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Genotype x environment interaction and yield
stability of normal and biofortified maize inbred
lines in stress and non-stress environments

Nakai Matongera®?>*, Thokozile Ndhlela?, Angeline van Biljon® and Maryke Labuschagne®

Abstract: Breeding for nutrient-dense maize cultivars is reliant on introductions of
exotic inbred lines enhanced with high levels of the targeted nutrients. Sometimes,
the exotic nutrient donor germplasm may not adapt well in new growing environ-
ments, thereby reducing seed production when used in hybrid combinations.
Therefore, evaluating introduced trait donors for adaptation, through genotype x
environment interaction (GEI) analysis is crucial in breeding for quality traits. The
objectives of this study were to (i) evaluate grain yield performance of introduced
zinc-enhanced, provitamin A, normal and quality protein maize lines across stress
and non-stress environments in Zimbabwe, (ii) assess the presence of GEI and (iii)
identify high yielding and stable lines that could be used for developing Zn-
enhanced hybrids with improved seed producibility. Additive main effects and
multiplicative interaction (AMMI) and genotype plus genotype X environment
interaction (GGE) biplot analyses were used for stability analysis. GEI effects were
highly significant (P < 0.01) for grain yield. Grain yields for the inbred lines ranged
from 1.28 to 3.5 t ha . The Zn donor G11 (ITZN313) had the highest grain yield of
3.5 t ha ! across environments, whereas the normal check G24 (CZL1111) had the
lowest grain yield. G2 (CLWQHZN14), G4 (CLWQHZN19), G8 (OBATANPA®6), G11
(ITZN313) and G18 (CML546) were stable and high yielding and can be used for
developing Zn-enhanced hybrids. Five mega-environments were identified, clearly
separating stress and non-stress environments. E11 (Chisumbanje WW) was the
most discriminating and representative test environment and could be used to
identify superior genotypes.

Subjects: Agriculture; Crop Science; Botany

Keywords: maize; inbred lines; zinc-enhanced; genotype x environment interaction; grain
yield
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Seed producibility of parental materials of maize hybrids is of paramount importance so as to reduce
seed production costs. To identify high yielding and stable maize hybrid parents, evaluation across
different growth conditions is necessary. Our study focused on identifying superior and stable maize
lines that could be used to develop micronutrient-dense maize hybrids in Zimbabwe. Increasing micro-
nutrient densities in staple crops such as maize is in line with the World Health Organization’s current
Sustainable Development Goals (SDGs) to end hunger in all its forms. When used as breeding materials,
promising micronutrient-dense maize lines identified in this study could save millions of people in sub-
Saharan Africa, currently suffering from various ailments emanating from micronutrient deficiency.

© 2023 The Author(s). This open access article is distributed under a Creative Commons
Attribution (CC-BY) 4.0 license.
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1. Introduction

Maize (Zea mays L.) is a major staple food and energy source in various parts of the world including
the sub-Saharan Africa (SSA). In this region, maize and maize-based products constitute more than
38% of the food supply for both children and adults. Despite being an excellent energy source, maize
is deficient in micronutrients such as zinc (Zn), iron (Fe) and provitamin A as well as essential amino
acids such as lysine and tryptophan (Siwela et al., 2020). Consequently, more than two billion people
from maize-based regions, including Latin America, Africa and Asia, suffer from various ailments
emanating from micronutrient deficiencies, due to monotonous maize diets with limited access to
diversified and fortified foods, as well as dietary supplements (Prasanna et al. 2020). The deficiency
of these key micronutrients causes several health challenges with an overall impact on the physical,
mental and cognitive well-being and development of humans (Bhandari & Banjara, 2015; Ma et al.,
2008). Childbearing women, the elderly and pre-school children are among the worst affected, due
to increased micronutrient demand (Hwalla et al., 2017). The World Health Organization (WHO) of
the United Nations estimated that micronutrient deficiency accounts for more than 53% of infant
mortality before the age of five (Kiran et al., 2014).

Among other nutrient deficiency mitigation measures, including food fortification and clinical
supplementation, development of maize with elevated levels of grain Zn, provitamin A and tryp-
tophan could be impactful in reducing malnutrition in rural areas of maize-based countries (Siwela
et al,, 2020; Temple et al., 2011). However, the development of these so-called “biofortified” maize
cultivars relies on the importation of inbred lines that have high levels of the target nutrients
(Magbool et al., 2018). A challenge of such exotic nutrient donors is their adaptation to the new
growing environment. Hence, testing the newly introduced germplasm for agronomic performance
in local growing environments is necessary. Maize breeding programs aim to select new genotypes
that have both high yield potential and broad adaptation (Falconer & Mackay, 1996; Sibiya et al,,
2012). To achieve this, the newly introduced or developed inbred lines, hybrids or open-pollinated
varieties are evaluated in multi-environment trials (METs). In METs, genotype sets are grown across
several environments to evaluate both the main and interaction effects (Mafouasson et al., 2018;
Yan & Tinker, 2006). This enables breeders to determine if GEI effects are significant or not.

