
Hurle 2012). The crop supports approximately 45 million enabling assignment of cultivars to appropriate production
people in Tanzania and contributes to 50% of the cash environments (Nyoka et al., 2012; Trouche et al., 2014).
income of rural communities (Barreiro-Hurle 2012; Mrutu et Therefore, evaluation of newly developed varieties across
al., 2014). However, maize growers, including commercial several environments (sites and seasons) is fundamental to
farmers, often achieve low and variable yields due to estimate the magnitude of G x E, and for cultivar
damage caused by the maize streak virus (MSV) disease recommendation with broader or narrow adaptation, and
(Barreiro-Hurle 2012; Adu et al., 2013; Mrutu et al., 2014). yield stability (Abakemal et al., 2016).

MSV is estimated to cause yield losses of 70 to 100% in fields The magnitude of G x E is estimated using different stability
subjected to high infection levels, occurring early in the models. The Additive Main Effects and Multiplicative
crop’s life (Bosque-Perez et al., 1998; Alegbejo et al., 2002). Interaction (AMMI) and the Genotype Main Effect and
Therefore, there is a need to develop stable hybrids in terms Genotype by Environment interaction effects (GGE) are the
of yield performance and MSV resistance. most widely used models (Dehghani et al., 2009; Oliveira et
Genotype by environment interaction is a function of the al., 2010; Munawar et al., 2013). These models capture G x E
interaction effects of the genotypes and test environments interaction sum of squares, and separate the main and
(Rashidi et al., 2013). Genotype evaluation and interaction effects (Kota et al., 2013; Rad et al., 2013; Rashidi
recommendation for production in a particular environment et al., 2013). The AMMI and GGE biplot analyses delineate
is often complex due to the confounding effects of G x E, mega-environments, and identify high yielding and better
especially under conditions of biotic and abiotic stress adapted genotypes (Balestre et al., 2009; Oliveira et al.,
(Comstock and Moll 1963). When environmental conditions 2010). GGE biplot analysis is based on environment centered
are divergent, crossover G x E interaction or rank changes principal component analysis (PCA) and provides a complete
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visual evaluation of the data through graphical
representation of mean performance and stability of
genotypes (Yan et al., 2007). It also displays the “which won
where pattern” of the data that identifies genotypes with
the best performance in each growing environment or
mega-environment (Rad et al., 2013). AMMI analysis uses
double centered principal component analysis (PCA)
(Harismendy et al., 2009; Farshadfar et al., 2013).

Breeding stable, high yielding and disease resistant maize
cultivars is the most economic and sustainable option to
attain potential production and productivity (Badu-Apraku et
al., 2012). Several single cross hybrids have been recently
developed in an effort to improve maize productivity under
MSV prone environments in Tanzania. The experimental
hybrids should be assessed under target production
environments of the mid-altitude agro-ecologies of the
country to select most stable and superior hybrids with high
yield potential and MSV resistance. In this agro-ecology,
there has been no previous study that evaluated and
reported on newly developed maize hybrids for grain yield
and MSV resistance. In light of this, the objective of this
study was to determine the magnitude of G x E, and to select
promising experimental maize hybrids that are adapted to
the mid-altitude agro-ecologies, with high grain yield and
MSV resistance.

Results

Combined analysis of variance for grain yield and MSV
severity

Combined analysis of variance for grain yield and MSV
severity showed high significant (P < 0.001) differences due
to genotype, environments and G x E interaction effects
(Table 1). This indicated the existence of marked variability
among the set of experimental hybrids evaluated and the
test environments. However, environmental effects had low
but significant (P < 0.05) effects on reaction to MSV. Among
the main effects, the environment accounted for the largest
proportion (97.02%) of the observed variation in grain yield
followed by the genotypes (2.33%) and G x E (0.65%),
respectively. For MSV reactions, variation was mostly due to
the effects of genotypes (48.35) followed by the
environment (40.68), while their interaction made the
smallest contribution (11.36%). These results allowed for
further G x E analysis.