In METs, grain yield performance of a genotype across different environments can vary, and this
indicates high GEI. High GEI may change the ranking of genotypes in different environments, which
is known as cross-over interaction (Bocianowski et al., 2019b). This further complicates the selec-
tion of superior genotypes for target environments. In the absence of GEI, the superior genotype
remains the best performing genotype in all environments (Tena et al., 2019). Therefore, GEI poses
great challenges to plant breeders because it complicates efficient selection and identification of
superior cultivars (Mebratu et al, 2019; Ndhlela et al., 2014). Measuring GEI is important in
optimizing breeding strategies for selecting cultivars that are well adapted to specific environ-
ments (Zewdu et al,, 2020). Most GEI studies, however, focus on evaluating maize testcross
hybrids, while this knowledge is equally important for parental inbred lines. Understanding the
grain yield performance of hybrid parental inbred lines across environments is crucial, since grain
yield is directly related to the seed producibility. Highly productive inbred lines indicate a good
foundation for the development of successful commercial hybrids (Worku et al., 2016). Apart from
identifying high yielding and stable genotypes across environments, METs also identify experimen-
tal sites that best represent the target environment (Gasura et al., 2015; Makumbi et al., 2015).
Therefore, MET experimental data can be partitioned into three variance components, the envir-
onmental (E), genotype (G) and GEI components. Although the environmental variance component
is generally the largest, breeders mainly focus on the genotypic (G) main effects and GEI for
efficient cultivar selection.

Several statistical methods have been proposed to study GEI. Each of the methods used so far
has its own advantages and limitations, and usually breeders use them interdependently. Because
of this, several parametric and non-parametric statistical analyses were developed to study GEI
(Farshadfar et al., 2011; Mohammadi et al., 2014). These include the additive main effect and
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multiplicative interaction analysis (AMMI; Gauch, 1992), site regression (SREG; Setimela et al.,
2010) also known as genotype (G) main effects and genotype X environment (GE) interaction
effects (thus GGE), partial least square (PLS), stability analysis and factorial regression (A. Pacheco
et al., 2015). However, AMMI and GGE are the most widely used analyses (Gauch, 2006). AMMI is
a hybrid model involving both additive and multiplicative components of a two-way data structure
(Choukan, 2011). This model separates the additive variance from the multiplicative variance and
then applies principal component analysis (PCA) to the interaction portion explaining the interac-
tion pattern in more detail (Gauch & Zobel, 1996). Thus, AMMI, through PCA, further partitions the
GEI component into individual genotypic and environmental scores (Abakemal et al,, 2016; Yan
et al,, 2000). AMMI analysis has been reported to be effective in analysing GEI, because it captures
a large portion of the GEI sum of squares, clearly separating the main and interaction effects,
which allows efficient selection of stable maize cultivars (Bocianowski et al., 2019b; Haruna et al.,
2017). The second most popular multivariate statistical tool for studying MET data in different
breeding programmes is the site regression of genotype plus GE interaction (GGE) biplot model
(Tena et al,, 2019). This is a linear-bilinear model that removes the environmentally main effect
and considers the genotype (G) plus the genotype X environment (GE) interaction. The main
advantage of the GGE biplot model over AMMLI is that it allows the detection of GEI in terms of
the crossover interaction, which ultimately ranks genotypes in terms of performance across
environments (Abakemal et al., 2016; Yan & Kang, 2003). Hence, the model is powerful in depicting
which-won-where patterns of MET data, facilitating easy identification of stable and high yielding
maize genotypes as well as environments with discriminating ability and representativeness.

The objectives of this study were to (i) evaluate grain yield performance of introduced zinc (Zn)
enhanced, provitamin A, normal and quality protein maize (QPM) inbred lines across stress and non-
stress environments in Zimbabwe, (ii) assess the presence of GEI using AMMI and GGE biplot analysis
and (jii) identify high yielding and stable inbred lines that can be used as parents for developing Zn-
enhanced hybrids with potential success as commercial hybrids due to improved seed producibility.

2. Materials and methods

2.1. Experimental site

The experiment was conducted for 2 years during both summer and winter seasons of 2019
and 2020, at 11 experimental sites in Zimbabwe with different management levels (Table 1)
which were coded as E1 to E11. Combined heat and drought stress and low nitrogen (N) trials

Location* Location Latitude Longitude Altitude Management
name code (masl)

ART v E1 17°42'S 31°5'E 1556 Optimum
CIMMYT E2 17°48" S 31°03’E 1483 Optimum
CIMMYT E3 17°48" S 31°03’E 1483 Low N stress
RARS E4 17°48" S 31°3'E 1369 Optimum
Kadoma E5 18°32’ S 30°90’ E 1149 Random stress
DRSS E6 17°13’S 31°03’E 1506 Low N stress
Gwebi E7 17°41° S 30°32’E 1448 Optimum
Chiredzi E8 21°02’ S 31°57'E 433 Drought stress
Chiredzi E9 21°02’ S 31°57’E 433 Well-watered
Chisumbanje E10 20°47" S 32°13’E 480 Drought stress
Chisumbanje E11 20°47" S 32°13'E 480 Well-watered

¥Abbreviations: E1 = ART opt, E2 = CIMMYT opt, E3 = CIMMYT LN, E4 = RARS opt, E5 = Kadoma RS, E6 = DRSS LN,
E7 = Gwebi opt, E8 = Chiredzi MDS, E9 = Chiredzi WW, E10 = Chisumbanje MDS, E11 = Chisumbanje WW.
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were planted in well-established screening sites managed by the International Centre for
Maize and Wheat Improvement Centre (CIMMYT) and the Department of Research and
Specialist Services (DRSS) in Zimbabwe. Both Chiredzi and Chisumbanje are located in the
lowveld and experience relatively high temperatures in the winter season, making it possible
to grow summer crops during the winter period. All sites except for Chisumbanje are char-
acterized by deep red clam loam soils with good drainage. Chisumbanje has black alluvial
clay soils.

2.2. Plant materials and experimental design

Twenty-four inbred lines (coded G1 to G24) from different nutritional categories were eval-
uated for GEI across stress and non-stress environments, E1 to E11. Eleven inbred lines (G1 to
G11) were Zn donors introduced to Zimbabwe from CIMMYT-Mexico and the International
Institute of Tropical Agriculture (IITA) in Nigeria (Table 2). G12 to G18 were locally used lines
from the normal, provitamin A, and quality protein maize (QPM) nutritional backgrounds, and
six commercial checks G19 to G24 were included (Table 2). Genotypes in all trials were
planted in an 8 X 6 alpha (0,1) lattice design (Patterson & Williams, 1976) with two replica-
tions at each site. Plots were single rows of 4 m long with spacings of 0.75 (inter-row) and
0.25 m (in-row), respectively, giving a final plant density of 53333 plants ha-! at all experi-
mental sites.

Table 2. Description of the 24 maize inbred lines evaluated for agronomic performance across

11 sites during 2019 and 2020 cropping seasons

Genotype name Genotype codet Nutritional type Source
G1 CLWQHZN12 Zinc donor CIMMYT
G2 CLWQHZN14 Zinc donor CIMMYT
G3 CLWQHZN19 Zinc donor CIMMYT
G4 CLWQHZN46 Zinc donor CIMMYT
G5 CLWQHZN49 Zinc donor CIMMYT
G6 CLWQHZN53 Zinc donor CIMMYT
G7 CLWQHZN69 Zinc donor CIMMYT
G8 OBATANPAG6 Zinc donor IITA

G9 ITZN344 Zinc donor IITA
G10 ITZN324 Zinc donor IITA
G11 ITZN313 Zinc donor IITA
G12 HPYDL18190 Provitamin A CIMMYT
G13 CLHP0213 Provitamin A CIMMYT
Gl4 TL115798 QPM CIMMYT
G15 CML144 QPM CIMMYT
G16 CZL16154 Normal CIMMYT
G17 CZL16160 Normal CIMMYT
G18 CML546 Normal CIMMYT
G19 CML511 Check CIMMYT
G20 CML181 Check CIMMYT
G21 CLHPO478 Check CIMMYT
G22 CLHP0306 Check CIMMYT
G23 CML312 Check CIMMYT
G24 CzL1111 Check CIMMYT
1t Genotype names for Zn donors (G8 to G11) are only experimental; QPM = Quality Protein Maize.

CIMMYT = International Maize and Wheat Improvement Centre; IITA = International Institute of Tropical Agriculture.
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2.3. Trial management and data collection

Standard agronomic practices were applied at all sites during the trial implementation period. Weed
control was done using both pre- and post-emergence herbicides and in some cases hand weeding
was applied. Supplementary irrigation was applied when necessary in all trials during the early
vegetative stages. Inbred lines were exposed to drought stress by withholding irrigation 2 weeks
before anthesis up to 21 days post flowering so that drought stress would coincide with flowering,
which is the most sensitive growth stage. Similarly, the low N trials were grown in low N screening
sites, developed by continuously depleting N to less than 7 ppm, which is estimated to cause 30%
maize yield reduction (Bdnziger et al., 2000). At harvesting, grain yield data was recorded using plants
in the net plot area as the two border plants close to the alley were discarded.

2.4. Statistical analysis

The MET grain yield data was adjusted to 12.5% moisture content and analysed using the
Genotype X Environment Analysis with R (GEA-R) statistical package (A. Pacheco et al., 2015)
and Genstat 18 version (VSN International, 2017) for both AMMI and SREG (GGE biplot) analyses.
The AMMI model combined the conventional analysis of variance (ANOVA) and PCA into a single
analysis with both additive and multiplicative variance components (Choukan, 2011; R.M. Pacheco
et al.,, 2005). This means that in the first component (additive), the traditional ANOVA procedures
were applied to estimate both genotypic and environmental main effects. The second part applied
the PCA, which used the Gollob’s F-test (Gollob, 1968) to determine the ratio between the mean
square for axis n against the mean square error, thereby depicting the number of multiplicative
terms that were retained after residuals for the main effects were removed (A. Pacheco et al.,
2015). The first and second principal component axes for biplots generated by the GEA-R statistical
package were referred to as Factor 1 and 2, respectively.