AMMII analysis of variance for grain yield and MSV severity

AMMI analysis revealed highly significant differences (P <
0.001) for grain yield and MSV severity due to genotype and
environment effects (Table 2). The first and second
interaction principal components (IPCA 1 and 2) were
significant (P < .05) for the studied traits, explaining 67.70%
and 60.43% of the total variation in grain yield and MSV
severity, respectively. The first principal component
explained 40.97% and 37.79% of the total variation in grain
yield and MSV reaction, while the second component
explained 26.73% and 22.64% of the observed variation, in
that order (Table 2). Genotype and G x E interaction effects
attributed to the total genetic variation of 12.4% and 17.76%
for grain yield and 42.52% and 28.35% for MSV severity,
respectively. Environmental effect explained 52.06% and
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2.77% of the total variation of grain yield and MSV severity,
respectively.

Mean grain yield performance and AMMI stability value

The mean yield response of the 50 genotypes that were
evaluated across six environments (E1 to E6) are presented
in Supplementary Table 1. The same hybrid performed
consistently well in E2, E3, and E6; with mean yields of 8.62,
7.37 and 7.54 t ha™, respectively. The AMMI stability values
ranged from -3.71 to 2.59 displayed by G6 and GA45,
respectively (Supplementary Table 1). Other hybrids with
significant negative ASVs were G3, G11, G26 and G50; while
those with significant positive values included G28 and G37.
Hybrids G12, G18, G19, G35 and G41 had relatively low ASV
values of 0.16, 0.07, 0.04, 0.13 and 0.12, respectively.
Another better performing genotype was G43, which ranked
second in yield performance across all environments with a
mean vyield and ASV value of 6.70 t ha® and 0.79,
respectively. G28 ranked the highest, providing a mean yield
of 8.62 t ha™ in E3 and attained second and third positions in
E5 (6.84 t ha™) and E1 (9.91 t ha™). Likewise, G15 displayed
high grain yields of 8.44 and 6.92 t ha™ under E2 and E3,
respectively, and was consistently ranked second in these
environments (Supplementary Table 1). At the Ngaramtoni
site, G10 was selected as the best hybrid, consistently
expressing the highest yield over the two growing seasons,
while G43 was selected as the best yielder in Igomelo. More
than 40% of the tested hybrids, including G28 and G43,
performed above average and were adapted to high yielding
environments. The Ngaramtoni test conditions (E1 and E2)
were considered to be high yielding environments, while
Krishna and Igomelo were designated as lower vyielding
environments. Ngaramtoni had consistently above average
yield, with the highest environmental mean yields of 7.90 t
ha' and 6.82 t ha™ in the first and second season,
respectively (Supplementary Table 1).

GGE biplot analysis

The GGE biplot (Fig. 1) accounted for 67.7% of the total
observed variation, and identified environments E1 and E2
as being highly discriminating and closely related, based on
their long vectors with an acute angle between them. These
environments had negative relationships with the other four
environments. E3 and E5 were also moderately
discriminative, while E6 had the least discriminating
capacity, as indicated by its having the shortest vector.
Ranking of environments based on the most ideal test
environments revealed E1 as the most representative,
followed by E2 (Fig. 2). In contrast, E3, E4, E5 and E6 were
less representative. Further, the average-environment
coordination view, showing the ranking of hybrids relative to
an ideal hybrid, identified hybrids G1, G12 and G13 among
the best genotypes with yield performances above average
(Fig. 3). The “which won where” view of the GGE biplot for
grain vyield (Fig. 4) accounted for 65.72% of the total
variation. The first and second principal components
contributed 44.69% and 21.03% of the observed variation in
grain yield explained by this biplot, respectively. Hybrids G43
and G10 won in the mega-environments, including E3, E4, E5



Table 1. Combined analysis of variance for grain yield and MSV reaction of 45 experimental maize hybrids and five standard checks
evaluated across six environments in Tanzania.