The AMMI model used in this study is:

N
Yij =pu+Gi+Ej+ Y pnYinsjn + &ij

n=1
Where Yij is the yield of the ith genotype in the jth environment; p is the grand mean; Gi and Ej are the
genotype and environment deviations from the grand mean, respectively; Bn is the eigenvalue of the
PC analysis axis n; Yin and &jn are the genotype and environment principal component scores for axis
n; N is the number of principal components (factors) retained in the model and &ij is the error term.

The GGE biplot method was used for visualizing patterns and interactions without environmental
effects. Unlike GEA-R, the first and second principal component axes of biplots generated in Genstat
18™ version statistical package were referred to as PCA1 and PCA2, respectively. The first principal
component (PCA1 or Factor 1) represented responses of the genotypes that were proportional to the
environments and the second principal component (PCA2 or Factor 2) showed cultivation environ-
ments that were not proportional to the environments, and those were responsible for genotype by
environment crossover interaction. The GGE biplot model used is similar to the one used for AMMI. For
stability analysis, four methods were used, the Francis coefficient of variation, CV% (Francis &
Kannenberg, 1978), the Eberhart and Russell mean square deviation s?di (Eberhart & Russell, 1966),
the determination coefficient R? (Pinthus, 1973) and the Wricke’s ecovalence Wi (Wricke, 1962).

3. Results

3.1. AMMI analysis

The combined ANOVA and AMMI analysis for the 24 inbred lines evaluated over 11 environments
across two seasons is shown in Table 3. The ANOVA showed that there were highly significant
differences (P < 0.01) for genotype, environment, and their interactions. The grain yield of the
inbred lines was significantly affected by the environment, which explained 33.1% of the total
variation (both additive and multiplicative effects). Genotype main effects explained 26.4% of the
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Figure 1. AMMI biplot of Factor
1 and Factor 2 scores for 24
normal and biofortified inbred
lines grown across 11
environments.

Table 3. AMMI analysis of variance for 24 normal and biofortified inbred lines across 11

environments

Source DF SS MS %Variation
explained
Environment 10 142.07 14.21** 33.12
Genotype 23 113.30 4.93* 26.41
G x E interaction 230 173.61 0.75** 40.47
Factor 1 32 60.87 1.90** 34.18
Factor 2 30 45.52 1.52** 25.57
Residuals 264 39.89 0.15 33.12

** P £ 0.01 = Significance at 99% confidence level; DF = number of degrees of freedom; SS = sum of squares;
MS = mean squares

total variation, while the GEI captured 40.5% of the total variation. PCA was applied to further
partition the GEI in the AMMI model. The first two principal component axes (Factor 1 and Factor 2)
were highly significant and explained 34.2% and 25.6% of the total variation, respectively, and
cumulatively 59.8% of the total variation.

In the AMMI biplot (Figure 1), genotypes that are more stable are closer to the origin, and these
genotypes show consistent grain yields across all the test environments. In this regard, inbred line
G2 (CLWQHZN14), G4 (CLWQHZN46), G15 (CML144), G14 (TL115798), G17 (CZL16160) and G9
(ITZN344) were the most stable genotypes, implying that their performance in terms of grain
yield was similar across all environments. Several authors have demonstrated that either environ-
ments or genotypes that have large negative or positive Factor 1 scores have high interactions
(Abera et al., 2004; Mebratu et al., 2019). Similarly, genotypes or environments with Factor 1 scores
close to zero have small interactions (Choukan, 2011; Tena et al., 2019).
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Using this principle, small interactions were observed in environments E5 (Kadoma RS), E7
(Gwebi opt) and E8 (Chiredzi HMDS), whereas large interactions were observed in E1 (ART opt),
E9 (Chiredzi WW), E10 (Chisumbanje HMDS) and E11 (Chisumbanje WW). The distance between
two genotypes or environment vectors (their end points) estimated the level of interaction
between the genotypes and environments (Choukan, 2011; Mafouasson et al, 2018).
Environments that had the longest vector length had the greatest discriminating ability, implying
that they classify better to the genotypes. Therefore, E10 (Chisumbanje HMDS) had the longest
vectors and thus had the most discriminating power (Figure 1).

Table 4 shows the grain yield means for both individual sites and across the sites of the 24
inbred lines. Genotypes that had above-average means were G1 (CLWQHZN12), G2 (CLWQHZN14),
G4 (CLWQHZN19), G5 (CLWQHZNA49), G8 (OBATANPAG6), G10 (ITZN324), G11 (ITZN313), G16
(CZL16154) and G18 (CML546). G11 had the highest mean for grain yield of 3.5 t ha™! across all
environments. The lowest yielding genotypes were G19 (CML511), and the checks G23 (CML312)
and G24 (CZL1111) with 1.32, 1.42 and 1.28 t ha™!, respectively. In Figure 1, genotypes G9, G14,
G15 and G17 were near the origin, indicating good stability, but their grain yield averages were
below the grand mean. Using this criterion, the Zn donors G2 and G4 combined both high stability
and high yield potential and, therefore, qualify as the most ideal inbred lines. Genotypes G11, G10,
G18, G5, G16 and G8 were not stable, although they had higher average main effects for grain
yield. Environments E2 (CIMMYT opt), E4 (RARS opt), E9 (Chiredzi WW) and E11 (Chisumbanje WW)
had the highest individual site means (Table 4). Therefore, these environments were the most
favourable in terms of grain performance for most of the genotypes. The least favourable environ-
ments for most inbred lines were E3 (CIMMYT LN), E6 (DRSS LN) and E8 (Chiredzi HMDS).