GYD MSV
Source of variation DF MS MS
Genotype (G) 49 9.92" 5057.227
Environment (E) 5 411.92"" 1651.686
Replication/E 1 0.00™ 1187.789"™
GxE 245 2777 1147.412"7
Block 18 0.87™ 702.0206"™
Error 281 0.97 714.0129
Total 599 426.46 10460.2

DF = degrees of freedom, G x E = genotype by environment interaction; GYD = grain yield (t ha'l), MSV= Maize streak virus disease severity scores (%), MS =mean squares.
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Fig 1. Environment-vector view showing similarities among test environments in discriminating the hybrids. E1 (Ngaramtoni
2012/13), E2 (Ngaramtoni 2013/14), E3 (Krishna 2012/13), E4 (Krishna 2013/14), E5 (Igomelo 2012/13) and E6 (Igomelo 2013/14),
dotted vertical and horizontal lines indicate points where PC1 and PC2 axis had a value of zero, respectively. See codes of
genotypes (G1 to G50) in Supplementary Table 3.

Table 2. AMMI analysis of variance for grain yield and MSV severity of 45 maize hybrids and five standard checks tested across six

environments in Tanzania.

GYD MSV

Source of variation DF MS % TSS %GE MS %TSS %GE
Genotypes (G) 49 5.08%** 124 2023.6*** 42.52
Environments (E) 5 208.77*** 52.06 365.8ns 2.77

GxE 245 1.45 17.76 269.8 28.35

IPCA1 53 2.75%** 40.97 471.4%** 37.79
IPCA 2 51 1.87*** 26.73 293.5* 22.64
Residuals 141 0.82 185.5

Total 543 220.74 3609.6

DF = degree of freedom, G x E = genotype by environment interaction, SS = sum of squares, %TSS = percent total sum of squares, MS = mean squares; GYD = grain yield (t
ha'l), MSV = Maize streak virus disease severity (%).
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Fig 2. GGE biplot showing ranking of test environments relative to an ideal test environment. E1 (Ngaramtoni 2012/13), E2
(Ngaramtoni 2013/14), E3 (Krishna 2012/13), E4 (Krishna 2013/14), E5 (lgomelo 2012/13) and E6 (Igomelo 2013/14), dotted vertical
and horizontal lines indicate points where PC1 and PC2 axis had a value of zero, respectively. See codes of genotypes (G1 to G50) in
Supplementary Table 3.
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Fig 3. Average-environment coordination (AEC) view showing the ranking of hybrids relative to an ideal genotype. E1 (Ngaramtoni
2012/13), E2 (Ngaramtoni 2013/14), E3 (Krishna 2012/13), E4 (Krishna 2013/14), E5 (Igomelo 2012/13) and E6 (Igomelo 2013/14),
dotted vertical and horizontal lines indicate points where PC1 and PC2 axis had a value of zero, respectively. See codes of
genotypes (G1 to G50) in Supplementary Table 3.
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Fig 4. Which-won-where view of the GGE biplot showing best performing hybrid in particular environments. E1 (Ngaramtoni
2012/13), E2 (Ngaramtoni 2013/14), E3 (Krishna 2012/13), E4 (Krishna 2013/14), E5 (Igomelo 2012/13) and E6 (Igomelo 2013/14),
dotted vertical and horizontal lines indicate points where PC1 and PC2 axis had a value of zero, respectively. See codes of
genotypes (G1 to G50) in Supplementary Table 3.
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Fig 5. Average environment coordination (AEC) view showing mean performance and stability of 45 F1 hybrids tested across six
environments (E1-E6). E1 (Ngaramtoni 2012/13), E2 (Ngaramtoni 2013/14), E3 (Krishna 2012/13), E4 (Krishna 2013/14), E5
(lgomelo 2012/13) and E6 (Igomelo 2013/14), dotted vertical and horizontal lines indicate points where PC1 and PC2 axis had a
value of zero, respectively. See codes of genotypes (Gl to G50) in Supplementary Table 3.
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Fig 6. The “which won where” pattern view of GGE biplot, showing the most resistant and susceptible hybrids to MSV disease in
particular test environments. E1 (Ngaramtoni 2012/13), E2 (Ngaramtoni 2013/14), E3 (Krishna 2012/13), E4 (Krishna 2013/14), E5
(lgomelo 2012/13) and E6 (Igomelo 2013/14), dotted vertical and horizontal lines indicate points where PC1 and PC2 axis had a
value of zero, respectively. See codes of genotypes (G1 to G50) in Supplementary Table 3.
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Fig 7. GGE biplot view showing ranking of hybrids based on their reaction to MSV disease, and the stability of their severity across
environments. E1 (Ngaramtoni 2012/13), E2 (Ngaramtoni 2013/14), E3 (Krishna 2012/13), E4 (Krishna 2013/14), E5 (Igomelo
2012/13) and E6 (Igomelo 2013/14), dotted vertical and horizontal lines indicate points where PC1 and PC2 axis had a value of zero,
respectively. See codes of genotypes (G1 to G50) in Supplementary Table 3.
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Fig 8. The GGE biplot view showing ranking of hybrids based on an ideal or reference hybrid. E1 (Ngaramtoni 2012/13), E2
(Ngaramtoni 2013/14), E3 (Krishna 2012/13), E4 (Krishna 2013/14), E5 (lgomelo 2012/13) and E6 (Igomelo 2013/14), dotted vertical
and horizontal lines indicate points where PC1 and PC2 axis had a value of zero, respectively. See codes of genotypes (G1 to G50) in