Figure 2 shows the vector view of the GGE biplot generated in GenStat for the correlation among
environments. The cosine of the angle between two genotypes or environment vectors indicates
the correlation between them. Environments that have an angle of less than 90° (acute) between
them such as E1, E2, E3, E4 and E6 classify the genotypes in a similar manner. Similarly, obtuse
angles between environments mean that these environments classified genotypes differently
(negative correlation). Right angle between environments means no correlation. In this regard,
E2 (CIMMYT opt) and E4 (RARS opt) were not correlated with E10 (Chisumbanje HMDS). It was
observed that all the environments in the main rain season clustered together, except for E5
(Kadoma RS) and E7 (Gwebi opt), that clustered with all environments used during the winter
season.

3.2. “Which-won-where” interaction pattern

The power of the GGE biplot is the ability to show which-won-where interaction patterns, making it
easier for plant breeders to select superior genotypes for particular environments. The perpendi-
cular lines (Figure 3) that radiate from the biplot origin are called sectors, and clearly show
genotypes that perform better in each environment. The polygon is formed by connecting the
black dotted lines and the vertex genotypes (G1, G10, G5, G11, G12, G16 and G18). These vertex
genotypes have the longest vectors in their respective directions, and therefore these genotypes
performed best in all the environments contained in the respective sectors. The rest of the
genotypes such as G3, G7, G8, G13, G21 and G23 are contained in the polygon because they
have small vectors, implying that they were less responsive to the environments contained in the
sector.

The polygon was divided into seven sectors, and clusters of environments that are contained in
each sector are called mega-environments. Only sectors that contain one or more environments
are mega-environments. Therefore, two sectors, one with G3, G5, G10, and G21 and the other one
with G12 did not define any mega-environment. Hence, in this study, five mega-environments
were observed. G11 (ITZN313) had the highest grain yield performance in the mega-environment
that contained E9 (Chiredzi WW) and E11 (Chisumbanje WW). Similarly, G1 (CLWQHZN12) was the
best performer in the mega-environment that contained mostly optimum environments E1 (ART
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Least Significant Difference (P < 0.05); H? (%) = Percent broad sense heritability
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Table 4. (Continued)

Genotype
H? (%)
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LSD
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Figure 2. GGE-scatterplot based Scatter plot (Total - 64.66%)
on environment-focused scal- :
ing for environments.
Blue and green numbers
represent environments and
genotypes, respectively.
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Factor 1 (34.18 %)

opt), E2 (CIMMYT opt), E4 (RARS opt) and E7 (Gwebi opt). G18 (CML546) had the highest yield in the
mega-environment that contained stress environments E5 (Kadoma RS), E6 (DRSS LN) and E8
(Chiredzi HMDS). Although the sector that contained E10 (Chiredzi HMDS) had no vertex genotype,
the Zn donor, G7 (CLWQHZNG69) performed well in this environment.
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Figure 4. GGE comparison biplot
based on genotype-focused
scaling for comparing the 24
normal and biofortified inbred
lines with the ideal genotype.

3.3. Stability analysis

The GGE-biplot analysis also provides a comparison of genotypes or environments with the ideal
genotype or environment (Figure 4). In this comparison biplot, the ideal genotype is located in the
innermost concentric ring. The ideal genotype combined both high grain yield and stability across
a wide range of environments. Ideal genotypes or environments have the longest vectors in PCA1
and smaller values for PCA2 scores. Therefore, the distance between the genotype and the centre
of the innermost concentric ring depicts its stability and yield potential. Based on this, the three Zn
donors G11 (ITZN313), followed by G10 (ITZN313), G5 (CLWQHZN49) and G18 (CML546) were the
best genotypes showing high grain yield under both optimum and stress conditions. Similarly, the
ideal or reference environment showed large PCA1 scores and zero PCA2 scores and indicates
greatest discriminating ability in classifying genotypes and representativeness when compared to
other environments. Environments E2 (CIMMYT opt), E4 (RARS opt), E9 (Chiredzi WW) and E11
(Chisumbanje WW) were closer to the inner concentric ring, and therefore were identified as the
ideal environments.