Supplementary Table 3.

and E6. The average environment coordination view of the
GGE biplot showing stability and mean performance ranking
of the hybrids explained 64.19% of the total variation of
grain yield (Fig.5).

MSV disease reaction and stability of maize hybrids

The mean MSV severity, ASV and IPCA scores of the 45
newly developed hybrids and five standard checks evaluated
across six test environments are presented in
Supplementary Table 2. About 33.3% of the test hybrids had
substantially low MSV reactions including G31 (21.96%), G23
(23.49%) and G18 (25.07%). Most test hybrids had ASV
values ranging between -1 and 1, suggesting that these
genotypes were stable in terms of MSV reactions among the
testing locations. The “which won where” biplot (Fig. 6)
accounted for 75.52% of the total genotypic variation for
MSV reaction. The biplot indicated that hybrids G31, G23,
G22, G25 and G38 were superior and adapted to lower
disease environments, while G14, G27 and G10 were
susceptible (Fig. 6). Ranking of hybrids based on their
reaction to MSV and stability across environments is
presented in Fig. 7, which explained 74.72% of the total
variation. Hybrids G20, G7, G3, G22 and G25 expressed low
MSV severity and greater stability. The GGE biplot showing
ranking of the hybrids based on ideal hybrid (Fig. 8) captured
75.52% of the total phenotypic variation and hybrids G23,
G18, and G22 were among the most resistant to MSV.

Discussion
AMMI analysis

G x E interaction effects can be effectively quantified when
multi-environment data reveal significant G x E interaction
on the response variable (Abakemal et al., 2016). Significant
differences were observed due to genotypes, environments
and G x E (Table 1), signaling the potential to select stable,
high vyielding and MSV resistant hybrids among test
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genotypes. Gethi et al. (2013) reported that 64.5% of the
total variation is attributed to environmental effects, which
is in line with the present findings. Differences in growing
temperatures, soil conditions, rainfall distribution and MSV
incidences among the three study sites and two growing
seasons resulted in differential responses of test genotypes.
The magnitude of a G x E interaction effect is dependent on
the genetic variability of any given set of genotypes
evaluated. The limited influence of environmental effects on
severity of MSV indicates that this trait is influenced by a few
major genes whose expression may not be affected by
growing conditions (Kyetere et al., 1995; Welz et al., 1998),
unlike grain yield whose inheritance is polygenic and shows
a complex inheritance pattern (Hallauer et al., 2010).