In this study, four stability parameters were used namely the Francis coefficient of variation,
CV% (Francis & Kannenberg, 1978), the Eberhart and Russell mean square deviation from
regression, s?di (Eberhart & Russell, 1966), determination coefficient, R?> (Pinthus, 1973) and
Wricke’s ecovalence, Wi (Wricke, 1962). The stability coefficients are shown in Table 5. The
smaller the coefficient values for all the stability parameters used except for R?, the more stable
the genotype is. The results show that nearly all stability parameters identified G2, G4, G9 and
G17 as the most stable genotypes. Comparing the efficiency of these parameters, Eberhart and
Russell (sdi), determination coefficient (R?) and Wricke’s ecovalence (Wi) showed consistent
results in ranking of genotypes. For instance, G12 was ranked 21" with the Francis CV%, whereas
the rest of the stability methods ranked this genotype 14 or 15 (Table 5). This was also
observed for G21, which was ranked 12" (CV%), but ranked in the top six stable varieties using
the other stability parameters. The biplot shown in Figure 5 was constructed using the Francis
coefficient of variation (CV%).

Comparison biplot {Total - 64.66%)

+E1D
=
o vl
o Mok T A A AT S . .
o TR e
' fi +EG-T
8 1 %‘1
| ‘]
o -q- |

PC1-34.18%

Genotype scores
+ Environment scores
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Page 11 of 19



Matongera et al., Cogent Food & Agriculture (2023), 9: 2163868 0‘1‘3‘ Cogent P food & a g ricu |tu re
https://doi.org/10.1080/23311932.2022.2163868

Table 5. Stability analysis of 24 normal and biofortified maize inbred lines evaluated across 11

environments in Zimbabwe

Genotype CV (%) Rank s2di Rank R? Rank Wi Rank
G1 52.03 22 0.55 21 0.45 17 5.78 21
G2 29.81 4 -0.05 4 0.93 1 0.25 1
G3 34.30 5 0.29 15 0.01 24 5.57 19
G4 24.70 1 -0.00 1 0.76 4 0.72 3
G5 44,61 16 0.52 19 0.50 13 5.73 20
G6 49.08 20 0.34 18 0.36 20 3.83 16
G7 43.00 15 0.25 11 0.52 11 2.88 11
G8 36.80 7 0.29 16 0.43 18 3.30 15
G9 34.40 6 -0.02 3 0.83 2 0.52 2
G10 45.49 17 0.64 22 0.54 10 7.43 23
G11 40.53 10 1.36 24 0.36 21 13.83 24
G12 50.33 21 0.29 14 0.48 15 3.26 14
G13 45.69 19 0.18 10 0.64 7 2.33 10
G1l4 25.61 2 0.05 5 0.51 12 1.52

G15 38.78 8 0.10 8 0.68 6 1.55 8
G16 42.45 14 0.52 20 0.38 19 5.39 18
G17 26.71 3 -0.00 2 0.72 5 0.83 4
G18 41.83 13 0.68 23 0.35 22 6.80 22
G19 59.73 24 0.27 13 0.50 14 3.12 13
G20 45.57 18 0.27 12 0.47 16 3.06 12
G21 40.98 12 0.06 6 0.78 3 1.29 5
G22 54.87 23 0.34 17 0.59 8 4.08 14
G23 38.87 9 0.07 7 0.58 9 1.43 6
G24 40.70 11 0.12 9 0.35 23 2.37 9

CV (%) = Francis coefficient of variation; s?di = Eberhart & Russell coefficient; R> = Determination coefficient;
Wi = Wricke’s ecovalence

3.4. Discussion

GEI studies are very important in maize breeding, since they provide a way of assessing the
performance of genotypes for stability and adaptability across environments (Farshadfar et al,
2011). In this way, efficient genotypes can be identified and in the case of hybrids, recommenda-
tions for commercialization can be made based on hybrid performance in particular environments.
Similarly, high yielding and stable inbred lines across environments can also give a good indication
of their seed producibility or even combining ability (Worku et al., 2016). In addition, the inclusion
of the GEI matrix increases the prediction accuracy in statistical models used for predicting the
performance of untested genotypes and thereby saves testing costs (Bocianowski et al., 2019b;
Worku et al, 2016). Although several studies have demonstrated significant GEI of grain yield
performance of inbred lines (Bisawas et al., 2014; Bocianowski et al., 2019b), such studies focusing
on biofortified introduced germplasm are still very limited. Currently, breeding for biofortified
cereals is being promoted globally.

The results of the present study demonstrated highly significant differences (P < 0.01) for the
genotype (G) and environmental (E) main effects. Similarly, the GEI was highly significant
(P < 0.01), implying that normal and biofortified genotypes responded differently across environ-
ments. The large proportion and significance of the sum of squares of the environments indicated
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Figure 5. Stability analysis
biplot of the 24 normal and
biofortified inbred lines (G)
evaluated over across 11 envir-
onments using the Francis
coefficient of determination
(CV%).
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that the experimental sites used in this study were different and this resulted in variation of grain
yield of the inbred lines (Table 3). A large contribution of the environment was reported in normal
maize hybrids in earlier studies (Ertiro et al., 2017; Mafouasson et al., 2018; Sibiya et al.,, 2012).
Large sums of squares for environments demonstrated that the inbred lines were evaluated in
contrasting testing locations and therefore their performance was determined by adaptability to
particular environments. Differences in environmental main effects are useful in GEI studies since
they facilitate identification of high yielding and stable genotypes across varying environmental
conditions. Similarly, genotype main effects were highly significant, contributing about 26.4% of
the total variation. This demonstrated that grain yields for inbred lines responded differently to the
environments where they were grown. Li et al. (2018) suggested that the grain yield performance
of maize inbred lines varies more across environments compared to hybrids. Whilst the present
study evaluated only the inbred lines, future studies should compare the stability of biofortified
parental lines and hybrids across environments. The identification and selection of superior
biofortified inbred line introductions with high yield potential under both stress and non-stress
environments, is likely to give rise to highly productive and stable nutrient-dense hybrids that could
facilitate quick adoption by stakeholders. The highly significant differences (P < 0.01) for the GEI for
grain yield of both normal and biofortified inbred lines justify the need for extensive testing of such
germplasm over diverse growing conditions before recommendations (Badu-Apraku et al., 2003).

The results of the AMMI biplot analysis of 24 inbred lines revealed a fairly narrow range of grain
yield performance (1.28 to 3.5 t ha™%; Table 4). The highest grain yield across sites was observed
from a Zn donor line G11 (ITZN313). In addition, several Zn donors from either CIMMYT or IITA
were among the best performing inbred lines in terms of grain yield (Table 4). This is quite
encouraging and gives hope to plant breeders in pursuit of developing high yielding Zn-
enhanced hybrids, since several studies have reported the inferiority of biofortified genotypes in
terms of grain yield (Bdnziger & Long, 2000; Magbool et al., 2018). The high grain yield for maize
inbred lines suggests good seed producibility in hybrid combinations, which reduces the cost of
seed production. Although some scientists reported that heterosis is more important than mid-
parent yield in determining potential use of inbred lines, some reported positive correlation
between grain yield of parental inbred lines and their corresponding hybrids under stressed
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growing conditions (Zaidi et al., 2007). Therefore, the seven Zn donors G1 (CLWQHZN12), G2
(CLWQHZN14), G4 (CLWQHZN19), G5 (CLWQHZN49), G8 (OBATANPAG), G10 (ITZN324), and G11
(ITZN313) could be useful as potential parents for developing high yielding Zn-enhanced hybrids in
Zimbabwe.

The normal inbred lines G16 (CZL16154) and G18 (CML546) were among the highest yielding
inbred lines across environments. Such inbred lines could be impactful if used as parents for
developing normal stress tolerant commercial hybrids. In fact, CML546 was the winning genotype
across drought, low nitrogen and random stress conditions. Through validation of the existence of
tolerance genes for such stress factors, the inbred line could be recommended as a specific trait
donor in different breeding programs. The polygon view of the GGE biplot was divided into seven
sectors and defined into five mega-environments, as defined by Yan and Tinker (2006). Two sectors
with genotypes G3 (CLWQHZN19), G5 (CLWQHZN49), G10 (ITZN324), G12 (HPYDL18190) and the
provitamin A check G21 (CLHP0478) did not define any mega-environment. This implies that these
inbred lines had the poorest grain yield performance in some or all environments. The existence of
mega-environments reveals that inbred lines responded differently to environments, suggesting
differences in mechanisms for stress tolerance (Haruna et al., 2017; Yan & Rajcan, 2002). The
polygon biplot showed that G11 (ITZN313) was the winning genotype in Chiredzi and Chisumbanje
under well-watered conditions and could be grown in the winter for seed production in such
environments. These sites are characterized by excessively high temperatures, and based on its
origin (West Africa), ITZN313 could be highly adaptable to extremely hot conditions. G1
(CLWQHZN12) performed best in terms of grain yield under optimum conditions and therefore
could be less adapted to stressful conditions.

The GGE biplot analysis for grain yield performance and stability of the 24 normal and bioforti-
fied inbred lines showed that PCA1 (Factor 1) explained 34.18%, whereas PCA2 (Factor 2) explained
25.57% of the total variation. Cumulatively, the two principal axes accounted for 58.75% of
variation. This suggested that the two principal component axes contributed a fairly large propor-
tion of the total sum of squares and that this contribution was sufficient to describe the GEI
pattern of the environment centred data. Most of the stability parameters used in this study
identified G2 (CLWQHZN14), G4 (CLWQHZN19), G8 (OBATANPAG6), G11 (ITZN313) and G18
(CML546) as the most ideal genotypes (Table 5 and Figures 3 to 5). Although G11 had the highest
grain yield performance across environments, it was more responsive to environmental changes
when compared to G2 and G4. These Zn donors showed consistency in terms of high yield and
stability and could be selected as the best parents for developing Zn-enhanced hybrids in
Zimbabwe. On the other hand, the normal inbred line CML546 was less responsive to unfavourable
environments. Despite their below-average means for grain yield, the QPM inbred lines G14
(TL115798) and G15 (CML144) were stable across environments, and this implies that they can
be grown in both stress and non-stress environments without significant yield changes. All the
provitamin A inbred lines, G12 (HPYDL18190) and G13 (CLHP0213) were similar in terms of grain
yield performance and stability. Although the final selection of the inbred line parents does not
solely depend on the yield performance, the seed yield producibility of the selected parents is
crucial in developing successful commercial hybrids. Thus, the seed yield potential of the inbred
lines reflects the potential success of their respective commercial hybrids. Therefore, based on the
results of this study, the poorest inbred lines could be omitted for future hybrid development since
they may not be attractive to seed producers.