Genotype-by-environment interaction analysis aids in
identification of genotypes with high and stable
performance across environments, and in cultivar

recommendation for specific growing conditions (Lule et al.,
2014). Hybrids G43, G28 and G15 that had high and stable
grain yields above 6.5 t ha™ could be the best candidates for
largescale production or three-way hybrid development
under a wide range of environmental conditions.
Furthermore, hybrids G12, G19, G35, and G41 that had
relatively low ASV (high stability) can also be recommended
for wide area cultivation, or for breeding. However, these
hybrids may need to be tested in other regions with low
MSV incidence and severity because they were not superior
in terms of resistance to MSV. In contrast, genotypes with
narrow adaption showing high grain yield performance in
specific environments should be recommended for specific
target production areas (Yan et al.,, 2007). In this case,
hybrids G15 can be recommended for cultivation at
Ngaramtoni where they produced consistently high yields
over the two growing seasons (Supplementary Table 1).
Genotype G15 would be ideal for production in areas with
low MSV incidences, while G18 can be grown even under
high disease pressure (Supplementary Table 2). Relative and
differential performance of genotypes guides their
designation for production in either high or low yielding



environments (Kandus et al.,, 2010; Abuali et al., 2014).
Experimental hybrids that performed above average such as
G28, G43 and G10 can be recommended for production in
high yielding environments such as the Ngaramtoni site.

GGE biplot analysis for yield performance

The GGE biplot indicates that environments E1 and E2
(Ngaramtoni site) had a greater ability to discriminate
between test genotypes for their performances, hence can
be used for future screening purposes (Lule et al., 2014). The
two environments had negative relationships with the rest,
based on the obtuse angles between their vector lines (Fig.
1); which could be the cause of crossover interaction
observed on the performance of other hybrids. Such causes
of rank changes complicate recommendation of cultivars to
suitable production areas due to inconsistencies of genotype
performance (Yan and Tinker 2006). The concentric circles
drawn on the biplot assist breeders to visualize the stability
and performance of environments and genotypes. The
environments or genotypes falling within or close to the
innermost concentric circle are considered ideal (Negash et
al.,, 2013). In this view, environments E1 and E2 were the
most effective, with relatively high discriminatory and
representative attributes (Fig. 2). These environments
should be used in future evaluation of the same set of
genotypes because they can distinguish between the
genotypes, and also provide a fair representation of other
test environments (Yan and Tinker 2006). Conversely,
environments E3, E4, E5 and E6 (Krishna and Igomelo) were
neither representative nor discriminating, and are therefore
undesirable for genotype evaluation (Jandong et al., 2011;
Negash et al., 2013). High yielding and stable hybrids such as
G4, G14, G46, G25 and G44 can be recommended for wide
adaptation. Based on the “which won where” pattern view,
according to Yan et al. (2007), hybrids G43 and G10, located
at the vertices of the polygon, are considered superior in
environments E5 and E6 suggesting that they should be
recommended for cultivation in Igomelo only. The existence
of different genotypes winning in different environments,
which also reflects by rank changes, further confirms strong
G x E interaction.

Response of candidate maize hybrids to MSV

Control of maize streak virus using cultural and chemical
control strategies is ineffective, given that the leaf hopper
vectors (Cicadulina mbila and C. storeyi) have wide host
ranges (Mesfin et al., 1992). Further, chemical control is not
useful after the crop is infected. Therefore, growing resistant
cultivars is the most viable control option. Stable hybrids
with reduced reactions to MSV were G31 (21.96%), G23
(23.49%), G18 (25.07%) and G22 (26.06%), which were
selected for further MSV resistance breeding. These hybrids
can be grown in most parts of the mid-altitude agro-
ecologies of Tanzania that experience high MSV incidences
(Farshadfar et al., 2013; Mukherjee et al., 2013), while
susceptible hybrids such as G4, G5, G10, G16, G27, G28 and
G48 should be recommended for cultivation in areas with
low incidences of MSV. Low yielding hybrids with stable MSV
severity could be used to introduce MSV resistance into high
yielding lines and hybrids through production of three-way,
or double cross hybrids.

1310

Materials and methods
Plant materials and study sites

Fifty genotypes consisting of 45 novel single cross hybrids
and standard checks (Supplementary Table 3) were
evaluated across three sites during the 2012/13 and 2013/14
growing seasons making six test environments. The test sites
included Ngaramtoni (30 18'S, 36034'E, 1520masl) located in
the Arusha District and characterized by clay silt loam soils;
Krishna (4'0 22°S, 35° 77’E, 1100masl) situated in the Babati
District, having clay loam soils, and Igomelo (8046’5, 34023'E,
1118masl) located in the Mbarali District, with red sandy
loam soils. The six environments are designated as follows:
E1l (Ngaramtoni 2012/13), E2 (Ngaramtoni 2013/14), E3
(Krishna 2012/13), E4 (Krishna 2013/14), E5 (lgomelo
2012/13) and E6 (Igomelo 2013/14). These sites are hotspot
areas for MSV disease, allowing effective germplasm
evaluation under natural infection.

Experimental design, data collection and analysis

The 50 genotypes were planted under rain-fed condition
using a 5 x 10 alpha lattice design with two replications
across the six environments. Each plot consisted of 2 rows of
5.0 m length with an inter-row and intra-row spacing of 75
c¢cm and 30 cm, respectively. The crop was fertilized with 150
kg ha™ of di-ammonium phosphate during planting followed
by top-dressing with an equal amount of calcium ammonium
nitrate six weeks after planting. Data on MSV severity was
collected as percentage of diseased plants per plot, and
severity was measured using a visual scale of 1-5, where 1 =
highly resistant with no symptoms, 2 = resistant with light
symptoms, 3 = moderately resistant with moderate
streaking, 4 = susceptible with severe streaking and 5 =
highly susceptible with severe streaking and stunting (Tefera
et al.,, 2013). Checks UH615 and SC627 were included as
comparative controls to assess MSV disease reaction. Grain
yield (YLD) per plot was recorded by weighing the total grain
harvested per plot at 12.5% moisture content using a digital
scale and later converted to t ha™.

The data were checked for normality, independence and
homogeneity of variances using the Bartlett’s test (Snedecor
and Cochran 1989). This was followed by combined analysis
of variance (ANOVA) using the standard generalized linear
model (GLM) procedure in SAS v9.3 (SAS 2011). AMMI and
GGE biplot analyses were performed using the Breeding
View statistic utility in the Breeding Management Systems
(BMS) software (BMS 2015). AMMI analysis was performed
following the AMMI model according to Gauch (2013) and
the AMMI stability values (ASV) were calculated from the
following formula: = V[(SSIPCA1/SSIPCA2)(IPCA2 score)]2 +
(IPCA2 score)z; where SSIPCA1 and SSIPCA2 were the sum
of squares interactions of the first and second PCA,
respectively (Lule et al., 2014). GGE biplots were generated
using the first two symmetrical scaled principal components,
PC1 and PC2, for average tester coordinate (ATC) or average
environment coordinate (AEA) views. Vector and polygon
view biplots were generated according to Yan and Tinker
(2006) using GenStat 14 (Payne 2014).



Conclusion

Overall, the new maize hybrids that were evaluated
contained sufficient variability for both grain yield and
severity to MSV to allow for selection of stable and
specifically adapted genotypes. Hybrid G43 had a
combination of high mean vyield and consistently low
reaction to MSV across locations. Therefore, this hybrid can
be recommended for production in a wide range of
environments, including those with high severity of the
disease. Most of the MSV resistant hybrids were poor in
yield performances, but will serve as important sources of
genes for resistance to MSV that could be exploited through
the production of three-way or double cross hybrids.
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