Five mega-environments were identified in the polygon view of the GGE biplot. Mega-
environments were for the optimum environments in the main season, the well-watered environ-
ments in the winter, random and low N stress, low N stress and HMDS environments. This suggests
that the mega-environments were formed based on different management conditions and not on
the growing season. This implies that trial management might have contributed more to the
environmental differences as well as how different inbred lines responded to different environ-
ments (Bocianowski et al., 2019b). This shows that genotypes have different adaptive mechanisms
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for each of the environments (Bruce et al., 2002; Pixley & Bjarnason, 2002). Different rainfall
amounts and distributions, irrigation regimes, as well as biotic and abiotic stress constraints
could have been encountered in different environments (Ertiro et al.,, 2017; Mafouasson et al.,
2018; Mebratu et al., 2019). Furthermore, most optimum environments used in this study showed
similarity in terms of genotypic response and this suggests that similar information could be
obtained from any one of the test environments. Hence, this could reduce multi-location evalua-
tion costs. Similarly, all winter environments, including well-watered and combined heat and
drought sites, were positively correlated.

To be useful for plant breeding, a test location should have high discriminating power, providing
information about the differences in performance of genotypes and representativeness to a growing
environment (Mohammadi et al.,, 2014; Yan et al., 2007). Environments with longer vector lengths have
the highest discriminating power and therefore provide more information about the performance of
the genotypes (Haruna et al., 2017; Tena et al., 2019). Therefore, E10 (Chisumbanje HMDS), E9 (Chiredzi
WW), and E11 (Chisumbanje WW) were all informative in terms of discriminating grain yield perfor-
mance of genotypes. Since this site is used for combined heat and drought screening, E10
(Chisumbanje HMDS) could also be useful in culling drought-susceptible genotypes. In addition,
environments with shorter vector lengths show a very weak correlation with environments with long
vectors. Such sites could be treated as independent test environments and therefore are all useful.
According to the GGE biplot (Figure 4), E11 (Chisumbanje WW) had the smallest angle with the AEC
abscissa as well as the long vector and, therefore, can be identified as the most discriminating and
representative test environment in Zimbabwe. Grouping of sites into mega-environments can help to
identify core testing environments that can be used to identify superior genotypes and thereby reduce
testing costs. However, further validation of all the findings of this study, including multiple year
evaluations can help to confidently group the identified mega-environments into seed production
environments (Worku et al., 2016; Yan & Tinker, 2006).

3.5. Conclusions

This study showed that environment, genotype, and GEI had highly significant effects on grain yield
performance of normal and biofortified inbred lines tested over stress and non-stress environments.
Thus, these genotypes responded differently to changes in environments. The AMMI analysis
revealed that environment main effects contributed a larger proportion of the total sum of squares
when compared to the genotype main effects and the GEI. Test environments were divided into five
mega-environments that clearly distinguished optimum from stress environments. The Zn donor, G1
(CLWQHZN12) was the winning genotype under optimum conditions. G18 (CML546) was well
adapted to drought and low N stress environments. These inbred lines could be good sources of
alleles for developing high yielding Zn-enhanced hybrids. G2 (CLWQHZN14), G4 (CLWQHZN19), G8
(OBATANPAG), G11 (ITZN313) and G18 (CML546) were the most stable and high yielding inbred lines,
implying good seed producibility and reduction of seed production costs when used as parents for
commercial hybrids. E11 (Chisumbanje WW) was identified as the most discriminating and repre-
sentative test environment in Zimbabwe. Such sites could be useful for the identification of superior
genotypes, as well as for seed production in Zimbabwe.

Notes on contributors micronutrients. Our research was conducted at
In the past decades, global breeding efforts were CIMMYT-Zimbabwe in collaboration with the University
concentrated on developing conventional or normal of the Free State, South Africa, with the following

maize varieties with good tolerance to multiple stress

objectives:
factors. Breeding for high yielding and stable bioforti- ) . .
) . e ) . « To out-source micronutrient-dense germplasms
fied maize varieties was lagging behind. Development

of maize varieties with elevated levels of micronutri- from abroad and integrate them into local

ents (provitamin A and zinc) and essential amino acids breeding programs.

(lysine and tryptophan) could be impactful in reducing » To evaluate adaptability of exotic breeding
hidden hunger in developing maize-based regions.

International research organizations, namely materials in local growth conditions.

HarvestPlus, International Maize and Wheat + To develop and commercialize biofortified
Improvement Centre (CIMMYT) and International . et ith . df _
Institute of Tropical Agriculture (IITA) have spear- maize varieties with superior and tarmer

headed maize biofortification, targeting these preferred traits.
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